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Abstract

The objective of this Ph.D. thesis is to treat several classification problems concerning submani-
folds and geometric structures on homogeneous manifolds with different degrees of symmetry.

There are three main research lines that we pursue in this thesis. The first one is that of
polar actions on symmetric spaces, where we classify polar homogeneous foliations of codimen-
sion two on irreducible symmetric spaces of noncompact type, as well as polar homogeneous
foliations on the Cayley hyperbolic plane and standard polar foliations on quaternionic hyper-
bolic spaces. The second line is the study of totally geodesic submanifolds; we classify totally
geodesic submanifolds of the homogeneous nearly Kédhler 6-manifolds and their cones with spe-
cial holonomy. The last topic is that of kinematical algebras and homogeneous spacetimes, in
which we classify (3, 2)-kinematical Lie algebras with spatial isotropy of dimension greater than
two.
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Resumo en galego

A simetria € probablemente un dos conceptos mdis importantes na ciencia. De xeito intuitivo,
entendemos que un obxecto € simétrico cando ten a mesma aparencia independentemente da
perspectiva na que o vexamos. E por isto que un dos maiores logros das matematicas modernas é
a formalizacion desta idea, asi como a sda aplicacién a unha ampla clase de desafios. En efecto,
se un problema esta descrito mediante un modelo matematico que ten algunha simetria inherente,
enton esta pode ser aproveitada para reducir a complexidade do problema. Por exemplo, deter-
minar as solucidns dunha ecuacion en derivadas parciais € en xeral unha tarefa complicada. Non
obstante, se nos centramos unicamente no estudo de solucidéns que postian certa simetria (o cal
¢ suficiente en moitos casos), enton dita ecuacién en derivadas parciais pode ser transformada
nunha ecuacidn diferencial ordinaria ou incluso unha ecuacién puramente alxébrica.

Felix Klein afirma no célebre programa de Erlangen [98] que a xeometria € precisamente o
estudo da simetria. O seguinte extracto deste programa marca o nacemento da nosa concepcion
actual da xeometria:

Esquezamos a concepcion concreta do espazo, que para o matemdtico non é esen-
cial, e pensemos neste como unha variedade de n dimensions, é dicir, de tres dimen-
sions, se nos atemos d idea usual dun punto como elemento do espazo. En analoxia
coas transformacion do espazo, falamos de transformacions da variedade; estas
tamén forman grupos. Pero xa non hai, como no caso do espazo, un grupo distingui-
do por enriba dos demais polo seu significado,; cada grupo é tan importante como
os demais. Xorde asi como unha xeneralizacion da xeometria o seguinte problema
exhaustivo:

Dada unha variedade e un grupo de transformacions da mesma; investigar as con-
figuracions da variedade con respecto das propiedades que non son alteradas polas
transformacions do grupo.

Polo tanto, as simetrias dun espazo vefien descritas por un grupo de transformaciéns, mentres
que a sia xeometria estd gobernada polas propiedades que permanecen invariantes baixo a accion
deste grupo. Un primeiro exemplo é a xeometria euclidiana, cuxo grupo epénimo esta formado
por transformacions ortogonais e translacions.

O tema xeral desta tese € o estudo de subvariedades e estruturas xeométricas en variedades
homoxéneas con distintos graos de simetria. Dado un grupo de Lie G e unha variedade diferen-
ciable M, dicimos que M € un G-espazo homoxéneo se hai unha accion transitiva de G en M.
Os espazos homoxéneos, tamén cofiecidos como xeometrias de Klein, proporcionan a linguaxe
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X1V Resumo en galego

matematica na que se formula o programa de Erlangen. Isto ddnos a oportunidade perfecta para
incorporar ferramentas da teoria de grupos e dlxebras de Lie para atacar problemas xeométricos.

A meirande parte desta tese sitdase no eido da xeometria riemanniana, € mais precisamente,
na teoria de subvariedades. Unha variedade riemanniana é un espazo que localmente se aseme-
lla ao espazo euclideo. Polo tanto, o estudo de variedades riemannianas d4 unha xeneralizacién
directa do estudo de curvas e superficies en tres dimensions, mentres que a xeometria de subva-
riedades estuda as propiedades extrinsecas dunha variedade riemanniana en relacion ao espazo
ambiente onde esta estea situada.

A aplicacion natural do formalismo de Klein en xeometria riemanniana aparece no estudo dos
espazos homoxéneos riemannianos. Dicimos que unha variedade riemanniana é homoxénea se o
seu grupo de isometrias actia transitivamente nela. Ademais, durante a primeira parte desta diser-
tacion consideramos como variedades ambiente os espazos simétricos. Esencialmente, un espazo
simétrico € unha variedade riemanniana na que cada punto posuie unha reflexion xeodésica (isto
€, unha isometria que invirte as xeodésicas que pasan por dito punto). Os espazos simétricos fo-
ron introducidos orixinalmente por Cartan, e subministran unha familia abundante de exemplos,
tales como os espazos forma, os espazos proxectivos, os espazos hiperbdlicos, as grassmannia-
nas ou os grupos de Lie compactos. A clasificacion dos espazos simétricos riemannianos—tamén
debida a Cartan—exhibe unha profunda conexion entre a dlxebra e a xeometria. En particular, a
teoria de espazos simétricos que non posuen factores euclideos € paralela a4 de dlxebras de Lie
reais semisimples.

Esta tese estd composta de tres partes principais, xunto cun capitulo inicial cos preliminares
necesarios para poder desenvolver os contidos da tese. No que segue, describimos brevemente os
contidos de cada parte desta tese, asi como os resultados principais que obtivemos ao longo da
mesma.

Accions polares en espazos simétricos

Unha accién propia e isométrica dun grupo de Lie G nunha variedade riemanniana M dise polar
se existe unha subvariedade > de M que corta a todas as Orbitas ortogonalmente. Dicimos neste
caso que X € unha seccion, e se > € chd coa métrica inducida de M, ent6n dicimos que a accion
G ~ M & hiperpolar. Estas acciéns foron introducidas por Conlon [44] e xeneralizan moitos re-
sultados clésicos en dlxebra e xeometria, como son a existencia de coordenadas polares esféricas,
o teorema espectral para operadores autoadxuntos, ou o teorema do toro maximal para grupos
de Lie compactos. O noso obxectivo na primeira parte desta tese € avanzar na clasificacion de
accions polares sen Orbitas singulares (tamén cofiecidas como foliacions polares homoxéneas)
en espazos simétricos de tipo non compacto.

No capitulo 2 tratamos a teoria xeral de accidns isométricas e polares en variedades rieman-
nianas.

Comezamos describindo a nocidn de accidn propia e as suas propiedades elementais na sec-
ci6én 2.1. Dicimos que unha accién dun grupo de Lie G nunha variedade diferenciable M € propia
se a aplicacion (g, p) € GXM — (g-p,p) € M x M é propia. No caso de que M sexa unha varie-
dade riemanniana e G sexa un subgrupo de Lie do seu grupo de isometrias (M ), pédese probar
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que a accion de G é propia se e s6 se G € un subgrupo pechado de /(M ). As accidns propias
xeneralizan as accions dos grupos de Lie compactos, e polo tanto moitas das boas propiedades
que presentan as accions destes grupos consérvanse incluso ao pasar ao caso non compacto.

Na seccion 2.2 presentamos o concepto de accidn polar e recordamos as caracteristicas prin-
cipais das suas Orbitas e seccions. En particular, probamos o seguinte resultado:

Teorema 2.10. Sexa > C M unha seccion dunha accion polar G ~ M. Enton 3. é unha subva-
riedade totalmente xeodésica de M.

Se ben o Teorema 2.10 € folclorico na teoria de accions isométricas, sorprendentemente non
fomos capaces de atopar unha demostracion completa na literatura.

Finalmente, a seccién 2.3 trata sobre o progreso actual no problema de clasificar accions
polares en espazos simétricos (salvo equivalencia de orbitas).

O primeiro resultado nesta direccién débese a Dadok [49], quen probou que toda represen-
tacion polar € equivalente 4 representacion de isotropia dun espazo simétrico semisimple. Disto
deducese inmediatamente a clasificacion de accions polares en esferas redondas. Mais adiante,
Podesta e Thorbergsson [146] obtiveron a clasificacion de accions polares nos espazos proxecti-
vos complexos e cuaternionicos, asi como no plano proxectivo de Cayley, completando a clasi-
ficacion de accidns polares en espazos simétricos compactos de rango un. A maioria do traballo
detras da clasificacion de accions polares en espazos simétricos irreducibles de tipo compacto e
rango superior a un débese a Kollross. En efecto, Kollross e Lytchak [109] probaron que se M
€ un espazo simétrico irreducible de tipo compacto e rango superior, entén toda accion polar e
non trivial en M € automaticamente hiperpolar. Este resultado cambia por completo o paradigma
respecto do caso de rango un, onde todo espazo (salvo a esfera S?) admite unha accién polar
non hiperpolar. A maiores, Kollross [106] demostrou que toda accién hiperpolar nestes espazos
€ de cohomoxeneidade un (isto €, as stias Orbitas principais tefien codimension un) ou equiva-
lente a unha accion de Hermann. Isto remata a clasificacion en espazos simétricos compactos e
irreducibles, ainda que o caso reducible permanece aberto.

Nun gran contraste co caso compacto, a dia de hoxe temos moi poucos resultados relativos
a accions polares en espazos simétricos de tipo non compacto. De feito, os Uinicos espazos nes-
ta familia onde as accidns polares foron clasificadas por completo son os espazos hiperbdlicos
reais [169] e os espazos hiperbdlicos complexos [52]. Por outro lado, as accions de cohomoxe-
neidade un estén clasificadas. Isto € froito dun esforzo colectivo que comezou con [16] e rematou
recentemente en [150]. A tnica clasificacion xeral de accidns polares en cohomoxeneidade su-
perior foi obtida por Berndt, Diaz-Ramos e Tamaru [19], que determinaron todas as foliacions
hiperpolares homoxéneas en espazos simétricos de tipo non compacto.

Foliacions polares homoxéneas de cohomoxeneidade dous en espazos simétricos de tipo non
compacto

A primeira contribucion orixinal desta tese atopase no capitulo 3, onde clasificamos as foliacions
polares homoxéneas de cohomoxeneidade dous en espazos simétricos irreducibles de tipo non
compacto. Dada unha accién polar de cohomoxeneidade dous nun espazo deste tipo, ¢ doado
comprobar que as sdas seccions tefien curvatura constante non positiva. Tendo en conta isto e
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os resultados de [19], o problema redicese a determinar todas as foliacidns polares con seccién
homotética ao plano hiperbélico real RH?.

Para poder describir os exemplos que aparecen na nosa clasificacion precisamos establecer a
seguinte notacion (presentada con detalle na subseccion 1.1.1).

Sexa M un espazo simétrico (conexo) irreducible de tipo non compacto. Enton podemos
escribir M = G/K, onde G = I°(M) é a compofiente identidade do grupo de isometrias e K é
o subgrupo de isotropia dun punto o € M. A existencia dunha reflexién xeodésica arredor de
o implica que a dlxebra de Lie g de G admite unha involucién 6: g — g, chamada involucion
de Cartan. Esta induce 4 sta vez unha Z,-graduacién g = € & p, chamada a descomposicion de
Cartan de g. Se B é a forma de Killing de g, entén a expresion (X,Y) = —B(X,0Y) define
un produto escalar en g. Ao ser M irreducible, temos que a stia métrica vén dada (médulo unha
homotecia) pola restricion deste produto escalar a p.

Agora, consideramos un subespazo abeliano maximal a C p. Para cada covector A € a*,
definese

g ={X €g: [H,X]|=\H)X paratodo H € a}.

Se tanto A como g, son non nulos, dicimos que A é unha raiz (restrinxida) de g e g, € un espazo
de raiz (restrinxido). O conxunto de todas as raices dendtase por . Ademais, podemos escoller
un subconxunto de raices positivas ¥ C X, e dentro del o conxunto das raices simples A C X7,
onde dicimos que unha raiz € simple se € positiva e non se pode escribir como suma de ddas raices
positivas. O subespazo n = @, _y.+ g, resulta ser unha dlxebra de Lie nilpotente, e podemos
descompoiier g = £ @ a @ n como suma directa de espazos vectoriais. Esta descomposicion da
lugar a un difeomorfismo G = KAN, onde A e N son os subgrupos conexos de G con dlxebras de
Lie a e n. Tanto a descomposicion a nivel de dlxebras como a nivel de grupos cofiécense como a
descomposicion de Iwasawa.

Tomemos agora unha raiz simple o € A, e consideremos b,y = RH, ® (1 — 0)(ga ® g24)
(sendo H,, € a o vector dual a € a*). O subconxunto By, = expo(b{a}) ¢ unha subvariedade
totalmente xeodésica de M homotética a un espazo hiperbdlico, chamada a comporiente borde
de M asociada ao conxunto {a}. E posible probar que toda accién isométrica en Byqy admite
unha extension a unha accién isométrica en todo M mediante un procedemento cofiecido como
a extension canonica.

Con esta notacién en mente, estamos en condicions de enunciar o teorema principal deste
capitulo:

Teorema A. Sexa M un espazo simétrico conexo, irreducible e de tipo non compacto. Toda
foliacion polar non hiperpolar homoxénea de codimension dous en M é equivalente d extension
canonica dunha foliacion polar non hiperpolar homoxénea nunha comporiente borde de rango
un en M.

Miis explicitamente, temos o seguinte:

Teorema B. Sexa M = G/K un espazo simétrico riemanniano conexo, irreducible e de tipo non
compacto. Enton, unha foliacion polar non hiperpolar homoxénea de codimension dous en M é
equivalente d foliacion inducida polo subgrupo conexo de G cuxa dlxebra de Lie estd dada por
unha das seguintes posibilidades:
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(i) (kera) ® (nS{,), onde a € A € unha raiz simple, e {,, é unha recta en g, ou

(i) a® (nov,), onde o € A é unha raiz simple, e v, € un subespazo abeliano bidimensional
de g,.

As accions mencionadas no Teorema B son construidas na seccion 3.1. Ademais, como re-
sultado de estudar a xeometria extrinseca das stias orbitas, deducimos o seguinte:

Corolario C. Se F é unha foliacion polar non hiperpolar homoxénea e de codimension dous en
M, enton F é harmonica se e s se F é equivalente d extension candnica da foliacion trivial
nunha comporiente borde homotética ao plano hiperbélico RH?.

Podemos combinar entén o Teorema B cos resultados de [19], o cal nos da a clasificacidon
completa de foliacidns polares homoxéneas en M:

Corolario D. Unha foliacion polar homoxénea en M é equivalente d foliacion inducida polo
subgrupo conexo de G cuxa dlxebra de Lie é unha das seguintes:

(@) (a©v) P n, onde v é un subespazo bidimensional de a, ou

(b) (ael)® (nel,), onde o € A é unha raiz simple, {,, é unha recta en g, é { é unha recta
en ker o, ou

(c) ad (n ST 65)), onde o, 3 € A son raices simples ortogonais, e (', é unha recta en g,
A€ {a, B}, ou

(d) (kera) ® (no{,), onde o € A é unha raiz simple, e {,, é unha recta en g, ou

() ad® (nSv,), onde o« € A é unha raiz simple, e v, é un subespazo abeliano bidimensional
de g,.

Observemos ademais que sempre € posible producir unha foliacién polar non hiperpolar de
cohomoxeneidade dous salvo que X" = {a} e g,, sexa unidimensional. Disto obtemos inmedia-
tamente o seguinte corolario, que contrasta fortemente cos resultados do caso compacto:

Corolario E. Se M ¢ un espazo simétrico irreducible de tipo non compacto onde toda accion
polar é hiperpolar, entén M é o plano hiperbdlico real RH?.

Para probar o Teorema B, primeiro necesitamos estudar foliacions homoxéneas en variedades
de Hadamard, o cal facemos na seccién 3.2. Vemos aqui que toda foliacion homoxénea esta
inducida pola accién libre dun grupo de Lie resoluble. Motivados por este feito, estudamos a
estrutura xeral dunha subalxebra resoluble maximal dunha alxebra de Lie real semisimple, véxase
a subseccion 3.2.1. Finalmente, a seccion 3.3 contén a proba do Teorema B, do cal se deducen o
resto dos resultados principais neste capitulo.
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Foliacions polares homoxéneas en espazos hiperbdlicos

A segunda aportacion desta tese atopase no capitulo 4, e versa sobre a clasificacion de foliacidns
polares homoxéneas en espazos simétricos de tipo non compacto e rango un. Posto que xa temos
clasificacions de accidns polares nos espazos hiperbolicos reais e complexos, resta estudar o caso
dos espazos hiperbélicos cuaterniénicos HH" e o do plano hiperbdlico de Cayley QOH?2.

O primeiro resultado que obtemos neste capitulo € a clasificacion das foliacions polares ho-
moxéneas nos planos hiperbdlicos cuaternidnico e de Cayley. Esencialmente, probamos que cal-
quera foliacion deste estilo ten cohomoxeneidade inferior ou igual a dous, co cal todos os exem-
plos que aparecen neste caso son xa cofiecidos. Mantendo a notacién do capitulo anterior (e tendo
en conta que neste caso a* = Ra e X7 = {a, 2a}), podemos enunciar a nosa clasificacién do
seguinte xeito:

Teorema A. Sexa M € {HH? QH?} o plano hiperbdlico cuaternionico ou o plano hiperbélico
de Cayley. Enton as seguintes afirmacions son certas:

(i) Dado un subespazo vectorial b C a e un subespazo v C g, tal que dim v < 1, o subgrupo
conexo Sy, C G con dlxebra de Lie s,, = (a © b) & (n © v) actiia polarmente en M
inducindo unha foliacion.

(i1) Toda foliacion polar homoxénea non trivial en M é equivalente d foliacion inducida por
un subgrupo Sy, dos descritos no item (i).

(iii) Dados dous subespazos b, b C a e subespazos v, v C g, con dimp, dimv’ < 1, as
accions dos grupos Sy, € Sy v son equivalentes se e s6 se b = b’ e dimb = dim v’".

En particular, estas foliacions tefien por seccién un plano hiperbélico RH?(2) de curvatura de
Gauss constante igual a —1/4.

Neste capitulo tamén tratamos o seguinte problema: nos espazos hiperbdlicos HH" e OH?,
que subvariedades totalmente xeodésicas poden aparecer como seccidéns dunha accién polar?
Kollross [108] demostrou que se > C QH? € seccién dunha accién polar con érbitas singulares
(e cohomoxeneidade superior a un), entén X ten curvatura seccional constante x. Combinando
isto coa clasificacion de subvariedades totalmente xeodésicas en espazos simétricos de rango
un [168], deddcese que x € {—1/4,1}. O resultado de Kollross, asi como a sta proba, segue
sendo vdlido no caso cuaternidnico, asi que combinando isto co Teorema A, concluimos que s6
precisamos estudar o caso de foliaciéns polares homoxéneas en HH". Veremos que nesta dltima
situacion, a seccion tamén ten que ser de curvatura constante, o que nos leva a:

Teorema B. Sexa M o espazo hiperbolico cuaternionico HIH™ ou o plano hiperbdlico de Cayley
OH?2. Se S ¢ un grupo de Lie conexo actuando polarmente en M (con cohomoxeneidade maior
que un) e > C M é unha seccion da accion S ~ M, enton ou ben a accion de S é trivial ou ben
3 é un espazo hiperbélico real RH* con curvatura constante k € {—1,—1/4}.

Compre ter en conta que no caso complexo todas as accidns polares tefien por seccion un
espazo hiperbdlico real de curvatura kK = —1/4, e 0o mesmo € certo para todas as acciéns cons-
truidas neste capitulo. Polo tanto, a pregunta natural que xorde destas observacions € se o valor
rk = —1 pode ser eliminado do Teorema B.
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O 1ltimo resultado principal deste capitulo € a clasificacion de foliaciéns polares estidndar
no espazo hiperbdlico cuaterniénico. Dicimos que unha foliacién homoxénea F nun espazo
simétrico de tipo non compacto é estdndar se vén dada pola accion dun subgrupo conexo de
AN (a parte resoluble da descomposicion de Iwasawa). Un corolario da clasificacion de folia-
cidéns hiperpolares en espazos simétricos de tipo non compacto € que estas sempre son estandar,
e o mesmo sucede coas foliacions polares de codimension dous. Polo tanto, un primeiro paso
natural para tratar a clasificacion de foliacions polares en HH" € comezar co caso estandar.

Teorema C. Sexa M = HH" o espazo hiperbdlico cuaternionico. Enton as seguintes afirmacions
son certas:

(1) Dado un subespazo vectorial b C a e un subespazo abeliano v C g, o subgrupo conexo
Sew de Sp(1,n) con dlxebra de Lie sy, = (a © b) @ (n © v) actiia polarmente en N
inducindo unha foliacion estdndar.

(i1) Se F é unha foliacion polar homoxénea non trivial e estdndar, enton existe un subespazo
vectorial b C a e un subespazo abeliano v C g, tal que F é isometricamente congruente
d foliacion inducida polo subgrupo S .

(iii) Dados dous subespazos b, b’ C a e dous subespazos abelianos v, v' C g, as accions de
Se.v € Su v Son equivalentes se e s6 se b = b’ e dimv = dimv'.

A organizacion do capitulo 4 € a seguinte. Na seccién 4.1 describimos como € a estrutura
alxébrica da dlxebra de isometrias dun espazo hiperbodlico FH™. En particular, a parte nilpotente
de calquera destas dlxebras € unha dlxebra de Heisenberg xeneralizada, co cal podemos facer
uso das propiedades alxébricas destes obxectos para poder realizar célculos de xeito eficiente
nestes espazos. Na seccion 4.2 repasamos a clasificacion de subvariedades totalmente xeodésicas
dos espazos hiperbdlicos, xa que estas son as nosas candidatas a seccions de acciéns polares.
Finalmente, a seccion 4.3 contén as demostracions dos teoremas principais deste capitulo.

Subvariedades totalmente xeodésicas

Lembremos que unha subvariedade > dunha variedade riemanniana M dise totalmente xeodésica
se as xeodésicas de > tamén son xeodésicas de M. Falando de xeito informal, se > € totalmente
xeodésica entén a stia xeometria pode ser pensada como a restriciéon da xeometria ambiente a
ela. En consecuencia, se coiecemos as subvariedades totalmente xeodésicas dun ambiente dado,
entén podémonos facer unha idea de como € a xeometria global deste espazo. Isto motiva o
problema de clasificar as subvariedades totalmente xeodésicas de variedades riemannianas (salvo
por congruencia).

O capitulo 5, que é de caricter técnico, ten por obxectivo desenvolver a teoria de inmersions
totalmente xeodésicas en variedades riemannianas. Estamos especialmente interesados no ca-
so de variedades analiticas, pois os espazos homoxéneos estan nesta categoria. Na seccion 5.1
recordamos que toda subvariedade totalmente xeodésica estd completamente determinada polo
seu espazo tanxente nun punto (do mesmo modo que unha xeodésica estd determinada pola stia
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velocidade nun punto). Asi, se M € unha variedade riemanniana e p € M, dicimos que un sub-
espazo V' C T,M € totalmente xeodésico se existe unha subvariedade totalmente xeodésica X
de M que pasa por p con espazo tanxente V. Nesta seccion tamén recordamos a caracteriza-
cion de subespazos totalmente xeodésicos debida a Cartan. Mais adiante, en §5.2, presentamos o
concepto de inmersion totalmente xeodésica compatible e demostramos que toda inmersion to-
talmente xeodésica factoriza por unha compatible mediante unha isometria local. Na seccién 5.3
probamos que toda inmersion compatible pode ser estendida de modo tnico a unha inmersién
compatible e inextendible (en analoxia co caso das xeodésicas). Na seccion 5.4 xustificamos que
toda subvariedade totalmente xeodésica e inextendible dunha variedade riemanniana analitica
(respectivamente, homoxénea) é tamén analitica (respectivamente, homoxénea). O proposito da
seccion 5.5 € definir unha nocién de maximalidade para inmersions totalmente xeodésicas que
estende a idea usual de maximalidade para subvariedades embebidas.

Finalmente, na seccion 5.6 comentamos as clasificacidons cofiecidas de subvariedades total-
mente xeodésicas en espazos homoxéneos. A investigacion destas subvariedades foi iniciada por
Wolf [168], quen as clasificou nos espazos simétricos de rango un. Por outra banda, a clasifica-
cién de subvariedades totalmente xeodésicas en espazos simétricos de rango dous € o resultado
do traballo de Chen—Nagano e Klein [42,43,99-101]. Ainda que o problema de clasificacién
permanece aberto para espazos simétricos de rango superior a dous, cofiécense solucions par-
ciais a este problema baixo hipdteses adicionais, véxase [41,116]. Alguns autores tamén trataron
problemas de clasificacién en espazos homoxéneos non simétricos [58, 135], pero neste contexto
os resultados son mdis escasos.

Subvariedades totalmente xeodésicas das 6-variedades nearly Kihler ho-
moxéneas e os seus conos G

A terceira contribucion orixinal desta tese, recollida no capitulo 6, € a clasificacion das subvarie-
dades totalmente xeodésicas nas variedades estritamente nearly Kédhler homoxéneas de dimen-
sién 6, asi como nos seus conos de cohomoxeneidade un e holonomia Gs.

Dicimos que unha variedade case hermitiana (M, J) é nearly Kdihler se o tensor V.J é total-
mente antisimétrico, e estritamente nearly Kdhler se V x J # 0 paratodo X € T'M. A xeometria
nearly Kéhler en dimension 6 € especialmente interesante por varios motivos. En primeiro lugar,
esta é a dimension madis baixa na que podemos atopar exemplos de variedades nearly Kihler que
non son Kihler, e estes sempre son estritamente nearly Kéhler. Toda 6-variedade M estritamen-
te nearly Kihler resulta ser Einstein con curvatura de Ricci positiva. Ademais, se reescalamos a
métrica de M para que a sia constante de Einstein sexa A = 5, entén prébase que o cono rieman-
niano M de M ten holonomia especial G,. Esta foi a maneira na que se obtiveron os primeiros
exemplos de variedades con holonomia G, véxase [35].

As variedades estritamente nearly Kihler, simplemente conexas e homoxéneas de dimension
6 foron clasificadas por Butruille [36], quen probou que son exactamente os seguintes espazos
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dotados da métrica normal homoxénea:

6 Go s Sp(2)
= SU(3)’ th= U(1) x Sp(1)’
5y _ SUB) 3 cs_ SU@R)Y

F(C ) = T2 , S°x S° = m

Estes espazos estdn descritos con detalle na seccién 6.1. En particular, S® é a esfera redonda,
co cal as stas subvariedades totalmente xeodésicas xa son cofiecidas, asi que sé precisamos
traballar coas tres variedades restantes. Estas ultimas xorden como espazos totais de fibracions
homoxéneas. Concretamente, temos as fibracions

CP! — CP3 — HP!, CP' — F(C?) — CP?, S35 S xS S3

onde as ddas primeiras son as fibraciéns twistor das 4-variedades HP! = S* e CP2, mentres que
a terceira é simplemente a proxeccién no primeiro factor.

Neste capitulo, aparte de clasificar as subvariedades totalmente xeodésicas destes tres espa-
z0s, estudamos a sua interaccion coa estrutura case complexa do ambiente. Dicimos que unha
subvariedade > C M dunha variedade case hermitiana € J-holomorfa se J preserva 13, e to-
talmente real se para cada p € ¥ os subespazos 7,3 e J(1,¥) son ortogonais. Ademais, ¥ é
lagrangiana se € totalmente real e a sia dimension é a metade da do ambiente. A maiores, tamén
miramos como se comportan estas subvariedades respecto das fibracions homoxéneas descritas
anteriormente. Se F' — M — B é unha submersion riemanniana, dicimos que unha subvarieda-
de totalmente xeodésica > C M estd ben posicionada se para cada p € Y temos

LY=(T,XNV,) & (T,2NH,),

sendo V, e H,, os subespazos vertical e horizontal de 7}, M inducidos pola submersién rieman-
niana M — B.

Moitos autores estudaron anteriormente as subvariedades totalmente xeodésicas dos nosos
espazos de interese baixo hipéteses adicionais sobre o seu comportamento respecto da estru-
tura case complexa J [9, 29,48, 55, 118]. Os métodos empregados nestes artigos empregan re-
ferencias especiais para poder clasificar subvariedades totalmente xeodésicas lagrangianas ou
J-holomorfas. Non obstante, non existen motivos a priori para afirmar que unha subvarieda-
de totalmente xeodésica nestes espazos deba ser J-holomorfa ou totalmente real. Utilizando as
técnicas da teoria de espazos homoxéneos riemannianos, seremos capaces de resolver este pro-
blema con total xeneralidade.

Co motivo de poder atacar o problema de clasificacion, é preciso desenvolver novas ferra-
mentas para estudar subvariedades totalmente xeodésicas en espazos homoxéneos naturalmente
redutivos, véxase a seccion 6.2. En particular, introducimos a clase de subvariedades totalmente
xeodésicas D-invariantes (sendo D = V — V¢ a diferenza entre a conexién de Levi-Civita e a
conexion candnica) e probamos que admiten unha caracterizacion alxébrica similar 4 cofiecida
para subvariedades totalmente xeodésicas en espazos simétricos. Esta familia de subvariedades
estd estudada en detalle na subseccion 6.2.1.
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Enunciamos agora os resultados principais en relacion a estas 6-variedades, cuxas demostra-
ciéns poden ser consultadas na seccién 6.5. No caso de CP3, vemos que as sdas subvariedades
totalmente xeodésicas estan descritas mediante o seguinte teorema.

Teorema A. Sexa X unha subvariedade completa da variedade nearly Kdihler homoxénea
CP3 = Sp(2)/U(1) x Sp(1) de dimensién d > 2. Entén, Y é totalmente xeodésica se e s6
se é congruente a unha das subvariedades descritas na Tdboa 6.1.

Taboa 6.1: Subvariedades totalmente xeodésicas de CP? de dimensién d > 2.

Subvariedade Relacion con J Comentarios Ben posicionada?
RPE , 5(2) Lagrangiana Orbita de U(2) Si
$?(1/v2) J-holomorfa  Fibra de CP? — S* Si

S%(1) J-holomorfa Orbita de SU(2) Si
S? (v/5) J-holomorfa  Orbita de SU(2),, Si

Para a variedade F(C3), a clasificacién toma a seguinte forma:

Teorema B. Sexa > unha subvariedade completa da variedade nearly Kdhler homoxénea
F(C3) = SU(3)/T> Entdn, 3 é totalmente xeodésica se e s6 se é congruente a unha das subva-
riedades descritas na Tdaboa 6.2.

Téboa 6.2: Subvariedades totalmente xeodésicas de F(C?) de dimensién d > 2.

Subvariedade Relacion con J Comentarios Ben posicionada?
F(R?) Lagrangiana Orbita de SO(3) Si
S / (V2) Lagrangiana Orbita de SU(2) Non
T2 J-holomorfa Orbita de T? Non
S (1/v2) J-holomorfa  Fibra de F(C?) — CP? Si
$? (V2) J-holomorfa Orbita de SO(3) Non
RP? (2\/5) Totalmente real Non inxectiva Non

Por tltimo, para o case produto S* x S obtemos o seguinte teorema de clasificacion:

Teorema C. Sexa X unha subvariedade completa da variedade nearly Kdihler homoxénea
S3 x S§* = SU(2)3/ASU(2). Entén, . é totalmente xeodésica se e s se é congruente a unha
das subvariedades descritas na Tdboa 6.3.
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T4boa 6.3: Subvariedades totalmente xeodésicas de S x S3 de dimensién d > 2.

Subvariedade Relacion con J Comentarios Ben posicionada?
S3 (2/V3) Lagrangiana Fibra de S3 x S3 — S3 Si
S¢.1/5(2) Lagrangiana  Orbita de A; 3SU(2) x SU(2), Si
T2 J-holomorfa  Orbita dun toro bidimensional Si
$%(1/3/2) J-holomorfa Orbita de ASU(2) Non
$?(2/v3)  Totalmente real Orbita de ASU(2) Si

Referimos ao lector 4 seccion 6.3 para mdis detalles sobre cada un dos exemplos aparecendo
nas tdboas anteriores. Unha consecuencia directa dos Teoremas A, B e C € a seguinte:

Corolario D. Sexa > unha subvariedade totalmente xeodésica maximal dunha variedade nearly
Kdihler homoxénea de dimension 6 de curvatura non constante. Enton as seguintes afirmacions
son certas:

(1) se X ten dimension dous, enton Y. é unha curva J-holomorfa.
(i1) se X ten dimension tres, enton Y. é unha subvariedade lagrangiana.

Curiosamente, esta situacion non se dd no caso de variedades Kéahler, como se pode ver
en [100]. Polo tanto, a pregunta natural que un se pode facer € se o Corolario D segue sendo
certo se 0 noso ambiente é unha variedade nearly Kéhler irreducible de curvatura non constante
(e non necesariamente homoxénea).

Neste traballo tamén estudamos subvariedades totalmente xeodésicas en conos riemannia-
nos, véxase a seccion 6.4. Concretamente, vemos que as subvariedades totalmente xeodésicas
maximais do cono M sobre unha variedade analitica e completa M son de dous tipos:

(1) Conos sobre subvariedades totalmente xeodésicas maximais de M.

(i) Hipersuperficies completas.

E claro que para cofiecer as subvariedades do primeiro tipo é suficiente con estudar as subvarieda-
des totalmente xeodésicas de M. Ademais, imos comprobar que toda hipersuperficie da segunda
familia pode expresarse localmente como a gréafica dunha funcién f: Q C M — R tal que a
funcién h = 1/ f satisfai a ecuacion de Obata Hess h = —hyg.

Volvendo ao caso dos conos de cohomoxeneidade un e holonomia G,, comprobamos que
estes non admiten hipersuperficies totalmente xeodésicas, co cal a clasificacion das suas subva-
riedades totalmente xeodésicas deducese inmediatamente dos teoremas A, B e C. Concretamente,
obtemos:
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Teorema E. Sexa M unha variedade nearly Kdihler homoxénea de curvatura non constante e
sexa >, unha subvariedade totalmente xeodésica maximal do cono M de dimension maior que
un. Enton Y é o cono riemanniano dunha subvariedade totalmente xeodésica maximal S de M.

Obsérvese que o cono dunha curva J-holomorfa nunha 6-variedade estritamente nearly
Kéhler M € sempre unha subvariedade asociativa de M (é dicir, esta calibrada pola 3-forma
¢ que determina a estrutura G,), mentres que o dunha subvariedade lagrangiana de M resulta ser
unha subvariedade coasociativa (isto €, esta calibrada polo dual de Hodge de ¢). Tendo en conta
o Corolario D, concluimos o seguinte:

Corolario F. Sexa ¥ unha subvariedade totalmente xeodésica maximal do cono Gy sobre unha 6-
variedade estritamente nearly Kdhler de curvatura non constante. Enton verificanse as seguintes
propiedades:

(1) se X ¢ de dimension tres, enton é unha subvariedade asociativa.

(i1) se X € de dimension catro, enton é unha subvariedade coasociativa.

Alxebras de Lie cinematicas e espazotempos homoxéneos

A tltima parte desta tese trata sobre o programa de Erlangen cinemdtico, cuxo obxectivo princi-
pal € a clasificacion de grupos de Lie cinemadticos e espazotempos homoxéneos.

No capitulo 7 presentamos as xeneralidades sobre alxebras de Lie cinematicas e espazotem-
pos homoxéneos. E cofiecido que as leis da fisica son invariantes baixo certas transformacions,
tales como as rotacidns espaciais, as translacions no espazo e no tempo, e os boosts, o cal conduce
a existencia de grupos de simetrias que preservan ditas leis. Bacry e Lévy-Leblond [12] introdu-
cen a nocion de grupo cinematico como unha maneira de xeneralizar estes grupos de simetrias, e
as suas dlxebras de Lie cofiécense como dlxebras cinemaéticas. Dicimos que unha dlxebra de Lie
(s,v)-cinemdtica (con isotropia espacial de dimension d) € unha alxebra de Lie real g que contén
unha subdlxebra v = so(d) (cofiecida como a subdlxebra rotacional) de tal maneira que baixo a
accion adxunta de v temos a descomposicion

g = s0(d) @éRd@éR.

Na ecuacién anterior, estamos considerando R? como a representacion estdndar de s0(d), mentres
que R denota a representacion trivial. Un grupo de Lie G dise (s, v)-cinemdtico se a sua alxebra
de Lie é (s,v)-cinematica. Por exemplo, os grupos de Galilei, Poincaré e Carroll son (1,2)-
cinemadticos, como se pode ver na secciéon 7.1. Asi, un tema de investigacién activo na area
de fisica matemadtica € a clasificacion de grupos de Lie (s, v)-cinemdticos e as sdas variedades
homoxéneas.

Na seccidén 7.2 discutimos a clasificacion das dlxebras de Lie (1, 2)-cinematicas. Esta clase
de alxebras € a que mais atencion recibiu historicamente, ao ser as dlxebras de simetrias dos espa-
zotempos homoxéneos con isotropia espacial completa. A clasificacion dos grupos de Lie (1, 2)-
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cinematicos salvo revestimentos séguese dunha serie de traballos dos seguintes autores: Bacry—
Lévy-Leblond [12], Bacry—Nuyts [13], Figueroa-O’Farrill [61, 62] e Andrzejewski—Figueroa-
O’Farrill [8]. Posteriormente, Figueroa-O’Farrill e Prohazka clasificaron os espazotempos ho-
moxéneos con isotropia espacial completa salvo por revestimentos [66]. Tamén comentamos nas
seccions 7.3 e 7.4 outras familias de espazotempos homoxéneos que xa foron clasificadas, tales
como os espazotempos aristotelianos [66] e os espazotempos de Lifshitz [65].

Clasificacion de alxebras de Lie (3, 2)-cinematicas

A tltima contribucion orixinal desta tese € a clasificacion das dlxebras de Lie (3, 2)-cinematicas
con isotropia espacial de dimensién d > 2, e estd recollida no capitulo 8. Este traballo forma
parte dun proxecto a longo prazo no que procuramos clasificar os espazotempos homoxéneos
de coisotropia espacial un (salvo revestimentos). Estes espazotempos estan caracterizados pola
existencia dunha direccién espacial que queda invariante baixo a accion da subalxebra rotacional.

Na seccion 8.1 atopamos expresions xerais que determinan o corchete de Lie dunha dlxebra
de Lie (3, 2)-cinemadtica (con d > 2). Para isto, é conveniente escribir unha alxebra de Lie (3, 2)-
cinemdtica como g = 50(V)®(V®@W)®b, sendo V = R? a representacion estandar de so(V) =
so(d), W = R? a representacion bidimensional trivial de so(V') e b = R? a representacion trivial
de dimension tres. A definicion de dlxebra de Lie (3, 2)-cinematica impén as seguintes relacions
para o corchete que involucran es elementos X, Y € so(V),v € V,w € We B € b:

(X,Y]=XY -YX, (X, v®@w] =Xv®w, [X, B] = 0.

Asi, para identificar o corchete de Lie por completo, precisamos saber como € a sua restricion a
bxb,abx(VeW)ea(VeW)x (VeW).Debido 4 existencia de isomorfismos excepcionais
entre representacions de so(d) en dimension baixa, é necesario tratar por separado os casos d > 3
ed=3.
Para o caso d > 3 obtemos a seguinte caracterizacion do corchete dunha dlxebra de Lie
(3,2)-cinemdtica:
Teorema A. Sexa g = so(V) @ (V @ W) @ b unha dlxebra de Lie (3, 2)-cinemdtica con dimV =
d > 3. Enton o corchete de Lie de g estd determinado polos seguintes obxectos alxébricos:
(i) unha estrutura de dlxebra de Bianchi' en b.
(ii) unha representacion bidimensional de dlxebras de Lie p: b — gl(W),
(iii) e unha 2-forma b-equivariante o: A*W — b.
Para todo X € so(V), v,v; € V, w,w; € W e B € b, a estrutura de dlxebra de Lie estd dada
polos corchetes
(X, v®@w| =
(X, B] =
[B,v @ w] —v®p( Jw,
I =

(01 ® Wy, vy @ we] = a(wy, we)vy A vy + (v1,09) (w1 A ws),

Xv®w

'Dicimos que unha dlxebra de Bianchi é unha dlxebra de Lie real de dimensién tres.
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onde a: W x W — R ¢ a unica forma bilinear simétrica e b-equivariante caracterizada pola
condicion
p(o(wy A we))ws = a(ws, wy)wy — a(wy, wy)we, w; € W.
Por outra banda, no caso d = 3 obtemos:
Teorema B. Sexa g = s0(V') & (V @ W) @ b unha dlxebra de Lie (3, 2)-cinemdtica con dim'V =

d = 3. Enton o corchete de g estd determinado, despois de empregar un isomorfismo linear que
deixa fixos os elementos de s0(V') se fose necesario, polos seguintes obxectos alxébricos:

(1) unha estrutura de dlxebra de Bianchi en b,
(ii) unha representacion bidimensional de dlxebras de Lie p: b — gl(WW),
(iii) unha 2-forma b-equivariante o: A*W — b,

(iv) e unha aplicacion bilinear, simétrica e b-equivariante oc: W x W — W.
Se consideramos a forma bilinear o € (S*W*)® definida mediante
a(wq, w3 )wy — a(wy, wy)we = p(wy A wsy))ws
+ o (o (w, w3), wy) — o(o(wy, ws3), w),
temos a maiores que «, o e @ deben satisfacer as seguintes condicions:
0 = a(o(wy,ws), ws) — a(o(ws, ws), w),
0 = @(o(wy, we) A ws + o(wa, w3) A wy + o(ws, wr) A ws).
para todo w; € W. A estrutura de dlxebra de Lie estd dada polos corchetes

(X, v ®@w| =
X, B] =
B, v®w}—v®p( Jw,
[V1 ® w1, vy ® wa] = a(wy, we)vy A Vg + (v1,v2) @(wy A ws)

+ (v1 X v9) ® o(wy,ws),

Xv®w

paratodo X € so(V'), v,v; € V, w,w; € WeB € b.

Na seccion 8.2 determinamos cando, dadas ddas dlxebras (3, 2)-cinematicas g e g', existe un
isomorfismo relativo f: g — g (é dicir, un isomorfismo de alxebras que actda trivialmente en
s0(d)). A partir dos resultados obtidos nesta seccion, deducimos que a clasificacion de alxebras
de Lie (3, 2)-cinematicas salvo isomorfismo relativo se reduce 4 determinacion de todas as repre-
sentacidns reais bidimensionais das dlxebras de Bianchi médulo unha condicién de equivalencia
débil, asi como algins dos seus tensores invariantes de rango baixo. Este proceso € levado a cabo
ao longo das seccidns 8.3 e 8.4.

Por tltimo, a seccién 8.5 (axudada dos resultados da secciéon 8.A) contén a clasificacion
das alxebras (3,2)-cinematicas con isotropia espacial de dimensién d > 3. Nétese que cada
representacion bidimensional p: b — gl(W) dunha édlxebra de Bianchi b induce unha estrutura
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de dlxebra (3, 2)-cinemadticaen g = so(V') @ (V ® W) @ b. Efectivamente, basta declarar que b
sexa subdlxebra de g, que V' ® W sexa abeliano, e que [B, v @ w| = v ® p(B)w para cada B € b,
v € Vew € W. Esta soluciéon da ecuacion de Jacobi cofiécese como a extension escindida
abeliana da suma directa ) = so(V) @ b por V' ® W inducida por p.

Para poder enunciar os nosos resultados, fixamos unha base {e;, e;} de W, xunto cunha base
{B1, B, B3} de b. Tamén definimos o simbolo de Levi-Civita ¢;; en dimension dous mediante
as condicions €17 = €90 = 0 e €19 = —€y; = 1.

No caso d > 3, vemos que a clasificacion toma a seguinte forma:

Teorema C. Sexa g = so(V) @ (V ® W) @ b unha dlxebra de Lie (3,2)-cinemdtica tal que
dimV = d > 3 e consideremos os datos alxébricos (b, p, p, @) asociados con g. Entén, ocorre
exactamente unha das seguintes situacions:

(D) O subespazo V& W é abeliano (é dicir, ¢ = 0). Neste caso, g é relativamente isomorfa
d extension escindida abeliana de ) = so(V') @ b por V@ W inducida por exactamente
unha das representacions construidas na seccion 8.4.

(I) O subespazo [V @ W,V @ W| é non nulo e estd contido en b (é dicir, p # 0 pero o = 0).
Neste caso, g é relativamente isomorfa a exactamente unha das dlxebras descritas na
Tdboa 8.13.

(1) O subespazo [V @ W,V ®@ W] proxecta de xeito non trivial aos subespazos s0(V') e b (é
dicir, a # 0). Neste caso, g é relativamente isomorfa a exactamente unha das dlxebras
descritas na Tdboa 8.14.

Por outra parte, no caso d = 3 aparece unha nova familia de dlxebras exclusivas para esta
dimension:
Teorema D. Sexa g = so(V) @ (V ® W) @ b unha dixebra de Lie (3,2)-cinemdtica con

dimV = d = 3 e consideremos os datos alxébricos (b, p, ¢, «, ) asociados con g. Enton,
salvo isomorfismo relativo, ocorre exactamente unha das seguintes situacions:

(D) O subespazo V& W é abeliano (¢é dicir, tanto p como o aniilanse). Neste caso, g é relati-
vamente isomorfa d extension escindida abeliana de ) = s0(V') @ b por V@ W inducida
por exactamente unha das representacions construidas na seccion 8.4.

(Il) O subespazo [V @ W,V @ W] é non nulo e estd contido en b (é dicir, o e a son cero
mentres que @ # 0). Neste caso, g é relativamente isomorfa a exactamente unha das
dlxebras descritas na Tdaboa 8.13.

(1) O subespazo [V @ W,V @ W] estd contido en h = so(V') @ b e proxecta de modo non
trivial tanto en s0(V') como en b (é dicir, o = 0 pero a # 0). Neste caso, g é relativamente
isomorfa a exactamente unha das dlxebras descritas na Tdboa 8.14.

(IV) O subespazo V& W ¢é un ideal non abeliano de g (¢ dicir, ¢ = 0 pero 0 # 0) e g non é
relativamente isomorfa a unha extension escindida abeliana. Neste caso, g é relativamente
isomorfa a exactamente unha das dlxebras descritas na Taboa 8.15.

O lector pode atopar as tdboas mencionadas nos Teoremas C e D ao final da seccidn 8.5.






Introduction

Symmetry is perhaps the most important concept in science. In a very broad sense, we understand
that an object is symmetric when it has the same appearance independently of how we look at
it. As such, one of the key successes of modern mathematics is the formalization of this idea
and its subsequent application to many challenges. Indeed, if a certain problem is described
by a mathematical model that has an inherent symmetry, then this can be exploited in order to
reduce the complexity of said problem. For instance, in general it is a hard task to determine
the solutions of a partial differential equation. However, if we restrict our attention to the study
of solutions possessing certain symmetry (which is sufficient in many cases), then the partial
differential equation can be transformed into an ordinary differential equation or even a purely
algebraic equation.

Felix Klein’s celebrated Erlangen programme [98] states that geometry and symmetry are
two sides of the same coin. The following excerpt of this programme marks the birth of geometry
as we understand it today:

Let us now dispense with the concrete conception of space, which for the mathemati-
cian is not essential, and regard it only as a manifoldness of n dimensions, that is to
say, of three dimensions, if we hold to the usual idea of the point as space element.
By analogy with the transformations of space we speak of transformations of the
manifoldness; they also form groups. But there is no longer, as there is in space, one
group distinguished above the rest by its signification; each group is of equal im-
portance with every other. As a generalization of geometry arises then the following
comprehensive problem:

Given a manifoldness and a group of transformations of the same; to investigate the
configurations of the manifoldness with regard to such properties as are not altered
by the transformations of the group.

Thus, the symmetries of a space are described by means of a transformation group, whereas
its geometry is governed by the properties that are invariant under this group. The first example of
this is Euclidean geometry, whose eponymous group is comprised of orthogonal transformations
and space translations.

The overarching theme of this dissertation is the study of submanifolds and geometric struc-
tures on homogeneous manifolds with varying degrees of symmetry. Given a Lie group G and a
smooth manifold M, we say that M is a G-homogeneous space if it is endowed with a transitive
action of G. Homogeneous manifolds are also known as Klein geometries, and they provide the

XXIX
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mathematical framework in which the Erlangen programme is formulated. This language sup-
plies the perfect opportunity to incorporate tools from the theory of Lie groups and their algebras
in order to tackle geometric problems.

A large part of this thesis lies within the context of Riemannian geometry, and more pre-
cisely, in the field of submanifold geometry. A Riemannian manifold is a space locally mod-
eled on the usual Euclidean space. Consequently, the study of Riemannian manifolds and their
intrinsic properties provides a direct generalization of the study of curves and surfaces in three-
dimensions, whereas the area of submanifold geometry studies the extrinsic properties of a Rie-
mannian manifold lying inside a certain ambient space.

The natural application of Klein’s formalism in Riemannian geometry appears in the study
of homogeneous Riemannian manifolds. A Riemannian manifold is called homogeneous if its
isometry group acts transitively on it. Moreover, during the first part of this dissertation we
consider symmetric spaces as our ambient manifolds. Essentially, a symmetric space is a Rie-
mannian manifold for which every point admits a geodesic reflection (that is, an isometry that
reverses the geodesics passing through said point). Symmetric spaces were originally introduced
by Cartan, and they provide an abundant family of examples, such as space forms, projective
spaces, hyperbolic spaces, Grassmannians or compact Lie groups. The classification of symmet-
ric spaces—also due to Cartan—exhibits a profound connection between algebra and geometry.
In particular, the theory of symmetric spaces that do not have Euclidean factors is parallel to that
of real semisimple Lie algebras.

In what follows we present the main objectives and contributions of this thesis.

Codimension two polar homogeneous foliations on symmetric spaces of noncompact type

An isometric action of a Lie group on a Riemannian manifold is polar if there exists a subman-
ifold (known as a section) that meets every orbit orthogonally. We also say that the action is
hyperpolar if it admits a flat section. It turns out that many classical results in algebra and geom-
etry can be characterized in terms of these actions, such as the existence of spherical coordinates
in Euclidean spaces, the spectral theorem for symmetric matrices or the maximal torus theorem.
Polar actions were first introduced by Conlon [44], whose original interest was to find examples
of variationally complete actions. In particular, cohomogeneity one actions (that is, actions that
have a principal orbit of codimension one) are polar. The use of cohomogeneity one techniques
has proved to be instrumental in producing new examples of Riemannian manifolds with de-
sirable properties (such as special holonomy or Einstein metrics), see for example [28, 35, 67].
More generally, several authors have found applications of polar actions to invariant theory and
submanifold geometry [86,87, 142].

A natural problem to consider is the classification of polar actions on Riemannian manifolds
up to orbit equivalence. In order for a Riemannian manifold M to admit nontrivial examples of
polar actions, we need its isometry group to be large enough so as to possess nontrivial Lie sub-
groups. Moreover, one can show that sections of polar actions are totally geodesic submanifolds,
so we also need our ambient spaces to possess examples of these submanifolds. The class of
symmetric spaces meets both criteria, so they provide the optimal testing ground for producing
and classifying polar actions.
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The first result in this direction is due to Dadok [49], who showed that every polar rep-
resentation is orbit equivalent to the isotropy representation of a semisimple symmetric space.
While the classification problem in symmetric spaces of compact type is nearing its full con-
clusion [106, 109, 146], only partial classifications have been achieved in the noncompact set-
ting [19,22,52,169].

The first original contribution of this thesis (see Chapter 3) is the classification of polar ac-
tions without singular orbits (also known as polar homogeneous foliations) whose section is
homothetic to a real hyperbolic plane. This, combined with the results in [19], yields the classi-
fication of all codimension two polar homogeneous foliations on these spaces. It turns out that
there are two families of polar nonhyperpolar foliations of codimension two, which are obtained
as lower-dimensional analogues of the so-called foliations of horospherical type and foliations
of solvable type introduced by Berndt and Tamaru in [22].

As part of the proof of this classification result, we investigate homogeneous foliations on
general Hadamard manifolds. More precisely, we show that if M is a Hadamard manifold and F
is a polar homogeneous foliation on M, then there exists a solvable Lie group S that acts freely
on M in such a way that the leaves of F are the orbits of S. As a consequence, M becomes the
total space of an S-principal bundle (whose base is any section of the action). We also show that
if M is a symmetric space of noncompact type, then S can be assumed to lie inside a minimal
parabolic subgroup of the isometry group of M.

Polar homogeneous foliations on hyperbolic spaces

The second contribution of this thesis deals with the classification of polar homogeneous foli-
ations on symmetric spaces of noncompact type and rank one. As of today, we only have full
classifications of polar actions on real [169] and complex hyperbolic spaces [52], as well as
some partial results concerning polar actions that preserve a totally geodesic submanifold on the
remaining hyperbolic spaces [107, 108].

In Chapter 4, we classify polar homogeneous foliations on the Cayley hyperbolic plane QH?
and derive some partial results concerning polar foliations on quaternionic hyperbolic spaces
HH"™. More precisely, we show that OH? admits exactly three (nontrivial, nontransitive) polar
homogeneous foliations up to orbit equivalence, two of which are of cohomogeneity one while
the remaining one is of codimension two. Afterwards, we show that every polar homogeneous
foliation—and consequently, every polar action—on HH" has a section of constant sectional cur-
vature. Finally, we treat the case of standard polar foliations on HH". A homogeneous foliation
on a symmetric space of noncompact type is standard if it arises from the action of a Lie sub-
group of its solvable model. Our last result in this topic is the classification of standard polar
homogeneous foliations on quaternionic hyperbolic spaces.

Totally geodesic submanifolds of the homogeneous nearly Kihler manifolds of dimension 6
and their G,-cones

Recall that a submanifold Y of a Riemannian manifold M is fotally geodesic if every geodesic
of X is also a geodesic of M. Loosely speaking, the geometry of a totally geodesic submani-
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fold can be obtained as the restriction of that of its ambient space. Therefore, by knowing the
totally geodesic submanifolds of a given ambient manifold we can get a grasp on its global ge-
ometry. This motivates the problem of classifying totally geodesic submanifolds of Riemannian
manifolds up to congruence.

Many authors have dealt with the classification of totally geodesic submanifolds in the case
of symmetric spaces. Firstly, Wolf [168] determined all totally geodesic submanifolds of rank
one symmetric spaces, and the classification in symmetric spaces of rank two is the result of the
work of Chen, Nagano and Klein [42,43,99-101]. For symmetric spaces of rank greater than
two, this problem remains essentially open, although there have been some classification results
for these submanifolds under additional hypotheses, see for example [41, 116]. While some
authors have also dealt with the classification of totally geodesic submanifolds in non-symmetric
homogeneous spaces [58, 135], the results in this more general setting are quite scarce.

The third original work of this thesis (see Chapter 6) is the classification of totally geodesic
submanifolds of the (simply connected) homogeneous strictly nearly Kihler manifolds of dimen-
sion six having nonconstant curvature, as well as their cohomogeneity one G,-cones.

Many authors have obtained partial results concerning totally geodesic submanifolds of these
6-manifolds under additional assumptions related to their interaction with the ambient almost
complex structure [9, 29, 48, 55, 118]. In our work, we drop these hypotheses and classify
these submanifolds in full generality. A corollary of our classification is that all of these sub-
manifolds are automatically totally real or complex. In particular, the maximal totally geodesic
submanifolds—that is, those which are not properly contained in another totally geodesic
submanifold—are .J-holomorphic curves and Lagrangian submanifolds.

An interesting feature of 6-dimensional strictly nearly Kéhler manifolds is that their Rie-
mannian cones have holonomy equal to the exceptional Lie group G,. In this chapter we also
develop a structural result that characterizes totally geodesic submanifolds of Riemannian cones
in terms of submanifolds of the base space and (local) solutions to the so-called Obata equation.
With these result, we show that the maximal totally geodesic submanifolds of these Go-cones are
precisely the cones of the maximal totally geodesic submanifolds of our 6-manifolds under in-
vestigation. Consequently, every such submanifold is either associative (that is, calibrated by the
ambient G-structure) or coassociative (that is, calibrated by the Hodge dual of this Go-structure).

(3, 2)-kinematical algebras

The final part of this thesis deals with what may be coined the kinematical Erlangen programme,
whose main objective is to classify kinematical Lie groups and their homogeneous spacetimes.
It is well-known that the laws of physics are invariant under certain transformations such as
spatial rotations, space and time translations, and intertial boosts, leading to the existence of
symmetry groups that preserve said laws. Bacry and Lévy-Leblond [12] introduced the notion
of kinematical groups as a way to generalize these symmetry groups, and their corresponding
Lie algebras are known as kinematical algebras. By an (s, v)-kinematical Lie algebra with d-
dimensional spatial isotropy we mean a real Lie algebra g containing a rotational subalgebra v =
50(d) and such that, under the adjoint action of t, g decomposes as a direct sum of the rotational
subalgebra, v copies of the standard representation R?, and s copies of the trivial representation
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R. Furthermore, a Lie group G is called an (s, v)-kinematical group if its Lie algebra is (s, v)-
kinematical. Therefore, an active topic of research in the area of mathematical physics has been
the classification of (s, v)-kinematical Lie groups and their homogeneous manifolds.

The case that has enjoyed the most attention is that of (1, 2)-kinematical groups, whose cor-
responding manifolds are spatially isotropic homogeneous spacetimes. Indeed, the classifica-
tion of simply connected (1, 2)-kinematical groups (equivalently, of (1, 2)-kinematical algebras)
is the result of combined work of the following authors: Bacry—Lévy-Leblond [12], Bacry—
Nuyts [13], Figueroa-O’Farrill [61, 62] and Andrzejewski—Figueroa-O’Farrill [8]. In addition,
spatially isotropic homogeneous spacetimes have been classified up to coverings by Figueroa-
O’Farrill and Prohazka, see [66]. Some other families of spacetimes that have been completely
determined are the Aristotelian ones (which are quotients of (1, 1)-kinematical groups [66]) and
the Lifshitz ones (arising as quotients of (2, 1)-kinematical groups [65]).

The fourth and final original contribution of this doctoral thesis is the classification of (3, 2)-
kinematical algebras with d-dimensional spatial isotropy, where d > 2. This work stems from
our interest in classifying coisotropy one homogeneous spacetimes, which are characterized by
the existence of a spatial direction that is preserved by the rotational subalgebra. In order to de-
termine all of these algebras, we first exploit the representation theory of so(d) to derive general
expressions of the Lie bracket of a (3,2)-kinematical algebra. As we will see, this bracket is
determined by a three-dimensional Lie algebra (also known as a Bianchi algebra) and a two-
dimensional representation of this algebra, together with some invariant tensors of low order.
This allows us to transform the problem of classifying (3, 2)-kinematical algebras into a simple,
albeit long, problem in low-dimensional representation theory.

Structure of the thesis

This thesis is comprised of three parts, together with an initial chapter containing preliminary
material. We now briefly describe the general structure of this thesis.

Chapter 1 is devoted to presenting the basic concepts and notation that will be used through-
out this thesis. More specifically, in Section 1.1 we review the theory of Lie groups and algebras,
representation theory and smooth actions of Lie groups on manifolds. Afterwards, in Section 1.2
we recall the elementary facts on Riemannian manifolds, with a view toward studying their sub-
manifolds. Section 1.3 deals with the main objects that we work with in this dissertation, which
are homogeneous spaces. Lastly, in Section 1.4 we discuss the main properties and structure of
Riemannian symmetric spaces, with special emphasis on those of noncompact type.

The first part of the thesis is concerned with polar actions on symmetric spaces and their
classification up to orbit equivalence.

The objective of Chapter 2 is to discuss isometric and polar actions on Riemannian manifolds.
Firstly, in Section 2.1 we introduce the notion of proper action and describe the basic properties
of these actions. In Section 2.2 we present the definition of polar action. Moreover, we review
the basic features of the orbits and sections of polar actions. Finally, in Section 2.3 we collect
the known classification results pertaining polar actions on symmetric spaces.

In Chapter 3 we classify polar homogeneous foliations of codimension two on irreducible
symmetric spaces of noncompact type. Due to previous work on hyperpolar foliations, this re-
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duces to determining all polar foliations with a section homotethic to the real hyperbolic plane,
and it turns out that there are two different families of foliations satisfying this property up to
equivalence. These examples are presented in Section 3.1, and we also study the extrinsic ge-
ometry of their orbits. In Section 3.2 we study homogeneous foliations on Hadamard manifolds
and prove that they are always given by a free action of a solvable Lie group. Motivated by
this and the fact that the isometry group of a symmetric space of noncompact type is semisim-
ple, we also restate a result of Mostow [126] that characterizes maximal solvable subalgebras of
real semisimple Lie algebras. We end this chapter by proving the aforementioned classification
result, see Section 3.3.

The purpose of Chapter 4 is to advance in the classification of polar homogeneous foliations
on quaternionic hyperbolic spaces and the Cayley hyperbolic plane. In Section 4.1 we present the
main features of rank one symmetric spaces of noncompact type that set them apart from those
of higher rank. One sees that the nilpotent part of their Iwasawa decomposition is a so-called
generalized Heisenberg group, so we can exploit the algebraic properties of these groups and
their algebras in order to perform calculations with these spaces. We also review the classification
of totally geodesic submanifolds of hyperbolic spaces—see Section 4.2. Lastly, in Section 4.3
we prove the three main theorems of this section. The first result is the classification of polar
homogeneous foliations on the hyperbolic planes HH? and OH?. Afterwards, we prove that a
section of any polar action on either HH" or OH? is automatically a space of constant curvature.
The third result is the classification of standard polar homogeneous foliations on the quaternionic
hyperbolic space HH".

In the second part of this dissertation we deal with the classification problem for totally
geodesic submanifolds in homogeneous spaces.

Chapter 5 is concerned with presenting the general theory of totally geodesic immersions
in Riemannian manifolds. In Section 5.1 we introduce the notion of totally geodesic subspace
and review Cartan’s local characterization of totally geodesic submanifolds via these subspaces.
Section 5.2 is dedicated to discussing compatible totally geodesic immersions, which are those
that are injective when viewed as maps to an adequate Grassmannian bundle. Afterwards, in
Section 5.3 we show that every totally geodesic immersion can be extended into an inextendable
one, and that this extension is unique up to reparametrization. In Section 5.4 we show that every
inextendable totally geodesic submanifold a real analytic (respectively, homogeneous) Rieman-
nian manifold is also real analytic (respectively, homogeneous). Later, in Section 5.5 we define a
notion of maximality for totally geodesic submanifolds that extends the usual one for embedded
submanifolds. We end this chapter by discussing the state of the art for the classification problem
of totally geodesic submanifolds in Riemannian symmetric and homogeneous spaces.

The goal of Chapter 6 is to classify totally geodesic submanifolds in the simply connected
homogeneous strictly nearly Kéhler 6-manifolds, as well as their Gy-cones. Section 6.1 is ded-
icated to presenting the nearly Kihler ambient manifolds that we work with throughout this
chapter and describing them as 3-symmetric spaces. In Section 6.2 we develop new techniques
to study totally geodesic submanifolds of naturally reductive homogeneous spaces. In particular,
we introduce the class of D-invariant totally geodesic submanifolds (see Subsection 6.2.1) and
characterize them by an algebraic condition. In Section 6.3 we describe the totally geodesic sub-
manifolds that arise in our classification result and study their interaction with both the ambient
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almost complex structure and the homogeneous fibration of which each ambient manifold is the
total space. We then turn our attention to Riemannian cones in Section 6.4, where we recall their
basic properties and derive a characterization of their totally geodesic submanifolds. Lastly, we
provide the proofs of our classification theorems in Section 6.5.

The last part of this thesis deals with the classification of kinematical groups and their homo-
geneous spacetimes.

The purpose of Chapter 7 is to discuss some generalities regarding kinematical Lie alge-
bras and homogeneous spacetimes. In Section 7.1 we present the notion of (s, v)-Lie algebra
and provide some well-known examples. The rest of this chapter discusses the classification of
some classes of homogeneous spacetimes up to coverings. These include the family of spatially
isotropic spacetimes (see Section 7.2), the family of Aristotelian spacetimes (see Section 7.3)
and the family of Lifshitz spacetimes (see Section 7.4).

Our journey ends in Chapter 8, where we obtain the classification of (3, 2)-kinematical al-
gebras with spatial isotropy of dimension greater than two. The proof of this result is done
in several steps, the first of them being the derivation of general formulae for the bracket of
(3,2)-kinematical algebras, see Section 8.1. We will see from the results in this section that the
classification of these algebras requires us to determine all real two-dimensional representations
of three-dimensional real Lie algebras. This is done in Section 8.4. Finally, Section 8.5 con-
tains the proof of the classification theorem for (3, 2)-kinematical algebras. This chapter is also
equipped with an appendix in which we study the orbit space of a certain action appearing in the
proof of one of the classification theorems, see Section §.A.






Chapter 1
Preliminaries

In this chapter we present the basic notation and terminology that are used throughout this thesis.
Both the results presented in this work and the techniques for their proofs lie in the fields of
differential geometry and Lie theory, so we aim to present a swift introduction to these two
topics.

This chapter is organized as follows. In Section 1.1 we briefly review the theory of Lie groups
and Lie algebras, with a view toward studying their actions and representations. Section 1.2 deals
with the elementary definitions concerning Riemannian manifolds, geometry of submanifolds
and Riemannian submersions. Afterwards, in Section 1.3 we present the basic concepts regarding
homogeneous spaces, the core topic of interest in this thesis. Since a large part of this work
is devoted to studying Riemannian homogeneous spaces, in Subsection 1.3.1 we develop the
necessary tools for performing calculations with these objects. Finally, in Section 1.4 we give an
overview of the structure theory of Riemannian symmetric spaces, focusing especially on those
of noncompact type, see Subsection 1.4.1.

Before proceeding any further, let us make the following basic assumptions for the remainder
of this thesis. All smooth manifolds are assumed to be second countable unless otherwise speci-
fied. If M is a smooth manifold and p € M, the tangent space of M at p is denoted by 7, M. The
disjoint union of all tangent spaces of M is known as the tangent bundle 7'M of M. Moreover,
if f: M — N is a smooth map from M to another smooth manifold N the differential of f at
p is written f,,: T,M — T4 N. The ring of real-valued smooth functions on M is denoted by
C>*(M), and the C*°(M )-module of vector fields on M is denoted by X(M ). More generally, if
E is a vector bundle over M, we write I'(E) for the C*°(M )-module of smooth sections of E.

1.1 Lie groups and Lie algebras

We recommend the references [92,102] for a detailed introduction to Lie groups and Lie algebras.
Let K be a field (here we only use K = R and K = C). A Lie algebra over K is a K-vector
space g endowed with a skew-symmetric bilinear map [-,-|: g X g — g that satisfies the Jacobi
identity
(X, [V, Z]|+ Y, [Z,X]|+ [Z,[X, Y]] =0, X,Y,Z€g.

Given two vector subspaces a, b C g, we define [a, b] to be the linear span of {[X,Y]: X €
a,Y € b}. A Lie subalgebra h of g is a vector subspace ) C g satisfying [h,h] C h. If in
addition we have [g, h] C b, then b is called an ideal of g. More generally, for a subset a C g, we
define the normalizer of a in g, denoted by ny(a), as the set of all X € g satisfying [X,a] C a. A
subspace b C g is a subalgebra if and only if h C ngy(h), and it is an ideal if and only if ny(h) = g.

1
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A linear map ¢: g — b is called a Lie algebra homomorphism if it satisfies ¢([X,Y]) =
[0(X),o(Y)] forall X,Y € g. In the case that h = gl(V') is the Lie algebra of linear endomor-
phisms of V' for some vector space V', we say that ¢ (and V') is a representation of g. Every Lie
algebra g possesses a natural representation ad: g — gl(g), known as the adjoint representation
of g, given by letting ad(X)Y = [X, Y] forall X, Y € g. The kernel 3(g) = ker ad is called the
center of g. Furthermore, we define the Killing form of g as the symmetric bilinear form B = 5,
defined via the equation B(X,Y') = tr(ad(X)ad(Y)) forall X, Y € g.

For a Lie algebra g, we define its derived series as the sequence (g(?)°, obtained by letting
g = gand gt = [g, g®] for all 5. We say that g is solvable if g*) = 0 for some i > 0. The
(unique) largest solvable ideal vad(g) of a Lie algebra g is known as the radical of g. Similarly,
the lower central series of g is the sequence (g;):°, in which go = g and g;11 = [g, g for all 7.
The algebra g is nilpotent if g; = 0 for some ¢ > 0.

A Lie algebra is simple if it possesses no nonzero proper ideals, and semisimple if tad(g) = 0.
Every semisimple Lie algebra can be decomposed as a direct sum of simple ideals. Moreover,
a Lie algebra g is semisimple if and only if the Killing form B, is nondegenerate. The algebra
g is called reductive if for each ideal a C g there exists a complementary ideal b C g such that
g = ad®b. Every reductive Lie algebra has tad(g) = 3(g) and can be decomposed as 3(g) © [g, g/,
with 3(g) abelian and [g, g| semisimple.

Let g be a real Lie algebra and consider a Lie subalgebra € C g. We say that € is compactly
embedded in g if there exists an inner product on g with respect to which the transformations
ad(X) € gl(g) are skew-symmetric for all X € ¢. If g is compactly embedded in itself, then g is
called a compact Lie algebra. A real semisimple Lie algebra is of noncompact type if it has no
nontrivial compact ideals.

If g is a real Lie algebra, then we define its complexification as the complex Lie algebra
g(C) = g ® C whose Lie bracket is the C-bilinear extension of the bracket of g. Moreover, if b
is a complex Lie algebra, then its realification is simply h(R) = b regarded as a real Lie algebra.

A (real) Lie group is a smooth manifold G equipped with a group structure such that the
multiplication map Gx G — G is smooth. We denote by e the identity element of G. Moreover, G°
denotes the identity component of G (that is, the connected component of G containing e), which
is an open normal subgroup of G. For each g € G one has two commuting diffeomorphisms
L, and R, of G, known as the left multiplication and right multiplication maps, defined by the
equations Ly(x) = gz and Ry(x) = xg. In particular, the composition I, = L, o R,-1 is known
as conjugation by g.

A Lie group homomorphism is a smooth map f: G — H between Lie groups that is also an
abstract group homomorphism. In particular, if H = GL(V') is the group of linear automorphisms
of some vector space V/, we say that f (and V') is a representation of G. If H C G is an abstract
subgroup and the inclusion H — G is a Lie group homomorphism, we say that H is a Lie
subgroup of G. The concepts of Lie group isomorphism and automorphism follow naturally,
and we use the notation Aut(G) to refer to the group of automorphisms of G. It can be shown
that both closed abstract subgroups and arcwise connected abstract subgroups of Lie groups are
automatically Lie subgroups. In addition, if G is a Lie group and H is a closed subgroup, then
the quotient G/H admits a unique smooth manifold structure such that the canonical projection
G — G/H is a smooth submersion (in fact, a principal H-bundle).
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A vector field X € X(G) is called left-invariant if it is preserved under the maps L, for
all g € G. The set g = Lie(G) of all left-invariant vector fields on G is a Lie subalgebra of
X(G) of dimension dim g = dim G, and we refer to it as the Lie algebra of G. In general, we
denote Lie groups with uppercase sans serif letters and their corresponding Lie algebras with
lowercase gothic letters. The Lie algebra g can be canonically identified with the tangent space
T.G. Moreover, one sees that a Lie group homomorphism f: G — H induces a Lie algebra
homomorphism f,: g — b by differentiation. In particular, for each g € G the conjugation map
I, induces a Lie algebra automorphism Ad(g) € Aut(g). The map Ad: G — Aut(g) C GL(g)
is known as the adjoint representation of G, and its differential is Ad, = ad. It turns out that
every left-invariant vector field is complete, a fact that allows us to define the so-called (Lie)
exponential map Exp: g — G of G. Explicitly, for X € g the element Exp(X) is equal to «(1),
where a: R — G is the integral curve of X satisfying a(0) = e. The Lie exponential map is
smooth and its differential at e coincides with the canonical isomorphism g = T,G.

For an abstract Lie algebra g, the automorphism group Aut(g) is a Lie subgroup of GL(g)
whose Lie algebra is the set det(g) of all derivations of g, that is, the linear maps D: g — g
that satisfy D[X,Y] = [DX,Y] + [X,DY] for all X, Y € g. Note that ad(g) C der(g) is
a Lie subalgebra, known as the algebra of inner derivations of g. The connected subgroup of
Aut(g) with Lie algebra ad(g), denoted Int(g), is the group of inner automorphisms of g. If g is
semisimple, we have der(g) = ad(g), and thus Int(g) is the identity component of Aut(g).

We say that a Lie group G is solvable (respectively, nilpotent, simple, semisimple) if it is
connected and g is solvable (respectively, nilpotent, simple, semisimple).

1.1.1 Structure theory of real semisimple Lie groups

This subsection is devoted to presenting the main decomposition theorems for real semisimple
Lie algebras and their corresponding groups, see [102, Chapter 6] for details and proofs.

Let us establish the following notation: if V' is a vector space and it admits the direct sum
decomposition V' = U @ W, then for each v € V we write vy € U and vy € W for the unique
elements that satisfy v = vy + vy. If V' is a Euclidean vector space (that is, a vector space with
an inner product) and no direct sum decomposition is specified, then for every subspace U C V
and v € V we denote by vy the orthogonal projection of v onto U. Furthermore, the orthogonal
complement of U in V is writtenas V © U.

Throughout this section, G denotes a semisimple Lie group and g its corresponding Lie alge-
bra.

Consider a Lie algebra involution § € Aut(g) (that is, a Lie algebra automorphism whose
square is the identity). Then 0 determines a Z,-gradation g = € @ p, where ¢ = ker(1 — 0) is
the even part of g and p = ker(1 + #) is the odd part of g. By definition, we have the relations
(e, €] C ¢ [¢,p] C pand [p,p] C €. The map 0 is called a Cartan involution if the symmetric
bilinear map

By: (X,Y) €gxgrs By(X,Y) = (X,Y) = —B(X,0Y) e R

is positive definite on g. In this case, we say that the gradation g = € & p is a Cartan decom-
position of g. Every real semisimple Lie algebra admits a Cartan involution, and it is unique up



4 1 Preliminaries

to inner automorphisms. Note that the restriction of B to £ x £ is negative definite, whereas its
restriction to p X p is positive definite. Moreover, for every X € g we see that the adjoint trans-
formation of ad(X') with respect to the inner product By is ad(X)* = —ad(6X). This implies
that the elements of ad () are all skew-symmetric operators, whereas the elements of ad(p) are
symmetric. In particular, £ is a compactly embedded subalgebra of g. In fact, one sees that £ is a
maximal compactly embedded subalgebra of g.

Let K C G be the connected subgroup with Lie algebra £. Then K is closed in G and it
contains the center Z(G) of G. Moreover, K is compact if and only if Z(G) is a finite group. This
is the case, for example, if G is a Lie subgroup of GL(n, R) for some n (we say in this case that
G is a linear Lie group). The Cartan decomposition theorem for the group G states that the map

(k,X) e Kxp— kExp(X) €G

is a global diffeomorphism. In particular, G has the same homotopy type as K and the quotient
G/K is diffeomorphic to R4m?,

Because ¢ normalizes p and K is connected, the adjoint action of K induces a representation
K — GL(p). This representation has the property that any two maximal abelian subspaces of g
are conjugate by an element of K. We fix one such subspace a C p. Then the set ad(a) C gl(g)
is a commuting family of symmetric endomorphisms, which means that we can diagonalize all
operators ad H (with H € a) simultaneously. More precisely, we define for each covector A € a*
the subspace

o={Xe€g: [H X]=AH)X forall H € a}.

If A # 0 and g, # 0, we say that \ is a (restricted) root of g and g, is a (restricted) root space of
g. The set of restricted roots of g is denoted by >.. Note that:

o If A\, n € {0} UX are different covectors, then g, and g, are orthogonal with respect to Bj.

For each \ € a* we have g, = g_,, so in particular A € ¥ if and only if —\ € 3.

If A\, p € a*, then [gx, 9] € Grsp-

Forevery A € 3, if we write £, = (14-0)g, and p, = (1—0)g,, we have g Dg_, = €£,\Dp,.
* We have py = a, so that gy = €y & a and €, = go N € is a Lie subalgebra of g.

The orthogonal decomposition

s=00®P o

is called the root space decomposition of g.

Observe that the inner product of g allows us to identify a with its dual space a*. Explicitly,
to each A\ € a* we assign the unique vector H, € a that satisfies \(H) = (H,, H) forall H € a.
This in turn transforms a* into a Euclidean vector space by declaring (X, ) = (H), H,,) for all
A, i € a*. It can be shown that the set X is an abstract root system in a*. This means that the
following assertions are true:
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* The vector space a is spanned by ..

* Foreach A € ¥, the reflection s, € O(a*) with respect to the hyperplane a* © R\ preserves
2.

* The numbers A, , = 24

A2

are integers for all A\, u € X..

We remark that ) may be nonreduced, in the sense that there may be roots whose double is also
a root.

We say that a vector Hy € a is a regular element if it lies in a \ |J,.y ker \. The set of
regular elements in a is open and dense in a. A fixed regular element /, € a determines a notion
of positivity on X as follows: a root A € X is said to be positive if \(Hy) > 0 and negative
if A(Hy) < 0. Moreover, we say that \ is a simple root if it is positive and cannot be written
as the sum of two positive roots. We write X" (respectively, A) to refer to the set of positive
(respectively, simple) roots of g. Any two choices of ¥ (and thus of A) are conjugate under an
element of Nk (a), the normalizer of a in K. One sees that A is a basis for the vector space a*.

We can associate a graph to the root system >.. To do this, we assign a node to each simple
root & € A, which we draw with the symbol o if 2a ¢ ¥, and with ® if 2ac € ¥. For each «,
B € A that are not orthogonal, we connect the nodes corresponding to the roots o and 5 with
an edge of multiplicity A, sAs. € {1,2,3}, together with an arrow pointing toward the root
of least length (or none if both roots have the same norm). The resulting graph is known as the
Dynkin diagram of ..

Let us define the vector subspace n = @, 5+ gx. It turns out that n is a nilpotent Lie
subalgebra of g and a @ n is a solvable subalgebra of g. The Iwasawa decomposition theorem (at
the Lie algebra level) states that we can decompose g as a direct sum of vector spaces

g=tQadn

A similar situation arises at the Lie group level. Indeed, if we let A, N and AN be the connected
Lie subgroups of G with Lie algebras a, n and a & n, then the Iwasawa decomposition theorem
(for Lie groups) states that the multiplication map

(k,a,n) € KX Ax N~ kan € G

is a global diffeomorphism. In addition, the multiplication map A x N — AN is also a global
diffeomorphism. The exponential map of AN is a global diffeomorphism, so AN is diffeomorphic
to a Euclidean space and every connected Lie subgroup of AN is closed (and also diffeomorphic
to a lower-dimensional Euclidean space).

We now label the simple roots as A = {a, ..., .}, where r = dim a. Every root A € ¥ can
be written as A = 22:1 ci\;, where the coefficients c; are all integers having the same sign (here
we interpret 0 as both a positive and negative number). The integer [(A\) = >"_, ¢; is known as
the level of \. In particular, the sign of A as an element of ¥ coincides with the sign of /(\) and
A is simple if and only if /(\) = 1. By defining

gk: @ g,

AEX
I(\)=Fk



6 1 Preliminaries

we obtain a Z-gradation of g as g = @kez g". This gradation satisfies [gk, g'] = g+ and

g% g7'] = g% forall k > 1. We set n* = g* for each & > 1. Then n' generates n as a
Lie algebra. Moreover, we define p* = (1 — 0)g* = (g* @ g=*) N p. It can be shown that the
root system ¥ has a highest root. If m is the level of this root, then g* = 0 whenever |k| > m,
meaning that g = @,"_ g"andn = ;" n*.

We finish this subsection by mentioning some useful formulae that will be used in the next
chapters:

» Forevery X € tandY € g, then [X,(1£0)Y] = (1+0)[X,Y],
e Forall X e pandY € g, wehave [ X, (1 £0)Y] = (1F0)[X,Y].
e IfAeXand X,Y € gy, then (1 —0)[0X,Y] =2(X,Y)H,.

Moreover, let us define the element

1 ) .
525 Z(dlmg,\))\ea.

xext

Then, for each simple root A € A, we have
2(6,a) = |a/*(dim g, + 2 dim gay). (1.1)

Remark 1.1. We are not aware of a reference that shows (1.1), so for the sake of completeness
we include the proof of this equality (see also [54]).

If s,: a* — a* is the root reflection with respect to a simple root « € A, it follows from [102,
Theorem 6.57] that s, is induced by an element of N (a), the normalizer of a in K. In particular,
dim g,,(n) = dim g, for every A € X. On the other hand, by [102, Lemma 2.61] s, permutes
all positive roots linearly independent from «, while sending o to —a. As a consequence, we
obtain s,(d) = 6 — (dim g, ) — 2(dim go, ). Taking the inner product with « automatically
yields (1.1).

1.1.2 Representations of Lie groups and algebras

We now describe the basic concepts related to representations of Lie groups and algebras. Here
we only discuss this topic from the perspective of algebras, since the notions and results for
groups are mutatis mudandis the same. For a detailed treatment of the representation theory of
(mostly semisimple) Lie groups and Lie algebras we refer the reader to [68, 138]. All vector
spaces in this subsection are assumed of finite dimension.

Let g be a Lie algebra over K € {R, C}. If K = C, then a (complex) representation of g is
a Lie algebra homomorphism p: g — gl(V") for some complex vector space V. If K = R, then
a real representation of g is a (real) Lie algebra homomorphism p: g — gl(V') for some real
vector space V', whereas a complex representation of g is a (real) Lie algebra homomorphism
p: g — gl(V) for some complex vector space V. In all cases, we say that V' is a g-module. If
X € gand v € V, we use the notation X - v = p(X)v whenever there is no ambiguity. In this
thesis we mainly work with real representations of real Lie algebras.
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We note that any functorial construction with vector spaces yields an analogue for represen-
tations. In particular, for any representations V', W of the Lie algebra g, the following vector
spaces are also representations of g in a natural way: the direct sum V' & W, the tensor product
V @ W, the dual space V*, the symmetric powers S*V (k > 0), the exterior powers A*V (k > 0)
and the space of linear maps Hom(V, ).

If g is a real Lie algebra and V' is a real representation of g, then its complexification V (C) =
V ® C becomes a complex representation of g. Similarly, if 1/ is a complex representation of g,
then the realification W (R) = W (viewed as a real vector space) becomes a real representation
of g. We also define the complex conjugate representation W of W as the vector space W
together with the C-vector space structure given by z - w = zw for z € Cand w € W.

The notion of homomorphism between representations is defined in the natural way: given a
Lie algebra g and g-modules V' and W, an equivariant map f: V — W is a linear map satisfying
f(X-v) =X- f(v)forall X € gand v € V. We write Homy(V, W) to denote the space
of equivariant maps from V' to W, and Endy(V) = Hom,(V, V) to refer to the (equivariant)
endomorphism ring of V.

If V' is a g-module, then an invariant subspace (or g-submodule) of V' is a vector subspace
W C V satistfying X -v € W forall X € gand v € W. We say that V' is irreducible if its only
invariant subspaces are 0 and V/, and reducible otherwise. The representation V' is completely
reducible if for every invariant subspace W C V there exists another invariant subspace W' C V/
such that V' = W @ W’. For instance, if g is semisimple, then every representation of g is
completely reducible. Every completely reducible representation V' can be decomposed as a sum
of irreducible modules. Moreover, if W C V is an irreducible submodule of V, then the sum
of all submodules of V' isomorphic to W is known as the isotypical component of V associated
with .

Assume V' is a real representation of the real Lie algebra g. A complex structure on V' is an
R-linear map J: V — V such that J> = —idy. A g-invariant complex structure on V' turns it
into a complex vector space for which the elements of g act by C-linear transformations.

Now, suppose that V' is a complex representation of a real Lie algebra g. On the one hand,
a real subspace W C V is called a real form of V if V.= W/(C). If W is also an invariant
subspace, then V' = W (C) as a representation of g. On the other hand, a real structure on V' is
a C-antilinear map 7: V' — V such that 72 = idy.. The set Fix(7) of fixed points of 7 is a real
form of V, and the correspondence 7 — Fix(7) establishes a bijection between the family of real
structures on V' and that of real forms of V. The g-invariant real forms correspond precisely to
the g-invariant real structures. A C-antilinear map .J: V — V satisfying J? = — idy is known
as a quaternionic structure on V. The division algebra of quaternions is denoted by H. Any
g-invariant quaternionic structure on V turns it into an H-vector space' for which the elements
of g act by quaternionic linear transformations.

Schur’s lemma states that if V' is an irreducible representation of the K-Lie algebra g, then
the endomorphism ring Endy (V') is a division algebra over K. On the one hand, if K = C, then
this forces Endg(V) = (C, as C is algebraically closed. On the other hand, if K = R and V is
a real representation, Frobenius’ theorem states that the (finite-dimensional) associative division

'In this thesis, by a quaternionic vector space we mean a right H-module.
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algebras over R are R, C and H, meaning that Endy (V') is one of these algebras. Motivated by
this, we say that the irreducible real representation V' of g is of real (respectively, complex or
quaternionic) type if its endomorphism ring is R (respectively, C or H). Moreover, one sees that
Endy(V(C)) = Endy(V) ® C. Combining this fact with the isomorphisms

R®C=C, CeC=CaC, H® C = End¢(C?),
we obtain that:
(a) The following conditions are equivalent to V' being of real type:

e V' admits no invariant complex structures.
* The complexification V' (C) is irreducible.

(b) The following conditions are equivalent to V' being of complex type:

» V = E(R) is the realification of an irreducible complex representation F of g that
does not admit an invariant real or quaternionic structure.

* The complexification V(C) is a direct sum W @& W with W complex irreducible and
W EW.

(c) The following conditions are equivalent to V' being of quaternionic type:

* V = E(R) is the realification of an irreducible complex representation F of g admit-
ting an invariant quaternionic structure (but not an invariant real structure).

s The complexification V' (C) is a direct sum W @ W with W complex irreducible and
wW=w.

1.1.3 Lie algebra cohomology

Let g be a Lie algebra. The Lie bracket can be viewed as a map A>g — g, and thus we can define
a dual map d: g* — A?g* C Ag* by means of the equation da(X,Y) = —a([X,Y]). It can be
shown that d extends uniquely to a linear map d: Ag* — Ag* of degree one satisfying d?> = 0
and d(a A B) = da A B+ (—1)*a A dB for all a € A¥g* and 3 € Alg*. The map d is known as
the Chevalley—FEilenberg differential of g and Ag* is known as the Chevalley—Eilenberg complex.

Furthermore, let V' be a representation of g. We may construct a differential d on Ag* @ V' =
Hom(Ag, V) as follows: for v € V we define dv € Hom(g, V') by the equation dv(X) = X - v;
in general, for w € A*g* and v € V we let d(w ® v) = dw ® v + (—1)*w A dv. The space of
n-cochains of this complex is C"(g; V') = A"g* ® V = Hom(A"g, V). The space of n-cocycles
is

ZMg; V) =kerd: C"(g; V) — C"(g; V),

whereas the space of n-coboundaries is

B"(g;V) =imd: " (g; V) — C"(g; V).
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We have B"(g; V) C Z"(g; V) and the quotient H"(g; V') = Z™(g;V)/B™(g; V) is known as
the n-th Chevalley—Eilenberg cohomology group of g with values in V.

Observe that by definition H°(g; V') = V9 is the space of invariants of V (that s, the elements
of V that are annihilated by g). The map d: C'(g;V) — C?(g; V) is explicitly given by the
formula

dw(X, V) =X -w¥)-Y wX)—w(X,Y]).

1.1.4 Lie group actions

A good source of information on Lie group actions can be found in [113, Chapter 21] and in [92,
Chapter 10].

Let G be a Lie group and M a smooth manifold. A (smooth, left) action of G on M (denoted
G ~ M)isasmoothmap (g,p) € GXM — g-p € M thatsatisfies e-p = pand g-(h-p) = (gh)-p
forall g, h € G and p € M. One can define a right action (p,g) € M x G+— p<ag € M of G on
M in a similar fashion. We will seldom make use of right actions in this thesis.

Given a smooth action G ~ M, we see that each g € G induces a diffeomorphism of M
defined via p — ¢ - p. Whenever this does not cause confusion, we identify each element g € G
with this diffeomorphism, so we may view g: M — M.

Suppose G is a Lie group and M, N are two manifolds equipped with an action of G. We say
that a smooth map f: M — N is G-equivariant if f(g-p) =g - f(p) forallg € Gand p € M.

For eachp € M, theset G- p = {g-p: g € G} C M is called the orbit of p, whereas the
subgroup G, = {g € G: g - p = p} is known as the isotropy or stabilizer subgroup of p. The
orbit space of the action is by definition the set M /G of all orbits endowed with the topology
that makes the canonical map M — M /G a topological quotient map. One easily checks that
G, is a closed subgroup of G and the map ¢gG, € G/G, — ¢ -p € G- pis a set bijection. As
a consequence, G - p admits a unique topology and smooth structure that makes the previous
bijection a diffeomorphism, and with respect to this structure the inclusion ¢: G - p — M is
an injective immersion. Note however that ¢ is not an embedding in general. In fact, ¢ is an
embedding if and only if G - p is locally compact with respect to the topology inherited from M
(or equivalently, if G - p is the intersection of an open and a closed subset of M).

The intersection N = ﬂpe 1 Gp of all isotropy subgroups is called the ineffective kernel of
the action G ~ M. The action of G is called effective if N = {e}, and almost effective if N is
discrete. Note that if the action of G is not effective, then it descends to an action of the Lie group
G/N on M that is effective and has the same orbits as those of G. If all the isotropy subgroups
of G are trivial, then we say that the action is free. The action is transitive if for some (hence all)
p € M we have M = G- p. In this case M is globally diffeomorphic to the quotient G/G,. We
also say that M is a homogeneous space of G. Finally, if the action of G is free and transitive, we
say that it is simply transitive.

Now, consider the Lie algebra g of G. Using the action of G we may define a linear map
x: g — X(M), where for each X € gand p € M we have

., d
X, = i Exp(tX) - p.
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We call X* the fundamental vector field associated with X. One sees that the correspondence
* is a Lie algebra anti-homomorphism (that is, [X,Y]* = —[X*, Y*] for all X, Y € g) with
kernel n. Moreover, one has 7,,(G - p) = {X,: X € g} for each point p € M. By definition,
the isotropy subgroup G, fixes p, so for each g € G, the differential g.,, is a linear automorphism
of T,M preserving T,,(G - p). The map g € G, — g, € GL(T,M) is known as the isotropy
representation of G at p.

1.2 Riemannian geometry

In this section we discuss the main concepts and results from Riemannian geometry. We refer
the reader to [114] and [145] for a detailed introduction.

Let M be a smooth manifold. A Riemannian metric on M is a smooth (0, 2)-tensor field g
on M that is symmetric and positive definite at each point. A Riemannian manifold is a smooth
manifold M together with a Riemannian metric g. We also use the notation g = (-, -) to refer
to the metric on M. The fundamental theorem of Riemannian geometry states that, given a
Riemannian manifold M, there exists a unique linear connection V on M with zero torsion and
satisfying Vg = 0. We call V the Levi-Civita connection of M.

If (M, g) and (V, h) are two Riemannian manifolds, then we say that M and N are isometric
if there exists a smooth diffeomorphism f: M — N satisfying ¢ = f*h (we say in this case
that f is an isometry). A local diffeomorphism f: M — N that satisfies g = f*h is called a
local isometry. We denote by I (M) the isometry group of M, which turns out to be a Lie group,
and by I°(M) its identity component. Moreover, a vector field X € X(M) is called a Killing
vector field if for each p € M the operator (VX), is skew-symmetric. We denote by IC(M)
the Lie algebra of Killing fields on M. If p € M is any point, every Killing vector field X is
completely determined by the vector X, € T, M and the endomorphism (VX), € so(7,M). In
addition, the natural action of /(M) on M induces an injective Lie algebra anti-homomorphism
X €i(M) — X* € K(M) whose image is the subalgebra of all complete Killing vector fields
on M. If G is a Lie group acting on M, we say that the action G ~ M is isometric if each g € G
acts as an isometry of M. An isometric action G ~ M induces a Lie group homomorphism
G — I(M), and the image of this map is a Lie subgroup of M acting with the same orbits as G.

A vector field X € X(M) is called parallel if VX = 0. If v: I C R — M is a (piecewise)
smooth curve and X € X(v) is a vector field defined along -y, we say that X is parallel along
if V., X = 0. Given real numbers a, b € I and a tangent vector v € T’,(,) M, there exists a unique
parallel vector field X € X(v) satisfying X (a) = v. The vector P, ,(v) = X(b) is called the
parallel transport of v to y(b) along . The parallel translation map P, : TyyM — Tyn)M is
readily seen to be a vector space isometry. For a point p € M, the subgroup Hol,(M) C O(7,M)
consisting of all parallel translation maps along piecewise smooth loops based at p is called the
holonomy group of M at p. One can define analogous concepts of parallelism and holonomy on
arbitrary vector bundles equipped with a connection.

A curve 7 in a Riemannian manifold is called a geodesic if +' is parallel along . Every
geodesic is completely determined by is position and velocity at a single point, and this allows
us to define the so-called (Riemannian) exponential map of M. More precisely, we consider the
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set £ C T'M of all vectors v € T'M such that the maximal geodesic 7, (t) with 7/ (0) = v is
defined at t = 1 and define exp(v) = 7,(1). The restriction of exp to £, = £ N T, M is denoted
by exp,. We say that M is complete if every maximal geodesic of M is defined on all R. The
Hopf-Rinow theorem states that this condition is equivalent to £, = 7,,M for some (and thus
all) p € M, as well as M being a complete metric space with the Riemannian distance function.
It is worth noting that Killing fields on complete Riemannian manifolds are complete, and
thus for a complete manifold M the Lie algebra of I(M) is anti-isomorphic to the algebra of all
Killing fields on M. In addition, assume X is a Killing vector field on the complete manifold
M with flow maps ¢;*: M — M. Choose any point p € M and consider the integral curve
v:t € R+ ¢X(p) € M. Then the differential (¢;" )., and the parallel translation map Py, are

related by
(P o (¢), =eV¥r teR. (1.2)

We say that a Riemannian manifold M is irreducible if it cannot be written as the Riemannian
product of two manifolds of lower dimension. The de Rham decomposition theorem states that
every complete and simply connected Riemannian manifold M can be decomposed as a product
M = My x My x --- x M, of irreducible Riemannian manifolds.

Suppose M is a Riemannian manifold with Levi-Civita connection V. The Riemann curva-
ture tensor of M is the (1, 3)-tensor field R on M characterized by the equation

R(X,Y)Z:VvaZ—VyVXZ—V[)Qy]Z, X,Y;ZE%(M)

The Ricci curvature of M is the symmetric (0, 2)-tensor field given by the equation Ric(X,Y) =
tr(Z — R(Z,X)Y). Furthermore, if p € M and 0 = span{X, Y} is a two-dimensional plane
in T,,M, we define the sectional curvature of o as the following quantity (independent of the
choice of X and YV):

eclo) — ABOXYIY,X)
~XPYE - (XY

We say that M is flat if R = 0 and Ricci-flat if Ric = 0. If Ric = (-, -) for some real number ),
we say that M is Einstein and ) is the Einstein constant of M.

For each p € M and X € T,,M we define the associated Jacobi operator Rx : T,M — T;,M
given by RxY = R(Y, X)X. Furthermore, we also consider the so-called Cartan operator
Cx: T,M — T,M defined by CxY = (VR)(X, X, Y, X). The operators Rx and C'x are both
symmetric, meaning that we can decompose 7, M as the orthogonal direct sum of the eigenspaces
of Ry, as well as the orthogonal direct sum of the eigenspaces of Cx.

1.2.1 Submanifold geometry

We describe here the fundamental properties of Riemannian submanifolds, see [17] for a thor-
ough treatment of the topic.

Let (M,g) and (M, h) be Riemannian manifolds. A map f: M — M satisfying h = f*g
is called an isometric immersion. We say in this case that M is a (Riemannian) submanifold of

—~

M. Two isometric immersions f;: M; — M (where ¢ = 1, 2) are congruent if there exist global
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isometries g: M — M and p: My — M, satisfying g o f; = f5 o . If the isometric immersion
f: M — M is also an injective map, then we say that M is injectively immersed. In this case,
we can endow f (M) with a smooth structure and a Riemannian metric that turns f: M — f(M)
into an isometry, and the inclusion f(M) — M is an isometric immersion. As a consequence,
one can always regard injectively immersed submanifolds as subsets of M. For example, if H
is a Lie subgroup of [ (]\A/[/ )and p € M , then the orbit H - p is injectively immersed because it
arises as the image of the injective immersion H/H, — H-p — M. A submanifold M C M is
extrinsically homogeneous if it is the orbit of some Lie subgroup H C (]T/f ).

We say that an injectively immersed submanifold M C M is embedded if the inclusion of
M in M is a smooth embedding (that is, a smooth immersion that is a topological embedding as
well). Because every isometric immersion is locally an embedding, in order to understand the
local geometry of Riemannian submanifolds it suffices to work with the embedded ones.

From now on we fix a Riemannian manifold M and an embedded submanifold M - M. For
each p € M, we have the orthogonal decomposition

T,M = T,M & v,M,

where v, M = Tp]/\\/[/ © T, M is the normal space of M at p. The disjoint union v M of all normal
spaces of M is known as the normal bundle of M. -

Now, let V and V be the Levi-Civita connections of M and M respectively. The extrinsic
geometry of M is governed by the so-called second fundamental form, which is the v M -valued
symmetric bilinear tensor field Il on M given by

I(X,Y) = (VxY)u, XY €X(M).

The trace H € I'(v M) of the second fundamental form of M is called the mean curvature vector
field. Moreover, if p € M and £ € v,M is a normal vector, we define the shape operator
S¢: T,M — T,M by the condition (S X,Y) = (II(X,Y),¢) for all X, Y € T,M. The
symmetry of the second fundamental form implies that S; is a self-adjoint operator.

The relationship between the connections V and V is given by means of the Gauss formula

VY = ViV +1I(X,Y), X,Y € X(M).

Additionally, if one defines the normal connection V+ on v M by the condition V¢ = (Vx&),m
for X € X(M) and £ € I'(vM), then the Weingarten equation states that

Vi€ =—-8X + VL forall X € X(M)and & € D(vM).

We now relate the curvature tensors R and R of M and M.If X , Y, Z, T are vector fields
on M, then we have the following equalities (known as the Gauss and Codazzi equations):

(R(X,Y)Z,T) = (R(X,Y)Z,T) — (1Y, Z),1I(X, T)) + (II(X, Z),1L(Y, T)),
(R(X,Y)Z)a = (VXIIN(Y, Z) — (VL) (X, Z).
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We say that M is totally geodesic if its second fundamental form vanishes identically, and
minimal if it has zero mean curvature. It is easy to show that M is totally geodesic if and only if
every M-geodesic is also an M- -geodesic. Note that for a totally geodesic submanifold M C M
and a point p € M, the Gauss and Codazzi equations imply that 7, is invariant under the
ambient curvature tensor .

1.2.2 Riemannian submersions

We also need some elementary facts about Riemannian submersions, see [143, Section 5.5] for
more details.

Consider a smooth submersion 7: M — M between Riemannian manifolds. For each point
p € M we call V, = kerm,, the vertical subspace at p, whereas its orthogonal complement
H, = TPM © V, is known as the horizontal subspace at p. This construction induces two

smooth distributions V' and ‘H on M , which we call the vertical and horizontal distributions. We
say that 7 is a Riemannian submersion if for each p € M the restriction Tap: Hp = TrpyM is a
vector space isometry. The fibers of 7 are the embedded submanifolds 7! (q) (with ¢ € M).

Let 7: M — M be a Riemannian submersion. We define two tensors 7" and A on M by the
following equations involving X, Y € X (M ):

TxY = (VXVYV)'H + (VXVY'H)Vv AXY = (VXHYH)V + (VXHYV)H-

These are known as the O’Neill tensors. It can be shown that the tensor 7" vanishes identically if
and only if the fibers of 7 are totally geodesic. Additionally, we have A = 0 if and only if the
horizontal distribution H is integrable. In the case that 7 is an integrable distribution, one sees
that every integral manifold S’ of H is totally geodesic and the restricted projection 7: .S — M
is a local isometry.

1.3 Homogeneous spaces

Homogeneous spaces provide the language in which Felix Klein formulated the celebrated Erlan-
gen programme. Loosely speaking, Klein’s key observation is that each geometry (for instance,
Euclidean geometry, projective geometry, hyperbolic geometry, affine geometry...) has a tran-
sitive group of transformations (haugtgruppe, or principal group in Haskell’s translation of the
Erlangen programme [98]) that preserves the properties of the figures studied in each geometry.
Because of this, Klein generalizes the notion of a geometry to that of a manifold endowed with a
transitive action of a Lie group.

In this section we present the basic theory of homogeneous spaces. Further details may be
found in [153]. We also recommend [24] and [105] for a perspective more tailored to Riemannian
geometers, as these books have chapters focusing primarily on Riemannian homogeneous spaces.

By a homogeneous space we mean a smooth manifold M together with a transitive action of
a Lie group G. If M is a G-homogeneous space and N is an H-homogeneous space, then we say
that M and N are isomorphic if there exists a Lie group isomorphism ¢: G — H and a smooth
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diffeomorphism f: M — N satisfying f(g - p) = ¢(g) - f(p) forall g € Gand p € M. In
particular, if M is a homogeneous space of G and we fix a point 0 € M with isotropy subgroup
K = G,, then M is isomorphic to the quotient G/K (endowed with the natural action of G).
Because the action of G is transitive, different choices of o yield conjugate isotropy subgroups.

If G is a Lie group and K is a closed Lie subgroup of G, we say that (G, K) is a Klein pair.
Two Klein pairs (G,K) and (G',K’) are isomorphic if there exists a Lie group isomorphism
¢: G — G such that ¢(K) = K’. To each Klein pair (G, K) we can assign the G-homogeneous
space M = G/K. Moreover, if M is a G-homogeneous space and o € M is any point, then we say
that (G, G,) is a Klein pair associated with M. The correspondence (G, K) — G/K descends to a
bijection between isomorphism classes of Klein pairs and isomorphism classes of homogeneous
spaces. We say that the Klein pair (G, K) is (almost) effective if the action G ~ G/K is (almost)
effective. The ineffective kernel of the action G ~ G/Kis N =) €6 gKg™1, and is precisely the
largest normal subgroup of G inside K.

Suppose M = G/K is a homogeneous space of a connected Lie group and consider the
universal cover G of G. Then we obtain a transitive action G ~ M via the universal covering
map 7: G — G, and the isotropy subgroup of Gato = eK is 7 1(K). If K is the identity
component of 7~!(K), then M =G / Kisa simply connected space and the canonical projection
M=G / K—G /7 Y(K) = M is the universal covering map of M. This shows that the universal
cover of a homogeneous space M = G/K is a homogeneous space with corresponding Klein pair
(G,K).

We now establish a notion of Klein pair at the Lie algebra level. An (infinitesimal) Klein pair
is a pair (g, £) where g is a real Lie algebra and ¢ C g is a subalgebra. We say that the Klein pair
(g, ) is effective if the only ideal of g contained in £ is the zero ideal. For instance, if (G, K) is
a Klein pair of groups, then passing to the corresponding algebras gives an infinitesimal Klein
pair (g, ), and the latter pair is effective precisely when the former is almost effective. Two
Klein pairs (g, ¢) and (g', ¥') are isomorphic if there exists a Lie algebra isomorphism ¢: g — ¢’
carrying ¢ to ¢'.

Observe that if M/ = G/K is a homogeneous space (equivalently, if (G, K) is a Klein pair),
then we have an associated infinitesimal Klein pair (g, £). Moreover, (g, £) is also a Klein pair
associated with the universal cover M = G / K (with the same notation as before). However, not
every infinitesimal Klein pair comes from a homogeneous space. Motivated by this, we say that
a Klein pair (g, £) is geometrically realizable if there exists a (group) Klein pair (G, K) for which
g = Lie(G) and £ = Lie(K). The homogeneous space M = G/K is a geometric realization
of (g,€). One checks that the isomorphism classes of geometrically realizable Klein pairs are
in a bijective correspondence with the isomorphism classes of simply connected homogeneous
spaces.

Fix a homogeneous space M = G/K and set o = eK. The action of G induces a vector space
isomorphism X + ¢ € g/¢ — X € T,M. This map also establishes a K-module isomorphism
between the adjoint representation of K on g/¢ and the isotropy representation of M = G/K at
o. Moreover, there exists a vector space isomorphism between the space of all G-invariant tensor
fields of type (p, q) on M and the space of all K-invariant tensors of type (p,q) on T,M = g/¢,
which is given by sending the G-invariant tensor field 7" to its restriction to 7, M = g/¢.
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The homogeneous space M = G/K is reductive if there exists a K-submodule p C g, known
as a reductive complement, such that g = £ @ p. This allows us to identify p with g/¢ = T,M in
the natural manner as a representation of K. The direct sum g = € & p is known as a reductive
decomposition. If M is reductive, then we can define a G-invariant connection V¢ on M by
declaring

( %*Y*)o:_[)gy]lﬂv XY ep.
This is known as the canonical connection of M. In general, the connection V¢ may have
nontrivial torsion. We remark that a tensor field 7" on M is G-invariant if and only if V¢T" = 0.
The curvature tensor R¢ of the canonical connection is characterized by the condition

R(X,Y)Z =—[[X,Y],Z], X,Y,Ze€p.

1.3.1 Riemannian homogeneous spaces

Let M be a Riemannian manifold. We say that M is (Riemannian) homogeneous if the isometry
group I(M) acts transitively on M. In this case, we can write M = G/K as a quotient of a
Lie subgroup? G C I(M). It turns out that M is automatically reductive, so we may choose a
reductive decomposition g = £ @ p. The Riemannian metric (-, -) on M induces, by restriction,
an inner product on p, which we also denote by (-, -). In particular, we have Ad(k) € O(p) for
all k € Kand ad(X) € so(p) forall X € ¢.

The Levi-Civita connection V of M is G-invariant and thus D = V — V¢ is a G-invariant
(2, 1)-tensor field on M, called the difference tensor. The difference tensor at o can be recovered
entirely from algebraic data. Indeed, let us define a symmetric bilinear map U: p X p — p by

2U(X,Y), 2y =(2,X,,Y)+ (X, Z],,Y), X, Y.Zep. (1.3)
Then the restriction of D to T, M = p satisfies
DyY — %[X, Y], +U(X,Y), X,Y €p.
As a consequence, we also have
(Ve Y™), = —%[X, Y, +U(X,Y), X,Y €p.
Moreover, the curvature tensor of M at o is given by
R(X,Y)Z = DxDyZ — DyDxZ — [[X,Y]¢, Z] — Dixy},Z (1.4)

for all X, Y, Z € p. One can also compute the covariant derivative V R as follows: observe that
R is invariant under G, and therefore VR = 0. Using the fact that D = V — V° we readily
obtain

(VyR)(X,Y,Z) = Dy(R(X,Y)Z) — R(DvX,Y)Z — R(X,DyY)Z

— R(X,Y)DyZ (15)

2From now on, whenever we write M = G/K for a Riemannian homogeneous space we implicitly assume that
G is, up to some finite covering, a transitive Lie subgroup of I(M).
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forevery X, Y, Z,V € p.

We say that the decomposition g = € @ p is naturally reductive if U = 0, or equivalently,
if the difference tensor is skew-symmetric. If this is the case, then one sees that the exponential
map of M at T,M = p is given by exp,(X) = Exp(X) - o for all X € p. We also say that the
decomposition g = €@ p is normal homogeneous if there exists an Ad(G)-invariant inner product
q on g for which p is the orthogonal complement of € (with respect to ¢) and the restriction of ¢
to p X p coincides with the Riemannian metric (-, -).

If M = G/K is a Riemannian homogeneous space, we say that a submanifold N C M is
extrinsically homogeneous with respect to the presentation M = G/K if it is an orbit of some
Lie subgroup S C G. Note that if S is a Lie subgroup of G, then the tangent space of the
orbitS-oatois T,(S-0) = s,. The following lemma (taken from [119]) gives a formula for
the second fundamental form of an extrinsically homogeneous submanifold of a homogeneous
space. A first version of this formula was derived by Solonenko [155, Proposition 2.2.43] for
the case of Riemannian symmetric spaces. An alternative expression can also be found in [3,
Proposition 2.2].

Lemma 1.2. Let M = G/K be a Riemannian homogeneous space equipped with an arbitrary
G-invariant metric and reductive decomposition g = € @ p. Assume that S is a Lie subgroup of
G, and let s, and 5pl be the tangent and normal spaces to S - o at o (regarded as subspaces of p).
Let ‘/5# denote the orthogonal projection of V' € p onto spL. Then the second fundamental form
of S - oat o is given by

I(X,,Y) = ([Xe, Y] + DXpY)gpL (1.6)

forall X € sandY € s,. Inparticular, S-o is totally geodesic if and only if [ X, Y|4+ Dx,Y € s,
forall X € sandY € s,.

Proof. Choose arbitrary elements X, Y € s, so that the vector fields X* and Y* are tangent to
S- o and their values at o are X, and Y, respectively. We evaluate the covariant derivative Vy-X*
at o. We see that

VY*X* = va*X* = VX*Y;J* + D/p*JX*] = VX;S/; + [Xv Yp]*
=Vx: Y, + [Xe, V" + [ X5, Yp]"
1
== §[XpaY;a]p + U(Xp, Yy) + [Xe, Vo] + [ Xy, Yolp = [Xe, Y] + Dx, Y5

Thus, projecting to the normal space and using the fact that the second fundamental form is
symmetric, we obtain that

]I]I(XWY;J) = (VY*AXV*)%L = ([X{HYH + DX;JY;J)%L’
as desired. OJ

An important class of Riemannian submersions involving homogeneous spaces is that of
homogeneous fibrations, which we briefly describe. The main reference is [82]. Let H C K C G
be a chain of inclusions of compact connected subgroups of the connected Lie group G, and
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endow G/K with a G-invariant Riemannian metric. Then there exists a left-invariant metric on G
that is also right K-invariant, and a G-invariant metric on G/H that makes the canonical projection
m: G/H — G/K a Riemannian submersion with totally geodesic fibers isometric to K/H. We
denote by V and H the vertical and horizontal distributions associated with the Riemannian
submersion 7. In Chapter 6 we will be concerned with the case where G is a compact group
with a bi-invariant metric and the homogeneous spaces F' = K/H, M = G/H and B = G/K are
endowed with the corresponding normal homogeneous metrics. In this case, the tangent space
T,M at o = eH is identified with p = g & b, so the vertical and horizontal subspaces at o are
V, =to bhand H, = p © £. It turns out that the distributions VV and H are G-invariant in the
sense that for every p € M and g € G, we have g,,), = V,., and g, Hp, = Hyp.

1.4 Riemannian symmetric spaces

The study of symmetric spaces started with the (nearly) centennial work of Cartan [39], who was
interested in understanding which Riemannian manifolds have parallel curvature tensor (known
today as locally symmetric spaces). In fact, a manifold M satisfies VR = 0 if and only if every
point p of M has a locally defined geodesic reflection—that is, an isometry that reverses the
geodesics around p. The classification of symmetric spaces was already achieved by Cartan in
the aforementioned work. In our view, the quintessential reference for Riemannian symmetric
spaces is [88]. We also recommend [105, Chapter XI] and [145, Chapter 8].

Let M be a Riemannian manifold. We say that M is a (Riemannian) symmetric space if
for every point p € M there exists a global isometry s,: M — M satisfying s,(p) = p and
(8p)sp = — id7,as. The map s, is unique and satisfies 312, = idy,. We call s, the geodesic reflection
at p. Throughout this thesis, we work exclusively with connected Riemannian symmetric spaces.

Fix a (connected) symmetric space M. Then one can show that M is homogeneous, and
in particular that the Lie group G = [°(M) acts transitively on M. We fix a point 0 € M
and consider the isotropy subgroup K = G,, which is compact. Then M can be written as
the homogeneous space G/K, and we may define an involutive automorphism ©: G — G by
declaring O(g) = s,9s, for each g € G. If G® denotes the fixed point subgroup of ©, then we
have (G®)? C K C G°. The differential § = O, is thus an involutive automorphism of g for
which ker(1 — 0) = €. We say that 6 is a Cartan involution® and the corresponding Z,-grading
g = £ p is its associated Cartan decomposition. In particular, the decomposition g = £ & p is
reductive and allows us to identify p with 7, //. We can also describe € and p in purely geometric
terms. Indeed, we have

t={Xeg: X;=0}, p={Xeg: (VX), =0}
Conversely, one can produce examples of symmetric spaces from purely algebraic data. We

say that a Klein pair (G, K) is a Riemannian symmetric pair if the following conditions are
satisfied:

3Despite this nomenclature, § need not be a Cartan involution in the sense of Subsection 1.1.1.
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* The group G is connected.
* There exists an involution © € Aut(G) such that (G®)? C K C G°.
* The subgroup Ad,y(K) C GL(g) is compact.

Given a Riemannian symmetric pair (G, K), the compactness of Ad,(K) implies that there exists
a G-invariant metric on the homogeneous space M = G/K. Moreover, for o = ¢K, the map
So: gK € M — O(g)K € M turns out to be the geodesic reflection at o, and if follows from
homogeneity that M is a Riemannian symmetric space. Note that, even if the pair (G, K) is
effective, the group G need not coincide with the identity component of /(M ). For the purposes
of this thesis, whenever we consider a symmetric space M = G/K we make the tacit assumption
that G is a finite cover of I°(M). In particular, we only work with almost effective symmetric
pairs having compact isotropy subgroups.

Let us fix a Riemannian symmetric space M = G/K and set o = eK. Because the Cartan
decomposition g = ¢ @ p satisfies [p,p] C €, we automatically deduce that M is naturally
reductive and the difference tensor vanishes identically. Thus, the formula (1.4) for the curvature
tensor reduces to

R(X,Y)Z = —[[X,Y], Z], X,Y,Z¢€p. (1.7)

Moreover, it is also clear from (1.5) that VR = 0.

We say that a vector subspace v C p is a Lie triple system if [[b, v], 0] C v. It turns out that
(complete) totally geodesic submanifolds of M containing o are in a one to one correspondence
with Lie triple systems in p. On the one hand, if S C M is a totally geodesic submanifold of
M and o € S (this is not a restrictive condition, as M is homogeneous), then the tangent space
v = T,5 C p is invariant under the curvature tensor, hence a Lie triple system by (1.7). On the
other hand, if v C p is a Lie triple system, then one checks that h = [b,v] @ v is the smallest
subalgebra of g containing v. If H C G is the connected subgroup of G with Lie algebra b, then
the orbit S = H - 0 is a complete totally geodesic submanifold of M with o € S and 7,5 = v.
A direct consequence of this argument is that every complete totally geodesic submanifold of
M is extrinsically homogeneous. Furthermore, if S is a complete totally geodesic submanifold
of M and o € S, the geodesic reflection s, preserves S and restricts to a geodesic reflection of
S, meaning that S' is also a Riemannian symmetric space. One can see that a totally geodesic
submanifold S of M containing o is flat if and only if its corresponding Lie triple system is
abelian. In this case, S is called a flar of M. It turns out that all maximal abelian subspaces
of p are conjugate under the action of K, which means that any two maximal flats of M are
isometrically congruent. We define the rank of M as the dimension of any maximal flat of M
(equivalently, of any maximal abelian subspace of p).

Note that our choice of presentation M/ = G/K guarantees that g is the isometry algebra of
M and ¢ is the isotropy algebra at the point o = eK. In particular, the restriction of the Killing
form B to £ x £ is negative definite. We say that M is:

* of Euclidean type if (By)|,xy is identically zero,
* of compact type if (By)|,«, is negative definite,

* and of noncompact type if (By)|,«, is positive definite.
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One sees that symmetric spaces of Euclidean type are flat, whereas symmetric spaces of compact
(respectively, noncompact) type have nonnegative (respectively, nonpositive) sectional curvature.
Moreover, if M is of compact type then G is a compact semisimple Lie group, whereas if M is of
noncompact type the group G is semisimple of the noncompact type. If M is a symmetric space,
then its universal cover M is also seen to be symmetric, and the de Rham theorem allows us to
decompose M= My x My x - --x My, where M, is a Euclidean space (called the flat factor) and
each M; with ¢ > 0 is irreducible. It can be shown that each of the ), is necessarily of compact
or noncompact type, and thus M splits as the Riemannian product of some Euclidean space, a
symmetric space of compact type and a symmetric space of noncompact type.

There exists a notion of duality between symmetric spaces of compact and noncompact type
that generalizes the existing one between spherical and hyperbolic geometry. This can be de-
scribed in Lie algebraic terms as follows: given a symmetric space M = G/K of noncompact
type, then g is a real semisimple Lie algebra, and thus g(C) is a complex semisimple Lie alge-
bra. Denoting by g = ¢ @ p the Cartan decomposition of g, we define g* = ¢ @ ip C g(C). It
is readily checked that g* is a compact Lie subalgebra of g(C), known as the dual algebra of
g. Let G* be the simply connected Lie group with Lie algebra g* and K* C G* the connected
subgroup corresponding to £. Then M* = G*/K* can be endowed with the metric coming from
the opposite of the Killing form of g*, so that it becomes a simply connected symmetric space
of compact type, known as the dual of M. For instance, the symmetric spaces of noncompact
type and rank one are the real hyperbolic spaces RH", the complex hyperbolic spaces CH", the
quaternionic hyperbolic spaces HIH" and the Cayley hyperbolic plane QH?. Their compact duals
are, respectively, the spheres S”, the complex projective spaces CP”, the quaternionic projective
spaces HP" and the Cayley projective plane QP2

1.4.1 Symmetric spaces of noncompact type

In this thesis we mainly devote our attention to symmetric spaces of noncompact type. Because
of this, it is pertinent to discuss the properties that are exclusive to this family. A nice reference
that treats symmetric spaces of noncompact type extensively is [59].

Consider a symmetric space M = G/K of noncompact type with o = eK, andlet ©: G — G
be the involution induced from the geodesic reflection at 0. The Lie algebra g is semisimple of
noncompact type, and in this case the differential § = ©*: g — g is also a Cartan involution in
the sense of Lie algebras. One can show that M is a Hadamard manifold (that is, a complete
simply connected manifold of nonpositive curvature), and the Cartan-Hadamard theorem implies
that the Riemannian exponential map of M at any point is a diffeomorphism. Consequently, K
is a compact connected subgroup of G, so the center of G is finite. In fact, the center of [ 0(M ) is
trivial.

Let us choose an Iwasawa decomposition of g. More precisely, we take a maximal abelian
subspace a C p with associated root system X, a set of positive roots X+ C ¥ with corresponding
simple roots A and define n = @, 5.+ 9. Let A, N and AN be the connected subgroups of G
with Lie algebras a, n and a & n. Note that A - 0 is a maximal flat of M, and thus the rank of M
coincides with dim a.
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A straightforward calculation shows that AN acts simply transitively on M. From this we
deduce that the map ¢ € AN — g -0 € M is an AN-equivariant global diffeomorphism, and
we can equip AN with the Riemannian metric (-, -)an that makes this map an isometry. This
shows that every symmetric space of noncompact type is isometric to a solvable Lie group with
a left-invariant Riemannian metric. We say that M = AN is the solvable model of M. In the
case that the metric on M is induced from the Killing form of g, one can see that the Levi-Civita
connection of AN is characterized by the condition

AVY, Zan = (X, Y]+ (1 - 0)[6X,Y],2), X,Y,Z€c€adn.

Parabolic subalgebras

We finish this chapter by introducing the notion of parabolic subalgebras of a real semisimple
Lie algebra and describing them by means of its root space decomposition. We also comment
on their application to symmetric spaces of noncompact type. For the sake of convenience, we
opt to take a purely algebraic approach to parabolic subalgebras based on [102] and [32], but one
can find a more geometric treatment of these objects in [59].

From now on we fix a symmetric space M = G/K of noncompact type and we take an
Iwasawa decomposition g = € @ a @ n of its isometry algebra. We say that a Lie subalgebra
q C g is parabolic if its complexification q(C) contains a maximal solvable subalgebra of g(C).
The first example is qo = €y & a & n. It turns out that ¢, is a minimal parabolic subalgebra of g
and every minimal parabolic subalgebra of g is conjugate to qo under Ad(G). Consequently, an
arbitrary subalgebra q C g is parabolic if and only if Ad(g)q contains gy for some g € G.

To each subset of simple roots we can associate a parabolic subalgebra by the following
procedure. Let & C A be any subset. We define 3¢ = 3 N (span @) to be the root subsystem of
Y generated by ® and set ¥} = X1 N Xg. We first consider the following subalgebras of a & n:

aq):@RHa, aq):a@aq’:ﬂkera,
acd acd
o o
n? = @ a, ng=non’= P a.
xex} AezH\TF

If we set
[ = go @ @ g, do = lo O nog,
PYSHM
then it is clear that q¢ contains g, so it is automatically a parabolic subalgebra. We call q4 the
parabolic subalgebra determined by ®. Every parabolic subalgebra of g is conjugate to q¢ for
some & C A. Moreover, qs = (o and gy = g. We set mg = [ © ag, Which is a subalgebra of g
that normalizes ag & ng. Then we have the decomposition

o = Mg D ag B o,

which is known as the Langlands decomposition of q¢. The Lie algebra mg is reductive, which
implies that g = [mg, Mg is a semisimple Lie algebra.



1.4.1 Symmetric spaces of noncompact type 21

Let us consider the connected subgroups Qg, Mg, Go, Ap and Ng with Lie algebras g, mg,
go, g and ng respectively. Then Qg is the parabolic subgroup of G associated with ® and the
map

(m,a,n) € Mg x Ap X Ng — man € Qqp

is a global diffeomorphism, known as the Langlands decomposition of Q.

We now define By = Mg - 0 = Gg - 0. It is not hard to show that By is a complete totally
geodesic submanifold of M whose tangent space at o is

bo =mpNp=0a®d @P,\-

rexy

The submanifold B¢ is usually known as a boundary component of M [32]. One sees that the
isometry algebra of By is contained in g¢. The Langlands decomposition of Qg induces a global
diffeomorphism

(m-o0,a,n) € By X Ag X N — (man) -0 € M,

known as a horospherical decomposition of M.
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Polar actions on symmetric spaces







Chapter 2
Isometric and polar actions on Riemannian
manifolds

In this chapter we introduce the basic notions pertaining isometric actions on Riemannian mani-
folds, with a special focus on polar actions. We primarily follow the references [17,83,121, 142,
143].

Firstly, we introduce the concept of proper action. Broadly speaking, a Lie group G acts
properly on a manifold M if for every compact set X' C M the elements of G that are sufficiently
far from the identity carry K to a subset of M \ K. These actions generalize compact group
actions, and thus have many of the desirable properties that are satisfied automatically in the
compact case (such as the orbit space being Hausdorff and all orbits being properly embedded
submanifolds of the ambient space).

Afterwards, we present one of the central topics of this thesis, which is that of polar actions.
An isometric action of a connected Lie group G on a complete Riemannian manifold is said to
be polar if it admits a section (that is, a submanifold meeting all orbits orthogonally). Polar
actions were first introduced by Conlon [44], with the further restrictions that G is compact and
that the sections are flat. Later on, Dadok [49] studied the case of polar representations in depth,
showing that these representations arise from isotropy representations of symmetric spaces, see
Theorem 2.7. Perhaps the first detailed treatment of polar actions in general was carried out by
Palais and Terng in [142].

Many well known results in algebra and geometry can be stated in terms of polar actions.
The most basic example of this phenomenon is the spectral theorem for self-adjoint operators,
stating that every symmetric n X n matrix admits an orthogonal basis of eigenvectors. This result
follows from the conjugation action of SO(n) on the vector space M of symmetric n X 1 matrices
(of trace zero) being polar.

A more sophisticated application of polar actions appears in invariant theory. For example,
suppose G is a compact connected Lie group. A continuous map x: G — R is a class function
if it is constant along the adjoint orbits of G. The typical example of a class function is the
character of a (say, real) representation p: G — GL(V'), which is defined as the map x: g €
G — trp(g) € R. The maximal torus theorem asserts that G admits a unique maximal torus T
up to conjugacy. It turns out that a class function y is completely determined by its restriction
to T (because a maximal torus intersects all adjoint orbits). Moreover, the so-called Weyl group
W(G, T) = Ng(T)/Zg(T) is a finite group acting on T in such a way that the restriction map
induces an isomorphism of real algebras

Class functions PN W(G, T)-invariant continuous
x:G—R x: T—R

25
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At the Lie algebra level, one has an analogous version of the above correspondence, known as
the Chevalley restriction theorem. To state the theorem, let g and t be the Lie algebras of G and
T respectively and consider the real algebras R[g], R[t] consisting of all polynomial functions
defined on g and t respectively. Denote by R[g]® (respectively, R[t]'V(¢T)) the real subalgebra
of R[g] of invariant polynomials under the adjoint representation (respectively, the subalgebra
of R[t] consisting of invariant polynomials under the action of the Weyl group). The Chevalley
restriction theorem states that the map f € R[g|® — f|¢ € R[]V(®T) is an isomorphism, which
reduces the theory of Ad-invariant polynomials to that of polynomials invariant under a finite
group. These results become clear from the fact that if a Lie group G acts polarly on a manifold M
with section Y, then M /G is naturally homeomorphic to the orbit space 3 /TI(3) under the action
of the polar group (a generalization of the Weyl group for polar actions, see Subsection 2.2.4).

Another application of polar actions (with a similar philosophy) lies in the analysis of partial
differential equations on Riemannian manifolds and the reduction of their complexity under the
assumption of symmetry. In a very loose sense, given a smooth action G ~ M, one can think
of G-invariant objects in M as objects in the orbit space M /G. The issue in general is that M /G
may not be a manifold in general, meaning that working in the orbit space can become quite
difficult. In the polar case, the homeomorphism A/ /G = ¥ /TI(X) allows us to view the quotient
M /G as an orbifold (that is, a second countable and Hausdorff topological space that is locally
homeomorphic to a finite quotient of the Euclidean space), which gives a significant advantage
with respect to the case of general actions.

A particular case where this situation is extremely favorable is that of cohomogeneity one
actions (which are always polar, see Example 2.3). The orbit space M /G of a cohomogeneity
one action G ~ M is either R, S!, [0, 00) or [0, 1]. Therefore, a G-invariant solution to a partial
differential equation on M corresponds to a solution to a differential equation on one of the
aforementioned spaces. A very simple example of this is problem of determining the space of
O(n)-invariant solutions to the Laplace equation Au = 0 on R™. An O(n)-invariant function
u: R™ — R can be written as u(z) = f(|z|) for some f: [0,00) — R. The Laplace equation
becomes the ordinary differential equation <£(¢"~* f'(t)) = 0, and it can be solved explicitly
without issues. With these ideas, several authors have been able to produce new examples of
manifolds with exceptional holonomy [35] and inhomogeneous Einstein metrics [28], to name a
few examples.

We are interested in treating polar actions and their classification from the point of view of
submanifold geometry. To this end, we say that two isometric actions G ~ M and G’ ~ M are
said to be orbit equivalent if there exists an isometry f: M — M such that f(G-p) = G- f(p)
for all p € M. This notion of equivalence places the orbits of isometric actions in the spotlight,
as it does not really take into account the groups G and G’ more so than the orbit foliations on
M induced by them. In particular, we may well have non-isomorphic groups giving rise to orbit
equivalent actions. Our main focus during this part of the thesis is the classification problem
for polar actions on symmetric spaces (of noncompact type) up to orbit equivalence. While this
problem is nearing its full conclusion in the compact setting, little is known about polar actions
on symmetric spaces of noncompact type. See Subsection 2.3 for a more detailed account of the
current progress in this area.
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We briefly describe the organization of this chapter. In Section 2.1, we give the formal
definition of proper action and introduce all the relevant concepts surrounding it. Section 2.2
will be devoted to introducing polar actions, as well as describing the main features of their orbits
and sections. Finally, in Section 2.3 we discuss the known results concerning the classification
of polar actions on Riemannian symmetric spaces.

2.1 Proper isometric actions

Let M be a smooth manifold and G be a Lie group acting smoothly on /. We assume from now
on that M is connected (but G need not be connected). We define an associated a shear map
0: Gx M — M x M to the action G ~ M defined by the equation 6(g,p) = (g - p,p). The
action of G is called proper if 0 is a proper map. It can be shown that the following conditions
are equivalent to properness:

* For any pair of sequences (g,,) € G and (z,,) € M such that (x,) and (g, - z,,) converge,
the sequence (g,,) admits a convergent subsequence.

* Given a compact set K C M, theset {g € G: g- K N K # @&} is compact.

* Given two points z, y € M there exist open neighborhoods U, V' C M of x and y
respectively such that the set {g € G: g- U NV # &} has compact closure in G.

If G acts properly on M, then the orbit space M /G is Hausdorff, all isotropy subgroups are
compact and the orbits of the action are closed in M. As a consequence, if p € M is arbitrary,
the map ¢G, € G/G, — ¢ -p € M is an embedding with image G - p. The orbit space can
be endowed with a distance function d: M /G x M /G — R, where d(G - p, G - ¢) is merely the
distance between the orbits G - p and G - ¢ as closed subsets of M.

Let G ~ M be a proper action. We say that two orbits G- p and G - g have the same orbit type
if the isotropy subgroups G, and G, are conjugate (equivalently, if there exists a G-equivariant
bijection f: G-p — G- ¢). This gives an equivalence relation on the orbit space M /G, whose
equivalence classes are known as orbit types. Moreover, we define a partial ordering < on the set
of orbit types by letting [G-p| < [G-g] whenever there exists a G-equivariant map f: G-¢ — G-p
(equivalently, if G is conjugate to a subgroup of G,,). The fact that < is indeed a partial ordering
follows from the compactness of all isotropy subgroups.

Let p € M be any point. We say that the orbit G - p is:

* principal if there exists a G-invariant neighborhood U of p such that for all ¢ € U we have
|G - p] > [G - ¢] (in other words, if G, does not properly contain the isotropy group of a
point in U);

e singular if its dimension is smaller than that of any principal orbit;
* exceptional if it is not principal but has the same dimension as a principal orbits; and

* regular if it is either principal or exceptional.
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Because M is assumed to be connected, one sees that all principal orbits have the same type, and
the union M,,;, of all principal orbits constitutes a dense open subset of M. The cohomogeneity
of the action G ~ M is defined as the codimension of any of the G-principal orbits. We denote
this number by cohom(G ~ M). If the action G ~ M has no singular orbits (that is, if all orbits
have the same dimension) we say that G induces a (homogeneous) foliation on M. The family
F ={G-p: p € M} is the foliation induced by the action.

For the purposes of this thesis, we will be interested in studying proper isometric actions
on complete Riemannian manifolds. If M is a connected and complete Riemannian manifold
and G is a Lie group acting isometrically on M, then there exists an induced Lie group homo-
morphism ¢: G — I(M) defined by the equation ¢(g)(p) = ¢ - p. We may replace G with
the quotient G/ ker ¢ and assume directly that G is a Lie subgroup of /(M) that acts effectively
on M. Therefore, we are interested in understanding which subgroups of the isometry group
I(M) act properly on M. The proposition below, which is a combination of [51, Theorem 4]
and [57, Theorem A], provides a characterization of these subgroups.

Proposition 2.1. Let M be a complete Riemannian manifold and G C I(M) a Lie subgroup of
its full isometry group. Then, the following conditions are equivalent:

(1) The natural action of G on M is proper.
(ii) G is a closed subgroup of I(M).

(iii) For all p € M, the orbit G - p is closed in M and the isotropy subgroup G, is closed in
I(M).

(iv) There exists ap € M such that the orbit G - p is closed in M and the isotropy subgroup G,
is closed in I(M).

Observe that in items (iii) and (iv) we are requiring that the isotropy subgroups are closed in
the full isometry group. It is clear that these subgroups are always closed in G.

One of the main features of proper actions is the existence of so-called slices. If G is a Lie
group acting properly on M and p € M, we say that a subset S C M is a slice at p if there exists
a G-invariant neighborhood U C M containing p and a G-equivariant retraction r: U — G - p
satisfying S = r~!(p). The celebrated slice theorem [141] states that every point p € M admits
a slice.

Suppose S'is aslice at p € M. Then G, leaves S invariant, so we can construct an associated
bundle from the G,-principal bundle G — G - p and the action G, ~ S. By definition, the
associated bundle is G xg, S = (G x §)/G,,, where the action of G, is given by & - (g,s) =
(gk~',k - s). A consequence of the definitions is that U = G - S is diffeomorphic to G x¢, S
via the natural map [g, s| — ¢ - s. Moreover, given any = € S, the isotropy subgroup of x is
G, = (G,). C G, which shows that the orbit type [G - p] is always minimum in a G-invariant
neighborhood of p. In particular, G - p is a principal orbit if and only if the induced action of G,
on S is trivial.

Now, suppose that M is a complete Riemannian manifold and G acts on M properly and
isometrically. For every p € M, it is easy to show that there exists an € > 0 such that the
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exponential map exp,,: Br,(0,€) — M is a diffeomorphism onto its image and the set S =
exp,(B.,cp)(0,¢€)) is a slice at p. We say in this case that S is a geodesic slice, and it is clear
that in this case G - S is the exponential image of the set {{ € v(G - p): |£] < ¢}. Because the
exponential map exp,,: B,,(c.p)(0,€) — S is a G,-equivariant diffeomorphism, the action of G,
on S is isomorphic to its action on an open ball in the normal space v, (G - p).

Motivated by the above fact, we define the slice representation of G, at p as the representation
G, — O(v,(G - p)) given by g - £ = g.,. Observe that an orbit G - p is principal if and only if
the slice representation at p is trivial. Furthermore, the cohomogeneity of the slice representation
at any point coincides with the cohomogeneity of the action G ~ M. Note that a normal
vector &, € v,(G - p) is fixed under the slice representation if and only if can be extended to an
equivariant normal vector field, that is, a vector field £ € I'(v(G - p)) satistying ¢.,&, = ;. for
all g € Gand g € G- p. Equivariant normal vector fields may be used to compute the orbits of
an isometric action from a given one. Indeed, if G - p is any orbit and £ is an equivariant normal
vector field along G - p, an elementary calculation shows that

G-exp,(&p) = {exp,(&): v € G- p}. 2.1

In general, the full set Z = exp,,(1;,(G - p)) need not be a slice at p. However, we remark that Z
meets every orbit of the G-action. Indeed, given another orbit O C M, because M is complete
and the orbits of G are closed we can find a geodesic segment ~: [0,1] — M that realizes
the distance between G - p and O. After using the action of G if necessary, we can assume
that v(0) = p. The first variation formula for the length of ~ readily implies that £ = ~/(0) is
perpendicular to G-p, so ¢ = v(1) = exp,(§) € ZNO. One also sees that the isotropy subgroups
G, (1) are the same for all t € (0, 1), and they are contained in G, N G,. This result is known as
Kleiner’s lemma [4, Lemma 3.70]. At any rate, if p is contained in a principal orbit, because the
set Z meets all orbits and the slice representation at p is trivial, we can reconstruct every orbit of
the action from G - p and the equivariant normal vector fields along this orbit.

Let M be a Riemannian manifold and suppose that a Lie group G acts properly and isomet-
rically on M in such a way that all orbits have the same type (so they are all principal). Then
the slice representation at any point is trivial, meaning that if S is a slice at p € M we have
G-S = G-pxS. Thus, the restriction of the canonical projection 7: M — M/Gto Sis a
homeomorphism onto its image. These homeomorphisms may be used to define charts on M /G
so that this quotient becomes a smooth manifold whose dimension equals the cohomogeneity of
the action G ~ M. According to [121, Section 29.21], the equation

<7T*p£77T*P77> = <§777> p € M7 5777 € Vp<G p)7

gives a well-defined Riemannian metric on M /G that makes the canonical projection 7 a Rie-
mannian submersion. For a general proper isometric action G ~ M, the same reasoning can be
applied for the restriction of the action to the union M, of all principal orbits, so that M, /G
becomes a Riemannian manifold in such a way that the projection 7: M, — Mg /G becomes
a Riemannian submersion. The distribution H on M)y, that assigns to each p € M, the normal
space v,(G - p) is known as the principal horizontal distribution.
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2.2 Polar actions

Let G ~ M be a proper isometric action of a Lie group G on a complete Riemannian manifold
M. We say that the action of G is polar if there exists a connected, complete and injectively
immersed submanifold > C M that meets every orbit of M orthogonally. More precisely:

(i) the intersection G - p N X is nonempty for all p € M, and
(ii) the tangent spaces 7,,(G - p) and 7,,3 are orthogonal for all p € X.

The submanifold ¥ is known as a section. If the action of G admits a flat section (with respect
to the induced metric), then we say that the action is hyperpolar. Note that the condition (ii) is
equivalent to the vector fields X* (where X € g) being orthogonal to X at every point.

Suppose G acts polarly on M and ¥ is a section of the action. Then the map h: (g,p) €
GxX — g-p € M is a surjective smooth map, so by Sard’s theorem there exists some
(g,p) € M such that h, ) : T,G @ T,3 — T,.,M is surjective. It is not hard to show from the
definition of 3 that G- p is a regular orbit and the dimension of ¥ coincides with the codimension
of G- pin M. Therefore, we have dim ¥ = cohom(G ~ M) and T, = v, (G- x) forallz € M
belonging to a regular orbit.

Let us give some examples of polar actions to further illustrate the concept.

Example 2.2. Let M/ = R be the Euclidean plane and G = SO(n). The standard representation
SO(n) ~ R™ is polar, since every one-dimensional subspace ¥ C R” is a section of the action.
Note that this action is actually hyperpolar. Using the coordinates of the orbits of this action (that
is, the spheres centered at 0 € R™) and the coordinates of any section, we can construct the usual
(spherical) polar coordinates on R™ \ {0}. This is the reason behind the nomenclature for polar
actions.

Example 2.3. Let M be a complete Riemannian manifold and G ~ M a Lie group acting
properly and isometrically on M with cohomogeneity one. If v: R — M is any geodesic and
X € g, the inner product (X* +') is constant along v because X* is a Killing vector field and
~" is parallel. Therefore, any geodesic that intersects a principal orbit orthogonally will meet all
orbits orthogonally. The image > = ~(RR) is seen to be an injectively immersed submanifold of
M [1, Theorem 6.1], meaning that every cohomogeneity one action on M is hyperpolar.

For instance, let M = RH? = SL(2,R)/SO(2). Up to conjugacy, there are exactly three
closed subgroups of SL(2, R) acting nontrivially and nontransitively, which are

K = 50(2), A:{(‘g a91):a>o}, N:{(é i):teR}.

Because the actions of these groups are of cohomogeneity one, they are automatically hyperpolar.

Example 2.4. Suppose G is a compact connected Lie group. We say that a subgroup T C Gis a
maximal torus if it is maximal among the subgroups of G isomorphic to a torus. Equivalently, a
maximal torus of G is a maximal connected abelian subgroup of G. Because G is compact, we can
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Figure 2.2.1: Cohomogeneity one actions on RH? and their sections.

endow it with a bi-invariant Riemannian metric (-, -). The adjoint action G ~ G defined by g-x =
grg~!forall g, z € G is isometric with respect to the bi-invariant metric (-, -). Furthermore, this
action is hyperpolar, as any maximal torus T of G is a section (see for example [4, Theorem 4.1]).
As we will see later on, this implies that any two maximal tori in G are conjugate, so in particular
they have the same dimension. This common dimension is known as the rank of G.

Example 2.5. Let Sym(n,R) be the vector space of all symmetric n X n matrices with real
coefficients. We may decompose Sym(n,R) = RI @& Sym,(n,R), where Sym,(n,R) is the
space of symmetric matrices with zero trace. We can view Sym(n,R) as a representation of
the special orthogonal group SO(n), where the action is given by g - X = ¢gXg!, so that
RI = R and Symy(n,R) = S2R" are the irreducible submodules of this representation. The
restricted representation SO(n) ~ Symg(n, R) is hyperpolar, and the subspace ¥ of all diagonal
n X n matrices with trace zero is a section of this action. The fact that this action is polar is a
restatement of the well-known spectral theorem for self-adjoint matrices: every symmetric n X n
matrix can be diagonalized by an orthogonal matrix (because R/ is the trivial module and it
already consists of diagonal matrices, it is indeed enough to show this for traceless matrices).
Motivated by this example, Palais and Terng [142] suggest that for a polar action G ~ M the
elements of X should be regarded as canonical forms of the elements of M.

Examples 2.2 and 2.5 are cases of polar representations. At this point, it is also important
to observe that both examples are actually the isotropy representations of a symmetric space
(Example 2.2 corresponds to M = RH" = SO°(1,7n)/SO(n) while Example 2.5 corresponds
to SL(n,R)/SO(n)). In general, we say that a representation p: H — O(V') of a compact Lie
group H is an s-representation if there exists a simply connected semisimple symmetric space
M = G/K with corresponding Cartan decomposition g = £ & p and a Lie group isomorphism
¢: K — H such that p o ¢ is isomorphic to the isotropy representation Ad: K — O(p). Because
the isotropy representation of a symmetric space of noncompact type is the same as that of its
dual of compact type (and vice-versa), we see that an s-representation is precisely the isotropy
representation of a symmetric space of noncompact type.

A vast generalization of the above examples comes in the form of the following theorem,
which states that s-representations are polar.
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Theorem 2.6 [17, Theorem 2.3.15]. Let M = G/K be a simply connected semisimple Rieman-
nian symmetric space and o = eK. If g = € @ p is the Cartan decomposition coming from the
geodesic reflection at o, then the isotropy representation K ~ T, M =y is polar. The sections of
the isotropy representation are precisely the maximal abelian subspaces of p.

Most remarkably, Dadok [49] shows that the converse of Theorem 2.6 is essentially true:

Theorem 2.7. Let p: H — O(V') be a polar representation of a compact connected Lie group
on an n-dimensional Euclidean vector space V. Then there exists an n-dimensional Riemannian
symmetric space of noncompact type M = G/K and a linear isometry f: V — T.x M that maps
the orbits of H to the orbits of K under the isotropy representation. In other words, every polar
representation is orbit equivalent to an s-representation.

2.2.1 Sections of polar actions

In this subsection, we show that if G ~ M is a polar action and > C M is a section of it,
then X is a totally geodesic submanifold of M. Although this is a standard fact in the theory of
isometric actions, surprisingly we have not been able to find a complete proof of this result. Some
references that are usually cited for a proof are [142] (as well as the subsequent book [143]),
by Palais and Terng, and [157] by Szenthe. In these texts the authors prove that the second
fundamental form of X vanishes at all regular points contained in Y. Thus, it is natural to suppose
that the second fundamental form vanishes identically due to the density of M, in M. The issue
here is that the set 2,4, = XN M, may not a priori be dense in 2. While some authors comment
on why this result should hold (see for example [4, Exercise 4.9 (ii1)], [83, Proposition 1.3 (a)],
[121, Theorem 30.9 (4)]), it appears that no detailed proofs are available.

In the note [120] (written in collaboration with Ivan Solonenko) we provide a complete proof
that sections are totally geodesic, based on the route proposed in [17]. In particular, we deal with
the density of X, in 2. The results presented in this section are taken from that note.

We will need two lemmas to achieve our objective.

Lemma 2.8 [17, Exercise 2.11.5]. Let p € M be such that G - p is not a principal orbit, and let
V' C v,(G - p) be the subspace of fixed points of the slice representation at p. Then dimV' is
strictly smaller than the cohomogeneity of the action G ~ M.

Proof. Consider the orthogonal complement V+ of V' in 1,,(G - p), which is nonzero because the
slice representation is not trivial. If { € v,(G - p) is a regular point of the slice representation,
then the codimension of G, - in the normal space is the same as the cohomogeneity of the action
of G. Write £ = &y + &1 as the sum of its orthogonal projections onto V and V*. Then the
definition of V' gives G, - & = &y + G, - {1, so that G, - € and G, - &1 have the same dimension.
As G, - &1 is a compact submanifold of V' (which is diffeomorphic to a Euclidean space), its
codimension in V1 is positive. Therefore, the cohomogeneity of the action of G is equal to

cohom(G ~ M) = codim,, (6.p)(Gp - §) = dim V' + codimy 1 (G, - §)
= dim V + codimy . (G, - §yr) > dim V,

as claimed. ]
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Lemma 2.9. If the set 3,,,;, is not dense in ¥, then there exists an open subset () C 3 such that
all of its points have the same orbit type but none of them is principal.

Proof. By our assumption, there must be a nonempty open subset = C . containing no principal
points. Let =/ C = stand for the subset of points whose isotropy subgroups have the smallest
possible dimension among all points of =. Pick p € =’ such that G - p has the smallest possible
number of connected components among all points of =’ (this is possible because all the isotropy
subgroups of G are compact). Due to the slice theorem, there is a neighborhood U of p in M
such that the orbit type of every ¢ € U 1is greater than or equal to that of p. By construction,
) = U N = C X consists of nonprincipal points of the same orbit type. ]

With these lemmas, we are now ready to attack the main result of interest.

Theorem 2.10. Let 3 be a section of a polar action G ~ M. Then X is a totally geodesic
submanifold of M.

Proof. We first show that the second fundamental form II of X vanishes at the points of X.,,. Let
P € Yprin belong to a regular orbit, so that the normal space of X at p is 1,5 = T),(G - p). Every
normal vector to X at p is of the form X for some X € g. Therefore, for any tangent vector
v € T,% we have (Il(v,v), X*) = —(v, V,X*) = 0, because V.X* is a skew-symmetric map.
Because II(v, v) is a normal vector, we conclude that II(v, v) = 0, and polarizing we obtain that
[T is the zero map at p.

We are now left with proving that >, is a dense subset of X. If this is not the case, then
by Lemma 2.9 we can find an open subset 2 C X such that all orbits that meet {2 have the same
nonprincipal type. Take any point p € 2. We choose a geodesic slice S at pandlet U = G- p, so
that the map F': (g,s) € G x S +— ¢ -s € U induces a diffeomorphism between the associated
bundle G xg, S and U. By shrinking €2 if necessary, we can assume that {2 is an embedded
submanifold of M contained in U.

Consider the restriction F': F'1(Q2) — €, which is a smooth submersion because F' is a
diffeomorphism. We claim that the map 5: (g,s) € G X S +— s € S is constant along the fibers
of F. Indeed, consider elements (g, s), (¢, s') € F~1(Q) suchthat g-s = ¢'- 5. Asg-s € (,
we have that s and p have the same orbit type, and because s € S we have G, C G,. Therefore,
G; = G, and the same argument applies for s’. Now, because g - s = ¢’ - s’, we can choose an
h € G, such that (¢, s') = (gh™',h-s) = (gh™', s), yielding s = s’ as desired.

We consider the smooth map f: 2 — S defined by the equality f(g-s) = s forall (g,s) €
F _1((2). We compute the differential f,,. In order to do this, we consider the commutative
diagram

Tie(F71(2)

ﬁ*(e, )
F*(e,p)l g

TpQ T) TpS

The tangent space T{. ) (G x S) is naturally identified with g & 7},5, and for any pair (X,Y) =
g @ 1,5 we see that §,,(X,Y) = Y. Furthermore, the differential of F' at (e, p) is given by



34 2 Isometric and polar actions

Fiep)(X,Y) = X +Y. As the diagram above is commutative, we conclude that the differential
of fat pis given by f,,(Y) =Y forall Y € 7,02 C T,S. From this we conclude that f is an
immersion at p, so we may suppose after shrinking {2 once more that f is a smooth embedding
with image 2 = f(2) C S.

To finish, note that the points of € are of the form s = f(g - s), where (g,s) € F71(2). As
we saw earlier, G = G,, so s is fixed under the action of G,,. Thus, Qis pointwise fixed by G,,
so its tangent space Tp() is contained in the space of fixed vectors of the slice representations.
Since dim Q = dim Q = dim X coincides with the cohomogeneity of the action, we arrive at a
contradiction with Lemma 2.8. As a consequence, Y, is dense in 2, so Il vanishes identically
on X, thus proving that X is a totally geodesic submanifold. ]

Theorem 2.10 implies that sections are quite rigid. Indeed, if p € M is a regular point of the
polar action G ~ M and X is a section of the action containing p, the fact that > is complete,
totally geodesic and of the same dimension as cohom(G ~ M) forces ¥ = exp,(1,(G - p)).
Thus, a regular point of a polar action is contained in exactly one section.

Moreover, any two sections of a polar action G ~ M are congruent under the action of G.
This is because for any two sections >, 9 C M of the action we can take a regular point
p € X1 N M, and find an element g € G such that g-p € XJ,. The submanifold g -3} is a section
of the action containing the regular point g - p, so the uniqueness of a section through g - p implies
that X9 = ¢ - 1. In particular, all sections of a given polar action are congruent under elements
of G.

2.2.2 The principal horizontal distribution and normal holonomy

Recall that a proper isometric action G ~ M induces a submersion m: Mpin — Mpyin /G. Clearly,
if the action of G is polar with section 3, the connected components of X, are integral manifolds
of the principal horizontal distribution H, so H is integrable. Applying the general theory of Rie-
mannian submersions to 7, we deduce that the associated O’Neill tensor A vanishes identically,
and that for every point p € My, the equivariant normal vector fields along G- p are parallel with
respect to the normal connection V= (this is because a normal vector field £ along G-p is equivari-
ant if and only if it is w-parallel, in the sense that the map x € G- p — 7,(£§;) € Tr(p) (Mprin/G)
is constant, see [143, Theorem 5.5.12]). Since the slice representation at a principal point is triv-
ial, it follows that the normal bundle ©(G - p) of a principal orbit G - p is globally flat (that is, it
admits a globally defined parallel frame).

The above observation leads one to conjecture whether the converse is true: given a proper
isometric action G ~ M whose principal horizontal distribution is integrable, can we guarantee
that there exists a section for the action? The answer to this question is negative, at least with
the definition that we have taken for polar actions. However, the integrability of H characterizes
a condition slightly weaker than polarity. A proper isometric action G ~ M is locally polar'
if there exists a complete Riemannian manifold ¥ and an isometric immersion o : > — M that
meets every orbit orthogonally. The key difference between this definition and ours is that X is

'Some authors take this as the definition of polarity, see for example [83].
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no longer assumed to be injectively immersed. Palais and Terng [143] conjectured that if H is
an integrable distribution, then the action of G is locally polar, but only managed to show this in
the case that the ambient space is real analytic. The general case was solved by Heintze, Liu and
Olmos [86, Theorem A]. Summarizing:

Theorem 2.11. Let G ~ M be a proper isometric action of a Lie group on a complete Rieman-
nian manifold. The following conditions are equivalent:

(1) The action of G is locally polar.
(i1) The principal horizontal distribution H on M,,,;, is integrable.

(iii) The O’Neill tensor A associated with the submersion m: My, — My, /G is identically
zero.

(iv) Every G-equivariant normal vector field on a principal orbit is V*-parallel.

A remarkable feature about the regular orbits of a polar action is the structure of their normal
bundle. If G is a connected Lie group acting polarly on the complete Riemannian manifold M,
we have already seen that any principal orbit O = G - p of the action G ~ M has globally flat
normal bundle. Let Hol,(vO, V+) be the holonomy group of the normal bundle vO at p. More
precisely, Hol,(vO, V1) is the subgroup of O(1,O) consisting of all V+-parallel translation
maps along piecewise smooth loops in O with base point p. The fact that vO is globally flat
immediately yields that Hol,(vO, V*) is trivial.

The case of exceptional orbits is more delicate, as the slice representation at p is not trivial,
so we cannot apply the previous argument directly. To treat this case, we consider the connected
slice representation Gg ~ 1,(G - p), which is the restriction of the slice representation to the
identity component Gg of G,,. This representation is trivial if G- p is regular, as its cohomogeneity
coincides with cohom(G ~ M) = dimv,(G - p) and its orbits are connected (moreover, a point
p belongs to an exceptional orbit if and only if its connected slice representation is trivial while
its slice representation is not). This allows us to establish the following fact:

Proposition 2.12 [124, Lemma 3.1]. If O C M is a regular orbit, then for every p € O there
exists a neighborhood U C G such that every normal vector v € v, can be extended to a
normal vector field & on U - p satisfying Lx-& = 0 for all X € g. Moreover, £ is parallel with
respect to the normal connection V.

Remark 2.13. In the proposition above, the operator £ denotes the Lie derivative acting on normal
vector fields. More precisely, for a vector field V € X(O) with flow ¢} and ¢ € T'(vO), the Lie
derivative Ly ¢ is defined by

d ~1
(Lvey == (), v PEO.

Proof. Let p € O be any point, so that O = G - p. Because Gg is an open set in G,,, we may find
an open subset V' C G such that V N G, = Gg. Moreover, because G is a Lie group, we can find



36 2 Isometric and polar actions

an open neighborhood U C V of e in G such that for every g, h € U we have g~'h € V. Note in
particular that U C V.

Let v € v,(G-p) be arbitrary, and define a vector field £ along U - p by letting £, = g.,v. We
claim that £ is well defined: if g, h € U are suchthatg-p = h-p,then g 'h € VNG, = Gg, o)
(g7 h)«pv = v. Thus, g.,v = h.,v, which yields that ¢ is well defined. This vector field satisfies
the following local equivariance property: if g, h € U are elements such that gh € U, then

g*h-qéh-q = g*h-qh*qv = (gh)*qv = ggh'Q'

Fix any element X € g and ¢ € U - p. The Lie derivative of ¢ with respect to X* is

(Lx-6)y =2

dt (Exp(_tX))*Exp(tX)~q£Exp(tX)~q7

t=0

and for small values of ¢ the element Exp(¢X) and its inverse are contained in U, so the local
equivariance of £ gives

d
(Lx+&)q = a‘tzofq =0

To see that & is V-+-parallel, we fix a point ¢ € U together with an X € g, and extend ¢ locally
to a vector field n defined in an open set of M containing ¢q. The calculation above then yields
[X*,n] = Lx+& = 00on U N O. Moreover, if ¥ C M is the section of the action containing g,
we have 133 = 1,0 and VX" sends 7,3 to v,2 = T,0, so V¢ X* € T,0. As a consequence,

Vi€ = (Vx-)' = (VeX)P + [X5 )t =0 atg,
so we conclude that V¢ = 0, as desired. ]

With this result, we can relate the normal holonomy of a regular orbit O = G - p with the
slice representation of G at p.

Theorem 2.14. Let G ~ M be a polar action of a connected Lie group G on a complete Rie-
mannian manifold M. Suppose p € M is a point such that O = G - p is a regular orbit of the
action. Then the following assertions are true:

(i) Ifv: [0,1] — O is a piecewise smooth curve with v(0) = p and y(1) = q, then the parallel
translation map P+: 1,0 — v,0 along v with respect to the normal connection V* is of
the form g.,, where g € G is an element sending p to q. Conversely, if g € Gand q = g - p,
there exists a piecewise smooth curve 7y: [0,1] — O such that the map g.,,: v,0 — v,0
is equal to the parallel transport map from p to q along .

(ii) The normal holononty group Hol,(vO, V') is the image of the slice representation G, —
O(v,O). In particular, Hol,(vO, V1) is trivial if O is principal, and it is nontrivial and
finite if O is exceptional.
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Proof. The key is to cover the orbit O by adequate open subsets on which parallel translation
coincides with the action of an element of G. Let z € O be arbitrary. By Proposition 2.12 we
can find an open subset U, C G containing e such that the normal bundle vO restricted to U,, - =
admits a V-1-parallel global frame &, . .., &, that is annihilated by the operators £x- (for all
X € g). Choose an open neighborhood €2, C U, of e in G such that if g, h € €, then g~* € Q,
and gh € U,. Ify, z € Q, - x, we may write y = g - x and z = h - x for some g, h € €1, so
z=nhg ! -y.Setk = hg~! € U,. Then from the proof of Proposition 2.12 we have that every
V+-parallel vector field £ € T'(v(Q, - x)) satisfies &, = &., = k., &, Therefore, given any curve
« in €, - x joining y and z, we deduce that the V+-parallel translation from ¥ to z along « is
independent of o and coincides with the linear isometry k., : 1,0 — 1, O.

We now proceed to prove (i). Consider the open cover U = {2, - z: x € O} of O. If
v:10,1] — O is a piecewise smooth curve connecting p to ¢, then by applying the Lebesgue
number lemma to the compact set ([0, 1]) we can find a sequence of real numbers 0 = t;, <
ty < +++ < tx = 1 such that for all i = 1,...,k the image of |y,_, ) lies on an open set
of the form €2, - x; for some z; € O. Thus, the parallel transport map from ~y(¢;_1) to y(¢;)
along v coincides with the differential (g;).(,_,) of the left multiplication by an element g; € G.
Therefore, the element g = grgx_1 - - g1 € G is such that the parallel translation map P+ from p
to ¢ along «y coincides with the map g¢,,,: 1,0 — v,0.

The proof of the converse will be done in two steps.

Firstly, assume that there exists an X € g such that ¢ = Exp(X) takes p to ¢q. Define the
curve y: t € [0,1] — Exp(tX) -p € O. If v € 1,0 is any vector, we may extend it to a normal
vector field {: ¢ € [0,1] — Exp(tX),,v € vO. This vector field is parallel along 7. Indeed,
choose any t, € [0, 1], define x = v(ty) and let Q, C G be as above. There is a unique V=-
parallel normal vector field 7 along €, - x satisfying 1, = £(to). As Exp(tX) is a one parameter
subgroup of G and 7 is locally equivariant, for any i € R sufficiently close to 0 we have

M(to+h) = NExp(hX)a = BXP(hX) e = Exp(hX).{(to) = &(to + h).

This shows that ¢ is the restriction of a V+-parallel vector field in a neighborhood of z, so ¢
is parallel in a neighborhood of #,. We conclude that ¢ is globally V-+-parallel along v, so we
have Prv = £(1) = Exp(X).,v. Thus, the parallel translation map along ~ with respect to the
normal connection is simply (the differential of) left multiplication by Exp(¢X).

Secondly, we suppose that ¢ € O is arbitrary, so there exists a g € G carrying p to ¢. Since
G is connected, we may find vectors X7, ..., X € g such that g = Exp(X}) --- Exp(X;). We
define recursively the curves v, (t) = Exp(tX;)-p and v;(t) = Exp(tX;)-v;—1(1) forall ¢ € [0, 1]
and ¢ = 2,..., k. The concatenation v = 7, ... is a piecewise smooth curve joining p and ¢
and the argument from the previous paragraph applied to each ; readily implies that the parallel
translation map P~*: 1,0 — 1,0 along 7 coincides with g.,,. This finishes the proof of (i).

The first part of (ii) is immediate from (i) and the definition of Hol,(vO, V). In particular,
if O is a principal orbit, the slice representation is trivial, so Hol,(vO, V=) is the trivial group. In
addition, if O is an exceptional orbit, the connected slice representation is trivial, so the full slice
representation G, — O(1,0) factors through a group homomorphism G, /G, — O(1,0) with
image Hol,(vO, V*). The quotient G,/G) is compact and discrete, hence finite, so we deduce
that the normal holonomy group at p is nontrivial and finite. ]
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Suppose for a moment that M is simply connected. A direct consequence of [5, Theorem 1.4]
is that each regular orbit of the G-action has trivial normal holonomy. Combining this with
Theorem 2.14, we can conclude the following.

Corollary 2.15. A polar action of a connected Lie group on a simply connected complete Rie-
mannian manifold does not possess exceptional orbits.

2.2.3 The slice representation of a polar action

We now show that all the slice representations corresponding to a polar action are also polar.

Proposition 2.16. Let G be a connected Lie group acting polarly on the complete Riemannian
manifold M. Given a section Y. of the action of G and a point p € Y, the slice representation
G, ~ v,(G - p) is a polar representation. Furthermore, the tangent space 1, is a section of this
representation.

Proof. Let & € T),Y be any vector, and let us show that 7,3 is orthogonal to G, - £ at . This is
equivalent to saying that for every X € g, the vector
- d
Xe= 2| (Bxp(tX))o€ € Te(y(G - p)) = (G- )
is perpendicular to 7),X. Because the flow of the induced Killing field X ™ lies in G,, the flow line
Exp(tX) - p is constant, and we may apply (1.2) to see that

a

ng 7 etVX*ézng*'

t=0

Since the restriction of X* to X is a normal vector field and X is totally geodesic, the vector
V¢ X* is perpendicular to 3. This demonstrates that the vector fields X are orthogonal to 7,3
forall X € g,.

We now claim that 7},> meets a principal orbit of the action of G,. To see this, choose an
e > 0 small enough so that the exponential map exp,, defines a diffeomorphism of Bz, (0, £)
onto its image. Because X, is dense in X, we can find a vector { € 7,2 with |€] < € and such
that ¢ = exp,,(&) belongs to a principal orbit of G. Then £ belongs to a principal orbit of G,, as
desired. In particular, 7,,> is the normal space of G, - £ at  (because dim X coincides with the
cohomogeneity of the slice representation), so it meets every orbit. As a consequence, 7, is a
section of the slice representation. ]

Corollary 2.17. Given a polar action G ~ M and a point p € M, the isotropy subgroup G, acts
transitively on the set of all sections of the action containing p.

Proof. Let ¥, and Y, be two sections such that p € »; N Xy. Then the tangent spaces 7,3,
and 7),%, are sections of the slice representation G, ~ 1,(G - p). As a consequence, there exists

an element g € G, such that ¢,,(7,%;) = 7,2, and because sections are totally geodesic we
deduce that g - > = Ys. ]
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2.2.4 The polar group

Let G » M be a polar action and assume that it admits a closed section > C M (so that all
sections are closed). We define the normalizer and centralizer of ¥ in G as

Ne(X)={geG:g- X=X} Zg(X)={g9e€G:g-p=pforallp € ¥}.

It is easy to check that both Ng(X) and Zg(X) are closed Lie subgroups of G, and their Lie
algebras are

ng(X) ={X €g: X[z € X(¥)} = {X € g: X"|5 = 0} = 3,(%),

where the second equality comes from the fact that X*|y; is orthogonal to ¥ whenever X € g.
Therefore, the quotient I1(X) = Ng(X)/Zg(X) is a discrete group, known as the polar group or
generalized Weyl group of Y. Because any two sections of a polar action differ by an element of
G, the polar group is uniquely defined up to an inner automorphism of G.

Let p € X belong to a principal orbit and H = G, be the corresponding principal isotropy
subgroup. As a consequence of the slice theorem, we have H = Zg(X) and Ng(X2) C Ng(H),
so the polar group I1(X) is a discrete subgroup of Ng(H)/H. It turns out that the action of II(X)
on Y is properly discontinuous and the inclusion > < M induces a homeomorphism (in fact,
an isometry) between 3 /TI(X) and M/G. A consequence of this is that for any p € > we have
IX) - p=G-pN .

We can relate the polar group of the action G ~ M with the polar group of its slice rep-
resentation at any point. Let p € M be an arbitrary point and consider the slice representation
G, ~ v, M. If ¥ C M is a section of the action of G, then by Proposition 2.16 the subspace
T,X C v,(G - p) is a section of the slice representation G, ~ M. Moreover, one sees that the
polar group II(7, %) = I1(X), € O(7,) is a finite group.

Recall from Dadok’s classification [49] that every polar representation is orbit equivalent
to an s-representation. In the context of s-representations, Weyl groups have been extensively
studied (see [102, Chapter 2, Section 6]). If K ~ p is the isotropy representation of a symmetric
space of noncompact type M = G/K and a C p is a maximal abelian subspace (thus, a section),
then there is an induced set of roots ¥, C a* and II(a) is generated by the reflections along all
hyperplanes ker A with A € >J,. As a consequence, given any polar representation G ~ V' with
section ¥ C V and polar group II(X), the action II(X) ~ 3 has the same orbits as a finite
reflection group, implying that TI(3) C O(V') is a finite reflection group itself 2.

2.2.5 Ciriteria for polarity

In this subsection we describe some methods that allow us to determine when a proper isometric
action is polar, with special focus on symmetric spaces. The first criterion of polarity is attributed
to Gorodski [72] in the context of symmetric spaces of compact type. An analogous criterion in

%In general, two finite subgroups G, H € O(V') have the same orbits if and only if they are equal. It is perhaps
curious to note that a finite subgroup of O(V) is completely determined by two of its principal orbits [122, Theorem
2.12].
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the noncompact setting was developed by Berndt, Diaz-Ramos and Tamaru in [19, Theorem 4.1].
We give a unified approach that allows us to derive both criteria at once by using the algebraic
similarities between symmetric spaces of compact and noncompact type.

To start, we give the following general criterion valid for arbitrary Riemannian manifolds.

Proposition 2.18 [53, Corollary 6]. Let M be a complete connected Riemannian manifold and G
a connected Lie group acting properly and isometrically on M. Fix a point p € M and suppose
that there exists a connected, complete and injectively immersed totally geodesic submanifold
Y. C M containing p and satisfying the following three conditions:

(i) the tangent space T,% is contained in v,(G - p),
(ii) the slice representation G, ~ v,(G - p) is polar with section T,%, and
(iii) for every X € g, the covariant derivative (VX*), sends T,% to v,%.
Then the action of G is polar and ¥ is a section of the action.

Proof. We have to show that > meets every orbit perpendicularly. Firstly, let X € g be an
arbitrary vector and consider its associated Killing vector field X* € K(M). Decompose the
restriction of X* to ¥ as X*|x = Y + Z, where Y € X(X) and Z € I'(vY). Because X is a
totally geodesic submanifold and X* is a Killing field, the vector field Y is a Killing field on
> [105, Theorem 8.9]. By our assumptions, we have Y,, = 0. Furthermore, given v, w € 1,3,
we see that

0= (V, X" w) =(V,Y,w) +(V,Z,w) = (V,Y,w),

where the last equality follows from V,Z being normal to . Since the Levi-Civita connection
of ¥ is merely the restriction of V to X(X), we conclude from the previous equality that the
operator (VY'), € so(7,X) vanishes identically. Therefore, Y = 0, which means that X* is
everywhere orthogonal to Y. We deduce that the intersection of > with every orbit it meets is
orthogonal.

We now show that 3 meets all orbits. Let O C M be any orbit of the G-action. Given any
q € O, we can find a minimizing geodesic segment +: [0, 1] — M from G - p to ¢. In particular,
+'(0) is orthogonal to G - p. After translating v by an appropriate element of G, we may suppose
directly that y(0) = p (and (1) is still in O). Because 7,,X. is a section for the slice representation
G, ~ M, we can choose a g € G, satisfying g.,(7'(0)) € T,X. As a consequence, the curve
B(t) = g - ~(t) is a geodesic contained in X such that 3(1) = g - v(1) € O,s0 ONX # &, and
we conclude that X is a section of the action of G. O]

There is a weak point in the hypotheses of Proposition 2.18, namely, that we need to have a
priori a candidate for a section of the action G ~ M at p. Because totally geodesic submanifolds
are determined by their tangent space at a point, this problem is reduced to choosing an adequate
subspace V' C T,M. A way to find such a subspace is to consider the slice representation
G, ~ 1,(G - p) and choose a regular vector £ € 1,(G - p). If the slice representation is polar,
then the normal space V' = 1¢(G, - £) is the only possible section of this representation passing
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through £. One then has to check if V' is the tangent space to a totally geodesic submanifold >
of M (this problem will be treated more thoroughly in Chapter 5), and it follows that the action
G ~ M is polar if and only if X satisfies the conditions in Proposition 2.18.

Because we are interested in studying polar actions on symmetric spaces, our next objective
is to give a computationally efficient restatement of Proposition 2.18 in that setting. The main
observations that allow us to simplify the conditions in the above proposition are the fact that
totally geodesic submanifolds are characterized by Lie triple systems, and the explicit formula
for the Levi-Civita connection at the origin.

Let (G, K) be an effective Riemannian symmetric pair and M = G/K the associated sym-
metric space. Consider the corresponding Cartan involution : g — g and Cartan decomposition
g = £ & p. We denote both the Riemannian metric on M and the induced inner product on p
by (-,-). Let H be a Lie subgroup of G, and recall that for o = eK the tangent space T,(H - 0)
is naturally identified with the projection h,. We let pr = p © b, be the normal space of H - o
at o. If the action of H is polar, we may consider a section X containing o. The tangent space
b ="T,%C hpL is thus a Lie triple system and a section of the slice representation H N K ~ f]pL.
Moreover, for each X € h and £, n € v we have

0= (Ve X*m5) = ([&7 X o, m5) = ([X, €Ly, m) = ([Xe, €],m).

Proposition 2.18 shows that the above conditions characterize the polarity of the H-action. There-
fore, we have arrived at the following characterization:

Proposition 2.19. Let M = G/K be a connected Riemannian symmetric space, o = eK and
g = t @ p the Cartan decomposition of g. Given a closed connected Lie subgroup H of G,
the action H ~ M is polar if and only if there exists a vector subspace v C f)pL satisfying the
following conditions:

(i) v is a Lie triple system in p,
(ii) the slice representation HN K pr is polar with section v, and

(iii) the subspaces v and [by, v] are orthogonal.
If this is the case, then the subset 3> = exp, () is a section of the H-action.

While the criterion above is valid for any symmetric space and regardless of the orbit type of
H - 0, we can further simplify the conditions when working with irreducible symmetric spaces
of compact or noncompact type and assuming that H - o is a principal orbit. On the one hand, if
M = G/K s an irreducible symmetric space of compact type, then we can rescale the metric on
p so that it is the opposite Killing form —B of g. If we consider the inner product —B5 defined
globally on g, we have that the operators in ad(p) are skew-symmetric. On the other hand,
if M = G/K is of noncompact type, we can rescale the metric on p so that it coincides with
the restriction of the Killing form B of g to p x p, and it can be extended to the inner product
By € S%g*. With respect to this inner product, the operators in ad(p) are all symmetric. In both
cases, we see that item (ii1) in Proposition 2.18 is equivalent to

0=([X,&l,n) =£(X,[§,n), Xeb &neo.
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The sign in the equation above is positive when M is of compact type, and negative when M
is of noncompact type. Therefore, in this situation, item (iii) can be replaced with the condition
[0, 0] L b (note that in order to consider the orthogonality of these subspaces we need to extend
the inner product on p, as [p,p| C ).

Now, suppose that H - o is a principal orbit. Then, because the dimension of any potential
section is equal to the cohomogeneity of the action, its tangent space at o is necessarily pr. The
slice representation HN K — O(f)#‘) is trivial because H - o is principal, and therefore it is polar
with section pr. Thus, items (i) and (ii) can be replaced by the condition that f)pL is a Lie triple
system.

From this discussion we arrive at the polarity criterion that we use throughout this thesis:

Proposition 2.20. Let M = G/K be either a symmetric space of compact or noncompact type
endowed with the metric induced by the Killing form of g and denote o = eK. Suppose H C G is
a closed connected subgroup and the orbit H - o is principal. Then the action of H is polar if and
only if the following conditions are met:

(1) The normal space hpL is a Lie triple system in p.

(i) The subspace [bpl, hd‘] is orthogonal to b with respect to the inner product —B (in the
compact case) or By (in the noncompact case).

Furthermore, if the above conditions are satisfied, then the set ¥ = expo(bpl) is the unique
section of the H-action containing o.

Using the formula for the curvature tensor of a symmetric space, we also obtain:

Corollary 2.21. Under the hypotheses of Proposition 2.20, the action of H is hyperpolar if and
only if pr is an abelian subspace of p.

2.3 Classifying polar actions on symmetric spaces: the state
of the art

This section is devoted to presenting the known results concerning polar actions on (irreducible)
symmetric spaces. The first result in this direction was Dadok’s classification of polar repre-
sentations, which can also be regarded as the classification of polar actions on Euclidean spaces
that leave a point fixed. Later, motivated by their relation to polar actions on Hilbert spaces and
Kac—Moody algebras, Heintze, Palais, Terng and Thorbergsson [87] posed the problem of clas-
sifying all hyperpolar actions on compact symmetric spaces. We separate this discussion into the
compact and noncompact case, as there is a vast difference between the progress in each setting
as well as the nature of the actions that appear.
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2.3.1 Polar actions on symmetric spaces of compact type

As of today, we already have classifications of polar actions on every irreducible symmetric
space of compact type. It is necessary to treat the cases of rank one and higher rank separately,
since there is a vast difference between the results obtained in each situation. The classification
of polar actions on compact rank one symmetric spaces is due to Podesta and Thorbergsson,
whereas on spaces of higher rank this work was done by Kollross and collaborators.

Polar actions on spheres and projective spaces

Recall that the simply connected symmetric spaces of compact type and rank one are the spheres
S” and the projective spaces CP™, HIP™ and QP2. We present the classification of polar actions
on these spaces, which is strongly related to Cartan’s classification of symmetric spaces due to
Dadok’s theorem. See [146] by Podesta and Thorbergsson for details and proofs of the results.
The case of spheres can be dealt with quite quickly by means of the following observation:
the full isometry group of S™ is the orthogonal group O(n + 1), so every isometry of the round
sphere extends uniquely to a linear isometry of R"*!. Therefore, we can attach to an isometric
action H ~ S™ a corresponding orthogonal representation p: H — O(n + 1). Furthermore, H
acts polarly on S™ if and only if p is a polar representation, so from Dadok’s result we deduce:

Theorem 2.22. Let S = SO(n + 1)/SO(n) be the round sphere. Every polar action on S" is
orbit equivalent to the restriction of an s-representation on R" ! to S,

Remark 2.23. 1f a Lie group G acts properly and isometrically on a complete manifold M fixing
a point o € M, then G also acts properly and isometrically on the geodesic spheres sufficiently
close to o. If M = R""!, we see from the discussion above that an action on M fixing 0 is polar
if and only if its restriction to the geodesic spheres centered at 0 is also polar. This result is not
true in general, as there are actions on general symmetric spaces that fix a point and act polarly
on its geodesic spheres while they do not act polarly on the total space, see [151].

We proceed to the case of CP”, which is related to the theory of Hermitian symmetric spaces.

Let M = G/K be a compact Hermitian symmetric space of complex dimension n + 1 and
rank r. This means that M possesses a complex structure J such that the geodesic reflections
sp are holomorphic isometries for all p € M. The complex structure J on M lets us identify
T,M with C"*! in such a way that the isotropy representation K ~ T,M consists of unitary
transformations. As a consequence, the action of K descends to an action K ~ P¢(T,M) = CP™
on the complex projective space. This action turns out to be polar; given a maximal abelian
subspace a C p, its projectivization & = P(a) = RP"~! is a section of the K-action.

It turns out that this procedure exhausts all possible polar actions on CP” up to orbit equiva-
lence:

Theorem 2.24. Let CP" = SU(n)/S(U(1) x U(n — 1)) be the complex projective space. Every
polar action on CP" is orbit equivalent to the action induced by an s-representation correspond-
ing to a compact Hermitian symmetric space.
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The list of all irreducible Hermitian symmetric spaces can be found in [17, Table A.5]. All
semisimple Hermitian symmetric spaces are simply connected and can be decomposed into a
Riemannian product of irreducible Hermitian symmetric spaces.

The quaternionic case is treated similarly by considering s-representations corresponding
to compact quaternionic Kéhler symmetric spaces, but the procedure is slightly more involved.
This is due to the issue that the Riemannian product of quaternionic Kéhler manifolds is not
quaternionic Kéhler.

Let M = G/K be a compact quaternionic Kéhler symmetric space with quaternionic dimen-
sion n + 1 and Cartan decomposition g = € @ p. This means by [24, Page 408] that M is
irreducible and K can be written as a subgroup of the form HSp(1), where H and Sp(1) are nor-
mal in K. The Sp(1) factor induces a quaternionic structure on p so that we may regard p = H" !
as a right H-module, and the action of H consists of quaternionic linear transformations, so K
sends quaternionic lines to quaternionic lines. As a consequence, the action of K descends to an
isometric action on HP™ which turns out to be polar, where the section is constructed as in the
complex case.

Now, consider a product M = M; X --- x M,, of compact quaternionic Kédhler symmetric
spaces M; = G;/K; with Cartan decompositions g; = ¢; & p; and define subgroups H; C K; as
above. The subgroup H = H; x - -+ x H,,, x Sp(1) actson p = p; @ - - - @ p,,, sending quaternionic
lines to quaternionic lines. Moreover, the representation H ~ p is polar if and only if all but at
most one of the M; are of rank one. If this is the case, then the induced action of H on HP™" is
polar of cohomogeneity equal to rank (M) — 1.

With this procedure, we have constructed all polar actions on HIP™ up to orbit equivalence:

Theorem 2.25. Let HP™ = Sp(n + 1)/(Sp(1) x Sp(n)) be the quaternionic projective space.
Every polar action on HIP™ is orbit equivalent to the action induced by the isotropy representation
of a product of k compact quaternionic Kdhler symmetric spaces, where all but at most one of
them are of rank one.

We refer the reader to [24, Table 14.52] for the classification of irreducible quaternionic
Kihler symmetric spaces.

The Cayley projective plane is not realizable as a set of octonionic lines in @3, so we can-
not expect polar actions on QP? to come from isotropy representations of adequate symmetric
spaces. Nevertheless, we have an explicit list of polar actions on OP? up to orbit equivalence.
It should be noted that [146] missed one example in their classification, and this error was fixed
in [73].

Theorem 2.26. Let OP? = F,/Spin(9) be the Cayley projective plane. Then every polar action
on OP? is of cohomogeneity at most two and is orbit equivalent to the action of exactly one of
the subgroups of F, given in Table 2.1.

A consequence of the classifications by Podesta and Thorbergsson is that every symmetric
space of compact type and rank one (apart from the sphere S?) admits polar actions that are not
hyperpolar.
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Table 2.1: Subgroups of F acting polarly on OP?

Cohomogeneity one  Spin(9)  Sp(3)Sp(1)  Sp(3)U(1) Sp(3)
Cohomogeneity two Spin(8) Spin(7)SO(2) SU(4)SU(2) SU(3)SU(3) SO(3)G

Polar actions on symmetric spaces of compact type and higher rank

For irreducible compact symmetric spaces of higher rank, the paradigm changes completely. In-
deed, Biliotti and Gori classified in [26,27] all polar actions on irreducible Hermitian symmetric
spaces of compact type up to orbit equivalence, and all examples are actually hyperpolar. Due to
this phenomenon, Biliotti conjectured that every nontrivial polar action on a symmetric space of
compact type and higher rank is hyperpolar. Although many authors worked in the resolution of
this conjecture, Kollross and Lytchak were the ones to finally give a positive answer (see [109]
and the references therein):

Theorem 2.27. If M is an irreducible Riemannian symmetric space of compact type and rank
greater than one, then every nontrivial polar action on M is hyperpolar.

The task of classifying hyperpolar actions in this setting was carried out by Kollross [106].
The key observation that makes their classification possible is the following: consider an simply
connected symmetric space of compact type M = G/K, and endow G with a corresponding
bi-invariant metric, then a subgroup H C G acts hyperpolarly on M if and only if H x K acts
hyperpolarly on M. Recall that a simply connected irreducible symmetric space of compact
type is either a compact simple Lie group endowed with a bi-invariant metric (Type I) or a
quotient G/K with G simple (Type II). The above observation allows us to work exclusively with
symmetric spaces of Type I.

Suppose G is a compact semisimple Lie group and H and K are Lie subgroups of G such
that (G, H) and (G, K) are Riemannian symmetric pairs. It was shown by Hermann [91] that the
product H x K acts hyperpolarly on G, so the group H acts hyperpolarly on G/K. The action
H ~ G/K is known as a Hermann action. This procedure allows us to construct all polar actions
of cohomogeneity greater than one:

Theorem 2.28 [106]. If M is an irreducible symmetric space of compact type, then a hyperpolar
action on M is either of cohomogeneity one or orbit equivalent to a Hermann action.

The classification of cohomogeneity one actions on irreducible symmetric spaces of compact
type can also be seen in [106]. As of today, the problem of determining all polar actions on
reducible symmetric spaces of compact type remains open, even for actions of cohomogeneity
one.

2.3.2 Polar actions on symmetric spaces of noncompact type

In comparison with the compact case, results concerning polar actions on symmetric spaces of
noncompact type are quite scarce, and hardly any symmetric space of noncompact type enjoys a
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full classification of its polar actions. In this section, we discuss the most notable known results
to date concerning polar actions on symmetric spaces of noncompact type.

By far, the case that has been studied most extensively is that of cohomogeneity one actions.
If M is a symmetric space of noncompact type and G is a connected Lie group acting on M
with cohomogeneity one, then a simple argument using the polar group shows that the orbit
space M /G is either the real line R or the half open interval [0, c0). On the one hand, the case
M /G = R corresponds to G acting without singular orbits on M, so G induces a homogeneous
foliation on M. The classification of homogeneous codimension one foliations on symmetric
spaces of noncompact type will be described in Section 2.3.2, as it will be necessary for our
work. On the other hand, the case M /G = [0, 00) corresponds to M having a unique singular
orbit (which is automatically minimal). This case becomes much more complicated, and the
resolution of the classification problem for these actions is the result of a collective effort during
over twenty years, starting in [16] and finally ending in [150], see the introduction of the latter
paper and the references therein for an excellent survey on this topic.

In order to present the results, we make use of the Iwasawa decomposition associated with
a symmetric space of noncompact type. We fix the following notation throughout the remainder
of this section. Let M = G/K be a symmetric space of noncompact type, where G = [°(M) and
K is the isotropy subgroup at some point o € M. Consider the associated Cartan decomposition
g = £ @ p, a maximal abelian subspace a C p together with its set of roots > C a*, and choose
a notion of positivity on 3, which induces a subset ¥ C X of positive roots, as well as a subset
A C 37 of simple roots. These choices induce an Iwasawa decomposition g = € & a & n of the
isometry algebra, together with an Iwasawa decomposition G = KAN at the Lie group level.

Polar actions on hyperbolic spaces

Let us first discuss the known results for noncompact symmetric spaces of rank one. All polar
actions on the real hyperbolic space RH" = SO°(1,7)/SO(n) have been obtained up to orbit
equivalence by Wu, and their classification can be derived from Dadok’s theorem. We make
use of the Iwasawa decomposition of so(1,n), see Chapter 4 for more details. We choose an
Iwasawa decomposition g = so(1,n) = €@ a @ n with € = so(n), a = Rand n = R* %,
We note that n is an abelian subalgebra in this case. The corresponding group decomposition is
denoted SO"(1,n) = SO(n)AN, and we have K, = SO(n — 1). Wu’s theorem can be stated as
follows:

Theorem 2.29 [169]. Let M = SO°(1,1)/SO(n) be the real hyperbolic space and o = eK.
Then, if H C SOY(1,n) is a closed connected subgroup of SO°(1,n) acting polarly on M, the
action is orbit equivalent to that of one of the following subgroups:

(i) A subgroup H C SO(n) (that is, a subgroup fixing o) whose corresponding action on
R™ = T, RH" is polar.

(ii) A subgroup of the parabolic subgroup SO(n — 1)AN whose Lie algebra is of the form
h="bho®adv, where hy C so(n — 1) and v C n, and the action of the isotropy subgroup
H,, on the normal space b, = (1—0)(n©v) is polar. In this case, the orbit H- o is a totally
geodesic RH¥ inside M.



2.3.2 Polar actions on symmetric spaces of noncompact type 47

(iii) A subgroup of the parabolic subgroup SO(n — 1)AN whose Lie algebra is of the form
h = bho @ v, where by C so(n — 1) and v C n, and the action of the isotropy subgroup
H, on (1 — 0)(n © v) is polar. In this case, the orbit H - o is a horosphere inside a totally
geodesic RH* of M.

More recently, this problem was also settled in the case of complex hyperbolic spaces, by
the hand of Diaz-Ramos, Dominguez-Vazquez and Kollross. Consider the complex hyperbolic
space CH™ = SU(1,n)/S(U(1) x U(n)). The Iwasawa decomposition of su(1, n) takes the form
su(l,n) = €@ a & n, where we have £ = s(u(l) du(n)), a = Randn = g, © gon is a
two-step nilpotent subalgebra consisting of two positive root spaces. The group Kj is equal to
S(U(1) x U(n — 1)) and we have g, = C"!, go,, = R as representations of K.

Theorem 2.30 [52, Theorem A]. Let CH™ = SU(1,n)/S(U(1)xU(n)) be the complex hyperbolic
space. Consider a connected Lie subgroup H C SU(1,n) whose Lie algebra Y is one of the
following:

(i) b = q@so(l, k), where 0 < k < nand q C u(n — k) is a subalgebra such that its
corresponding connected subgroup Q C U(n — k) acts polarly on C"* with a totally real
section.

(i) h = q® b Do D gon, where b is a subspace of a, v C g, is a real subspace and q
is a subalgebra of s(u(1) @ u(n — 1)) that normalizes v and such that the action of its
corresponding connected subgroup Q acts polarly on g, © v with a totally real section.

Then the action of H on CH" is polar. Conversely, every nontrivial polar action on CH" is orbit
equivalent to one of the actions described above.

In all the examples above, the section is a totally real hyperbolic space RH*. We also note
that the congruence problem for these actions is solved in [52, Theorem B].

The above examples are the only symmetric spaces of noncompact type whose polar actions
have been fully classified. There has been some work on the cases of HIH" and QH?, essentially
by Kollross.

Using the notion of duality (which we will describe later on), Kollross classified all polar
actions on HH" induced by reductive algebraic subgroups. Suppose g is a complex semisimple
Lie algebra. Because 3(g) = 0, we can identify g with the linear Lie algebra ad(g). We say that
h C g is an algebraic subalgebra of g if it is the Lie algebra of an algebraic subgroup of GL(g).
We also say that § is a reductive subalgebra if it is a reductive Lie algebra and the elements of
3(h) are semisimple in g. A reductive algebraic subalgebra of g is a reductive subalgebra of g
which is also algebraic. Finally, if g is a real semisimple Lie algebra, a subalgebra § of g is a
reductive algebraic subalgebra if h(C) is a reductive algebraic subalgebra of g(C). A connected
subgroup H of a real semisimple Lie group G is said to be reductive algebraic if its Lie algebra b
is a reductive algebraic subalgebra of g. It can be shown that if M/ = G/K is a symmetric space
of noncompact type and H C G is a closed reductive algebraic subgroup, then there is a point
p € M such that H - p is a totally geodesic submanifold of M.
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Theorem 2.31 [107, Theorem 10.1]. Let HHH" = Sp(1,n)/(Sp(1) x Sp(n)) be the quaternionic
hyperbolic space and H C Sp(1,n) a reductive algebraic subgroup. The action H ~ HH" is
polar if and only if it is orbit equivalent to one of the following actions:

(i) The action of Sp(1,k) x Sp(ny) x --- x Sp(n,) x L, where L C Sp(m) is a subgroup
whose action is induced from a quaternionic Kdhler symmetric space, 1 < k < n and
E+mny+--+n,+m=n.

(ii) The action of U(1, k) xSp(ny) X ---xSp(n,), wherel <k <nandk+ny+---+n, =n.

(iii) The action of (Sp(1)SO°(1,k)) x Sp(ny) x --- x Sp(n,,), where 1 < k < nand k +n, +
o4+ n, =n.

(iv) The action of Sp(1) x L, where L is a subgroup whose action on H" is induced by a product
of quaternionic Kdhler symmetric spaces where at most one of the factors is of rank greater
than one.

On the other hand, Kollross [108] classified all polar actions on the Cayley hyperbolic plane
OH? = F;2°/Spin(9) that leave a totally geodesic submanifold invariant. More precisely:

Theorem 2.32. Let OH? = F;?°/Spin(9) be the Cayley hyperbolic plane. If H C F;* is a
closed connected subgroup acting polarly and nontrivially on OH?. IfH leaves a totally geodesic
submanifold P C QH? invariant, then there are two possibilities for H:

(i) The group H fixes a point in QH? and its action is orbit equivalent to the action of one of
the following subgroups:

Spin(9), Spin(8), Spin(7)SO(2), Spin(6)Spin(3).

(i) The orbits of H coincide with those of the identity component N(P)° of the normalizer
N(P), where P ¢ {RH3 RH*}. These groups are

Spin(7)S0°(1, 1), Sp|n(6)Sp| ( ,2), Spin(3)Spin(1,5),
SO(2)Spin(1,6), Spin(1,7), Spin(1, 8).

The results above still leave the problem of classifying polar actions on HH" and QOH? that
do not preserve a totally geodesic submanifold open. Furthermore, in the quaternionic case it is
still unknown whether the classification by Kollross holds if the assumption that H is reductive
algebraic can be replaced by H having a totally geodesic orbit.
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Homogeneous codimension one foliations

As mentioned at the beginning of the section, homogeneous codimension one foliations on sym-
metric spaces of noncompact type have been fully classified. Berndt and Tamaru [22] gave the
solution to this problem in the irreducible setting, while Solonenko [154] extended their result to
the reducible case.

Suppose M = G/K is a symmetric space of noncompact type. We construct two families of
foliations on M:

(FS) Foliations of solvable type [21, Section 4]: Let o € A be a simple root, and choose a line
¢ C g,. The vector subspace s, = a & (n © () is a Lie subalgebra of a €& n whose corre-
sponding Lie subgroup S, C AN acts on M freely and properly inducing a codimension
one foliation F,, on M. Since the adjoint action of K, on the unit sphere of g, is transitive,
the subgroup S,, is independent of ¢. The orbit S, - o is the unique minimal leaf of this
foliation, and the rest of orbits can be obtained as the equidistant hypersurfaces of S, - 0. If
v: R — M is a unit speed geodesic meeting the S, -orbits perpendicularly and v(0) = o,
then one sees that the orbit S,, - () is only congruent to itself and to S,, - v(—t).

(FH) Foliations of horospherical type [21, Section 3]: Let ¢ C a be any line and construct the Lie
subalgebra s, = (acS/)®n C ad®n. This is an ideal of a®n whose corresponding connected
subgroup S; C AN acts freely and properly on M with cohomogeneity one inducing a
foliation F,. As Sy is an ideal of AN and the action of the latter group is transitive, we see
that for any p, ¢ € M the orbits S,-p and S,-q are isometrically congruent. The orbits of this
action are minimal submanifolds if and only if the covector § = (1/2) >, s (dim gx)A
annihilates /. We say in this case that F is a harmonic foliation, since the minimality of all
orbits is equivalent to the natural projection 7: M — M /S, being a harmonic function.

With these two constructions, we have obtained all cohomogeneity one actions without sin-
gular orbits:

Theorem 2.33 [21, Main theorem], [154, Main Theorem]. Let M = G/K be a symmetric space
of noncompact type. A homogeneous codimension one foliation F on M is isometrically congru-
ent to either a foliation of solvable type F,, or a foliation of horospherical type F;. Moreover:

(i) Given two simple roots o, o' € A, the foliations F,, and F,, are isometrically congruent if
and only if there exists an automorphism of the Dynkin diagram of M that sends o to /.

(i) If ¢, ¢ C a are one-dimensional subspaces, the foliations F, and F, are isometrically

congruent if and only if there exists an automorphism of the Dynkin diagram of M that
sends { to .

Hyperpolar homogeneous foliations

The other general classification known prior to the work in this thesis was that of hyperpolar
homogeneous foliations on irreducible symmetric spaces of noncompact type, due to Berndt,
Diaz-Ramos and Tamaru [19].
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Suppose M = G/K is a symmetric space of noncompact type. We assume that the metric on
M 1is induced from the Killing form B restricted to p (recall that if M is irreducible then every
G-invariant metric comes from a multiple of the Killing form on p). Choose a subset ® C A
such that any two roots «, 3 € ® satisfy (a, 3) = 0 (because « and (3 are simple, this condition
is equivalent to saying that neither o + 3 nor o — (3 are roots). The subset ¢ is said to be
orthogonal. On each root space g, with o € ® we choose a one-dimensional subspace ¢, C g,
and we define (4 = €, 4 {o. Finally, let V' C ag = (), ker o be any vector subspace. We
define sp v = (a® &V @& n) & e C a P n. Then sgy is a Lie subalgebra of a & n such that
its corresponding connected subgroup Sg v € AN acts hyperpolarly on M inducing a foliation
Fo,v. The geometry of the Sg y-orbits is studied in depth in [19, Section 6]. These foliations
exhaust all possible hyperpolar homogeneous foliations up to orbit equivalence:

Theorem 2.34 [19, Main Theorem]. If M = G/K is a symmetric space of noncompact type
whose metric is induced from the Killing form of g, then every hyperpolar homogeneous foliation
F on M is isometrically congruent to a foliation of the form Fg y for some orthogonal subset
® C A and some vector subspace V C ag.

We remark that the congruence problem for the foliations F - remains unsolved as of today.
Solonenko showed that the hypothesis on the metric can be removed [155, Proposition 4.1.4], so
that the above result holds for any symmetric space of noncompact type.

The canonical extension method

We now give examples of polar (nonhyperpolar) homogeneous foliations on symmetric spaces
of noncompact type constructed from the theory of parabolic subalgebras. The main interest of
these actions, apart from being examples themselves, is that we may use their corresponding
groups in order to construct isometric actions on any symmetric space of noncompact type from
actions on a lower rank symmetric space by a procedure known as canonical extension. This
method was originally developed by Berndt and Tamaru in [21], where their main interest was
the construction of cohomogeneity one actions. We refer to [56] for a detailed study of the
canonical extension method in a more general context.

Let M = G/K be a symmetric space of noncompact type and choose an Iwasawa decompo-
sition of G (with the same conventions as in Section 2.3.2). Choose an arbitrary subset ® C A of
simple roots (we do not assume that ¢ is orthogonal) and let q¢ be the associated parabolic sub-
algebra. The subalgebra q¢ is equipped with its Langlands decomposition q¢ = mg @ dge D ng,
where we recall that

m¢:EOEB@RHa@ @g)\7 ap = ﬂkeroz, Ny = @ ax-

acd AEXp acd )\egﬁ\gg

Moreover, if go = [mg, Mg), the connected subgroup G C G with Lie algebra gg acts on M in
such a way that the orbit By = Gg - 0 is a totally geodesic submanifold of M (the boundary com-
ponent associated with ®). The Lie subalgebra ag @ ng exponentiates to a connected subgroup
AsNg C AN that acts freely and properly with cohomogeneity equal to || + > resy dim gy
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It can be shown that the action A4Ng ~ M is polar and B4 is the unique section of the ac-
tion containing o. Moreover, the orbits of AgNg are minimal submanifolds, as well as Einstein
manifolds [158]. These orbits intersect the section By exactly once.

First, take an injectively immersed submanifold S C Bg. The subset AgNy-S is an injectively
immersed submanifold of M, which we call the canonical extension of S. The codimension of
AsNg - S in M coincides with the codimension of S in Bg. In addition, if S satisfies one of the
following properties, then so does ApNg - .S: embedded, minimal, of parallel mean curvature,
of globally flat normal bundle [56, Theorem 2.1]. We warn that if S is totally geodesic, the
canonical extension AgNg - S need not be totally geodesic. For instance, any singleton {p} C Bg
is a totally geodesic submanifold, whereas its canonical extension AgNg - p is minimal, but not
totally geodesic.

Now, suppose that an isometric action Hy ~ Bg of a connected Lie group Hg is given.
Because gg contains the isometry algebra of Bg, we may assume without loss of generality
that Hp C G C Mg (this last group being the connected subgroup of G with Lie algebra mg).
Because Mg normalizes AgNg, we see that H = Hg AgNg is a subgroup of Qg whose Lie algebra
ish = he P ag P ne. The action of H on M is known as the canonical extension of the action of
He on Bg. By definition, if p € By is arbitrary, we have H-p = (AgNg)-(Hg-p), meaning that the
orbits of H are precisely the canonical extensions of the orbits of Hg. Thus, the cohomogeneity
of the action H ~ M coincides with the cohomogeneity of the action Hy ~ Bg. It is not hard
to show that if Hg acts polarly on M, then H acts polarly on M. In fact, if > C B¢ is a section
of Hy ~ M, then it is also a section of H ~ M.

Figure 2.3.1: Canonical extension of the horosphere foliation N ~ RH?.

A word on duality

Because the problem of determining all polar actions on symmetric spaces has benefitted from
greater advances in the compact setting, a natural idea is to attempt to use the duality of sym-
metric spaces to make progress in the noncompact setting. Using a technique proposed by Koll-
ross [107], we exhibit how some polar actions on a symmetric space of noncompact type can be
identified with polar actions on its compact dual.
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Let M = G/K be a symmetric space of noncompact type, define 0 = eK and consider the
induced Cartan involution §: g — g with associated Cartan decomposition g = €@ p. Recall that
g* =t @ ip C g(C) is the dual algebra of g and there is a unique simply connected symmetric
space of compact type M* = G* /K* associated with the Klein pair (g*, £).

A Lie subalgebra h C g is canonically embedded it Oy = b. This condition is equivalent
to h admitting the decomposition h = (h N €) & (h N p). If b is canonically embedded in
g, then we can define a dual subalgebra h* = (hN¢) @ i(h Np) C g*. Suppose H C G
(respectively, H* C G*) is the connected subgroup of G with Lie algebra h (respectively, the
connected subgroup of G* with Lie algebra H). We say that the action H* ~ M™* is dual to
the action H ~ M. From [107, Theorem 5.1] we see that the action of H is (hyper)polar if
and only if the action of H* is (hyper)polar. This allows us to produce many examples of polar
actions from the known results in the compact case. However, there are some limitations to this
technique that do not allow us to classify all polar actions on symmetric spaces of noncompact
type from those on symmetric spaces of compact type. For instance, not all polar actions admit
a dual action. Indeed, if H C G is such that its Lie algebra b is canonically embedded, then the
orbit H - 0 is a totally geodesic submanifold (see Theorem 6.3 for the proof of a more general
version of this assertion). It may well be the case that a given polar action H ~ M does not
have a totally geodesic orbit at all, meaning that we cannot conjugate H so that its Lie algebra
is canonically embedded in g. Moreover, a polar action on a symmetric space of compact type
can be dual to two non-equivalent polar actions on its dual symmetric space (for example, if
M = RH?, the actions of K and A are both dual to the standard action SO(2) ~ S?), so we do
not have an injective correspondence between these actions. This phenomenon justifies the need
to develop new techniques to tackle the noncompact case.



Chapter 3
Codimension two polar homogeneous

foliations on symmetric spaces of
noncompact type

The objective of this chapter is to present the classification of polar homogeneous foliations
of codimension two on irreducible symmetric spaces of noncompact type. The content of this
chapter corresponds to a joint work with José Carlos Diaz-Ramos that has been published in [54].

As we have seen in the previous chapter, the classification problem for polar actions on
irreducible symmetric spaces of noncompact type has proven to be quite elusive. For actions
of cohomogeneity greater than one, the only general classification that has been obtained thus
far 1s that of hyperpolar homogeneous foliations [19]. While this result is formidable on its
own, dropping any of the two key assumptions (that is, hyperpolarity and the absence of singular
orbits) supposes a great increase in difficulty. On the one hand, there are no classifications of
totally geodesic submanifolds on symmetric spaces of rank greater than two, and we do not
possess a clear cut way to determine which totally geodesic submanifolds can arise as sections
of polar actions (unlike in the compact case, where all polar actions are hyperpolar if the ambient
space is of higher rank). On the other hand, while the orbit space of a cohomogeneity one action
on a symmetric space of noncompact type is either R or [0, 00), there is little information about
the orbit space of a polar action of higher cohomogeneity, meaning that we do not have a general
picture of the singular set.

In this work we start the study of polar nonhyperpolar foliations. As such, we preserve the
hypothesis that our actions of interest induce a foliation on the ambient space while replacing
the condition of having a flat section by having a two-dimensional one. This is a very natural
assumption to make given the current progress in the area, as it allows us to keep a certain degree
of control on the possible sections. Indeed, if H ~ M is a polar action on a symmetric space of
noncompact type with cohomogeneity two and section Y, then X is a homogeneous Riemannian
manifold diffeomorphic to R2. This means that 3 has constant Gaussian curvature C' < 0, so
either the action is hyperpolar or X is homothetic to a real hyperbolic plane. Consequently, our
goal for this chapter is to classify polar homogeneous foliations whose section is a surface of
constant negative curvature.

The main result of this chapter is the following:

Theorem A. Let M be a connected irreducible Riemannian symmetric space of noncompact
type. Every codimension two polar nonhyperpolar homogeneous foliation on M is orbit equiva-
lent to the canonical extension of a codimension two polar nonhyperpolar homogeneous foliation
on a boundary component of rank one in M.

53
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More explicitly, we prove:

Theorem B. Let M = G/K be a connected irreducible Riemannian symmetric space of noncom-
pact type. Then, a codimension two homogeneous polar nonhyperpolar foliation on M is orbit
equivalent to the orbit foliation of the closed connected Lie group whose Lie algebra is given by
one of the following possibilities:

(i) (kera) @ (n©{,), where o € A is a simple root, and {,, is a line in g,, or

(i) a ® (n©v,), where a € A is a simple root, and v,, is a 2-dimensional abelian subspace
of ga-

We will show in Section 3.1 that different choices of ¢, or v, above give rise to congruent
foliations. We also determine the mean curvature of their leaves. A direct consequence of this
computation is that

Corollary C. If F is a codimension two polar nonhyperpolar homogeneous foliation on M,
then F is harmonic if and only if F is orbit equivalent to the canonical extension of the trivial
foliation on a boundary component homothetic to the hyperbolic plane RH?.

Recall that a foliation / is harmonic if all of its leaves are minimal submanifolds of M.
Equivalently, F is harmonic when the canonical projection from M to the space of leaves of F
is a harmonic map.

As aresult of combining Theorem B with [19], Corollary D states the complete classification
of homogeneous polar foliations of codimension two. Choose an Iwasawa decomposition g =
t ® a @ n of the isometry algebra g = i(M) and let X be its corresponding root system. We
remind that two roots A\, p € 3 are said to be strongly orthogonal if A & 4 is not a root. Two
simple roots o, 5 € A are strongly orthogonal if and only if they are orthogonal, or equivalently,
if they are not connected in the Dynkin diagram of ..

Corollary D. A codimension two homogeneous polar foliation on M is orbit equivalent to the
orbit foliation of a closed connected Lie group whose Lie algebra is:

(@) (a ©v) ®n, where v is a 2-dimensional subspace of a, or

(b) (ael)® (nL,), where o € A is a simple root, L, is a line in g, and { is a line in ker q,
or

(c) add (n o (b, @ 65)), where «, 3 € A are orthogonal simple roots, and (), is a line in g,
A € {a, B}, or

(d) (kera) ® (n© {L,), where a € A is a simple root, and {,, is a line in g,, or

(e) a® (nSv,), where v € A is a simple root, and v,, is a 2-dimensional abelian subspace
of ga-

Examples (a) to (c) of Corollary D are hyperpolar.
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Remark 3.1. The assumption that M is irreducible implies that all the G-invariant metrics on M
are rescalings of the metric induced by the Killing form. If the space M is reducible, then the
results presented above still hold if we impose the condition that the metric on M is (homothetic
to) the one induced by the Killing form.

The trivial action is always polar and the whole space is a section of this action. On the
other hand, cohomogeneity one polar actions are automatically hyperpolar. Note that one can
always construct a foliation of the form (i) unless X% = {a} consists of only one simple root
and dim g, = 1. These conditions are satisfied if and only if M is a real hyperbolic plane. Thus,

Corollary E. If M is an irreducible symmetric space of noncompact type where all polar actions
are hyperpolar, then M is the real hyperbolic space RH?,

This contrasts sharply with the situation in the compact setting: polar actions on irreducible
symmetric spaces of compact type and higher rank are always hyperpolar, as we saw in Subsec-
tion 2.3.1.

This chapter is organized as follows. In Section 3.1, we present the list of codimension
two polar nonhyperpolar homogeneous foliations that appear in Theorem B. We also determine
the curvature of their sections, the extrinsic geometry of their orbits, and prove Theorem A. In
Section 3.2 we study homogeneous foliations on Hadamard manifolds and show that they are
induced by free actions of solvable Lie groups. Moreover, we describe the structure of maximal
solvable subalgebras of real semisimple Lie algebras. Finally, Section 3.3 will be devoted to the
proof of Theorem B.

3.1 Examples of homogeneous polar foliations

We now introduce the two families of polar homogeneous foliations on M = G/K whose section
is homothetic to the hyperbolic plane, and describe their extrinsic geometry. We assume the
notation used in Section 1.1.1.

Theorem 3.2. Let M = G/K be a symmetric space of noncompact type and choose an Iwasawa
decomposition g = t Hadnof g. Let o« € A be a simple root, and consider the following
subspaces of a ® n:

(i) s¢ = (a©RH,) & (neRE), where £ € g, is a nonzero vector.
(ii) s, = a® (nSv), where v C g, is an abelian plane inside g,.

The subspaces s¢ and s, are Lie subalgebras of a ®© n. The corresponding connected sub-
groups S¢, S, act polarly on M inducing a codimension two foliation whose section is a totally
geodesic RH? with constant curvature —|a|?.

Proof. It is clear that s and s, are subalgebras of a @ n, so we can consider the connected Lie
subgroups S, S, associated with these subalgebras. Since AN acts simply transitively on M and



56 3 Codimension two foliations

Figure 3.1.1: Orbits of the actions of S¢ and S, on the hyperbolic space RH?.

Exp: a ®n — AN is a diffeomorphism, it follows that S; and S, are closed subgroups inducing
a homogeneous foliation on M of codimension 2. It remains to show that both subgroups act
polarly.

Firstly, if S = S¢, we see that s, = span{H,, (1 — 6)&}. Now, a direct computation shows
that [s;-, s,] = R(1 4 6)¢ is orthogonal to s, and [s,, [s,", 5,]] is spanned by [Ha, (1 4 6)¢] =
|a?(1 — )¢ and [(1 — 0), (1 + 0)¢] = —(1 — 0)[F¢, €] = —2|¢|*H,. We therefore obtain
s, [, 8,]] = s, which means that s is a Lie triple system. By applying Proposition 2.20,
we deduce that S, acts polarly, as desired. Note that if SpL - 0 is the section through o, then Spl 0
is a closed, simply connected, totally geodesic surface whose tangent space is 5#. Its sectional

curvature is seen to be

_<[[Haa (1 - 9)6]7 (1 — 9)6]7 Ha>

sec(Sy +0) = [(EGELAE
e, (1~ 0dF _ I+ oaPe? _
2NePTaP PP ’

SO SpL - 0 is a real space form of constant curvature —|c/?.

In the case S = S,,, the normal space is 5pL = (1—0)v. Choose two orthogonal vectors £, n € v
with norm 1/v/2. Since [(1 — 6)&, (1 — 0)n] = —2[¢, O] € &, it follows that [s;-, 53] = R[€, 6]
is perpendicular to s. Furthermore, 0[¢, 0] = [£, On] yields

[(1=0)¢, [€,0m] = (1 = )&, [6€,m]] = —(1 = 0)[n, [€, 6¢]]

= (1= 0)[n, €7 Ho] = ~I€Plal*(1 — 0)n € 5,

and a similar calculation gives [(1—0)n, [, 0n]] = |a|?|n|*(1-0)¢ € s, and thus [s;, [s;-, 5,]] =
5#. Proposition 2.20 readily implies that the action of S, is polar with section SpL - 0. The same
argument given in the previous paragraph allows us to determine the section by computing its
curvature. In this case, taking into account our previous calculations,

([(1=0)s, (1 = O)nl, (1 = O)n], (1 = 0)¢)

sec(Sy +0) = - A= 0)ePIL =P = lal’
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which finishes the proof. [

The previous theorem shows that the examples that appear in Theorem B give rise to homo-
geneous polar foliations. Furthermore, it follows from the next lemma that different choices of &
in case (1) or of v in (i1) give orbit equivalent actions.

Lemma 3.3. Let « € A and k > 1. Then, the group K acts transitively on the set of abelian
subspaces of dimension k of g.,.

Proof. Following [88, Chapter IX, §2], we consider the Lie subalgebra g* generated by g, and
0_o- This Lie algebra is simple and its Cartan decomposition is g¢ = £* @ p®, with £ = €N g°,
p® = p N g®. It turns out that RH, is a maximal abelian subspace of p“, and the root space
decomposition of g* is

ga = g—2a b g—a D (Eg D RHQ) s> ga ¥ 92(17

where & is the centralizer of RH,, in £, and & = €, N g®. Let G%, K¢, K be the connected
subgroups of G whose Lie algebras are g%, £, and £7. Then, by [88, Chapter IX, Lemma 2.3],
we have K = KN G* and K = Ky N G®. Therefore, in order to prove this lemma, it suffices to
show that K acts transitively on the set of abelian subspaces of g,,.

Obviously, G*/K® is a Riemannian symmetric space of noncompact type and rank one, that
is, a hyperbolic space FH", where F € {R,C,H,O} and n > 2 (n = 2 if F = Q). Note that
0o = F" ! and dimgy, = dimgF — 1. If F = R, then g, is abelian and K§ = SO(n — 1)
acts in the standard way on g,; this action is transitive on the Grassmannian of k-planes of
R !, If F = O, then the only nonzero abelian subspaces of g, = O are 1-dimensional, and
K§ = Spin(7) acts on O by its irreducible 8-dimensional spin representation, which is transitive
in S7 [31]. Finally, if F € {C,H}, recall that abelian subspaces of g,, are precisely totally real
subspaces of g, = F"~!. In these cases we have the standard action of S(U(n — 1)U(1)) on
C" ' if F = C, and the standard action of Sp(n — 1)Sp(1) on H" ! if F = H. Thus, if v,
and v, are two totally real subspaces of g, of dimension &, choose an orthonormal basis of v,
and an orthonormal basis of v,. Since v; and v, are totally real, these two bases are not only
orthonormal, but F-orthonormal. By definition of U(n — 1) or Sp(n — 1) it is then clear that there
is an element of K{j that maps one basis to the other. This finishes the proof. ]

We now exhibit examples (i) and (ii) of Theorem B as canonical extensions of actions on a
rank one boundary component. Let « € A be a simple root, £ € g, a unit vector and v C g,
an abelian plane. We consider the set ® = {a} C A. Then, the subalgebras constructed in
Section 1.4.1 take the form

l6 =90 D920 DI D o D 924,
ap = kera,
N =106 (ga D g24),
My =8 BRH, Dg 200D g_a D ga D g2a,

and By = Mg - 0 is a rank one noncompact symmetric space whose tangent space at o is 7,B¢ =
RH,®psDPpaq. Consider the subalgebras 5. = (g ORE) D goq and 5, = RH, B (ga©0) B gaq of
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g = |mg, mg|. The corresponding connected subgroups Sg and S, act polarly on B¢ inducing a
foliation, due to Theorem 3.2. Recall that the canonical extensions of the actions of gg and §U are
the actions of the subgroups ggAq)Nq) and énAq)Nq), respectively. Observe that 5 ® ag Bng = S¢,
while s, @ ap ® ng = S,, and this readily implies that these canonical extensions are precisely
the actions of S¢ and S,. We deduce that Theorem B implies Theorem A.

The remaining part of this section will be devoted to computing the mean curvature of the
orbits in each example. To this end, we consider the solvable model M = AN discussed in
Section 1.4.1. If s C a@®n, we refer to its orthogonal complement in a&®n with respect to (-, ) an
as s+. Note that if S C AN is a Lie subgroup, the isometry g € AN — g-o0 € M induces an orbit
equivalence between the action of S on M and the action of S on AN by left multiplication.

Recall that if M C M is a submanifold of a Riemannian manifold with second fundamental
form I, we define the mean curvature vector of M atp as H,, = >, Il(e;, e;), where {e; }; is an
orthonormal basis of 7,,M. In other words, H is the trace of the second fundamental form. If
S C AN is a connected subgroup of AN, it is easy to see from the formula for the Levi-Civita
connection that the second fundamental form of S C AN at e satisfies the identity

1

<]HI(X>X)777>AN:Z<(1_9)[9X7X]777> (3.1)

for each X € s and € s-. We also remind that a* is endowed with a distinguished element

0 = (1/2) 2o sex+ (dimgy)A.
Let us start by discussing foliations of type (i).

Proposition 3.4. Let o € A and & € g, a vector such that (£,£) = 1. All the orbits of S¢
are isometrically congruent. Furthermore, the mean curvature vector of S¢ at e is given by the

following expression:
He = (dim g, + 2dim go, — 1) H,.

Proof. Observe that s = kera @ (n © R¢) is an ideal of a & n. As a consequence, if g € AN
is an arbitrary point, we have S¢ - ¢ = g9~ 'S¢g = ¢S¢, because S is a normal subgroup of AN.
Therefore, S¢ - g is isometric to S¢ via the left multiplication by g.

We proceed to compute #,. For this, it suffices to determine the vectors II(H, H) and
II(X, X) for each H € aand X € g, © RE, where ) is any positive root. Given any H € a,
it is clear from (3.1) that II(H, H) = 0. On the other hand, if A € ¥ and X € g, isa
unit vector orthogonal to &, we obtain that 1 = (X, X)an = 3|X|? and (II(X, X),n)an =

(| X[PHy,m) = (Hx,n) = %(Ha, n)an for each vector 1) € s = span{H,, £}, which means
that II( X, X) = 2 F_ In conclusion,

|af?

@( > (dimgy)(A ) + (dimg, — 1)\04\2) Hq

Aes+\{a}

He =

1
= W((%, a) — |a*)H, = (dim g, + 2dim ggy — 1) H,,

where we have used (1.1) for the last equality. ]
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A direct consequence of the previous proposition is that the foliation induced by S¢ consists
of congruent minimal submanifolds if and only if 2« ¢ ¥ and dim g, = 1. If this is the case,
then s, = ag @ ng for & = {a}, and By is homothetic to the hyperbolic plane. Furthermore,
5¢ = 0, which means that S; acts trivially on Bg.

We now consider the foliations from case (ii). In this setting, the orbits are not isometrically
congruent, as their mean curvature does not have constant length. More precisely:

Proposition 3.5. Let o € A be a simple root and v C g, an abelian subspace of dimension 2.
Fix a vector £ € v with || = 1, and denote by H, the mean curvature vector of S, - Exp(t&) at
Exp(t§) and by Lgxpue): AN — AN the left translation by Exp(t€). Then,

tlof?

= 5 40 G 2dim g — 1)(¢Ha — 20)

(LEXP(—tg) ) * Exp(tf)Ht

In particular, the orbit through Exp(t€) is minimal if and only if t = 0.

Proof. Firstly, if g = Exp(t£) € AN, we deduce that S, - g = g9 'S,g = g(g7'S,g) is isometric
to g~1S,g by left translation. Thus, it suffices to compute the mean curvature H, of S = g 'Syg
at e. To this end, we compute the Lie algebra 5 = Ad(g~')s, of g7'S,g. Observe that the
subspace Ad(g')s, C a @ n is orthogonal to Ad(g)*v = e *2d¥)y with respect to the inner
product (-, -). Given any 7 € v, we have

e 1209y =y — 1[0, ]  (mod 6n)
= — &) Ho — S+ 0)0E 1] (mod fn)
=n—t&nH, (mod ¢t ®6bn).

Therefore, if we consider an orthonormal basis {&, 1} of v, it is immediate that the orthogonal
complement of Ad(g~')s, in a @ n is span{tH, — &,n}. As a consequence, § = Ad(g!)s, =
kera @ (n © v) ® R(H, + t|a|?¢). The normal space s is given by 5+ = Ry & R(tH,, — 2£).
Assume H € ker a. In this case, we directly have from (3.1) that II(H, H) = 0.
Now, suppose that A € X and X € gy © v is such that 1 = (X, X)an = 5|X|% Then,
I1(X, X) satisfies (I(X, X), v)an = S| X[2Hy,v) = (Hy,v) = (5252, (tH, — 2€),v)a for

2+t2|a|?
every v € 5T, and thus

tA @) _(tH, — 2€).

X X) = 5 P

Finally, consider the vector Y = H, + t|a|?¢, whose norm squared is given by (Y, Y)ay =

|a|? 4 3t%|a|*. Note that (1 — 0)[0Y, Y] = 2t|a|*(tH, — (1 — 0)€), so we deduce from (3.1) that

IY,Y) = @(H—Ia — 2§). As a consequence, the normalized vector Z = Y/|Y|an satisfies

I(Z, Z) = %(tHa — 2¢). From these calculations, we obtain that the mean curvature of .S
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at o is given by

~ t ) .
LT 2 2]a)? ( > (dimg) (A a) + (dimg, — 1)\042) (tH., — 2€)
rext\{a}
¢
= e (20 ) — el (tHe = 20)
tlal* .
T 24 2af? (dim go + 2 dim goo — 1)(tHa — 2€).

Finally, note that the existence of an abelian plane inside g, implies that dim g, + 2 dim go, — 1
is positive, so the orbit through Exp(¢£) is minimal if and only if ¢ = 0, as desired. [

In particular, the homogeneous foliation induced by S, is never harmonic independently of
the choice of v. From here, Corollary C follows immediately.

Corollary 3.6. No polar homogeneous foliation constructed as in case (i) of Theorem B is orbit
equivalent to a homogeneous foliation given in case (ii).

3.2 Homogeneous foliations and solvable subgroups

The aim of this section is to give a general structure result for homogeneous foliations on
Hadamard manifolds. We basically show that every homogeneous foliation arises from a free
proper action of a solvable Lie group, meaning that its leaves are Riemannian solvmanifolds.
Moreover, the leaves are isomorphic as Lie groups (but not necessarily isometric as Riemannian
manifolds, see Section 3.1).

We start by mentioning the following result, which is a slight refinement of [52, Lemma 2.5].

Lemma 3.7. Let M be a complete Riemannian manifold and H and H be connected, not neces-
sarily closed, subgroups of the isometry group of M such that H C H. Suppose that there exists
0 € M such thatH -0 = H - 0 is a closed subset of M, and the slice representation of Har o is
trivial. Then H and H act with the same orbits.

Proof. Let p € M be arbitrary. Since H - o is closed in M, we may find a point ¢ € H - o
such that the distance from ¢ to p is minimum among all points of H - 0. The first variation
formula implies that the minimizing geodesic joining ¢ and p must leave H - o perpendicularly.
Thus, by homogeneity we may assume that ¢ = o and p = exp,(&,), with &, € v,(H - o).
Let £ € T'(v(H - 0)) be the unique H-equivariant vector field whose value at o is &, (which
exists because &, is fixed by the slice representation of H). Since H C H, ¢ is also the unique
H-equivariant normal vector field along H - o generated by &,. Now it is clear from (2.1) that
H-p= H- p, so H and H have the same orbits. ]

We also need a result from [19] stating that homogeneous foliations on Hadamard manifolds
are always induced by solvable groups (up to orbit equivalence). The original proof by Berndt,
Diaz-Ramos and Tamaru contains a nontrivial step that needs some clarification. Namely, the
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authors work with a certain semisimple Lie group L and choose an Iwasawa decomposition
L = KAN. The key to the proof is to apply Cartan’s fixed point theorem [59, Theorem 1.4.6] to
an isometric action of K, and this needs us to guarantee that K is a compact group (equivalently,
that Z(L) is finite, see Subsection 1.1.1), something that is not done explicitly in [19]. For the
sake of completeness, we repeat the proof of this result and fill in the missing detail from the
original paper.

Proposition 3.8 [19, Proposition 2.2]. Let M be a Hadamard manifold, and let H be a connected
closed subgroup of the isometry group of M acting on M in such a way that the orbits of H form
a foliation. Then, all the orbits of H are principal, and there is a connected closed solvable group
S acting isometrically on M whose orbits coincide with the orbits of H.

Proof. Firstly, it was shown in [11, Section 2] that the center of [ O(M ) is trivial, which means
that 1°(M) is a linear Lie group, and so is H.

We first prove that all the H-orbits are principal. This can be done directly by appealing to
Corollary 2.15, but we can show this directly in the case that the ambient manifold has nonposi-
tive curvature. Suppose that, on the contrary, there exists a point p € M such that its orbit H - p
is exceptional. By [92, Theorem 14.1.3], there exists a maximal compact subgroup C C H con-
taining H,,, and using Cartan’s fixed point theorem together with the fact that isotropy subgroups
are compact, we obtain that C is the isotropy subgroup of a point ¢ € M. As H, C C = H,, we
see that H - ¢ is also an exceptional orbit. However, by [92, Theorem 14.3.11], H- ¢ = H/C is
diffeomorphic to R* for some &, which implies that C is connected. In particular, the slice rep-
resentation of H at ¢ is trivial, contradicting the fact that H - ¢ is an exceptional orbit. Therefore,
all H-orbits are principal.

Consider a Levi decomposition h = tad(h) x [, where [ is a maximal semisimple subalgebra
of b, and let L be the connected subgroup of H with Lie algebra I. Then L is a linear Lie group,
so Z(L) is finite. Take an Iwasawa decomposition [ = ¢ & a & n, with corresponding Lie group
decomposition L = KAN. Then K is compact because L has finite center, and using Cartan’s
fixed point theorem we may find a point p € M such that K- p = {p}. Let s = tad(h) x (a & n),
which is a solvable Lie algebra, and let S be the connected Lie subgroup of H with Lie algebra s.
The condition K - p = {p} implies that 7,,(S - p) = T,(H - p), so S - p is an open subset of H - p.
In particular, S - p is a complete totally geodesic submanifold of H - p, so it coincides with H - p.
We apply Lemma 3.7 to conclude that H and S have the same orbits, and Proposition 2.1 yields
that S is closed in (M), which finishes the proof. O

As a by-product of the proof of Proposition 3.8, we have seen that the leaves of a homoge-
neous foliation on a Hadamard manifold are diffeomorphic to a Euclidean space.

We now show that every homogeneous foliation on M arises from a free proper action
(cf. [71, Lemma 1.2]).

Theorem 3.9. Let M be a Hadamard manifold and F a homogeneous foliation on M. Then
there exists a closed solvable subgroup S of I°(M) acting freely on M in such a way that its
orbits are precisely the leaves of F.
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Proof. We already know from Proposition 3.8 that there exists a connected closed solvable sub-
group H C T°(M) whose orbits on M are the leaves of F. Let n be the nilradical of the Lie
algebra b (that is, the largest nilpotent ideal of h) and take its corresponding connected sub-
group N C H. Consider the adjoint representation Ady: H — GL(h), whose differential at e is
ady: h — gl(h). By [102, Proposition 1.40] we have

n={X € b: ady(X) is nilpotent}.

On the other hand, let K be the isotropy subgroup of H at a point o € M. This group is compact
and connected because H - o is simply connected.

We prove that K NN = {e}. Since ady(n) consists of nilpotent endomorphisms of b, we can
apply Engel’s theorem to find a basis of b such that the matrices of ady(n) are all strictly upper
triangular relative to this basis. Therefore, the matrices of Ad,(N) are upper triangular with ones
in the diagonal. Moreover, because K is a compact Lie group, we may find an inner product on §
that is preserved under the elements of Ad(K). Let g € NN K. The map Ady(g) is a Euclidean
isometry, so it is complex diagonalizable, and its only eigenvalue is 1, so necessarily we have
Ady(g) = idy. Consequently, g € Z(H) N K, implying that ¢ fixes H - o pointwise. In particular,
the restriction of g, to T,(H - 0) is the trivial map, and because the slice representation at o is
trivial we also have that g,, is trivial on v,(H - 0), which yields g., = id7, s and g = e.

Now, choose a vector subspace s C h satisfyingn C s and h = s @ € (this is possible because
nN¢ = 0). Note that since b is solvable, [h, b] is a nilpotent ideal of h [102, Proposition 1.39], so
[h,s] C [h,b] € n C s, showing that s is an ideal in h. We denote by S the connected subgroup
of H with Lie algebra s (which is clearly solvable). Then S-0 C H-o0and dimS -0 = dimH - o
by design. As a consequence, S - o is an open and extrinsically homogeneous submanifold of
H - o, thus forcing S - 0 = H - 0. Therefore, S - 0 is simply connected, so S, = S N K is connected
and discrete, hence trivial. Applying Proposition 2.1, we deduce that S is a closed subgroup of
I°(M). The slice representations of S and H are both trivial, so by applying Lemma 3.7 we see
that the orbits of H and S coincide. Lastly, recall that S does not possess exceptional orbits, as
M is a Hadamard manifold, and thus all isotropy subgroups are trivial, which shows that S acts
freely on M. This finishes the proof. []

Corollary 3.10. Let M be a Hadamard manifold and F a homogeneous foliation on M. Then
the following assertions are true:

(i) There exists a connected closed solvable subgroup S C I°(M) acting freely on M and
such that the orbits of S coincide with the leaves of F and the right action of S on M given
byp<g= g ' pturns the canonical projection M — M /S into an S-principal bundle.

(i1) The principal horizontal distribution H on M defines a principal connection on the bundle
M — M/S.

(ii1) The foliation F is polar if and only if M is a flat principal bundle.

(iv) IfS acts polarly on M with section %, then 3. meets every leaf of F exactly once and M | F
is naturally isometric to ..
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Proof. The statements (i) and (ii) are direct consequences of Theorem 3.9 and the fact that H is
an S-invariant distribution on M. As for (iii), note that # is a flat connection on M if and only
if it is an integrable distribution, and since M = My, it is clear that this condition is equivalent
to the polarity of the action S ~ M, so the claim follows.

We now show (iv). To see this, let I1(32) be the polar group of X. It suffices to show that I1(30)
is trivial, as in that case we have (S - p) N X = II(X) - p = {p} for all p € ¥ and the restricted
projection map ¥ — M /S becomes a global isometry. Let g € Ng(X) be any element and take
any p € X, so that g - p is also in Y. Since X is complete and totally geodesic, there exists a
vector v € T, = 1,(S - p) such that g - p = exp,(v). Moreover, using [160, §2] and the fact that
all isotropy subgroups are trivial, we see that the normal exponential map exp*: v(S - p) — M
is an S-equivariant diffeomorphism. We can write g - p = exp; (g.(v)) = exp,,,(0), and the
injectivity of exp® gives p = ¢ - p. As p is arbitrary, we deduce that g fixes ¥ pointwise, so
g € Zs(X). We thus obtain II(X) = {e}, from which (iv) follows. O

3.2.1 Maximal solvable subalgebras of real semisimple Lie algebras

Theorem 3.9 implies that every homogeneous foliation on a Hadamard manifold M is induced by
the action of a solvable Lie group S C I°(M). As a consequence, its Lie algebra s is contained
in some maximal solvable subalgebra of i(M). Moreover, recall that if M is a symmetric space
of noncompact type, then i()) is semisimple. Motivated by these facts, we now describe the
structure of maximal solvable subalgebras of real semisimple Lie algebras.

Let g be a real semisimple Lie algebra. We work with the notation in Subsection 1.1.1.
We say that a subalgebra b C g is a Borel subalgebra if it is a maximal solvable subalgebra
of g. On the other hand, a subalgebra h C g is a Cartan subalgebra if its complexification
h(C) is a Cartan subalgebra of the complex semisimple Lie algebra g(C)'. In particular, b is
abelian [102, Proposition 2.10]. Note, however, that Cartan subalgebras of real semisimple Lie
algebras are not necessarily conjugate.

Any Cartan subalgebra ) of g is conjugate to a #-stable subalgebra [102, Proposition 6.59].
Thus, we can assume that 6 = b, which means that b splits as a direct sum t® a, where t C ¢
and a C p. Both t and a are abelian subspaces of g. In this case, dim t is called the compact
dimension of b, and dim a is called the noncompact dimension of tj. The subalgebra t is called
the torus part of h, and a is called the vector part of h. We have that a induces a root space
decomposition on g. Note that, in principle, a does not have to be a maximal abelian subspace
of p in this case. Root spaces are defined analogously: for each A€, let

g5 = {X € g: ad(H)X = \(H)X forall H € a},

and define ¥ to be the set of all A € @* such that A # 0 and g5 # 0. Since the family ad(&)
consists again of commuting self-adjoint endomorphisms, it follows that g = go & (@Xei @;).
Observe that £ C g, N € since b is abelian.

'Tf g is a complex semisimple Lie algebra, then a Cartan subalgebra of g is a nilpotent Lie subalgebra h C g
that is equal to its own normalizer.
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We now relate the previous decomposition to the root space decomposition induced by a
maximal abelian subspace a C p containing a. Let >’ C ¥ be the subset of roots that annihilate
a. We then have the following equalities:

a= ﬂker)\, @0290@<@9A>7 @x:@gx

YD XS AET

Aa=X
Since > is an abstract root system in (a © a)*, we may give a notion of positivity on 3 that is
compatible with that of ¥’ and ¥, that is, A\ € X is positive if and only if A\ € ' is positive or
Ae X\ Yand \; € >+, In order to to this, we proceed as follows. One can define a notion
of positivity on X by fixing a regular element H, € a (that is, )\(HO) # 0 for all A e Y)and
declaring A € X to be positive if /\(HO) > (. We also take a regular element H' € a © a and
define \ € X' to be positive whenever A\(H’) > 0. We now define Hy = H, + eH’, where ¢ is
a positive constant. Note that for every A € ¥, \(Hp) = eA(H’), so A\(Hy) and \(H') have the
same sign. Furthermore, if A\ € ¥\ ¥, we have \(Hy) = \s(Ho) + eA(H'). Since the set of
roots is finite, we can choose £ > 0 sufficiently small so that A\(Hy) and \|;(H,) have the same
signforall A € ¥\ ¥".

By [126, Theorem 4.1], any Borel subalgebra b of g is of the form b = t & a ® 1 for an
adequate choice of a Cartan subalgebra h = t @ @, a set of positive elements >t C %, and
where nn = @5 s+ 9;5. We aim to restate this description of b directly in terms of the root system
induced by a.

We consider the subset & C Y of simple roots associated with the positivity criterion in X'.
Note that ® C A. Indeed, by the construction of our set of positive roots in X, we have ® C X+,
Suppose « € P is not simple, so that « = [ +  for two positive roots 5, v € L *. Since «a is
simple in Y, we have that $ and « cannot be simultaneously in Y, and combining this with the
equation 0 = a(Hy) = B(H,) + v(Hy), we deduce that neither 5 nor v are in ¥, and either 3 or
~ 1s negative, a contradiction.

To summarize, we have found a subset & C A of simple roots for which ¥’ = X4 is the root
system generated by ® and the following identities hold: a = ag, gy = lp and n = ng.

We have thus arrived at the following result.

Theorem 3.11. Let g be a real semisimple Lie algebra and b a Borel subalgebra of g. Then b
contains a Cartan subalgebra V). Furthermore, there exists a Cartan decomposition g = € @ p,
a maximal abelian subspace a C p, a choice of simple roots A C ¥, and a set ® C A such that
b =1® ag ® ne, where t is an abelian subspace of s = €Ny = €, @ (@Aezg EA).

We say that a Cartan subalgebra b (resp. Borel subalgebra b) is maximally compact if its com-
pact dimension is maximal, and maximally noncompact if its noncompact dimension is maximal.
Since a is abelian in p, we have that h (resp. b) is maximally noncompact if and only if a is a
maximal abelian subspace of p, see for example [102, Proposition 6.47].

If a Borel subalgebra b of g corresponds to a maximally noncompact Cartan subalgebra, then
® = @ is the empty set, @ = a, = a is a maximal abelian subspace of p, and t = t is a maximal
abelian subspace of £, [102, Proposition 6.47 and Lemma 6.62]. This implies ng = n, and thus,
b=tdadn.
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3.3 Proof of Theorem B

Now we prove that the examples appearing in Theorem B are the only examples of codimension
two homogeneous polar foliations on symmetric spaces of noncompact type.

Let M = G/K be a symmetric space of noncompact type endowed with the metric induced
by the Killing form. We use the notation introduced in Subsection 1.1.1. Thus, K is the isotropy
group at o € M, we have a Cartan decomposition g = € @ p, a choice of maximal abelian
subspace a of p that determines a root space decomposition g = gy (@ rex 0 A), and a positivity
criterion that selects a set of positive roots X*. We denote by A the set of simple roots. We define
n =P, s+ 9, and recall that £, = go N £.

Assume that H is a connected closed subgroup of the isometry group G that acts polarly on
M, and that the orbits of H on M induce a foliation. Theorem 3.9 says that there exists a solvable
subgroup S of G acting freely and whose orbits coincide with the orbits of H. However, we will
not make use of the assumption that S acts freely on M. Let s be the Lie algebra of S. Then, s is
contained in a Borel subalgebra b of g. See Subsection 3.2.1 for further details. The next result
states that we may assume that s is contained in a maximally noncompact Borel subalgebra.

Proposition 3.12. The leaves of a homogeneous polar foliation on M = G/K coincide, up to
isometric congruence, with the orbits of a connected closed solvable subgroup S of G whose Lie
algebra s is contained in a maximally noncompact Borel subalgebra of the form t & a & n, where
t C & is abelian.

Proof. By Theorem 3.9 there is a solvable subgroup S of G on M and whose orbits form the
homogeneous polar foliation under investigation. According to Theorem 3.11, we may assume
that s is contained in a maximal solvable subalgebra of the form t @ ag @ ne, with t C €5 an
abelian subspace, and ® C A a subset of simple roots. In particular, the tangent space of S - 0 at
o, as a subspace of p, is contained in (1 — 6)(as @ ng). As a consequence,

(a6 a0) @ (1-0)(none) = (DR © (D 1) 57

where s = {£ € p : ({,5) = 0}. Let A € X be arbitrary, and X € g,. Then, since
Hy,,(1-60)X € 5#, and the action of S is polar, it follows from Proposition 2.20 that the vector
[Hy, (1 —6)X] = (1+ 6)|\]*X is orthogonal to s. Thus, s is orthogonal to @/\@:* £\, and is

therefore contained in (t N &) © ag ng C (tN ) O a @ n, with t = tN & abelian. O

In view of Proposition 3.12, if S is a closed solvable subgroup of G acting polarly on M and
such that its orbits induce a foliation on M, we may assume from now on that the Lie algebra
s of S is contained in a Borel subalgebra of the form t & a & n, where t C £, is abelian. We

also suppose from this point onward that the action of S on M is polar, but not hyperpolar. The
following observation will prove useful for our calculations:

Lemma 3.13. Ifs C t ® a & nis a subalgebra, then we have
Seen = {X €adn: (X,s7) =0},
={H+(1-0)¢: Hea,{en H+E Ls).
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Proof. Firstly, let X € a & n be arbitrary. If X € s.,, then there exists a 7" € t such that
T+ X € s. Projecting onto p and taking into account that t C ¢, we obtain X, € s,,s0 X, L 5.
Since ¢ is already orthogonal to sj, we deduce <X ,spL> = 0. Conversely, if <X , 5pl> = (, then
2X,=(1-60)X €s,,sowecanfindaT € ¢suchthat T+ (1 — §)X € s. Let us decompose

X =H+Y forsome H € aand Y € n. We obtain
T+(1-0)X=T+2H+(1-0)Y =T —-(1+0)Y +2H +2Y,

so the projection of 7'+ (1 — #) X onto a ® nis 2H + 2Y = 2X, yielding X € 4.

Secondly, let V' € p be arbitrary. Because the orthogonal projection g — p restricted to a @ n
is an isomorphism, we can write V= H + (1 — 0)¢ for some H € aand £ € n. As fn is
perpendicular to s, it is clear that V' is orthogonal to s if and only if H + £ is orthogonal to s, so
the second equality follows. ]

Recall from Proposition 2.20 that 5# is a Lie triple system (but not an abelian subspace)
and [s,, s, | is orthogonal to s. Moreover, [s,", 5, ] @ s, is a reductive Lie algebra and the orbit
through the origin of the subgroup S)C,L whose Lie algebra is this one is also a symmetric space.
Since it is two-dimensional and not flat, it must be homothetic to a real hyperbolic plane RHZ.
Because RH? has constant curvature, it follows from (1.7) that there exists a constant C' > 0 such
that ad(&)?(n) = Cn for any pair of orthonormal vectors £, 1) € s,-.

Our next step is to prove that 5# is contained in a @ p'. We recall that n' = P, 9o and

p' = (1—0)n' =P, ., ba. We consider the vector subspace

s=s+(@mon)=s+ P o
AETH\A

Since t & a normalizes all root spaces and [n,n] C n © n', it follows that § is a subalgebra
of t & a & n containing s. In particular, s45, C S44n, SO the codimension of §,4, is less than or
equal to two.

Lemma 3.14. Let q be a Lie subalgebra of t ® a @ nand X\ € X1, If g\ C quan and there exists
H € an quan such that \(H) # 0, then gy C .

Proof. Take X € g\ C aen. Then there exist vectors 7', 7" € tsuchthat T+ H, T + X € q.
In particular, ad(7)X + AM(H)X = [T + H,T' + X| € q. This means that the linear map
ad(T")+ A(H) id,, preserves g, and carries g, to q. Since 7" € t, the linear transformation ad(7")
is skew-adjoint, so ad(7") + A\(H) idy, is a linear isomorphism and it follows that g, C q. [

Now we can rule out the possibility that §,4, has codimension zero.
Lemma 3.15. 5., # a® n.

Proof. Assume that 5,4, = a & n. Both a and all root spaces corresponding to positive roots are
contained in §44,. By Lemma 3.14, it follows that n C s.

Let m denote the maximum possible level of a root. We define £ € {0,...,m} to be the
smallest integer for which "l ... @®n™ C 5. We want to show that £ = 0. On the contrary,
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assume that & > 1. Let A € X% be a root of level k. As n! generates n, the root space g is
generated by elements of the form

ad(Xl) s ad(Xk_l)Xk, Xz S 111.

Sincen C § = 5 + (n ©n'), we can choose Y7, ..., Y, € n©n! such that X; + Y; € s for each
i€ {l,...,k}. Hence, ad(X; + Y7) - - - ad(Xy_1 + Yi—1)(Xy + Yi) € s. By using the fact that
[n",n®] C n" "% we have

ad(X1 + Yi) ce ad(Xk_l + Yk:—l)(Xk + Yk)
ad(X;)---ad(X;_1) X (mod n* ™ @ ... @n™),

so we obtain ad(X)---ad(Xy_1)X, € s. This means that gy C s, and as a result, n* C s,
contradicting the definition of .

Therefore, k = 0 and n C s. In particular, 5# C a must be an abelian subspace, contradicting
the fact that our action is not hyperpolar. Thus, the case 5,5, = a @ n is not possible. Ol

Before analyzing the remaining possibilities for the codimension of s,4, we need the follow-
ing result.

Lemma 3.16. Assume that V' € a @ n is nonzero and orthogonal to s. Then:

(1) If V is in a, then 5# = RV & (1 — 0)Rn,, where 1, € @, is nonzero and o € A.
Furthermore, V' is proportional to H,,.

(i) If V € g, for some o € A, then 5pl = (1-10) (RV ® R(aH, + na)), where a € R,
Na € 8o © RV, and [V, n,] = 0.

(i) If V is of the form H, + &,, where o € A and £, € g, is a nonzero vector, and g =
Exp(—&a/[€al?) € N, then Ad(g)s C t® a @ n is orthogonal to &,. In particular, we have
the equality (Ad(g)s)y = (1 — 0)(R&, & R(aH, + 1a)), for a € R and n, € go © RE,.
Furthermore, [£,,ns] = 0.

Proof. We prove (i). Assume V' € a. Since a C p, this means V' € 5#. Choose any unit vector
N="10+ D yest (L —0)\ € 5#‘ orthogonal to V', where 1y € a and 7, € g, for each A € 3T,
Since the action of S is polar nonhyperpolar, [V, 1] is a nonzero vector orthogonal to s. Note that

Aext
and recalling that On is orthogonal to s, we obtain
(1=6) Y AV)m €5y ORV =Ry,

Aext

so 1o = 0 and A\(V') = u(V) for every pair of roots A, u € XF such that n,, 7, # 0.
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Suppose p, v € X are two different roots such that 7,7, # 0. Hence, (H,_,,V) =
p(V)—v(V)=0and (H,_,,n) =0,s0 H,_, € g, Therefore, we may choose a7’ € t such
that 7+ H,_, € s. An analogous argument shows that 7, +an, € Sqgn fora = —|n,|?/|n.|> < 0,
so there is a vector 7" € t such that 7" + 1, + an, € s. Hence,

[T n,) + alT,n,) + (= v, iy, + alp —v,vyn, = [T+ Hyo, T+ +an,] € sNn.

Since ad(7") is skew-adjoint (because 1" € €) we deduce [T, 7,,], [T, 1,] € Saen. Because of this,
the element (p1 — v, )1, + a{p — v,v)n, is also in §4e,. Observe that

1 a

_ o 2
(p=—vp) alp—v,v)| alp = v > 0.

which implies that 7, + an, and (u — v, p)n, + a( — v, v)n, are linearly independent vectors
in Sqqn. Therefore, 1,, 7, € S.on must be orthogonal to 7, contradicting the fact that they are
nonzero. We thus obtain that only one of the 7, can be nonzero, thatis, n = (1 — 6)n, € p, for
some p € X1,

We now prove that p is simple. If ;1 = 3 + v were a sum of positive roots 3, v € 3T, then
N, € 8, = 95, 9], SO We may write 7, = Zle[Xi, Y;], where X; € gg and Y; € g, for each
1. Clearly, gg + g, C Sagn, Which means that for each 7 there are vectors T, T! € t such that
T; + X;, T/ + Y; € s. As a consequence,

k k
T Y+ X, T + (X, Y] = Y [T+ X, T) + Yi] € 5.

i=1 =1

Note that each [T}, Y;] is in g, C S4e, and each [X;, 7] is in gg C S4qq, Which implies that
Ny = >_;1Xi,Yi] € Sagn, contradicting that 7, is nonzero. We deduce that u € A, so we may
write 5, = RV & (1 — 6)1q, where a = p1 € A.

As V and (1 — 0)n, are orthogonal, we know that the vector ad((1 — 6)n,)*V is nonzero and
proportional to V. Taking the inner product with an arbitrary vector /1 € a, we see that

(ad((1 — 0)na)*V, H) = ([(1 = 0)na, V], [(1 = 0)na, H])
= ((1+0)a(V)na, (1 +0)a(H)na) = 2/na|*a(V)a(H)
= <2|na|2a(v>Haa H),

which means that V' is proportional to ad((1 — 0)n,)*V = 2|n,|*a(V)H, (this vector is nonzero
due to the action not being hyperpolar), and thus to H,. This proves the first assertion.

Now we prove (ii). Assume V € g, for a simple root & € A. Choose a nonzero vector
N =1+ Y et (1 —0)nn € s, where 7y € a and gy € g, for each X\ € £+, such that
(V.m) = (V,n.) = 0. We may assume that 7 is not in a. Indeed, if 7 € a, then the we are in the
conditions of item (1), and we directly obtain that 7) is proportional to H,, proving our claim. Let
p € X be a positive root with 7, # 0.

For now, let us suppose that we can choose i so that u # a.
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We first prove that 7y € RH,. Assume otherwise, so there exists a vector H € a such that
(H,mo) =0and (H, H,) = (H) # 0. Then H € 8444, so there exists 7" € t such that 7'+ H is
in 5. On the other hand, 7 + an,, is orthogonal to both V and 7 for a = —|no|?/|n,|? < 0, which
implies that 1y + a7, € Sqen, and there exists 7" € t such that 7" 4 1y + an, € s. In particular,
alT, ) +ap(H)n, = [T+H,T' +no+an,] € 5,500 = (a[T, nu] +ap(H)n, ) = ap(H)n,|,
a contradiction.

We now prove that n, = 0 for every A € X7\ {u}. If \ is a positive root linearly independent
with u, and 7, # 0, we may find H € a such that u(H) = 0 # A(H). Since 19 € RH,,
this implies that H € s.4,, and hence, there exists 7' € t such that 7'+ H € s. Furthermore,
N+ b1 € Saen With b = —|n,|>/|nA|? < 0, and there exists 7" € t satisfying 7" + 1, + bn, € s.
As a consequence, [T',7,] + b[T,nx] + bA(H)ny = [T+ H, T’ + 1, + bn,] € s. In particular,

0 = ([T, nu] + O[T, mx] + bA(H )nx, m) = bACH) ||,

a contradiction. On the other hand, if 2 € T and 7, # 0, a similar argument yields that
there is T € t such that T+ H, + an, € s, for a = —u(no)/|n.l?* and T" € t such that
T+ n, + by € 5, where b = —|n,|?/|n2,]* < 0. Thus,

0= ([T + H,+an,, T + n, + bna), )

= ([T, nu] + O[T, n2p) + [P n + 20|10 + alne, T m) = —| 0?1,

contradicting our choice of p. This implies 72, = 0 (and an analogous argument shows that
nuy2 = 0 in the case that ;1/2 € ¥1).

To summarize, we have obtained n = aH,, + (1 — )7, for some constant a € R, and p is a
root different from o with 77, # 0.

Assume a # 0. Since s, is a Lie triple system, ad((1 — #)V)?7 is proportional to 7. Since
for any H € a we have

(a (( —0)V)*n, H)

(1= ) n), [, (1 =0)V])

—((1+0)(—afo, WV + [Vinu] — [0V, ), a(H) (1 + 0)V)
—2a< a,m|Va(H) = (2a{a, 1) |V|*Ha, H),

it follows that 1 = « or = 2«. This last case is not possible, because by Proposition 2.20,
(14 0)(—2a|a|?V — [0V, m24]) = [(1 — 0)V, aHaa + (1 — 0)124] would be orthogonal to s. This
would imply that [0V 79, ] is proportional to V', and thus,

0= [V [0V, n2a]] = =[OV, [120, V] = [120, [V, 6V]]
— [I[VI*Ha,n20] = —2la*|V]*12a,

contradicting the fact that 75, # 0. We conclude that u = a.
Suppose now that a = 0, son € p,. Since a,gay, C Sagn, We obtain g, C 5 by
Lemma 3.14. The vector [(1 — 0)V,(1 — 0)n,] = (1 + 0)([V,n,] — [#V,n,]) is nonzero and
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orthogonal to s. Combining this with the fact that g, C s, we get [V, 7,] = 0, so (1+6)[6V,n,]
is nonzero and orthogonal to s. This now implies 4 — o € ¥ and [0V.7,] € (a ® n) O s.
Furthermore, we must have ;. = 2, and thus, [0V, n,] € ((a & n) ©5) N g, = RV. Therefore,

0= [V.[0V.na]] = ~[122a, [V.OV]] = =2|a*[V 1,

which yields a contradiction.

We now assume 7, = 0 for every p € X7 \ {a}. As a consequence, n = 1y + (1 — 8)n,,
with (V,n,) = 0. We only need to prove that 9 € RH,,. Indeed, if 1 is not proportional to H,,
there exists H € a such that (H, ) = 0 and a(H) # 0. Therefore, H € §4q,, S0 we may find
T € tsatisfying T + H € s. Similarly, by taking 7y + 1, with x = —|n9|?/|n.|*> < 0, we obtain
Mo + TNa, € Sagn, S0 1" + 1o + a0, € s for an adequate 7" € t. Thus,

0= (T +H,T +n + znal, 1) = va(H)|nal?,

contradiction. Hence, we may write n = aH, + (1 — 0)n, witha € R, n, € g, © RV, and
s, =R(1—-0)V &Ry

If a = 0, then note that a, g2, C Sqan, and Lemma 3.14 implies go, C 5. Together with the
fact that [(1 —6)V, (1 —0)n.] = (14+0)([V, 1) — [0V, 14]) is orthogonal to s by Proposition 2.20,
we get [V, n,] = 0.

If a # 0, we can take the triple bracket [, [, (1 — 6)V]], which is in 5;- C a & p'. Then, for
any X € go,:

= (0, [n, 1 = O], X) = {[n, (1 = 6)V], [0, X
= (1 +0)(ala*V + [na, V] = [0, V1), 2ala* X — [0, X])
= —ala|*(V, [0na, X]) + 2ala*([na, V], X) = =3alal*([V.na], X),

and this yields [V, n,] = 0, as stated. This finishes the proof of (ii).

To prove (iii), assume V = H, + &, for a nonzero &, € g,, where o € A, and consider
g = Exp(—&,/]€a]?) € N. Then, the isomorphism Ad(g) preserves the subalgebra t © a & n,
and therefore, Ad(g)s C t ® a @ n is the Lie algebra of gSg~!, which induces a homogeneous
polar foliation on M with a non flat section. Observe that

o]

_ 1.
Ad(gil)*(Hoz +&a) =€ [P d(%a)(Hoz +&a) =& — G |296a7

which means that Ad(g)s C t @ a @ n is orthogonal to &, as desired. The rest of the assertion

follows from (ii). L]

Now we continue with the proof of Theorem B. Recall that 5 = 5 + (n © n'). According to
Lemma 3.15, .5, # a & n, so either §,4, has codimension one or two in a & n.

If 840, has codimension two, we have .4, = Sqqn, Which is equivalent to 5# Cadpl.

On the other hand, if .4, is has codimension one in a & n, then by [22, Proposition 5.4] we
have 5,5, = (a ®n) © RE, where € satisfies one of the following possibilities:?

ZNote that Berndt and Tamaru’s proof does not rely on the additional condition that they impose on s, namely,
thats Nt = 0.
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(1) £ €a.
(ii) & € g, for a simple root a € A.
(iii) &€ = H, + &,, where &, € g, is a nonzero vector and o € A.

Note that £ is also orthogonal to s. Hence, by Lemma 3.16, we obtain that 5# may be assumed to
be in a @ p' after conjugation by an element of N. The next step is to determine the orthogonal
projection Sqy.

Lemma 3.17. The action of S is orbit equivalent to the action of a connected closed subgroup S
whose Lie algebra s is contained in t & a @ n, the normal space EPL is contained in a ® p*, and
§pL N p! # 0. Equivalently, the orthogonal projection of EPL on a is not two-dimensional.

Proof. Assume s, N p' is trivial. Let ¥ = {o € A: 7y, (s,) # 0}, where 7y, : g — g, denotes
the orthogonal projection. Since the action is not hyperpolar, ¥ is a nonempty subset of A. We
prove a¥ = @, ., RH, C 7Ta(5pL). Here 7, denotes the orthogonal projection onto a. Indeed,
assume H € a © wu(sj). Then there exists a vector 7' € t such that 7"+ H € s. On the other
hand, let e € V. We may find two vectors § = §o+ > 5.0 (1 —0)§gand n = 1o+ 5, (1—0)ns
in 5# such that &, # 0 and (£,,7,) = 0. By our assumption, &, and 7, are linearly independent,
which implies that there exist unique constants z, y € R such that &, + x&y + Y1y € Sean. In
particular, we may find 7" € t satisfying 7" + &, + 2&y + yno € s. Thus, [T, &) + a(H)é, =
[T+ H, T' + &, + x€o + yno] € s. Taking the inner product with £, we deduce o(H) = 0. All in
all, we obtain a © mo(s;) € ay = Naew ker o, s0 a¥ C 74(s+) (in particular, ¥ has either one or
two elements).

In order to prove the result, we assume first that for all a € W, the orthogonal projection
Ty, (5,) is one-dimensional. Thus, we can take two orthogonal vectors § = &+ 3y (1 —0)&q
andn = 1y + >, ¢ (1 — )7, that span 5#. Since the action is polar nonhyperpolar, the vector
[€, 1] is nonzero and orthogonal to s. Observe that, because U C A, [0¢,,7,] € aforall o € U,
and o — 3 ¢ 3, we have

[&n] = (1+90) (Z (a(&))na - a(no)€a> + ) [éa,ms]) -

ac¥ a,BeV

Since On and s are orthogonal, we obtain

(1-9) (Z (alo)na = alm)éa) + 3 [sa,nﬁ]> st Cadpl,

aev a,BEV

which means that all terms in p? cancel out and 5pl N p! # 0, a contradiction.
Now, assume that there exists v € W such that g, (s,) is two-dimensional. Since H,, is in

Ta(5y ), we may find Hy + 3504 (1 — 0)&s € 5,7, with each &3 € gg, and &, # 0, for dimension
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reasons. Consider the element g = Exp(—£&,/|€x|?) € N. Then the action of S is orbit equivalent
to the action of gSg~!, whose Lie algebra is Ad(g)s C t ® a & n. Note that the equality

Ad(g™')” (Ha + Zfﬁ) => & -

BeW¥ Bev

’ 2

|y
2|& 2

0

and (fn,s) = 0imply Y, (1 — 0)&s € (Ad(g)s), Np'.

To conclude, it suffices to prove that (Ad(g)s)pL C a @ p'. This is the case if the projection
of Ad(g)s + (n © n') onto a & n has codimension 2. As the projection of Ad(g)s + (n & n')
onto a @ n cannot be a @ n by Lemma 3.15, our assertion is false whenever this projection is
of codimension one, that is, when the orthogonal complement of Ad(g)s in a & n is spanned by
> sew §p- By [22, Proposition 5.4], {g = 0 for all simple roots 5 # «, and by Lemma 3.16(ii)
we have (Ad(g)s)y = (1 — 0)(R&, @ (aHa 4 14)) for a € R and 7, € go. Thus, we have
(Ad(g)s), € a@® p', contradicting the fact that the projection of Ad(g)s + (n© n') ontoa & n
has codimension one. O

Due to the previous lemma, we may assume that 5# N p! is a nonzero subspace of g.
First we need:

Lemma 3.18. Let S be a closed subgroup of G whose Lie algebra s satisfies s C tdadn, and the
orbits of S form a homogeneous foliation on M. Let V' € n be a vector such that (1 — )V € spl
and g = Exp(V) € N. Then s Nt = Ad(g)(s Nt) = Ad(g)(s) N ¢t

Proof. Since the orbit S- o is principal, we have [sNt, s,-] = 0. Hence, we have [sNt, (1—-60)V] =
(1—0)[sNt,V] =0, whichmeans ad(V)(s Nt) = 0 and Ad(g)(s Nt) = V) (sNt) =5 Nt.
On the other hand, s N Ad(g~!)€ is the isotropy algebra of S at ¢! - 0, and since all orbits have
the same type, it follows that

dim Ad(g)s Nt =dims N Ad(g ')t =dimsN&=dimsNt.
Since s Nt = Ad(g)(s Nt) C Ad(g)(s) N &, the equality follows. O
The next result is needed later to handle the two examples in Theorem B simultaneously.

Proposition 3.19. Let S be a connected closed subgroup of G inducing a homogeneous polar
foliation on M. Assume that its Lie algebra is contained in a maximally noncompact Borel
subalgebra t®adn, and a0, = 3 (NOY,,), where v, is an abelian subspace of g., o« € A, and §
is a subspace of a. Let S be the connected Lie subgroup of G whose Lie algebra is § = 3 (nov,,).
Then, S and S have the same orbits.

Proof. Denote by s, the orthogonal projection of s onto t. We start by proving that § = s; @ § is
a Lie subalgebra of g. Since [g,, gu] C Gagps for A, p € > F, and t is abelian, centralizes a, and
normalizes each root space, this amounts to proving the inclusion [s¢, g, © 84] C go © 0.
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LetU,V € v,and T € s,. We choose X € a @ n, such that 7'+ X € s. Since the action of
S is polar, we know that [5,}, 5§] is perpendicular to s. Thus,
0={[(1-0U.(1-0V],T+X) = (~(1+0)[U,V], T)
= —2([U,0V], T) = —2(U., [V.T)).

This proves [s, 0,] C go © 4.

LetT e sNtand V € v,. Since s Nt C s, we have [T, V] € g, © v,. Let X € g, © v,,.
Then there exists Ty € t such that Tx + X € s. Thus, [T, X] = [T, Tx + X]| € s, and hence,
([T, X],V) = 0. We have proved [s N t,v,] = 0.

LetT:5 — 56 (sNt), X — Tx, bedefined by Tx + X € s. This map is well-defined: if
Tx, Ty € taresuchthat Tx + X, T% + X € s, subtracting, Tx — T% € s N t. Note that 7" is
surjective.

Given anonzero V' € v, we define Oy : g, S0, — g S0, by @y (X) = [Tx, V]. We prove
that @y is self-adjoint. Indeed, given X, Y € g,6v, C §, weobtain [T'x, Y|+[X, Ty |+[X, Y] =
[Tx + X, Ty + Y] € s, which means

0=WV,[Tx + X, Ty +Y]) = —([Tx,V],Y) + ([Ty, V], X)
= —(Py(X),Y) + (X, oy (Y)).

We now prove that ¢, = (. Assume this is not the case, so by the spectral theorem, there
exists a nonzero vector X € g, © v, and a nonzero constant A € R such that &y (X) = A\ X.

Observe that [V, Tiy,x)] = 0. Indeed, [V, Tiy,x]] € ga © V4, and given any Y € g, © v, we
obtain

0= <[TY + Y7 T[V,X] + [V7 XH? V) = <[TYa [V> XH + [Y> T[V,X]]’ V>
= (Y, T[V,X]]v V)y=—({, [V, T[V,X]])a

which implies [V, Tiy,x1] = 0.
Now, consider g = Exp(;V) and Z = Tx + X — 3 (Tjv,x) + [V, X]) € s. Then

X
Ad(g)Z = ex¥) (TX + X — iTVX - L[V X])
ox X gt
1 1 1 1
=Tx +X = S Tvx) = 5 Vi X+ 3 (FAX + [V, X]) = 35V, X
1
= TX — ﬁﬂ\/){} € Ad(g)(ﬁ) N e

By Lemma 3.18, we obtain Ad(g)Z € sNt, and thus, Z € Ad(g7!)(sNt) =sNt a
contradiction. We conclude that ®y is the zero map for every V' € v,. Since ¢,, = 0 we have
[Tx,V]=0forevery V € v, and X € g, © v,.

Now, let H € 3and X € g, © v,. Since the vectors Ty + H and T'x 4+ X are in s, their Lie
bracket [Ty + H,Tx + X] = [Ty, X]+a(H)X is also in 5, and because X € g, o v, we deduce
that [T, X] € go © v,. As a consequence, ad(T) preserves g, © 0,, so it also preserves v,
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as it is skew-symmetric. Similarly, suppose that Y € g, is any vector, with A € X7\ {a}. We
see that [Ty, X] + [V, Tx| + [V, X] = [Ty + Y, Tx + X]| € s, so taking the inner product with
any V' € g, we obtain that 0 = ([Ty, X], V). This means that ad(7y)(g. © b,) is contained in
0o © 0,, and the skew-symmetry of ad(Ty) yields ad(7y )(b,) C 0,.

All in all, we have seen that [s; © (s Nt), v,] C v,. LetT € s, (sNt)and V € v,.
Then, the skew-symmetry of ad(7") implies that [T, V] € v, © RV. Choose X € 844, such that
T+ X €s,and let W € v, © RV be arbitrary. As the action of S is polar and v, is abelian, we
see that

200V, W] = [(1 — O)V, (1 — O)W] € &

is orthogonal to s, and as a consequence we deduce that
0=(T+ X, [0V, W]) = ([T, V], W),

which means that [T, V] = 0, so [s; © (s N't),0,] = 0.

Combining what we have seen in the previous paragraph with [s N t,v,] = 0, we arrive at
[s(, 4] = 0. Therefore, by skew-symmetry of the elements of t, we get ([s;, go © 04, 04) =
(g © V4, [8,04]) = 0. Since t normalizes g,, we finally get [s;, g, © v,] C go © v,, which in
turn implies that § = 6, B 3 D (N © v,) = 5 D Saen is a Lie subalgebra of t © a & n.

We can therefore consider the connected subgroup S of G whose Lie algebra is 5. We prove
that S, S and S have the same orbits. Note that a priori we do not know if S is closed, and
thus the action of S may not be proper. Since S C S and Sagn = Sagn = 3 O (N O 0,), W
deduce that S- 0 = S - 0. The same argument may be applied to see that S-0=S5o0. In
particular, S - 0 = =S.0=S-0is simply connected (because AN is an exponential Lie group
acting simply transitively on M), which means that the isotropy subgroups S N K and SNKare
connected. As a consequence, the slice representation of S at o is trivial because [sNE s, 1] =
s, (ao3) ® (1 —0)v,] = (1 —0)[s,v,] = 0. Hence, using Lemma 3.7 twice, the groups S, S,
and S act with the same orbits . O]

Since we can assume that 5pL Np! has dimension one or two, we tackle these two possibilities
separately.

3.3.1 Thecases, C p'

Assume 5 is contained in p'. We have that a and n © n! are subspaces of s4q,. A direct
apphcatlon of Lemma 3.14 glves non' Cs. Leté =), (1—0)& andn=>_,(1—0)n,
be orthonormal vectors in 5p , where &,, 1, € g,. Since the action is polar nonhyperpolar,
€,n] = (1+6) (ZaﬂeA[ﬁa, ns] — [0€4,ms]) is a nonzero vector orthogonal to s. By using the fact
that non' C s and [0€,,75] = 0 when 8 # «, we deduce [£,,7,) = 0, and [£,, ] +[E5, 0] = 0.
Thus, [§, 7] = —(1+0) - en 08, 10].

Since 5pl is a two-dimensional Lie triple system, it determines a totally geodesic submanifold
that is isometric to a real hyperbolic space. Hence, there exists C' > 0 such that ad(£)?n = C7.
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Thus, we have for every a € A,
Cl&arNa) = Cléarn) = (Ea,ad(€)?n) = ([€,&al, €, 1)
(Dl 0] — 1860 &), (1+0) D106, m.])

BEA YEA

= (16al*Has (1+0) D _[65.75] ) = 0.

BEA

Proposition 3.20. s,., = (a © n) © v, where v,, is an abelian subspace of ..

Proof. Let A\, p € A with £, £, # 0. Since (£,,7,) = 0 for all simple roots o € A, taking z =
—[&x]2/1€4]? < 0 we have §,+12€,, € Sqen. Hence, we may finda T’ € t such that T+&,+12¢,, € s.
On the other hand, choose a vector H € a with A(H) = 0 and p(H) # 0. Since a C Sy,
there exists 7" € t such that 7" + H € s. As a consequence, [1”,&,\] + z[T7,€,] + zu(H)E, =
[T"+ H, T+&\+x&,] € s. This means that 0 = ([T, {3+ 217, €] +xp(H)E, Y, (1—0)E) =
zu(H)|€,|?, which is a contradiction. Thus, § = (1 — 6)&, for a fixed simple root & € A. The
same argument can be applied to conclude that n = (1 — 6)&s for a simple root § € A. We
now prove that « = (. Indeed, if o # 3, we have [{, 7] = (1 — 0)([€a, 15]) — [0&a,n8]) = O,
contradicting the fact that S has a non flat section.

Finally, v, = R¢&, & R, is abelian due to the discussion at the beginning of this case. [

The expression obtained in Proposition 3.23 together with Proposition 3.19 with 3 = a imply
now that the action of S'is orbit equivalent to item (ii) of Theorem B.

3.3.2 The case dim(s, Np') =1

In this setting, we can choose two orthonormal vectors { = & + > (1 — 0)&, and n =
Y aen(l = 8)nq that span 5#, where &y € ais nonzero and &,, 7, € g, for each a € A.
Since « — 5 ¢ Y fora, 5 € A, o # 3, we have

& = (14 0) (D (a0} — [06asmal) + Y [ msl):

acA a,BEA

Recall that ad(&)?n = Cn for a positive constant C' € R. In particular, for any H € a,
0= (Cn, H) = {ad(€)n, H) = {(&.1), [6 H]) = —([e. ), (1+6) 3 7(H)E, )
YEA
= =23 alo)a(H) (€ 1) = (=2 al6o) (€ar o) Has H ),

aceA aEN

which implies =23\ @(&){&as 1a) Ha = 0. Therefore,

05(50)<£a777a> = 07 for every a € A. (32)
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On the other hand, since ad(n)?¢ = C¢, forany H € a,

Cléo, H) = (C&, H) = (ad(n)*€, H) = ([n.¢], [1, H])
(&), (L+0) Y A(H)m, ) =2 algo)alH)lna

YEA aEA
= (2" al&)nal*Ha, H),
acN
we obtain
Céo =2 al(é)|nal*Ha. (3.3)
acN

Similarly, let o, 8 € A be arbitrary, and X € g,45. Then,
0= (C¢ X) = (ad(n)’¢, X) = ([n. €], [n, X])

= <[£7n]7 ZQXWM] - [X, 077#])> - _<27(£0)777’ Z[X’ 9776]>

pEA yEA dEA

= (&) Iy ms)s X) = (@(€0) 10, ms] + B(E0) 13, mal, X).-

¥,0EA
Consequently, for any two simple roots o, 8 € A, [(o« — 3)(&o) Na, 5] = 0.
Lemma 3.21. We have (¢,,n,) = 0 forall « € A.

Proof. We define U = {« € A: 1, # 0}. We show that ({,,7,) = 0 for each a € V.

From (3.3) the map o € ¥ — «a(&) cannot be identically zero. Thus, fix @ € ¥ such that
a(&y) # 0. Hence (3.2) already implies (£, 1) = 0.

Assume € W satisfies (£g,75) # 0. In particular, from (3.2) we have 5(&) = 0. If («, 5) #
0, the linear map ad(73): go — ga+s is injective. From the equation [(a — £)(&o) Ma, 73] = 0
we deduce that (o — 3)(&)n. = 0, so a(&) = [(&) = 0, contradiction. Thus, («, 3) = 0.
Furthermore, note that Hs € 544, because 5(&y) = 0, so there exists 7" € tsuch that 7'+ Hj € s.

On the other hand, &y + 27, + ynp € Saan for y = —|&|*/ (€5, mp) # 0 and z = —y|ng|?/|nal? #
0,50 T" + & + a1, + yng € s for an adequate 7" € t. Thus,

0=([T"+ Hg, T' + & + @na + Y1, 1)
= (@[T 1a] + [T 5] + ylB*ns, m) = ylBI*Ins|*,
which gives us a contradiction. Therefore, (3, 73) = 0 for all 8 € A. ]

Proposition 3.22. There exists a simple root o € A and a constant a € R such that £ =
aH, + (1 —0)&. If §, = 0 (that is, if § € a), thenn = (1 — 0)n,.

Proof. Firstly, suppose £ € a. Then, a direct application of Lemma 3.16 implies that n =
(1 — 6)n, for a simple root € A. In particular, (3.3) is reduced to C&; = 2a(&y)|nal? Ha, $0
& € RH,, and the proposition follows.
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Now, assume &, ¢ a, and let « € A be a simple root such that {, # 0. We prove that
E=aH,+ (1—0)&,.

Suppose that & is not proportional to H,. Then there exists H € a such that (H,&,) = 0
and a(H) # 0. As a consequence, H € §,q,, and there exists 7' € t for which 7'+ H € s. On
the other hand, & + 7€, € Sugn for the number x = —|&|?/|€4]* < 0 (because (€4, 7m) = 0
by Lemma 3.21), and we may choose 7" € t such that 7" + &, + x&, € s. Thus, we obtain
that [T+ H,T" + & + 2&,| = x[T,&.] + za(H)E, € s. Taking the inner product with ¢ yields
za(H)|E,)? = 0, a contradiction.

Hence &, € RH, for any o € A. The fact that simple roots are linearly independent together
with (3.3) implies £ = 0 forevery 5 € A\ {a}. O

So far we have proved that £ must take the form aH,, + (1 — 6)¢, for a nonzero a € R and
€a € @a (Which may be zero). If £, = 0, then we also know that n = (1 — 0)n,. If &, # 0,
then the third statement of Lemma 3.16 implies that the action of S is orbit equivalent to an
action of another closed connected subgroup S for which the normal space of S - 0 at o takes
the form & = {(1 — 0)&4,bHs + (1 — 0)v,} for a constant b € R and a v, € g,. Because
of this, we may assume without loss of generality that 5# is spanned by two orthogonal vectors
E=aHy+ (1 —0)¢,n = (1—0)n,, witha # 0, &, 7o € go- Recall from Lemma 3.16 that
[€asma] = 0.

The key to finishing the proof lies in the following result:

Proposition 3.23. Assume spL = span{¢,n} is generated by ¢ = aH, + (1 — 6)¢, and n =
(1 = 0)no, where a # 0, &a, Mo € @a are orthogonal commuting vectors, and o € A. Then:

(1) If &, = 0, then the action of S has the same orbits as the action of the connected subgroup
of G whose Lie algebra is (a 5 RH,) & (n & Rn,).

(i1) If &, # O, then there exists an abelian subspace v, C g, such that the action of S is orbit
equivalent to the action of the connected subgroup of G whose Lie algebra is a ® (n © v,,).

Proof. If &, = 0, then s, = RH, ® R(1 — )1, and Sagn = (a © RH,) @ (n © Ryg). Then,
statement (i) follows directly from Proposition 3.19.
We prove (ii). We consider the element g = Exp(—ﬁﬁa) € N. Since s is orthogonal to

aH, + &, and 7,, it follows that Ad(g)s is orthogonal to the vectors Ad(¢g~!)*(aH, + &,) and
Ad(g™')*n,. By direct computation,

Ad(g™) (aH, + &) = ¢ E? ™t + &) =€, (mod fn),

1\ % ——2- ad(0¢q o a
Ad(g ) e = ¢ Tl My =g W[Gfmna] (mod 6n),

and since Ad(g)s C t@ a@n, it follows that the vectors &, and 7, — P [0€., o] are orthogonal

to Ad(g)s. On the other hand, the action of S is polar, so [£,7] = a|a|*(1 + 0)1. — 2[04, 1] 18
also orthogonal to 5. As a consequence, we see that (a|a|*n, — 2[0¢.,7.],5) = 0. We deduce
that

a”|x

[€al?

2| |2

Ad(g™)" (alal*ne = 200, ma]) = alaln = (2+ 5 ) 106 ] (mod 6n)
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is also orthogonal to Ad(g)s. Because fn is already orthogonal to Ad(g)s, it follows that
alal?n. — <2 - “2|°“2> [0, 1] is perpendicular to Ad(g)s. Since

[€al?
___a
L &l |- 9o
ala* -2 — a’laf? | = ’
ISE

we deduce that 7, and [0¢,,7,] are both orthogonal to Ad(g)s. We conclude that (Ad(g)s), =
(1 — 6)v,,, where v, = span{&,, .}, and thus, gSg~! and the connected subgroup of G whose
Lie algebra is a @ (n © v,,) act with the same orbits due to Proposition 3.19. O

All things considered, the proof of Theorem B follows from the observation that Proposi-
tion 3.23(i) corresponds to case (i), and Proposition 3.23(ii) corresponds to case (ii).



Chapter 4

Polar homogeneous foliations on quaternionic
hyperbolic spaces and the Cayley hyperbolic
plane

This chapter deals with the classification of polar homogeneous foliations on symmetric spaces
of noncompact type and rank one. We derive the classification of these foliations on the quater-
nionic and Cayley hyperbolic planes. Furthermore, a partial classification of polar homogeneous
foliations on quaternionic hyperbolic spaces of higher dimension is given. The results of this
chapter are part of an ongoing project in collaboration with José Carlos Diaz-Ramos that aims to
finish the classification of polar homogeneous foliations on rank one symmetric spaces.

As we saw in Section 2.3.2, the only symmetric spaces of noncompact type on which polar
actions have been classified are the real and complex hyperbolic spaces. In the quaternionic and
Cayley cases, the works of Kollross [107, 108] provide partial classifications of polar actions
that preserve a proper totally geodesic submanifold, and it turns out that all of the actions found
in his results possess singular orbits. However, there are no results concerning polar actions
without singular orbits on HIH" or QH? (or more generally, actions that do not preserve a totally
geodesic orbit). In this chapter we treat this type of actions employing the techniques developed
in Chapter 3.

Recall that in Chapter 3 we constructed two families of polar homogeneous foliations F;
and F, having codimension two on symmetric spaces of noncompact type from the Iwasawa
decomposition of their isometry algebras. Moreover, these two families exhausted all possible
cohomogeneity two polar homogeneous foliations up to orbit equivalence (see Theorem B in that
chapter). If M = FH™ = G/K is a symmetric space of noncompact type and rank one, then after
choosing an Iwasawa decomposition g = € adn of g we see that a is one-dimensional and there
is a unique simple root « € A. As a consequence, M admits exactly two polar homogeneous
foliations of codimension two up to orbit equivalence, induced by the connected subgroups S
and S, of G with Lie algebras s = n © R¢ and s, = a @& (n © v), where £ € g, is nonzero and
v C go, is a two-dimensional abelian subspace. The choices of £ and v are irrelevant, as they
always induce orbit equivalent foliations due to Lemma 3.3.

In this chapter we construct lower-dimensional analogues of S¢ and S, that induce polar
homogeneous foliations on FH". As the rank of FH" is one, the algebras s, and s, can be written
jointly as sp, = (a © b) ® (n © v), where b is a vector subspace of a (thatis, b = 0 or b = a)
and v is an abelian subspace of g,,, both subject to the relation dim b + dim v = 2. By dropping
this last assumption, we obtain new families of subalgebras of g whose corresponding connected
subgroups act polarly inducing a foliation. Explicitly, given a subspace b C a and an abelian

79
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subspace v C g,, we construct the subalgebra s,, = (¢ © b) ® (n © v). We will show that
its corresponding subgroup Sy, C AN acts polarly on FH" inducing a foliation. Moreover, any
section of the action of Sy, is a real hyperbolic space whose curvature is equal to the maximum
sectional curvature attained by a 2-plane in FH". Throughout this chapter, we work with the
symmetric metric on FH™ that pinches its sectional curvature between —1 and —1/4.

Our first main result states that for the quaternionic and Cayley hyperbolic planes, the foli-
ations induced by the subalgebras above give all polar homogeneous foliations. Observe that if
M € {HH?, OH?}, a subspace of g, is abelian if and only if its dimension is not greater than
one, see Section 4.1.

Theorem A. Let M € {HH? QH?} be the quaternionic or Cayley hyperbolic plane. Then the
following assertions are true:

(i) Given a vector subspace b C a and a subspace v C g, such that dim v < 1, the connected
subgroup Sy, C G with Lie algebra sy, = (0 © b) @ (n © v) acts polarly on M inducing
a foliation.

(i1) Any nontrivial polar homogeneous foliation on M is orbit equivalent to the orbit foliation
of a subgroup Sy ,, as in item (i).

(iii) Given subspaces b, b’ C a and subspaces v, v' C g, with dim v, dim v’ < 1, the actions
of Se» and Sy v are orbit equivalent if and only if b = b’ and dim v = dim v’.

A direct consequence of Theorem A is that up to orbit equivalence there are exactly four
subgroups of G acting nontrivially and polarly inducing a foliation. These are:

SO,O = AN7 Sa,[) = N7 SO,K: Sa,€~

Here, ¢ denotes a one-dimensional subspace of g,. As a consequence, FH? admits exactly two
cohomogeneity one homogeneous foliations (one of solvable type (FS) and another of horo-
spherical type (FH)), and a unique cohomogeneity two foliation corresponding to item (i) in
Theorem B.

We also address the problem of determining which (complete) totally geodesic submanifolds
of HH"™ and QH? can arise as sections of polar actions. The classification of totally geodesic sub-
manifolds of rank one symmetric spaces is a classical result dating back to Wolf [168]. Broadly
speaking, every totally geodesic submanifold of the hyperbolic space FH" is a hyperbolic space
KH*, where K is a real division algebra contained in I and £ < n. Our result builds on prior
work by Kollross [108] and shows that if a totally geodesic submanifold KH* of FH" is the
section of a polar action, then K = R.

Theorem B. Let M be either the quaternionic hyperbolic space HH™ or the Cayley hyperbolic
plane QH?. IfS is a connected Lie group acting polarly on M (with cohomogeneity greater than
one) and > C M is a section of the action S ~ M, then either the action of S is trivial or ¥ is a
totally geodesic real hyperbolic space RH* of constant curvature € {—1,—1/4}.
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The actions constructed in this chapter all have sections of constant curvature equal to —1/4.
Moreover, it is known that in the complex case [52] all sections have curvature —1/4. At the
moment, we do not know if the value x = —1 can be removed from the statement of Theorem B.

Finally, we deal with polar homogeneous foliations on quaternionic hyperbolic spaces of
higher dimension. Note that in all classifications of polar homogeneous foliations up to date
(see [19,21] and Chapter 3) one sees that every hyperpolar (or codimension two polar) homoge-
neous foliation is isometrically congruent to the orbit foliation induced by a connected subgroup
of AN (with respect to an appropriate Iwasawa decomposition of the isometry algebra). We say
that a homogeneous foliation arising from such a subgroup is standard. Thus, a natural first step
to solve the quaternionic case is to classify all standard polar homogeneous foliations on HH".
It turns out that we obtain the following:

Theorem C. Let M = HH" be the quaternionic hyperbolic space. Then the following statements
hold:

(i) Given a vector subspace b C a and an abelian subspace v C g, the connected subgroup
Sew of Sp(1,n) with Lie algebra s,, = (a © b) & (n & v) acts polarly on M inducing a
standard foliation.

(1) If F is a nontrivial, standard and polar homogeneous foliation on M, then there exists a
subspace b C a and an abelian subspace v C g, such that F is isometrically congruent
to the orbit foliation induced by the subgroup S .

(iii) Given two subspaces b, b’ C a and two abelian subspaces v, v' C g,, the actions of Sy,
and Sy v are orbit equivalent if and only if we have b = b’ and dim v = dim v’

Observe that the statement of Theorem C is essentially identical to that of Theorem A, save
for the assumption of the foliations under consideration being standard. From [169] and [52] we
also know that every polar homogeneous foliation on RH™ and CH" is standard (see also [18]
for a direct proof in the complex case). All in all, previous experience suggests that Theorem C
might also be true if we consider arbitrary polar homogeneous foliations on HH™. Unfortunately,
we have not been able to confirm or deny this conjecture thus far.

We now describe the structure of this chapter. In Section 4.1 we present the basic algebro-
geometric properties of hyperbolic spaces and their relationship with generalized Heisenberg
algebras. Section 4.2 is devoted to recalling the classification of totally geodesic submanifolds
of the hyperbolic spaces FH". Lastly, in Section 4.3 we prove the main theorems of this chapter.
In particular, we study the extrinsic geometry of the Sy ,-orbits. Note that this is only necessary
for the case of HH" with n > 3, as in FH? the group S, , acts with cohomogeneity at most two.

4.1 Structure of hyperbolic spaces

This section is devoted to describing the main features of hyperbolic spaces that set them apart
from symmetric spaces of noncompact type and higher rank. The solvable model M = AN
allows us to view a rank one symmetric space as an extension of a one-dimensional Lie group
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by a two-step nilpotent (or abelian) Lie group. The subgroup N is an example of a generalized
Heisenberg group, while M belongs to the class of Damek—Ricci spaces. By exploiting the
algebraic structure of the Lie algebra n as a generalized Heisenberg algebra, we will be able to
perform general calculations with relative ease.

A detailed account of the classification and geometry of both generalized Heisenberg groups
and Damek—Ricci spaces can be found in [23]. We also refer the reader to [46] for a treatment
focused on rank one symmetric spaces. Section 4.2 is devoted to stating the classification of
(complete) totally geodesic submanifolds of each hyperbolic space. Finally, Section 4.3 contains
the proofs of Theorems A, B and C.

4.1.1 Generalized Heisenberg algebras

Let v and 3 be real vector spaces and 3: A%p — 3 a skew-symmetric bilinear map. We construct
the vector space n = v @ 3 and endow it with the following algebraic data:

* An inner product (-, -) such that v and 3 are orthogonal, and

* A Lie algebra structure |-, -] given by [n,3] = 0and [U,V] = (U A V) forall U,V € v.

Each vector Z € j gives rise to a skew-symmetric endomorphism .J; € so(v) by letting
(JLU, V) = (U, V], Z) for all U, V € 3. We say that n is a generalized Heisenberg algebra
if J2 = —|Z|*id, for every Z € v. In other words, we require J: 3 — End(b) to extend
to an algebra homomorphism J: Cl(3) — End(v) defined on the Clifford algebra of 3 (with
the aforementioned inner product). In particular, generalized Heisenberg algebras are closely
related to Clifford modules. Thus, the classification of Clifford modules allows us to deduce the
classification of generalized Heisenberg algebras, see [23, Section 3.1.2] for details.

A consequence of the definition is that the maps J; with |Z| = 1 become complex structures
on the real vector space v. Because a complex structure is also a linear isomorphism, the Lie
algebra n is two-step nilpotent (except in the case 3 = 0, where n is abelian) and its center is 3.
A subspace w C v is said to be totally real if it is totally real with respect to all Jy, |Z| = 1.
Equivalently, tv is totally real if and only if it is an abelian subspace of v.

We will make use of the following formulae involving U, V' € v and X, Y € 3:

IxJy + JJyJx = —2<X,Y>idu, <JXU,JXV>:|X|2<U,V>,
(JxU, JyU) = [UP(X, Y), V, JxV] = [V2X.

Let V' € v be a nonzero vector and define 3V = {J;V: Z € 3}. Itis clear from the skew-
symmetry of the operators .Jz that RV and JV are orthogonal subspaces of v. Furthermore, it is
easily checked that an element W € v belongs to v & (RV & JV') if and only if (V, W) = 0 and
V. W] =o.
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4.1.2 Noncompact rank one symmetric spaces

Let M = FH" = G/K be a symmetric space of noncompact type and rank one. We choose G
and K as in Table 4.1, so that G is a finite covering group of I°(M) and K = G, is the isotropy
subgroup at a point o € M. The corresponding Cartan decomposition is g = € & p, and we
denote by # € Aut(g) the Cartan involution. We recall that g admits an inner product 3, given
by By(X,Y) = —B(X,8Y), and its restriction to p gives a symmetric metric on /. This metric
is the unique G-invariant metric on M up to scaling. Because M is a symmetric space of rank
one, we have that any maximal abelian subspace a C p is one-dimensional.

Table 4.1: Data associated with each hyperbolic space.

M G K Ko Ja 92a
RH" SO°(1,n) SO(n) SO(n —1) R"1 0
CH™ SU(1,n) S(U(1) xU(n)) S(U(1)xUn-1)) C~! R
HH" Sp(1,n) Sp(1) x Sp(n)  Sp(1) xSp(n—1) H"' R3
OHZ F;% Spin(9) Spin(7) @) R7

The set of roots is of the form ¥ = {£a, £2a} for some a € a* (except in the case that
F = R, where > = {4a}), and thus the root space decomposition of g is of the form

929204@9701@90@904@92&7

with gy = €, & a. We choose a notion of positivity by letting « be positive (in fact, simple), and
the corresponding Iwasawa decomposition becomes g = € & a & n with n = g, D goq-
Let us briefly discuss the group K, and the positive root spaces as its representations:

e If F =R, then Ky = SO(n — 1) and g, = R is its standard representation.

e If F = C, then Ky = S(U(1) xU(n—1)), go = C" ! is its standard representation, whereas
g2o = R = Im C is the trivial representation.

e If F = H, then Ky = Sp(1) x Sp(n — 1), g, = H"! is its standard representation and
g2 = R? = Im H, where the action of K is given by (¢, B) - A = ¢\q.

e If F = O, then K, = Spin(7) acts on g, = @ = R® via the (unique) spin representation
Spin(7) — SO(8), whereas g, = R” = ImQ, where the action of K is the standard
representation Spin(7) — SO(7).

We consider on g the inner product (-, -) given by

(X,Y) = 2 By(X,Y) = m

_ X.Y) X.Yea
dim g, + 4 dim gan By(X,Y), XYV eg
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This inner product is taken so that the vector H, € a characterized by the equation o(H) =
(H,, H) has norm |H,| = |a| = 3. We normalize the metric on M so that its restriction to
T,M = p is precisely (-, -).

Now, consider the nilpotent algebra n = g, @ go, endowed with the inner product (-, -)an =
2(,-). For each Z € g, define J; € End(g,) as in Subsection 4.1.1. It is not hard to check
that J;V = —[0V,Z] for each V € g, and J; = —|Z|3yid,,, S0 n becomes a generalized
Heisenberg algebra. Moreover, n satisfies the so-called J? condition: given an element V' € g,
and orthogonal vectors X, Y € go,, there exists a Z € ga, (depending on X, Y and V') satisfying
JxJyV = J;V. By [47, Theorem 1.1], any generalized Heisenberg algebra that satisfies the
J? condition is isometrically isomorphic to the nilpotent part of the Iwasawa decomposition
associated with a rank one symmetric space.

Remark 4.1. In the case of the complex (respectively, quaternionic) hyperbolic space, we may
relate the operators J; with the complex (respectively, quaternionic) structure of the ambient
space. This fact becomes clear when we consider an appropriate realization of the hyperbolic
spaces CH™ and HH".

Firstly, suppose that M = CH". We consider on C = C"*! the sesquilinear product (-, -)
of signature (1,7) defined by

(x,y) = —Tayo + Y _ Tryr.

r=1

Then the subset S"(2) = {x € C'": (z,z) = —4} is a semi-Riemannian submanifold of C'"
such that the signature of the induced metric is (2n,1). Furthermore, the canonical complex
structure J on C'™ restricts to a complex structure on S™(2), which we still denote by J. Let
m: S"(2) — CP" be the canonical projection to the complex projective space. Then 7 is a
smooth submersion onto its image 7(S™(2)), and the fibers of 7 turn out to be the orbits of the
standard action U(1) ~ S™(2). If we endow m(S"(2)) with the metric that turns 7 into a semi-
Riemannian submersion, one shows that 7(S™(2)) is isometric to CH™. Under this realization, the
action of SU(1, n) on CH" is the projectivization of the standard representation SU(1,n) ~ C'™.
In addition, the complex structure ./ on S"(2) is U(1)-invariant, meaning that it descends to an
almost complex structure .J on CH", which is actually the canonical Kéhler structure on CH™. If
o = Cey = 7(2ey), then the identification T,CH" = p = a @ n allows us to define a complex
structure J on a ¢ n, and one sees that Jg, = g., Ja = go, and there exists a vector Z € ga,
such that | Z|* = 2 and Jz = J|,, .

The quaternionic case is more involved. We choose the quaternionic sesquilinear form (-, -)
on HY" = H"*! defined by

(x,y) = —Toyo + Y _ Trr,
r=1
and consider the subset S"(2) = {z € H"": (x,z) = —4}. This is now a semi-Riemannian
submanifold of signature (4n, 3), and the complex structures 7, .J, K on H"" given by Iv = vi,
Jv = vj and Kv = vk restrict to S™(2). The canonical projection 7: S™(2) — HP™ is a smooth
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submersion whose image is isometric to HHH" when we give it the metric that makes 7 a semi-
Riemannian submersion. In this case, the fibers of 7 are the orbits of the standard action of
Sp(1). While the maps I, J, K are not Sp(1)-invariant, the quaternionic structure Q generated
by them is invariant under this action, so it descends to a quaternionic structure on HH", which
is the usual quaternonic Kéhler structure on HH". Let o = egH = m(eo2) (recall that H" is
a right H-module). Then the action of Sp(1,n) on HH" is the projectivization of the standard
representation of Sp(1,n). We can translate the quaternionic structure Q at o to a quaternionic
structure Q on a @ n. It can be shown that g, is Q-invariant, the transformations of Q send a to
goq and for any J € Q the restriction of J to g, is of the form Jz, where Z € g,

Since the complex structures ./, are induced by the Kéhler (respectively, quaternionic Kéhler)
structure of CH" (respectively, HIH™), it follows that a vector subspace tv C g, is totally real in
the sense of generalized Heisenberg algebras if and only if it is totally real with respect to the
complex (respectively, quaternionic) structure of the tangent space a @ n.

Motivated by the aforementioned phenomena in the complex and quaternionic case, we define
for each V' € g, the subspace FV = RV & JV. Observe that if V' # 0 then dimFV = dim F
and a vector W € g, is orthogonal to FV if and only if [V, W] = 0 and (V, W) = 0. For the
proof of Theorem A we will heavily rely on the following fact: if M = FH? and V' € g, \ {0},
then FV = g,.

Because the cohomogeneity of the isotropy representation K ~ p is one, we deduce that K
acts transitively on each sphere of p centered at the origin. In particular, two vectors X, Y € p are
conjugate under K if and only if | X | = |Y'|, and in that case their corresponding Jacobi operators
are conjugate under Ad(K) C O(p). This means that the Jacobi operators Ry, Ry associated
with two nonzero vectors X, Y € p have the same eigenvalues (counting multiplicities) up to
some positive scalar dependent on the lengths of X and Y.

We will particularly make use of the Jacobi operators coming from vectors of a and p,. On

the one hand, the Jacobi operator Ry, = —ad(H,)? € End(p) satisfies
0, X eaq,
Ry, X =4 —-%X X €p,, 4.1)
—1X X € poa.

On the other hand, if V' € g, is a vector such that |(1 — §)V'| = 1, the Jacobi operator R(;_g)y is
given by
0, X eR(1—0)V,
R(179)VX - —%X, X cad (pa o (1 - Q)FV) D onm (42)
=X, Xe(d-0)3V

It is clear from the above equations that a rank one symmetric space has negative curvature
—1 < sec < —1 and is quarter pinched.
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4.2 Totally geodesic submanifolds of FH"

In this section we recall the classification of complete totally geodesic submanifolds of the hy-
perbolic spaces FH™ under investigation. Wolf [168] classified totally geodesic submanifolds of
the compact rank one symmetric spaces, and we may apply the duality of symmetric spaces to
derive our classification on hyperbolic spaces. See also [108, Section 5] for a detailed treatment
in the case of OH2. From this point until the end of the chapter, we denote by RH”(c) the real
hyperbolic space of constant curvature —c~2. In particular, we have RH¥(1) = RH*,

Let M be the n-dimensional hyperbolic space over F € {R,C}. Every complete totally
geodesic submanifold of M is congruent to exactly one of the examples given in Table 4.2.

Table 4.2: Complete totally geodesic submanifolds of FH" with F € {R, C}.

Ambient space Submanifold  Comments

RH" RH* 2<k<n

CH" RH*(2) 2<k<n
CH* 2<k<n-1
RH?

The case of M = RH" is by far the simplest. For each 2 < k < n there exists a unique
complete k-dimensional totally geodesic submanifold of M, and it is isometric to RH*. This
submanifold can be obtained as the orbit through o0 = eK of the subgroup SO°(1, k) C SO"(1,n)
embedded in the standard manner.

Let us consider the complex case. The submanifolds RH*(2) and CH* appear as the orbits
of the subgroups SO°(1, k) C SU(1, k) through the origin. One sees that RH*(2) is a totally real
submanifold of CH", whereas CH” is a complex submanifold. Apart from these, we also have a
totally geodesic CH' = RH? appearing as an orbit of SU(1, 1). Unlike the submanifolds RH*(2),
we see that RH? is a complex submanifold of CH".

Let M be either the quaternionic hyperbolic space HH™ or the Cayley hyperbolic plane OH?.
Then every complete totally geodesic submanifold of M is congruent to exactly one of the ex-
amples given in Table 4.3.

Let us discuss the quaternionic case first. On the one hand, the first three examples correspond
to the orbits through o = eK of the subgroups SO°(1, k), SU(1, k) and Sp(1, k), all embedded
in the standard manner. In particular, the submanifold RH*(2) is totally real in HH" and has
constant curvature equal to —1/4, whereas HHF is quaternionic. On the other hand, the orbit
Sp(1,1)-ois a totally geodesic HIH! = RH* of constant curvature equal to —1. Because RH* has
constant curvature, any k-dimensional real subspace of T, RH* exponentiates to a totally geodesic
RH* inside RH*.

We now comment on the Cayley case. The submanifolds RH?(2) C CH? C HH? appear as
the orbits of the subgroups SO"(1,2) C SU(1,2) C Sp(1,2) at 0. The Lie algebra embedding
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Table 4.3: Complete totally geodesic submanifolds of FH" with F € {H, O}.

Ambient space Submanifold = Comments

HH" RH*(2) 2<k<n
CH*(2) 2<k<n
HH* 2<k<n-1
RH* 2<k<4
OH2 RH2(2)
CH?
HH?
RH* 2<k<8

sp(1,2) — §,2° is given explicitly in [108, Proposition 5.3]. In addition, we have a totally
geodesic OH! = RH? arising as the orbit of the action of an SO°(1,8) C F; . Similarly to the
quaternionic case, the fact that OH! has constant curvature means that every subspace of 7, OH*
exponentiates to a totally geodesic submanifold isometric to RH”.

4.3 Proofs of the main theorems

The rest of this chapter is focused on the proofs of Theorems A, B and C. This section is divided
into three subsections, where each one is dedicated to one of the main theorems.

4.3.1 Proof of Theorem A

We now classify polar homogeneous foliations on M = FH?. Our strategy and setup is similar
to the one devised on Chapter 3. Note that items (i) and (iii) follow directly from Theorem B
and [22]. Therefore, we are tasked with proving item (ii).

From now until the end of this subsection, we let M = FH? = G /K be either the quaternionic
or Cayley hyperbolic plane (where G and K are chosen as in Table 4.1) and we consider a closed
connected subgroup S C G that acts polarly on M inducing a homogeneous foliation. The action
of S is assumed to be nontrivial and nontransitive. We let ¥ C M be the section through o of the
action, and let spL be its tangent space. By virtue of Proposition 3.12, we can assume up to orbit
equivalence that the Lie algebra s of S is contained in a maximally noncompact subalgebra of the
form t & a & n, with t C &, an abelian subspace. We now define the vector subspace § = 5+ ga,,
which is also a Lie subalgebra of g. Lemma 3.15 then shows that the projection of s to a & n is
not the whole a & n. As a consequence, there exists a nonzero vector in a & n that is orthogonal
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to both s and go,. We may write this vector as  + &, where H € a and £ € g,, and because
H + ¢ is orthogonal to s, we obtain that H + (1 — 6)¢ is orthogonal to s,. All things considered,
we have shown the following:

Lemma 4.2. The subspace s, N (a @ po) is nonzero.

Let us consider a nonzero vector £ € 5',l N (a & p,). Again, we may decompose £ =
aH, + (1 — 0)¢, for some a € Rand , € g,.

If both a and &, are nonzero, we may rescale & so that a = 1. Define g = Exp(—£,/|¢0]?)
and consider the conjugate subgroup gSg—! C G. The actions of S and gSg~! are obviously orbit
equivalent, and the Lie algebra Ad(g)s of gSg~" is orthogonal to

Ad(g™)* (Hy + &) = el " (1, 4 g,y = e wr ™) (1, 4 ¢,

[al?
[al?

Since On is already orthogonal to Ad(g)s, we obtain that &, is perpendicular to Ad(g)s. In other
words, we may assume (up to orbit equivalence) that either a C 5# or that 5;‘ Npa # 0.

=H,+&, — H, =&, (mod On).

The case a C s,

Let us suppose first that /,, € 5#. In particular, we see that 5# is invariant under the Jacobi opera-
tor Ry, = —ad(H,)? € End(p). As a consequence, 53 can be decomposed into the eigenspaces
of the restriction Ry | o which are precisely the intersections of 5# with the eigenspaces of Ry .
Thus, from (4.1) we have the splitting

s, =ad(1-0)vd (1—0)w,
where v is a real subspace of g, and tv is a subspace of ga,,.

We first show that v (and therefore g, © v) is invariant under .Jy for every X € w. LetU € v
and X € w. Because the action of S is polar, we see that (14-6)JxU = [(1-0)U, (1-6)X] L s,
and since On is perpendicular to s, we conclude that JxU is perpendicular to s. This gives
JxU € v, as desired.

Now, note that the maximum dimension of a totally geodesic submanifold of M is equal to
%dimM = dim g,, (corresponding to RH* C HH?, CH? C HH? and RH® C QH?). Since
the dimension of X is 1 4+ dim v + dim to, we see that v # g,, SO we can choose a nonzero
vector V' € g, © . Let X € to be any vector. The elements V' and JxV belong to g, © v C
Saan, SO there exist T, T" € t satisfying T+ V, T" + JxV € s. In particular, we see that
T, JxV] + [V, T + 2|V|*|a|*X = [T + V,T' + JxV] € s. Taking the inner product with
(1—-6)X € s, we deduce that 2|V |*|a|*| X|* = 0. As a consequence, X = 0, which means that
to is trivial.

Finally, we claim that v is at most one-dimensional. Indeed, suppose that v # 0. Then the
restriction of Ry, to 5# ©a = (1 — 0)v is a multiple of the identity map. As ¥ is a symmetric
space of rank one, we deduce from this that X is a space of constant curvature. Now, the sectional
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curvature of X is —%, and a look at Table 4.3 reveals that 3 is congruent to RH?(2). In particular,
v is one-dimensional.

In conclusion, the normal space 5# is eitheraor a @ (1 — 6)¢ for aline ¢ C g,.

We can summarize our discussion in the following result:

Proposition 4.3. If a C 5#, then the tangent space Sqqy, is of the form n & v, where v C g, is a
subspace such that dimv < 1.

L
The case s, Np, # 0

Now we suppose that there exists a nonzero vector £ € g, with (1 — )¢ € 5#. Without loss of
generality, we may choose ¢ so that |{| = 1. Once again, we know that 5# 1s invariant under the
Jacobi operator R(;_g)¢, 80 using (4.2) we may write

sy =(1—0)(RED ) D 1,

where v C g, © R¢ = J€ is a real subspace and tv C a @ po,.

We start by claiming that the space R{ @b is invariant under Jx for all X € tog, . To see this,
letn € RE@vandtH,+(1—0)X € w,wheret € Rand X € go,. Since the action of S is polar,
we see that (1+0)(tn—Jxn) = [tH,+(1—0)X, (1—0)n] is orthogonal to s. This combined with
the fact that On and 7 are already orthogonal to s gives Jxn L s, so Jxn € RE & v, as desired.
In particular, the skew-symmetry of Jy also implies that g, © (RE @ v) is Jx-invariant. Because
dimY < §dim M = dim g,, either 5;- = p,, or the orthogonal complement g, & (RE & v) is
nonzero.

4
p

€1

Lemma 4.4. If the normal space s P

equal to p,,.

is contained in p,, then dim s;- = 1. In particular, 5# is not

Proof. Suppose 5# C p, and dim 5# > 2. Observe that both a and g, are contained in Sqq,.
Applying Lemma 3.14 to the root 2, we deduce that go, C s. Now, because dimspL > 2
and g, © R{ = J¢, we may find a nonzero vector X € go, such that (1 — 0)Jx¢{ € 5#. As
a consequence, the vector (1 + 0)(2X — [0¢, Jx&]) = [(1 — 0)&, (1 — 0).Jx£] is perpendicular
to s due to the polarity of the action. This contradicts the fact that go, C s, so necessarily
dimspL = 1. [

Lemma 4.5. The subspace tv is contained in a.

Proof. It suffices to prove that the projection of v onto gs,, is trivial. Because of Lemma 4.4 and
its preceding discussion, we know that there exists a nonzero vector V' € g, © (R @ v). Now,
let tH, + (1 — 0)X € w, wheret € R and X € go,. Recall that g, © (RE B v) C s4qy is
invariant under Jy, so we deduce that V', JxV € s,4,. As a consequence, we may select vectors
T,T' € tsuchthat T+ V, T + JxV € s. Therefore, we have [T, JxV] + [V, T'] + ;|[V|*?X =
[T+ V, T" + JxV] € s, and we obtain

1 1
0={([T,JxV]+[V,T] + 5\V|2X, tHo + (1-0)X) = iyvmxﬁ,

thus forcing X = 0. This proves the desired assertion. ]
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Because tv is contained in the one-dimensional space a, we see that either tv = a or tv = 0.
The case v = a was already dealt with in Section 4.3.1, so we may assume directly that to = 0,
giving 5, = (1 — 0)(R{ @ v) C p,. Lemma 4.4 then implies that dims, = 1, so v = 0 and

P
s, = R(1 — 0)&. We therefore conclude with:

Proposition 4.6. Ifspl N po # 0, then the tangent space $,q, is of the form (a © b) & (n © (),
where b C a is a vector subspace and { C p,, is a line.

We are now ready to conclude the proof of Theorem A(ii). Indeed, by combining Proposi-
tions 4.3 and 4.6 we deduce that, up to orbit equivalence, the tangent space §,q, is of the form
S for a subspace b C a and a subspace v C p,, of dimension at most one. Therefore, S falls
under the hypotheses of Proposition 3.19 (with 3 = a © b and v, = v in the notation therein).
This guarantees that the orbits of S are equal to the orbits of the connected subgroup Sy, € G
whose Lie algebra is sy .

4.3.2 Proof of Theorem B

Our next goal is to prove that any section of a polar action on a (quaternionic or Cayley) hyper-
bolic space has necessarily constant curvature.

Let S ~ M be a polar action on M € {HH", OH?}. We split the proof into two cases: the
case where S induces a foliation and the case where S has a singular orbit.

In the setting of polar foliations, we only need to focus on the quaternionic case, as we already
know that every polar homogeneous foliation on QH? has a section of constant curvature. We
first need the following “reverse” version of the .J? condition.

Lemma 4.7. Let M = FH" be a hyperbolic space with F € {H,Q}. Given nonzero vectors
V € go and Z € ga,, there exist elements X, Y € go, such that {X,Y, Z} is an orthogonal set
and sz = JXJyV.

Proof. Choose a nonzero vector X € go, orthogonal to Z, which is possible since dim gy, > 1.
Then the usual J? condition implies that there exists a Y’ € gy, such that JxJ;V = Jy/V.
Thus, J;V = —ﬁth]y/V = JxJyV,where Y = —2Y"/|X|?. Note that Jy+V is orthogonal
to both JxV and J;V, so the following equations hold:

1 1
0= (Ve V) = SIVIZYY, 0= (koW = SIVE(XY),

We deduce that { X, Y, Z} is an orthogonal set, as required. O

Proposition 4.8. Suppose S C Sp(1, n) is a closed connected subgroup of Sp(1, n) acting polarly
on M = HH" in such a way that its orbits form a homogeneous foliation. Let ¥ be a section of
the action. Then either ¥ is a space of constant curvature or the action of S is trivial.

Proof. From the classification of totally geodesic submanifolds in HH" (see Table 4.3), it suffices
to show that Y is not isometric to a complex or quaternionic hyperbolic space.
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Firstly, let us suppose that ¥ = HH* for some k € {2,...,n}. This means that Y is a
quaternionic submanifold of M. In addition, if p € ¥ is any point, the subspace 7,,(S - p) = 1,2
is also quaternionic, so we see that the orbits of the action S ~ M are quaternionic. Because a
quaternionic submanifold of a quaternionic Kéhler manifold is totally geodesic [76, Theorem 5],
we deduce that S - p is a totally geodesic submanifold of M for all p € M. If the action of S is
not transitive, then any two distinct orbits S - p and S - ¢ are totally geodesic (hence minimal),
and [3, Corollary 5.2] guarantees that both S - p and S - ¢ consist of one point. Since p and ¢ are
arbitrary, we conclude that the action of S is trivial.

Now, assume that ¥ = CH* for some 2 < k < n. Arguing as in the beginning of Sec-
tion 4.3.1, we can assume (up to orbit equivalence) that S is solvable and its Lie algebra s is
contained in a maximally noncompact subalgebra of the form t & a & n, where t C € is abelian.
Additionally, if the action of S is not transitive, then we can also assume that either a C 5# of
that s,- N p, # 0.

Suppose that a C 5# Then the restriction of the Jacobi operator Ry, to 5# has the same
spectral decomposition as that of the Jacobi operator of a vector in TCH¥. In other words, there
exists a vector X € gy, and a subspace v C g, such that s, = a & (1 — 0)o & R(1 — 0)X.
As the action of S is polar, we have for every £ € v that (1 4 0)Jx& = —(1 + 0)[06, X] =
(1 —0)&, (1 —0)X] is orthogonal to s. This implies that v is invariant under Jx, and so is the
orthogonal complement g, © v. As the dimension of X is at most 2n < dim g,, we have v # g,.
Choose a nonzero vector V' € g, that is orthogonal to v. We have V', JxV € §44,, SO we may
choose elements 7', 7" € tsuch that T+ V', T" + JxV € s. Its bracket

[T, JxV]+ [V.TT+ L VPX = [T+ V,T' + JxV]

is also in s. This readily gives a contradiction with the fact that (1 — #) X is orthogonal to s.

Finally, assume s,-Np,, 7 0. We consider a vector { € g, such that |{| = 1and (1-6)¢ € s;".
The restriction of the Jacobi operator 2(;_g)¢ to 5# has the same eigenvalues (with multiplicities)
as the Jacobi operator of a unit vector in TCH¥, and this yields s,- = R(1—60)£@R(1—6)JzE @,
where Z € g, is a nonzero vector and v is a real subspace of a@® (p, S (1 —0)HE) B po,. Owing
to Lemma 4.7, we may choose vectors X, Y € ga, such that { X, Y, Z} is an orthogonal set and
Jz& = Jx Jy&. In particular, the vectors Jx& and Jy & are perpendicular to 5#, which means that
Jx&, Jy& are in 544,. Choose elements Ty, Ty € tsatisfying Tx + Jx&, Ty + Jy& € s. Then
we have [T, Jy&] + [Jx&, Ty + [IxE, Jyv€] = [Tx + Jx&, Ty + Jy€] € s. Observe that

2 2
[Ix§&, Jy&]l = — _]X|2[JX£’ JxIvE] = —WUX@ JIxJ7€]
4.3)
_ 2 _IxEP, L
= RRlNE Todxd] = T2 = 57

so we deduce that the vector [T, Jy&] + [Jx&, Ty | + %Z is in 6. Moreover, as the action of S is
polar, the vector (1 + ) (32 — [6¢, Jz€]) = [(1 — 0)&, (1 — 0)Jz€] is perpendicular to 5. As a
consequence, we obtain

0= <[TX, Jy€] + [Ix€, Ty] + %Z, (1+0) (%Z — [6¢, ng})> = %|Z|2,
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contradicting the fact that Z is nonzero.

We have seen that the two possible situations give rise to a contradiction, so we conclude that
no polar homogeneous foliation on M can have a complex hyperbolic space as its section. This
finishes the proof. L

We now consider the case in which S acts with singular orbits. It was shown by Kollross [108,
Lemma 6.6] that no polar action on QH? admitting a singular orbit can have CH? or HH? as its
section. His proof is actually valid for the quaternionic case as well:

Proposition 4.9. Let M be either the quaternionic hyperbolic space HH™ or the Cayley hyper-
bolic plane OH?. If S is a Lie group acting polarly on M admitting a singular orbit and > C M
is a section of the action S ~ M, then Y. has constant curvature.

Proof. Let p € ¥ be a point such that S - p is singular. Such a p exists because Y meets all orbits.
The slice representation S, ™ v,(S - p) is a nontrivial polar representation with section 7,,3. In
particular, the polar group II(7,,X) = II(X), is a nontrivial finite group generated by reflections
along hyperplanes of 7,,>..

Let g € Ns, (7,X) be an element such that g,, € O(7},X) is the reflection along a hyperplane
V C T,%. Then g - ¥ = X and the restriction g: > — X is an involutive isometry. Denote by
H C ¥ the connected component of Fix(g) containing p. We have that H is a totally geodesic
hypersurface of > whose tangent space at p is V. From Tables 4.2 and 4.3 we see that the
only totally geodesic submanifolds of M admitting a totally geodesic hypersurfaces are those of
constant curvature, so our claim follows. ]

Theorem B now follows from combining the information in Table 4.3 and Propositions 4.8
and 4.9.

4.3.3 Proof of Theorem C

We now work on classifying polar homogeneous foliations on the quaternionic hyperbolic space
HH"™ = Sp(1,n)/(Sp(1) x Sp(n)) coming from a connected subgroup of AN. Following Solo-
nenko [155], we say that a homogeneous foliation F on a symmetric space of noncompact type
M = G/K is standard if there exists an Iwasawa decomposition G = KAN for which F is the
orbit foliation induced by a connected subgroup H C AN.

We begin by studying the actions of the subgroups Sy , and the mean curvature of their orbits.
Because these groups are analogues of the ones constructed in Chapter 3, it should come as no
surprise that the calculations presented here are very similar to those in Section 3.1.

Let us show that item (i) is satisfied.

Proposition 4.10. Let M = HH" be the quaternionic hyperbolic space. Consider a vector
subspace b of a and a totally real subspace v of §,. Then, the subspace sy, = (S b) ® (nS v)
is a Lie subalgebra of a & n. Moreover, the connected subgroup Sy, of Sp(1,n) with Lie algebra
Sy acts freely and properly on M in such a way that its orbits form a polar homogeneous
foliation on M. Any section of the action Sy, ~ M is congruent to RH*(2).
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Proof. The fact that sy, is a Lie subalgebra of g contained in a @ n is immediate. To show that
its corresponding group Sy, acts polarly, we make use of Proposition 2.20. The normal space of
Spp-o0atois (5[,,1,)pL = b @ (1 — 0)v, which is totally real in p because v is totally real and the
quaternionic structure of p sends a to psy,. In particular, (51,70);)L is a Lie triple system in p whose
corresponding totally geodesic submanifold Y is a totally real RH*(2).

It remains to check that [(5;,70)#, (5[,71,)#] is orthogonal to s. Let &, n € g, be two commuting
orthogonal vectors. Then we have

[(1=0), (1 = 0)n] = =1+ 0)[6€, 7] € &.

Furthermore, [H,, (1 — 0)¢] = (1 + 0)3¢. As a consequence, we have [(sp.0);, (Sp.0); ] C
to + (1 + 0)v, which clearly implies the desired condition.

We thus conclude that the action of Sy, induces a polar homogeneous foliation with section
¥ = RH?(2), as desired. O

Geometry of the orbits of S ,

We now study the extrinsic geometry of the orbits of our examples, with a view towards proving
item (iii) in Theorem C. This time, instead of using the solvable model M/ = AN to study the
second fundamental form of the orbits, we make use of the formula for the second fundamental
form developed in Lemma 1.2. A direct consequence of (1.6) is that if A/ = G/K is a Riemannian
symmetric space and S is a Lie subgroup of G, then the second fundamental form Il of S - 0 at o
satisfies

M(1-0)X,1-0)X)=[1+0)X,(1—-60)X],., forall X €s.

€1
Sp

We start by considering the subgroups of the form S = S, ,. The Lie algebras = s5,, =nov
is an ideal of a @ n, meaning that S is a normal subgroup of AN. Thus, the orbits of S are
mutually congruent under isometries in AN, so in order to understand their extrinsic geometry
we only need to focus on the orbit S - o.

Let us compute the mean curvature vector H,, of S- o0 at 0. Take a vector U € g, © v such that
2|UJ? = |(1 — 0)U|* = 1. Then we see that the second fundamental form of S - 0 at o satisfies

(1 - 6)U, (1 — 6)U) = [(1+ 6)U, (1 — O)Ul,y = (1= 0)[U + 6U, U]),,
=2|U*H, = H,.

Similarly, for a vector X € g, such that (1 — #) X unit length, we obtain

]HI((l - Q)Xa (1 - 9)X> = [(1 + 9)X7 (1 - Q)X}sﬁ; = ((1 - 8)[‘9)(7 X])s,{;
= 4|X|*H, = 2H,.

Therefore, the mean curvature vector of S - o at 0 is H,, = (dim(g, © v) + 6) H,,.
We summarize this discussion as follows.
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Proposition 4.11. Let v C g, be a totally real subspace. The orbits of the action Sq, ~ HH"
are all mutually congruent. Moreover, the mean curvature vector H, of the orbit S, - 0 at o is
given by

H, = (dim(g, ©v) +6)H, = (4n — k + 3)H,,

where k = dim v + 1 is the cohomogeneity of the action Sq, ~ HH".

We proceed to study the actions of the groups S ,. Fix a totally real subspace v C g, and let
S = So,- The section & = exp,(s,) = exp,((1 — 0)v) meets every orbit exactly once, meaning
that each S-orbit has a unique representative in 3. Furthermore, it is not hard to show that, for
each £ € v, the subspace ¢ = span{H,,{} of a @ n is a Lie subalgebra and the orbit C - 0 of
its corresponding connected subgroup C C AN is a totally geodesic RH?(2) inside HIH™. This
means that every point of 3 can be written as Exp(uH,, + &) - o for some v € R and { € v.

Let us fix a vector £ € g, with |£| = 1 and focus on the points Exp(t£) - 0 € X. We aim
to compute the mean curvature of S - (Exp(t£) - 0) at Exp(t§) - 0. Writing g, = Exp(t£) and
S: = g; 'Sgi, we have S (g;-0) = g;- (S; - 0), so the orbits S - g; and S, - 0 are congruent under g;.
The Lie algebra s, = Ad(g; ')s is contained in a ® n and orthogonal to Ad(g;)*o = e~*2d(®)p,
Observe that if n € v © RE, we have

et ¢ = ¢ _¢tH, (mod On), ety =5 (mod &, @ On),

meaning that s, is orthogonal to v © R¢ and § — tH,,. For dimensional reasons, we deduce that s,
is the orthogonal complement of R(§ — tH,,) @ (0 © RE) in a @ n. A straightforward calculation
gives

5 =R(4H, +t£) @ (g ©0) & g2a-

Let us compute the mean curvature vector H; of S, - o at o. Firstly, if U € g, © v is such that
|(1—0)U| =1, then

Im(1—-0U,(1—-0)U)=[(1+86)U, (1 — Q)U](ﬁt)# = (Ha)

t
= m(tHa —(1-10)¢)

ﬁt)é‘

Secondly, for any X € go, we see that

I((1 = 0)X, (1 -0)X) =[(1+0)X, (1 - 0)X]1 = 2(Ha) s,
2t
= m(fHa —(1-10)%)

Finally, for the tangent vector 8H,, + t(1 — 6)¢ € (s;), we see that

I(8H, + t(1 — 0)¢,8H, + t(1 — H)E)

—

HL+ 0)€.8H, + (1 — 0)¢],
=U((1 = 0)[§,8Ha + t(1 — 0)¢]) s+
= 2t(tHo — (1 = 0)&) (o,

2t(

)by
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meaning that for the unit vector Z = ———(8H, + (1 — 0)¢) we obtain
t
I(Z,7) = ——=(tH, — (1 — 0)&).
(2.2)= L tH, (100

Consequently, the mean curvature vector of S; - o at o is given by

_ (7 + dim(ga © 1))
N 8 + t2

M, (tHo — (1 =0)¢).

Proposition 4.12. Let v C g, be a totally real subspace and & € v a vector such that (£,§) = 1.
If g: = Exp(t€) € N, then the mean curvature vector H; of the orbit Sy, - (g1 - 0) at g, - 0 is given
by the expression

o= (o0 1, - 0))

~ (o0 et - - 009

where k = dim v is the cohomogeneity of the action Sy, ~ HH™

A direct consequence of Proposition 4.12 is that the action of Sy, possesses non-congruent
orbits, as we have found a one-parameter family of orbits whose mean curvature vector has
variable length. This combined with Proposition 4.11 gives that two subgroups of the form S,
and S, , never induce orbit equivalent actions on the quaternionic hyperbolic space HH".

Now, the proof of Theorem C(iii) is straightforward. Given two subgroups Sg, and Sg
whose actions on HH" are orbit equivalent, we see that necessarily b = b’. In addition, we must
have dim v = dim v’ in order for Sy, and Sy v to act with the same cohomogeneity. Conversely,
if b = b’ and v = v’, then the groups S;, and Sy . are conjugate under an element of K, owing
to Lemma 3.3, so their actions are automatically orbit equivalent. This concludes the proof.

Classification of standard polar homogeneous foliations

Let us finish the proof of Theorem C by showing that item (ii) is satisfied. Recall that we are
only interested in classifying standard polar homogeneous foliations on HH". By definition, any
foliation of this kind is induced by a connected subgroup of AN, which means that this problem
is equivalent to determining the subgroups of AN that act polarly on HIH". Therefore, to prove
item (ii) it is necessary and sufficient to show:

Proposition 4.13. Let M = HH" be the quaternionic hyperbolic space and S C AN a connected
subgroup whose orbits form a polar homogeneous foliation on M. Then there exists a subspace
b C aand a totally real subspace v C g, such that the actions of S and Sy, are orbit equivalent.

Proof. Recall from Lemma 4.2 that 5# contains at least one vector in a @ p,,, and we can suppose
that either a C s, or s, N po, 7 0.
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Firstly, assume a C s, In this case, using the fact that s, is invariant under Rp,, we
can write 5, = a @ (1 — 6)(v © w), where v C g, and 0 C goo. Ass C a @ n, this
forces s = (go © 0) @ (@20 © ). From Theorem B, we know that s, is tangent to a totally
geodesic real hyperbolic space, which means that either v = O or v = 0. If b = 0, then
from g, = [ga, o] C s we obtain wv = 0, and this yields s = n. Now, if v = 0, we
have s = (g, © 1) @ gan. Let £, 7 € v be arbitrary. As the action of S is polar, we see that
(1+6)([&,n] — [0¢,7]) = [(1 = 0)E, (1 — 0)n] is orthogonal to s. Note that (1 + 0)[6€, 7] € &,
is automatically orthogonal to s, so from this we deduce that [{, 7] L s. Because go, C 6, this
means that [, 7] = 0, so v is an abelian subspace of s.

Secondly, suppose that 5# contains a nonzero vector in p,. Choose an element £ € g, such
that [{] = 1 and (1 — )¢ € s, As exp,(s, ) is a space of constant curvature, it follows that s,-
is contained either in the quaternionic line spanned by (1 — #)¢ or in a totally real subspace of p.

We first deal with the case 5# CRA-0)¢® (1 —-0)J C p,. In particular, go,, C 5. If
there exists an X € ga, such that (1 — 6)Jx¢ € 5#, then the polarity of the action gives that
(140) (A X —[0¢, Jx€]) = [(1-0)¢, (1—6)Jx&] is orthogonal to 5. Because ga, is contained in s,
this forces X = 0. As a consequence, 5,7 = R(1 — )¢ is one-dimensional and s = a® (n S RE).

We now assume that 510L is totally real. Choose any X € go,, and note that because 5#‘ is
totally real and s C a @ n, we get Jx{ € s. This means that [J¢, J¢] is contained in s, and (4.3)
gives [JE&, JE| = g20- As a consequence, 5# Cadp, If spL C p., then we are done. Otherwise,
we can find an orthogonal basis of s, of the form H, + (1—6)v, (1—0)n1, ..., (1 —6)n, where
v and each 7; are in p,. Observe that the 7; commute, and the polarity of the S-action implies
that foreachi =1,... k,

(14 0) g+ (L4 0)([vmd — (8w ]) = [Ho + (L= 6)v, (1= 6)n] L s

Since 7; and £, & On are orthogonal to s, the above condition reduces to [v,7;] L s, and because
1

g2« C 5 we conclude [v,7;] = 0. Define g = EXp(—WV) € N. The action of S is orbit
equivalent to the action of gSg=! C AN and the Lie algebra Ad(g)s of gSg~! is orthogonal to
the vectors

Ad(g™VY (Ho + v) = ¢ 72 @)

Ad(g ™)y = e P

H,+v)=H,+v—H,=v (mod 6n),

O = — [Bv,m] (mod On).

Because [fv,n;] € ¥ is automatically orthogonal to Ad(g)s, we deduce that Ad(g)s is per-
pendicular to the abelian subspace b = {v,1;,...,nx}. For dimension reasons, this gives
Ad(g)s = a® (n©v), so we are done. O

The above proposition implies that item (ii) holds, thus putting an end to the proof of Theo-
rem C.
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Chapter 5

Totally geodesic submanifolds of Riemannian
manifolds

Recall that if f: > — M is an isometric immersion between Riemannian manifolds, then f is
totally geodesic if for every geodesic v of X the composition f o v is a geodesic of M. The
aim of this chapter is to develop a general theory of totally geodesic immersions in Riemannian
manifolds, paying special attention to the real analytic case. We follow the ideas in [17, Sec-
tion 10.3], [86, Appendix A], [89] and [165]. Furthermore, we introduce a novel result charac-
terizing which totally geodesic immersions to a real analytic Riemannian manifold are inextend-
able, as well as a concept of maximality for totally geodesic immersions (also in real analytic
spaces) that extends the usual idea of maximality between embedded submanifold with respect
to the inclusion relation. These new results have been presented in the article [119, Section 3],
written in collaboration with Alberto Rodriguez-Vazquez.

As we have seen in Section 1.4, when our ambient space under consideration is a symmetric
space, its totally geodesic submanifolds are automatically injectively immersed. However, we
quickly lose this behavior when considering more general ambient spaces. For instance, it is well
known that a geodesic on a complete Riemannian manifold need not be injective or periodic, so
it may not correspond to an immersion of a one-dimensional Riemannian manifold. Therefore,
in order to conduct a global study of totally geodesic submanifolds, it is crucial to allow our
immersions to have self-intersections.

When we change our focus to immersions, there are certain redundancies that we need to
treat. A first issue appears when considering reparametrizations of a given immersion. Indeed, if
f: X — M is a totally geodesic immersion and h: ¥’ — 3 is an isometry, then the composition
foh: ¥ — M is also a totally geodesic immersion. While f and f o h are different immersions
a priori, we should treat them as equal, as they convey the same information. This suggests
the need to introduce a suitable notion of equivalence between totally geodesic immersions. A
second redundancy is given by (surjective) local isometries. For example, consider the standard
embedding f: RP? — RP3, which is totally geodesic. Its composition with the universal cover
h: S? — RP? is also a totally geodesic immersion, but it is not an embedding. Because of this,
the map f o h carries undesirable repetitions that we need to avoid.

The key to circumvent the aforementioned problems is to regard totally geodesic immersions
as immersions to the Grassmannian bundle. In order to motivate this idea, let us discuss the case
of one-dimensional totally geodesic immersions, or equivalently, unit speed geodesics. Consider
a geodesic v: I € R — M in a Riemannian manifold. Then this geodesic induces a curve
~: I — TM given by 7(t) = (v(t),7(t)), which is an integral curve of the so-called geodesic
vector field G: T'M — T'T'M. Conversely, the projection of an integral curve of the geodesic

99
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vector field to M is a geodesic of M. From the general theory of ordinary differential equations,
we know that either 7 is an injective immersion of 7 in 7'M, or it is a closed curve, so it descends
to an injective immersion of S* to T'M. In other words, a unit speed geodesic of M is uniquely
characterized by an injectively immersed integral manifold of the distribution D = span G. We
are also interested in identifying each geodesic v(¢) with any possible reparametrizations of the
form B(t) = ~(ty £ t). For this, we introduce the projectivized tangent bundle P(7'M ) whose
fiber at each p € M is the real projective space P(7,M). The geodesic -y induces an immersion
~v: I — P(TM) by letting () = (y(t), Rv/(¢)). Similarly to the case of 7, we see that either
7 is injective or it descends to an injective immersion of the circle. Not only that, but any other
geodesic 3 of M arises as a reparametrization of ~ if and only if im 8 = im 7, meaning that - is
determined up to reparametrizations by the injectively immersed submanifold 7(/) C P(T'M).

The natural extension of the arguments above to k-dimensional totally geodesic submanifolds
is to replace P(7'M) with the Grassmannian bundle G;(7'M), whose fiber at p € M is the
Grassmannian G (7, M) of k-planes in T),M. A totally geodesic immersion f: ¥¥ — M induces
a map fv: Y — Gi(T'M), and we will show that (after perhaps taking a quotient of X) this new
map is injective. We say in this case that f is compatible, so we are interested in understanding
compatible totally geodesic immersions up to reparametrization. Just as in the one-dimensional
case, the compatible totally geodesic immersion f is determined up to reparametrizations by the
set f(X).

While we will not make use of this fact, it is worth noting that Tsukada [165] gives a char-
acterization of the subsets A C Gi(7T'M) that take the form A = f(X) for a totally geodesic
immersion f: 3 — M. The main idea is to define a distribution D on Gy (7'M ) such that a con-
nected subset A C G, (T'M) satisfies the above property if and only if A is an integral manifold
of D. In general, the distribution D is not involutive, which is expected due to the fact that not
every element of G, (7'M) is the tangent space of a totally geodesic submanifold. However, it
is shown in the same paper that given a (non-involutive) distribution A on a smooth manifold
N, every connected integral manifold of N can be extended to a maximal one. In addition, two
different maximal integral manifolds have empty intersection, which means in our particular case
that every totally geodesic immersion to M can be extended to an inextendable one, and two in-
extendable compatible totally geodesic immersions f;: 3; — M satisfying f1(31) N f2(X2) # &
only differ by a reparametrization h: >y — 5. We will prove these statements without working
explicitly with the distribution D.

This chapter is structured as follows. In Section 5.1 we describe the local characterization
of totally geodesic submanifolds via so-called totally geodesic subspaces. We define a notion of
compatibility for totally geodesic immersions in Section 5.2 and prove that we can restrict our
attention to these kinds of immersions. Section 5.3 is dedicated to showing how every totally
geodesic submanifold can be extended into an extendable one. In Section 5.4 we prove that
any totally geodesic submanifold of a homogeneous (respectively, real analytic) Riemannian
manifold is also homogeneous (respectively, real analytic), and in Section 5.5 we use this result as
leverage to define a notion of maximality for totally geodesic immersions. Finally, Section 5.6 is
devoted to presenting the known classifications of totally geodesic submanifolds in homogeneous
and symmetric spaces.
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Before diving deeper, we need to make the following key observation. Suppose that a totally
geodesic immersion f: > — M is given. For each p € 3, let Epz C T, be the domain of
the exponential map exp, (and make the analogous definition for points of M). As f carries
geodesics to geodesics, we have

fexp,(v)) = expy (fip(v), PEX,vEE. (5.1

In particular, suppose that for a certain € > 0, the exponential maps are defined on the open balls
Br,5(0,¢) and By, m(0,€) and expy, : Br,a(0,€) — M is a diffeomorphism onto its image.
Then, since f,, is injective, we deduce from (5.1) that f o exp,, is injective on BTPZ(O, £), and as
a consequence exp,, is injective on said ball. In particular, exp,, is a smooth diffeomorphism onto
its image, and the restriction of f to exp,(Br,5(0, €)) is also a smooth embedding.

5.1 Local existence of totally geodesic submanifolds

Let f: ¥ — M be a totally geodesic immersion and p € . For now, let us argue locally, so
that we may assume > C M is an embedded submanifold and f = ¢ is the inclusion of ¥ in M.
The formula (5.1) implies that (after shrinking 3} if necessary) > is completely determined by
the vector subspace V' = T, C T,,M. Because of this, a totally geodesic submanifold of M is
locally determined by its tangent space at a point. It is therefore natural to establish the following
definition:

Let M be a Riemannian manifold, p € M and V' C T, M a vector subspace. We say that V' is
a totally geodesic subspace if there exists a totally geodesic immersion f: > — M and a point
x € Ysuchthat p = f(x) and V = f,,(T,X). In particular, V' is a totally geodesic subspace if
and only if there exists a & > 0 such that the subset S = exp,(By (0, 6)) is an embedded totally
geodesic submanifold of M. A first characterization of totally geodesic subspaces was given by
Cartan.

Theorem 5.1 [17, Theorem 10.3.3]. Let M be a Riemannian manifold, p € M and V' C T, M.
Then V is a totally geodesic subspace if and only if there exists a 6 > 0 such that for every
geodesic 7y: [0,1] — M with v(0) = p and v'(0) € By (0,0) the parallel translate P,V is
curvature-invariant, that is,

R(Py,V, Py V)P,V C Py, V. (5.2)

For the purposes of this thesis we are interested in the case that ) is a real analytic Rieman-
nian manifold. In this context, one has a convenient restatement of Cartan’s theorem.

Choose a point p € M, a vector subspace V' C T,M and v € V' N Sé” . We consider the
maximal geodesic () = exp,(tv). Given vectors X, Y, Z € Vand{ € VE =T,M &V, we
may extend them to parallel vector fields X (¢), Y (¢), Z(t) and £(¢) along . Since the geodesics
of a real analytic manifold are real analytic and the differential equation defining parallel vector
fields has real analytic coefficients when viewed in real analytic coordinates, it follows that the
four vector fields are analytic, and thus the function

u(t) = (R(X(1), Y (1)) Z(t),£(t))
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is also analytic. Observe that (5.2) holds if and only if u(1) = 0 for all choices of X, Y, Z and
&, so V is totally geodesic if and only if w vanishes identically for all choices of X, Y, Z and &.
Because the metric and the input fields are parallel, the derivatives of w at 0 are

u'(0) = (VoR)(X,Y, Z),§) = (VR)(v, X, Y, Z),¢),

u"(0) = (Vo(VR)(v,X,Y, Z), &) = (V*R)(v,v, X, Y, Z2),£),

u®(0) = (V*R)(v,... .0, XY, Z),€).
Therefore, u vanishes in a neighborhood of zero if and only if the inner products
(V*R)(v,...,v,X,Y, Z),€)

are all zero, and in that case « is identically zero. We have thus obtained the following charac-
terization:

Proposition 5.2 [165, Corollary 2.2]. Let M be a real analytic Riemannian manifold, p € M
and V' C T,M. Then the following conditions are equivalent:

(1) V is a totally geodesic subspace.
(ii) V is invariant under the tensors V* R for all k > 0.

(ii) Forall X,Y, Z, v € V and k > 0 the vector (V*R)(v,...,v, XY, Z) isalso in V.

If M is not real analytic, we still have (i) = (i1) = (iii) but (iii) may not imply (i). From
the definition, it is clear that for a totally geodesic subspace V' C T,M and a geodesic vy of M
satisfying 7/(0) € V/, the parallel translates 73& ,V are totally geodesic subspaces for small values
of t. In the real analytic case, it turns out that this property holds for arbitrary values of ¢:

Corollary 5.3. Let M be a real analytic Riemannian manifold, p € M and V' C T,M. If V
is a totally geodesic subspace and ~v: I — M is a maximal geodesic satisfying v(0) = p and
7'(0) € V, then Py, V is a totally geodesic subspace of T, M forall t € I.

Proof. Consider the nonempty subset
J={tel:Pj,Vis totally geodesic}.

The definition of totally geodesic subspace yields that J is an open subset of /. We prove that
J is also closed in I. For this, fix a basis X,..., X, of V and a basis &,...,& of V. Then
the corresponding parallel vector fields X, (t), ..., Xj(t) and §1(2), . . ., &(t) give bases of Py, V/
and (P V)t = 7?37 V1 respectively. Proposition 5.2 shows that the element ¢ € I belongs to .J
if and only if we have

0= <(VSR> (Xil (t)7 cee Xi1 <t>7 Xiz (t)v Xi3 (t)v Xi4 (t))’ Sj (t)>7
forall s > 0, iy, i9, i3, 44 € {1,...,k} and 1 < j < [. This means that .J is the zero locus of a

system of equations determined by continuous functions, so J is closed in /. As [ is connected,
we deduce J = I, which proves the result. ]
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5.2 Compatible totally geodesic immersions

We define G, (T'M) to be the Grassmannian bundle of k-planes in T'M. As a set, it is given by
Ge(TM) ={(p,V): pe M,V CT,M is a k-dimensional subspace}.

We refer to the pair (p, V') simply as V' if there is no ambiguity. We also consider the map
p: (p,V) € G(TM) — p € M. Then G, (T M) admits a natural topology and smooth structure
turning p: Gx(TM) — M into a fiber bundle with fiber the Grassmannian G, (R"™) of k-planes
in R™.

_ Now let f: ¥* — M be a totally geodesic immersion. Then f induces a smooth map
f: 3 — Gg(T'M) defined by

This map satisfies f = po f. Furthermore, if o [0,1] — X is a smooth curve with «(0) = z and
a(1) = y, then because parallel transport commutes with totally geodesic immersions we have

) =PI ().
We say that f is compatible if:
(1) X is connected.
(i1) fis injective.
Remark 5.4. Assume f: £ — F and g: F' — M are totally geodesic immersions. It may be the

case that go f is not compatible, see Remark 6.14. However, if f is compatible and g is injective,
then g o f is compatible. We prove this as follows.

—_~  /—~

Suppose z, y € E satisfy g o f(z) = g o f(y). In particular, we have g(f(z)) = g(f(y)), so

f(:c)~: f(y) because ¢ is injective. Write z = f(z) :~f(y), so we have g o f(z) = g(f(2)) =

9+ (f(y)) = go f(y). As g., is injective, we deduce f(z) = f(y), and compatibility of f yields
r=y.
It is stated in [86, Appendix A] that any totally geodesic immersion factors through a compatible

one. For the sake of completeness we include a proof of this result and state it in a more general
manner.

Lemma 5.5. Let f: X% — M™ be a totally geodesic immersion, where Y. need not be second
countable or connected, and let R be the equivalence relation on Y. defined by

Ry < f(z) = f(y). (5.3)

Consider the quotient space Y = Y./ R with corresponding quotient map 7w: 2 — Y. Then there
exists a unique smooth structure and Riemannian metric on Y such that 7 is a surjective local
isometry. Furthermore, the map g: T — M defined by g(w(x)) = f(x) for every x € X is a
totally geodesic immersion such that g is injective.
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Proof. Note that g is well defined and continuous because 7 is a quotient map. We may also
defineamap h: ¥ — Gg(T'M) via h(r(z)) = f(z) for each x € X, and h is also well defined
and continuous. Note that A is injective by the definition of R. Our first objective is to prove that
T is a (perhaps not second countable) smooth manifold.

Firstly, the space T is Hausdorff due to the fact that G, (7'M ) is a Hausdorff space and 5 is
an injective continuous map.

We now aim to endow T with a smooth structure. Let p € T be arbitrary, z = g(p) and V =
h(p). Choose an ¢ > 0 such that exp,: Br,(0,2¢) — M is a well-defined diffeomorphism
onto its image and there exists * € 7 '(p) such that exp, is defined on Br,5(0,2¢). The map
f: Bs(x,2¢) — M is therefore a totally geodesic diffeomorphism onto its image. In particular,
the induced map f: By(z,2¢) — G(T'M) is an injective immersion, and combining that with
the compactness of the closed ball By[z, €] we deduce that f: By (z,e) — G,(T'M) is also a
smooth embedding.

We note that m(Byx(x,¢)) is open in Y, or equivalently, that 7~ (7(Bsx(z,¢))) is open in
Y. Indeed, let y € 7 '(m(Bx(z,c))) be arbitrary. Then there exists some y' € Bs(z,¢)

such that f(y') = f(y). Choose 6 > 0 such that the open balls Br,x(0,20), Br,,x(0,24) and
Br, W 1(0,20) are contained in the domain of the exponential map, exp is a diffeomorphism
at each of these, and Bx(y',0) C Bs(z,c). We claim that By (y,0) C 7 '(7(Bxs(z,¢))). In-
deed, if @ € Bx(y, ), we can choose v € T,¥ with |v| < § and @ = exp,(v). We then have

fla) = expy,(fwy(v)) and f(a) is the parallel translate of f.,(T,¥) = f(y) along the M-
geodesic y(t) = f(exp,(tv)) = expy,(tfuy(v)). Let w € T,/% be the unique tangent vector

satisfying f,, (w) = f.,(v) (this vector exists because of the equality f(y) = f(v')) and de-
fine b = exp, (w) € Bs(y',0) C Bx(z,¢). By construction we have ¥(t) = f(exp, (tw)), so
f(a) =~(1) = f(b). Furthermore, we see that

fb) =Po,f(y) =Po1f(y) = fla).
(

= f(a
This shows that 7(a) = 7(b) is in 7(Bx(z, €)), and thus 7(Bx(x,€)) is open in Y. It follows that
7 1S an open map.

In order to introduce local coordinates on 7(Bx(z,£)), we note that the restriction
7: By(x,e) — w(Bx(z,¢)) is a bijective open map (because the restriction of f to this sub-
set is injective), so it is a homeomorphism. Then the map exp, ! or~! yields a homeomorphism
from 7(Byx(z,€)) to Br,»(0,¢) = Bgr(0,¢) which provides a local coordinate system near p.
We now have to show that the transition functions associated with these local coordinate systems
are smooth maps.

Suppose x1, x5 € X are two points, and €1, €2 > 0 are such that the exponential map is
defined on Br, x(0,2¢;) and a well-defined diffeomorphism on By, , m(0, 2¢;) for i € {1,2},
and let B; = Byx/(x;,¢;). We also define the local coordinate systems ¢, : 7(B;) — BTIZ_Z(O, £;)

Bz-)_l (Q)) .

pi(q) = expy ((
Suppose 7(B1) N 7(By) # . We have

2097 (u) = expy, ((mlp,) " (m(expy, (1)), u € m(Bi) N7(By),
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so the smoothness of the transition functions is equivalent to the smoothness of the map
(7|s,) " o (7|g,). We actually have that this composition is the same as the composition
(flB,) "o (f|5,)- Indeed, for any ¢ € By N7 ~'(B,) the element (7|z,) " o (7|p,) (¢) is the only
element ¢’ in B, with 7(c) = m(c’). By definition, this is equal to the condition f(c) = f(c),
and since the restriction of f to each B; is an embedding, this condition is also equivalent to
f(e) = f(¢), so the claimed equality holds. In particular, (7|z,) " o (7|, ) is smooth, and thus
the transition functions are smooth. This shows that T is indeed a smooth manifold. Note that
the definition of our local charts also implies that 7 is a surjective local diffeomorphism.

Observe that h is an injective immersion because f = h o 7 is an immersion and 7 is a local
diffeomorphism. Composing with p we also obtain that f = g o 7 and ¢ is a smooth immersion.
As a consequence, we may endow Y with the pullback metric that turns g into an isometric
immersion. As f and g are isometric immersions, we deduce that 7 is a surjective local isometry.

We check that g is a totally geodesic immersion. Indeed, let p € T and v € T,'T. Choose
any x € X such that 7(z) = p and w = (m,,) " *(v) € T,3. If B(t) = exp,(tw) is the maximal
Y.-geodesic with initial conditions 5(0) = z and /(0) = w, then the projection v(t) = w(/5(t))
is a T-geodesic with initial conditions v(0) = p, 7/(0) = v. As f is totally geodesic, we see that
g(v(t)) = f(B(t)) is a geodesic in M. As a consequence, g carries geodesics of ¥ to geodesics
of M, so it is a totally geodesic map.

To finish, we show that g is injective. Indeed, if p € T and x € ¥ is such that p = 7(z), we
see that

9(p) = gup(Tp) = Gup(mea(T3)) = fua(TaX) = f(x) = h(p),
so g = h is an injective map by construction. This finishes the proof. ]

Corollary 5.6. Let f: > — M be a totally geodesic immersion where Y. is connected, and define
m:3X—Yand g: T — M as in Lemma 5.5, so that g is a totally geodesic immersion satisfying
f =gom. Then g is compatible.

Proof. This follows from noting that in this case T is also connected. [

Observe that in general totally geodesic immersions are not assumed to be injective, so they
may not be embeddings. Moreover, for a compatible totally geodesic immersion f: ¥ — M, the
induced map f may not be an embedding even though it is an injective immersion.

Example 5.7. Let M = T? = R?/Z? be the standard flat torus. If € R\ Q is any irrational
number, we may consider the geodesic

y:teER = [t,0t € T2

Since # is irrational, v: R — T2 is an injective totally geodesic immersion, so it is compatible.
Note that G;(7'T?) = T? x RP! is a trivial bundle and 7 is given by the formula
F(t) = ([t 01, R(1,0)).

Since the slice T? x {R(1,60)} is embedded in G,(7'T?) diffeomorphic to T2, we see that if ¥
were an embedding then -y would also be an embedding. This is not possible because (R) is
one-dimensional and dense in T2, so it is not open in the closure y(R) = T~.
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However, we have the following result that allows us to give factorizations of compatible
totally geodesic immersions.

Proposition 5.8. Let f: E — M and g: F — M be compatible totally geodesic immersions
where dim E = dim F'. The following conditions are equivalent:

(i) There exists a local isometry ¢: E — F such that f = g o ¢.

(i) f(E) C g(F).
Furthermore, the map ¢ is injective and unique.

Proof. Firstly, suppose (i) holds. Then for every x € £/ we see that
f(@) = [ea(ToE) = guo(@) (942 (Te E)) = guoia)(Tow F) = g(o(x)) € g(F),

so the inclusion (i) is true, and the uniqueness of ¢ follows. Note that the equality }’v =go¢
also implies that ¢ is injective.

Conversely, suppose that f(E) C g(F') and let ¢: E — F be the map given by ¢(x) =
'gv_l(f(x)) By construction, § o ¢ = f, and composing with p we get g o ¢ = f. It suffices
to show that ¢ is smooth. To prove this, let + € E and choose an € > 0 such that Bg(z, 2¢),
Bp(¢(x),2¢) and By (f(x),2¢) are normal coordinate balls. Then the maps f: Bg(z,e) — M
and g: Bp(¢(x),e) — M are embeddings with the same image

f(Bg(z,¢€)) = g(Br(d(z),€)) = epr(m)(Bf(m)(()?g))‘

Thus, we have a well defined diffeomorphism ¢: Bg(z,e) — Bp(¢(x), ) satisfying f = g o9
on Bg(z,£). As a consequence, f = § o 1) on that set, so the restriction of ¢ to Bp(z, ¢) is
smooth because it coincides with . Since x is arbitrary, ¢ is globally smooth. The fact that ¢ is
a local isometry is a direct consequence of the chain rule. ]

5.3 Equivalence and extendability of totally geodesic immer-
sions

Let M be a Riemannian manifold and f: £ — M, g: F' — M two compatible totally geodesic
immersions. We say that f and g are equivalent if there exists a global isometry ¢: £ — F such
that f = g o ¢. This condition clearly defines an equivalence relation on any set of compatible
totally geodesic immersions to M. We also say that the pair (F, g) (or simply ¢) extends (E, f)
(or simply f) if there exists an injective local isometry ¢: £/ — F' such that f = go ¢. In
particular, we have dim £/ = dim F'. By Proposition 5.8, this is equivalent to f(E) C g(F).
Consider the collection of all equivalence classes of compatible totally geodesic immersions
to M. If [E, f] and [F, g] are two equivalence classes, we write [E, f|] < [F, ¢ if (F, g) extends

(B, f).
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Lemma 5.9. The relation < is well defined and gives a partial ordering on any set of equivalence
classes of totally geodesic immersions. In particular, two compatible totally geodesic immersions

f: E— Mandg: F — M are equivalent if and only if f(E) = g(F).

Proof. The fact that < is well defined is easy to check, and the reflexive and transitive characters
of < are immediate. To check skew-symmetry, suppose that [E, f] < [F, g| and [F, g] < [E, f].
Then there exist injective local isometries ¢: E' — F and ¢: F' — FE satisfying f = g o ¢ and
g = f o). Inparticular, f = f o1 o ¢, and thus f = f o1 o ¢. Since f is injective, it follows
that ¢ o ¢ = Idg. Similarly, ¢ o ¢ = Idp, so ¢ and v are mutually inverse. This means that both
maps are isometries, so [F, f| = [F, g]. O

Fix a totally geodesic subspace V' C T,M. We aim to show that there exists a compatible
totally geodesic immersion f: ¥ — M with V' € f(Z) such that it is maximal with respect to
the extension relation. We say in this case that f: > — M is inextendable.

We start with a topological lemma that will help with issues of second countability.

Lemma 5.10. Let M and . be smooth manifolds such that M is second countable and Y. is
connected (but not necessarily second countable). If there exists an immersion f: > — M, then
3. is also second countable.

Proof. Endow M with a Riemannian metric, which is possible because M is second countable.
The pullback f*g defines a Riemannian metric on ¥, and thus > becomes a metric space with
the Riemannian distance function. By [129, Theorem 41.4], X is paracompact, and thus second
countable by [129, §41, Exercise 10]. O

Theorem 5.11 [165, Theorem 3.5]. Let M be a Riemannian manifold, p € M and V' C T, M a
totally geodesic subspace. Then the following statements are true:

(i) There exists a totally geodesic immersion f: X — M which is compatible, inextendable,
and such that V € f(X).

(ii)) If g: E — M is a compatible totally geodesic immersion with V' € g(E), then f is an
extension of g.

(iii) The immersion f: > — M is unique up to equivalence.

Proof. Let Gy C G(TM) be the set of all subspaces W € Gi(T'M) for which there exists a
compatible totally geodesic immersion h: F' — M satisfying V', W & }Nl(F) We now consider
a set of compatible totally geodesic immersions {(F}, h;) }ics such that V € hy(F}) forall i € I
and Gy = J,; h;(F;). The disjoint union F = | l;c; 5 is a Riemannian manifold (which may
not be second countable) and the map h: F' — M defined by the condition h|r = h; for each
1 € [ is a totally geodesic immersion. We may now apply Lemma 5.5 to obtain that the set
Y. = F/R, where R is the equivalence relation given by identifying the elements = € F; and
y € Fjif hi(z) = Ej(y), is a Riemannian manifold and the map f: ¥ — M induced by h is
a totally geodesic immersion satisfying that fis injective and f(E) = Gy. Observe that ¥ is
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connected because the manifolds F; are all connected and have a common point of intersection
in the quotient (since V' € (., hi(F;)). Therefore, f: ¥ — M is a compatible immersion. By
Lemma 5.10 we have that X is also second countable.

We show that f: > — M satisfies the three assertions given above.

Suppose that g: £ — M is another compatible totally geodesic immersion with V' € g(FE).
Then, as §(E) C Gy = f(X), we have from Proposition 5.8 that f extends g, which proves (ii).
In particular, if g is an extension of f, then f and g are equivalent, so f is inextendable, yield-
ing (i). This also proves the uniqueness of f, so (iii) also holds. O]

Using a similar argument, we can show that totally geodesic immersions may be “glued
together”.

Proposition 5.12. Let f: E — M and g: ' — M be two compatible totally geodesic immer-

sions such that f(E) N g(F) # &. Then there exists a compatible totally geodesic immersion
h: > — M extending both f and g.

Proof. One can deduce this statement directly from item (ii) in Theorem 5.11 by simply choosing
any V € f(E)Ng(F) and letting h: ¥ — M be the inextendable totally geodesic immersion
satisfying V € h(X).

An alternative proof that allows us to obtain a “minimal” extension is to consider the (non-
compatible) totally geodesic immersion f Ll g: E LI F' — M, taking the equivalence relation
R in E U F given by (5.3) and defining > = (£ U F')/R with h: ¥ — M the induced map.
The condition f(E) N §(F) # @ implies that ¥ is connected, and Lemma 5.5 implies that  is
compatible. It is clear that h extends both f and g. ]

5.3.1 A characterization of inextendability

In the case that the ambient space M is a real analytic Riemannian manifold, we show that for
a compatible totally geodesic immersion, the condition of inextendability is equivalent to that of
mapping maximal geodesics to maximal geodesics.

Let f: X — M be a compatible totally geodesic immersion. We say that > and M share
maximal geodesics if for every maximal geodesic v: I — X the composition foy: [ — Misa
maximal geodesic of M.

Remark 5.13. Let f: X — M be a compatible totally geodesic immersion such that > and M
share maximal geodesics. Suppose v: [ € R — M is a geodesic and there exist ¢, € [ and
x € ¥ such that y(ty) = f(x) and /(o) € f(x) = fur(T:2). Then, from the definition it is
clear that there exists a unique geodesic 7: I — X such that J(to) = x and f(3(t)) = ~(t) for

allt € 1.

We start by proving that in general the condition of sharing maximal geodesics is stronger
than inextendability.
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Lemma 5.14. Let f: YF — M" be a compatible totally geodesic immersion, x € ¥ a point in
Y, andV = f(x). Assume y: [0,1) — X is a geodesic that satisfies:

(i) The curve ~y cannot be extended to the right, but f o~y: [0,1) — M admits an extension to
a geodesic segment o: [0,1] — M.

(i) The vector subspace W = Pg C T,,(1)M is totally geodesic.
Then W ¢ ]7(2) and f admits a proper extension g: > — M such that W € ﬁ(i)

Proof. Let ¢ = o(1) € M. We first prove that W ¢ f(). Indeed, suppose that for a certain
y € ¥ we have W = f(y). Since —¢’(1) = —Pg,0'(0) € W = f,,(T,X), there exists a
geodesic a: [0,0) — X satisfying a(0) = y and « (0) = —(fuwy) 1o’ (1). Suppose without loss
of generality that 6 < 1. The composition f o « satisfies f(a(0)) = g and (f o )’ (0) = —0'(1),
so f(a(t)) = o(1 — t). Furthermore, we have

F@®) = fua(Ta)®) = fra(PEE) = PL fu(T,E) = PT,_ W
=PV =PIV =P ifea ToE) = formt(Tha—nL)

= f(7(1 1)),

so using that f is injective we see that a(t) = v(1 —¢) for all ¢ € [0, §). Because o is continuous
at 0, we see that the limit lim,_,;- (¢) exists and coincides with y, but this contradicts the fact
that ~y is not extendable to the right. We deduce that W is not in the image of f
We now consider an € > 0 sufficiently small so that exp,: Bz, (0, 2¢) — M is a diffeomor-
phism and S' = exp,(Bw (0, €)) is a totally geodesic submanifold of M. As —o'(1) € W, there
existsa d > O such that o(t) € S forall t € (1 — 9, 1]. In particular, we have forall t € (1 —0,1)
that B
FOY®) = Fou () =PIV = PGPV = PV = i(a(t)),

where ¢: S < M is the inclusion map. Applying Lemma 5.12 to f and ¢, we obtain that f
admits a proper extension g, constructed from f and 4, such that 1/ is in the image of g. ]

Proposition 5.15. Let f: X¥ — M™ be a compatible totally geodesic immersion. If ¥ and M
share maximal geodesics, then f is inextendable.

Proof. Assume g: & — M extends f, and consider an injective local isometry ¢: ¥ — F
satisfying f = g o ¢. Replacing 3 with ¢(X), we may suppose directly that > C FE is an open
setand f = g|x. If we show that > is also closed, then we may conclude that ¥ = F and f = g.

If ¥ is not closed in £, then we can find a geodesic «y: [0,1] — E such that y(¢) € X for
allt € [0,1) and y(1) € E \ X. Write z = v(0) € X. The composition f o~: [0,1] — M is
also a geodesic with f(7(0)) = f(z) and (f 0~)'(0) € f(x), and since 3 and M share maximal
geodesics we may find a geodesic 3: [0, 1] — X satisfying 5(0) = x and f(8(t)) = f(y(t)) for
all t € [0,1]. By uniqueness of E-geodesics, we have 5 = 7, so y(1) = (1) € X, which gives
a contradiction. [



110 5 Totally geodesic submanifolds

If M is areal analytic Riemannian manifold, it turns out that the converse of Proposition 5.15
is also true.

Proposition 5.16. Let M" be a real analytic Riemannian manifold and consider an inextendable
compatible totally geodesic immersion f: XF — M". Then X and M share maximal geodesics.

Proof. We argue by contradiction. Suppose that > and M do not share maximal geodesics.
Then we may find a geodesic v: [0,1) — X that cannot be extended further to the right while
the composition f o v admits a proper extension o: [0,1] — M. Write z = v(0), p = f(x)
and ¢ = o(1). We also consider the vector subspace V = f(z) C T,M, which is obviously
totally geodesic. Define W = Pg,V C T, M. Because of Corollary 5.3, we know that 1/ is a
totally geodesic subspace of 7, M. Applying Lemma 5.14 we conclude that f is not inextendable,
contradicting our initial assumption. L

We have thus arrived at the following result:

Proposition 5.17. Let M be a connected real analytic Riemannian manifold and f: > — M
a compatible totally geodesic immersion. Then f is inextendable if and only if > and M share
maximal geodesics.

As a direct application of the Hopf—Rinow theorem and Proposition 5.17, one obtains the
following corollary which generalizes a result by Hermann [89] to the case of non-complete
ambient manifolds.

Corollary 5.18. Let M be a connected real analytic Riemannian manifold, p € M and V a
totally geodesic subspace of T,M. If f: ¥ — M is the inextendable compatible totally geodesic
immersion associated with V, then Y. is complete if and only if the exponential map exp,, is
defined on all V.

Proof. Let x € ¥ be the unique point satisfying f(z) =V, so that f(z) = p and f..(T,X) = V.

Firstly, assume that X is complete. If v € T}, 3 is an arbitrary vector, the maximal >-geodesic
7(t) = exp,(tv) is defined on all IR, and so is the composition f(7(t)) = exp,,(tf.:(v)). There-
fore, the subspace V' is contained in the domain of the exponential map exp,,.

Secondly, assume that exp, is defined on all V. Take an arbitrary vector v € 7,3 and
consider the maximal ¥-geodesic y: t € I, C R — exp,(tv) € X. Because f is an inextendable
totally geodesic immersion, the composition f o vy: [, — M is also a maximal geodesic of M,
whose initial conditions are f((0)) = p, (f 0v)'(0) = f.z(v) € V. As a consequence, [, = R.
This yields that exp,, is defined on all x € 7.3, so by the Hopf—Rinow theorem we conclude that
Y is complete. L

Corollary 5.19 [89]. Let M be a connected complete real analytic Riemannian manifold and
f: X — M an inextendable compatible totally geodesic immersion. Then ¥ is a complete
Riemannian manifold. In other words, every totally geodesic submanifold of M can be uniquely
extended to a complete one.
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5.4 Preservation of global properties

As shown in Section 1.4, every complete totally geodesic submanifold of a symmetric space is
also a symmetric space. Therefore, it is natural to expect that other global properties of a given
ambient space are inherited by its totally geodesic submanifolds.

Let us consider the case that the ambient manifold M is real analytic. Because its to-
tally geodesic submanifolds are locally parametrized by the Riemannian exponential map of
M (which is a real analytic map), it is natural to expect that these are analytic as well. It turns
out that our intuition is correct.

Proposition 5.20. Let M™ be a real analytic Riemannian manifold and f: X% — M a totally
geodesic immersion. Then Y. admits a unique real analytic structure (refining its smooth struc-
ture) such that the metric of X is real analytic and f is a real analytic map.

Proof. Let A be the maximal atlas defining the smooth structure of ¥. We aim to extract a
real analytic atlas A, C A. In order to do this, let z € ¥ and consider an ¢ = ¢, > 0 such
that Br,x(0, 2¢) and Br, @ (0, 2¢) are contained in the domains of their respective exponential
maps, and expy(,): Br,, m(0,2¢) — M is a smooth embedding. Then exp,: Br,x(0,¢) — X
and f: Byx(x,e) — M are also embeddings. As a consequence, the corresponding inverse map
exp,': Bx(z,e) = Br,x(0,¢) is alocal coordinate chart (formally, one would have to compose
this map with a linear isomorphism 7, > — R” in order to obtain a chart, but we may omit this
step as linear isomorphisms of R* are diffeomorphisms). We claim that the family

F ={(Bs(z,e,),exp, ') : z € X}

is a real analytic atlas of M. It is clear that the coordinate charts under consideration cover >, so
we need to prove that the transition maps are analytic.

Take two points x1, 25 € X and for each z; let ¢, = ¢,, > 0. If B; = Bx(x;,¢) and
0 = exp;i1 : B, — BT%.E(O? g;) is its corresponding coordinate system, we see that

(p2 001 ")(u) = (exp,, oexp,,) (u)
= ((f*m)_l © (exp;(lm) © epr(xl)) © f*:n) (u)

for all u € p1(B; N By), where by exp;(lm) we are referring to the inverse of the diffeomorphism
XD f(19) " BTf(W) m(0,62) = Bu(f(x2),e2). As the exponential map of a real analytic manifold
is real analytic, the composition exp]?(lgg2 ) O CXD p(g) is real analytic, so the transition map ;07"
is also analytic. We conclude that the local coordinate systems defined as above induce a real
analytic atlas on M. We denote by .4, the maximal real analytic atlas containing F, which by
construction is contained in .A.

To show that f is real analytic, choose » € X and € > 0 so that exp, and expy,, give
well defined embeddings on the open balls of radius 2¢ centered at the origin. Then we have
[ =expyyofuo exp, ' on Byx,(z,¢), so f is real analytic due to it being the composition of real
analytic maps. As x is arbitrary, we obtain that f is globally analytic. In particular, the metric of
3} is the pullback of the metric of M by an analytic map, so it is analytic as well.



112 5 Totally geodesic submanifolds

Finally, given another maximal real analytic atlas A/, C A such that f: ¥ — M is real
analytic with respect to A/, we show that 7 C A/. Indeed, given a local smooth chart
exp,': Bs(z,e.) = Br,x(0,¢,) in F we have the commutative diagram

Br,s(0,6,) — Br, u(0,¢,)

expzl lexpﬂz)

Bs(x,2,) —— Bu(f(x),.)

where the horizontal and rightmost maps are real analytic diffeomorphisms. Therefore, exp,, is
an analytic diffeomorphism, which means that (Bx(z,¢,), exp, ') belongs to A/, proving our
assertion. Maximality of A,, gives A, = A/, so the real analytic structure of M is unique. [

We now show that a complete totally geodesic submanifold Y. of a homogeneous space M is
also homogeneous. This is proved in [105, Corollary 8.10] for the case that > C M is injectively
immersed and complete. However, the proof by Kobayashi and Nomizu can be adapted to the
general case with ease.

Proposition 5.21. Let M be a Riemannian homogeneous space and f: > — M an inextendable
compatible totally geodesic immersion. Then Y. is also a Riemannian homogeneous space.

Proof. We can assume without loss of generality that M is connected, and thus complete. First
of all, observe that X is also a complete Riemannian manifold due to Corollary 5.19, since
homogeneous spaces are real analytic. In particular, every Killing vector field in Y is complete.
In order to show that > is homogeneous, it suffices to show that every tangent vector v € 1%
can be extended to a Killing vector field on .

Let x € ¥ and v € 7,3 be any tangent vector. We define p = f(z) and w = f,,(v) € T, M.
Since M is homogeneous, we may choose a Killing vector field X € (M) satisfying X, = w.

For each y € X, let us decompose Xy,) = XfT(y) + X]%(y), where XfT(y) and XfL(y) are the

orthogonal projections of X, to f(y) and Ty, M © f(y) respectively. We define a smooth
vector field Z € X(X) by the equation

Zy=(fu)™ (XfT(y)) , yex

By construction, it is clear that Z, = v. Thus, it suffices to show that Z is a Killing vector field
on Y. Given y € ¥ and u € T;)X, we aim to prove that (V.Z,u) = 0. To do this, we extend u to
a vector field U € X(X). Because f is an immersion, we may choose:

* an open subset Q C M,

* an open subset ) C ¥ such that u € (2, the restriction of f to () is an embedding, and
f(Q)CQ,

« and a vector field U € X(Q) that is f-related to U]q,.
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Denote by V and V the Levi-Civita connections of ¥ and M respectively. Using the fact that f
is totally geodesic, we obtain that

(VuZ, Uy = (VgX ", U)o f onQ.

Furthermore, because f(2) is a totally geodesic submanifold of M and X is a Killing vector
field, we deduce that

along f(€2), where the last equality follows from X' being orthogonal to both U and VU.
Because of this, we obtain that (V,Z,u) = 0. As a consequence, Z is a (complete) Killing
vector field on X extending v. This shows that X is a Riemannian homogeneous space. O]

We emphasize that Proposition 5.21 shows only that the group /(X)) acts transitively on .
This does not imply that X is an extrinsically homogeneous submanifold of M. For instance,
this is not possible if f is not injective, because extrinsically homogeneous submanifolds are
injectively immersed. An explicit example of a totally geodesic submanifold which is not injec-
tively immersed will be given in Section 6.3.2. Moreover, there are examples of totally geodesic
submanifolds of homogeneous spaces that are embedded but not extrinsically homogeneous,
see [97,135].

5.5 Maximal totally geodesic submanifolds in analytic Rie-
mannian manifolds

We now concern ourselves with defining a notion of maximality for totally geodesic submani-
folds. Indeed, if M is a real analytic Riemannian manifold and >3, >» C M are two inextendable
and embedded totally geodesic submanifolds, one can wonder if >; C >5. In this case, it is easy
to see that >y C ), if and only if there exists a point p € ¥, N, such that 7,,>; C T,%,. There-
fore, the study of inclusions between embedded totally geodesic submanifolds of M containing
the point p is equivalent to that of inclusions between totally geodesic subspaces of 7}, M. For
general totally geodesic immersions, the situation is more involved, and one needs to introduce
the following “pullback-type” construction to make sense of the inclusion relationship.

Proposition 5.22. Let M be a connected real analytic Riemannian manifold, p € M and V/,
Vo C T,M two totally geodesic subspaces. For each i € {1,2}, consider the inextendable

compatible totally geodesic immersion f;: ¥; — M satisfying V; € fi(3;) and let x; € ¥; be
the unique point such that f(x;) = V;. Then the following assertions are equivalent:
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@» Vi € Va

(ii) There exists a connected Riemannian manifold F, a surjective local isometry m: E — 34,
a compatible and inextendable totally geodesic immersion h: E — Y5 and a point z € E
such that fyom = fyoh, m(z) = x1 and h(z) = xs. In other words, the following diagram

commutes.:
E sy,
lﬂ' lfz
fi

Furthermore, if X9 C M is injectively immersed and fo = 1: X9 — M, one can take
E =%, m=1Idg, h: X1 — X5 given by h(z) = fi(x) and z = x1, so V; C Vs if and only
f1(E1) € %,

Proof. Start by assuming (ii). Then we have

Vi = f~1($1) = ﬁ(ﬂ(z)) = (f1>*7r(Z)(T7r(Z)El) = (fiom)w(TE) N
= (f2 © h)*z<TzE) = (f2>*w2(h*Z(TzE)) - <f2>*x2(Tr222) = f2(x2) = Vs,

which proves (i).

Now, suppose (i) is true, and let W = (f2),,, (V1), which is a totally geodesic subspace of
T,,>9. We can construct an inextendable compatible totally geodesic immersion h: £ — X9
such that W € h(E), and there exists a unique z € E for which h(z) = z5 and h(z) = W.
As M and 3., are real analytic, we may apply Proposition 5.17 twice to see that the composition
faoh: E — M sends maximal geodesics of £ to maximal geodesics of M. However, fs o h
need not be compatible. Let R be the equivalence relation on £ defined by

tRy: < faoh(x) = faoh(y).

By Lemma 5.5, the quotient space £ /R admits a unique smooth structure and Riemannian met-
ric such that the natural projection p: F — E/R is a surjective local isometry and the map
g: EJ/R — M given by g([z]) = fa(h(z)) is a compatible totally geodesic immersion. Because
f20h sends maximal geodesics to maximal geodesics and p is a surjective local isometry, the im-
mersion g sends the maximal geodesics of £//R to maximal geodesics of M, so g is inextendable
by Proposition 5.17. Observe that

9([2) = 942/ (T E/R) = (g © p)a(T2E) = (f20 1)ue(TE) = (f2)sas (W) = W1,

so by uniqueness of f; there exists a global isometry ¢: F/R — ¥, such that ¢ = f; o ¢. By
considering T = ¢ o p: £ — 3, we obtain the equalities fom = gop = foohand 7(2) = 2,
because f; is injective and
fi(m(2)) = (f1)sn(e) (T 21) = (fi 0 T)a(TLE) = (g 0 p)az(TLE)
=Vi = fi(z).
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Therefore, (ii) holds.

Finally, note that if X C M and f; = ¢ is the inclusion map, the composition ¢ o h in the
previous paragraph is also a compatible totally geodesic immersion, so F'/R = E and we obtain
in this case a global isometry ¢: E — .; satisfying t o h = f; o ¢. By replacing F with >; and
h with ho ¢~1, we obtain .o h = f, so h: 3; — X, is simply the restriction in codomain of f;,
and f1(%;) C . O

Motivated by the previous proposition, we say that an inextendable compatible totally
geodesic immersion f: > — M (or simply, X)) is maximal if it is not a global isometry and
whenever we have another inextendable compatible totally geodesic immersion f': ¥’ — M, a
Riemannian manifold F, a surjective local isometry 7: £ — 3 and a compatible totally geodesic
immersion h: E — Y satisfying f' o h = f o m, we have that f’ is either a global isometry or
equivalent to f. From Proposition 5.22, the following conditions are equivalent:

e f: ¥ — M is maximal.

e Forallz € &, f(x) = f..(T,X) is a maximal totally geodesic subspace of T's(,) M.

¢ There exists an € ¥ such that f(z) is a maximal totally geodesic subspace of T's(,) M.

5.6 Totally geodesic submanifolds of homogeneous spaces

In this section we discuss the current progress in the classification problem for totally geodesic
submanifolds in Riemannian homogeneous spaces. Since we are working with possibly non-
injective immersions of these submanifolds, we first have to give a reasonable notion of equiv-
alence between two totally geodesic immersions that extends the usual notion of congruence
for embedded submanifolds. Let M be a Riemannian manifold and consider two (inextendable,
compatible) totally geodesic immersions f;: >, — M (with ¢ = 1,2). We say that the immer-
sions f; and f5 (or the submanifolds 3, and Xs) are congruent if there exists a global isometry
g € I(M) such that g o f; and f, are equivalent. Observe that when 1, X9 C M are injectively
immersed, this definition of congruence is equivalent to the usual definition of congruence (that
is, the existence of g € I(M) such that g(¥;) = ¥3). The main problem that we deal with in
this part of the thesis is the classification of inextendable compatible totally geodesic immersions
f: 3 — M (with dim ¥ > 2) in Riemannian manifolds up to congruence.

Generically, a Riemannian manifold does not have any totally geodesic submanifolds of di-
mension greater than one [130], so their classification becomes trivial. This means that in order to
find nontrivial examples of totally geodesic submanifolds we need to work with ambient spaces
that possess a rich structure. There are two main reasons that make Riemannian homogeneous
spaces a natural choice of manifolds on which to carry out this task. The first one is that if M is
a Riemannian homogeneous space, one can fix a base point o € M and study all totally geodesic
submanifolds passing through o, as any totally geodesic submanifold is automatically congru-
ent to one containing o. In practice, we choose a presentation M/ = G/K admitting a reductive
decomposition g = £ & p, so that the problem reduces to that of classifying totally geodesic sub-
spaces in p. The second one is that homogeneous spaces are real analytic, meaning that totally
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geodesic subspaces have an algebraic characterization by Proposition 5.2. Indeed, a subspace
v C p is totally geodesic if and only if is invariant under all tensors V¥R with k > 0. Never-
theless, this equivalent condition remains extremely hard to check, as it requires computing the
covariant derivatives of the curvature tensor and solving the (countably infinite) system of poly-
nomial equations corresponding the curvature-invariance condition. Therefore, in order to attack
this problem in homogeneous spaces, it will prove convenient to apply this characterization only
as a necessary condition while finding other sufficient conditions that are easier to check in order
to determine when a tangent subspace is totally geodesic. In fact, we remark that at no point in
this thesis we calculate covariant derivatives of R of order greater than one.

5.6.1 The symmetric case

Most of the classification results concerning totally geodesic submanifolds to this day are focused
on symmetric spaces. The clear advantage of working in this setting is that for a symmetric
space M the covariant derivative V IR vanishes identically, so understanding its totally geodesic
submanifolds amounts to knowing the curvature-invariant subspaces of the tangent space at any
point. Moreover, every complete totally geodesic submanifold of a symmetric space is injectively
immersed—in fact, extrinsically homogeneous—meaning that it is not necessary to work with
general immersions in this case.

Let (G, K) be a Riemannian symmetric pair with involution ©: G — G and consider the
associated symmetric space M = G/K. We write o = eK. The group involution © € Aut(G) in-
duces a Lie algebra involution #: g — g and a corresponding reductive decomposition g = €& p.
We recall from (1.7) that a subspace v of p = 7, M is curvature-invariant (equivalently, totally
geodesic) if and only if it is a Lie triple system in p. Moreover, we have a series of correspon-
dences between totally geodesic submanifolds of M and certain algebraic objects related to the
symmetric pair (G, K), which we briefly describe in the following.

1. Given a Lie triple system v C p, its image ¥ = exp,(v) under the Riemannian exponential
map is a complete totally geodesic submanifold of M containing 0. Conversely, if X is
a complete totally geodesic submanifold of M with o € %, then v = T,X is a Lie triple
system. The two correspondences described above are mutually inverse.

2. If vis aLie triple system in p, then h = [v, b] @ v is the smallest subalgebra of g containing
p and it is canonically embedded in g (that is, # = h). Similarly, if b is a canonically
embedded subalgebra of g, then b, is a Lie triple system in p. Note that for a Lie triple
system in p we have ([v,b] € v), = v, whereas for a canonically embedded subalgebra
h C g we only have [h,, h,] @ b, C b, meaning that the map v — [, v] & v is only a right
inverse of the map b — b,. Observe that it is never a left inverse, because for instance the
canonically embedded subalgebra b = € has [¢,, ¢,] © €, = 0 # .

We summarize this discussion by means of the following diagram:
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v [0,0] B0 .
{ Lie triple systems }  loo] & > { Canonically embedded }
bCp <

-
byt b h<a
-
Complete totally geodesic h—H-o
€XpP, E g M

Recall that a (non-flat) irreducible symmetric space is necessarily of compact type or of
noncompact type. Moreover, if M = G/K is a simply connected irreducible symmetric space of
compact type, then one can associate a dual symmetric space of noncompact type to it by taking
the Cartan decomposition g = ¢ @ p of g and considering the dual algebra g* = ¢ @ ip C g(C)
and taking M* = G*/K* to be the simply connected symmetric space coming from the Klein pair
(g*, ). A straightforward calculation shows that a vector subspace v C p is a Lie triple system if
and only if 70 C 4p is a Lie triple system in p. Consequently, we have a bijective correspondence
between the set of (complete) totally geodesic submanifolds of M passing through o = eK and
those of M* containing o = eK*. In particular, to classify totally geodesic submanifolds in
irreducible Riemannian symmetric spaces, it is enough to restrict oneself to either the compact
or the noncompact setting.

For symmetric spaces of compact type, the issue when working with Lie triple systems is that
they do not convey the topological information needed to reconstruct the corresponding totally
geodesic submanifold (the simplest example is that of a one-dimensional subspace of p, which
may correspond to an injective immersion of R or of S'). In the noncompact case, this problem
is avoided entirely, as the Riemannian exponential map is a global diffeomorphism and every
totally geodesic submanifold is diffeomorphic to some Euclidean space.

Furthermore, for a symmetric space of noncompact type M = G/K there are some known
results concerning canonically embedded subalgebras of the isometry algebra g. For instance,
the celebrated Karpelevich—-Mostow theorem [96, 127] says that any semisimple subalgebra b of
g is canonically embedded with respect to some Cartan decomposition. In other words, every
connected semisimple subgroup H of G has a totally geodesic orbit. A partial generalization
of this result can be found in [70, Chapter 6, Theorem 3.6]: an algebraic subalgebra of g is
canonically embedded with respect to a Cartan decomposition of g if and only if it is a reductive
subalgebra. Of course, it is sufficient (albeit not necessary) to know all subalgebras that are
canonically embedded with respect to some Cartan decomposition in order to find all totally
geodesic submanifolds of M.

We also remark a result of Sanmartin-Lépez and Solonenko [150] which states that totally
geodesic submanifolds of symmetric spaces of noncompact type can be realized as subgroups of
their solvable model:

Proposition 5.23 [150, Proposition 5.1]. Let M = G/K be a symmetric space of noncompact
type and Y. a complete totally geodesic submanifold of M containing o. Then there exist an
Iwasawa decomposition G = KAN and a connected Lie subgroup H C AN of the form H =
(HNA)(HNN) such that > = H - o.
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The classification problem for totally geodesic submanifolds in symmetric spaces dates back
to the seminal paper by Wolf [168], who determined all totally geodesic submanifolds of (com-
pact) rank one symmetric spaces; see Section 4.2 to see the explicit classification in their non-
compact duals. Afterwards, Chen and Nagano [42,43] gave a classification on symmetric spaces
of rank two. This was later revised by Klein [99-101], who found some examples missed in
the original work of Chen and Nagano. As of today, we do not have complete classifications of
totally geodesic submanifolds on symmetric spaces with rank greater than two. However, full
classifications have been achieved in products of rank one symmetric spaces [148] by Rodriguez-
Viézquez. Moreover, Kollross and Rodriguez-Vazquez determined all maximal totally geodesic
submanifolds in exceptional symmetric spaces up to isometry [110].

Several authors have dealt with totally geodesic submanifolds that present some additional
properties. For instance, there is a nice interaction between isometries of a Riemannian manifold
and its totally geodesic submanifolds. Let M be a Riemannian manifold and 2 C I(M) a set of
isometries of M. Then, every connected component of the fixed point set

Fix(Q) ={r € M: f(z) =xforall f € Q}

is seen to be a totally geodesic submanifold of M [103, Theorem 5.1]. A particular case of this
phenomenon is given by taking 2 = {f} with f an involutive isometry. If M is a Riemannian
manifold, we say that a connected injectively immersed submanifold > C M is reflective if there
exists an involutive isometry g € I(M) such that ¥ is a connected component of Fix(g). In
the case of symmetric spaces, one can apply the Cartan-Ambrose—Hicks theorem to characterize
reflective submanifolds as follows:

Theorem 5.24. Let M = G/K be a simply connected Riemannian symmetric space and consider
a vector subspace v of p = T, M. Then, there exists a reflective submanifold >. C M with o € X
and T,M = v if and only if both v and v+ = p © v are Lie triple systems in p. Moreover, the
totally geodesic submanifold ¥+ = exp,(v}) is also a reflective submanifold of M.

The classification of reflective submanifolds on irreducible symmetric spaces was carried out
in a series of papers by Leung, see [116] and the references therein. We remark that the study
of reflective submanifolds coming from geodesic reflections on irreducible compact symmet-
ric spaces is due to Chen and Nagano, and is also known as (M, M_)-theory. A fixed point
component of a geodesic reflection is known as a polar, whereas its corresponding orthogonal
totally geodesic submanifold is called a meridian. See [41] for a summary of the main results
concerning polars and meridians.

Another invariant of symmetric spaces associated with their totally geodesic submanifolds
is their so-called index. Given a Riemannian manifold M, we define the index of M (denoted
by i(M)) as the smallest codimension of its totally geodesic submanifolds. This notion was
originally introduced by Onishchik in [140]. As the culmination of the work by Berndt, Olmos
and Rodriguez [20], the index of all irreducible symmetric spaces has been computed. A by-
product of their calculations is the (positive) resolution of the so-called index conjecture: for
every irreducible Riemannian symmetric space M different from G,/SO(4) and G3/SO(4), the
index i(M) coincides with the smallest codimension of a reflective submanifold of M (known as
the reflective index of M).
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5.6.2 The non-symmetric case

While some authors have studied totally geodesic submanifolds in more general (non-symmetric)
homogeneous spaces, this field has remained comparatively unexplored due to the sheer increase
in difficulty when considering these kinds of manifolds. Suppose M = G/K is an n-dimensional
naturally reductive homogeneous space and g = € @ p is a naturally reductive decomposition.
Tsukada [165] showed that the problem of detecting totally geodesic subspaces is still given
by a finite system of polynomial equations. Indeed, let 93(p) be the space of algebraic curvature
tensors on p (in particular, R € 2R(p)). Foreach X € p, let Rx be the smallest D x-invariant sub-
space of PR (p) containing R (recall that D is the difference tensor) and define d(X) = dim R(.X).

Theorem 5.25 [165, Theorem 2.3]. Suppose M = G/K is a naturally reductive homogeneous
space and v C p is a vector subspace. If for each X € v we have

(VFR)U,..., U, X,Y)€v, forall0<k<d{U)and X,Y € v,
then v is a totally geodesic subspace.

A direct corollary is that if v is totally geodesic if and only if it is invariant by V¥R for
all & < maxxe, d(X). Note that the latter integer is bounded above by dim R(p) = %
However, this criterion is still not feasible to apply directly in practice due to the complications
in computing covariant derivatives of R and the rapid growth of dim fR(p) as a function of n.

The second difficulty that arises in this context is that not every totally geodesic submanifold
of a Riemannian homogeneous space is injectively immersed. For instance, it is known' that
every geodesic on a homogeneous space is either injective or periodic, meaning that all one-

dimensional totally geodesic submanifolds in it are injectively immersed.

Remark 5.26. For the sake of completeness, let us include the proof of the statement above.
Let M be a Riemannian homogeneous space and consider a unit speed geodesic v: R — M
that is not injective. Without loss of generality, we may assume that there exists a 7' > 0
satisfying v(0) = v(7') = p. Because M is homogeneous, we may choose a Killing vector field
X € K(M) satisfying X, = +/(0). The restriction J(t) = X, is a Jacobi vector field along -y
(that is, it satisfies the differential equation Vi,J + R(J,7')y = 0), and from this it is easy to
show that there exist constants a, b € R such that (J(t),'(t)) = at + b for all t € R. By our
construction, we have b = |7/(0)]> = 1 and a = (V,)X,7(0)) = 0, so (J,7/) is constantly
equal to one. In other words, 7/() is the orthogonal projection of J(t) = X, to Ry/(t) for
all t, so there exists a normal vector field £(¢) along ~y such that X, ;) = +/(t) + £(t). Letting
t = T we obtain X, = 7/(T) + &(T), and thus 1 = | X,|? = 1 + |£(T)|?, giving £(T) = 0 and
v (T) = X, =+/(0). Consequently, v(t +1") = ~(t) for all ¢ € R, so y is periodic and descends
to an injective immersion of a circle to M.

In contrast, one can already find examples of (compatible) totally geodesic immersions from
a complete surface to a homogeneous space that are not injective (an example of this phenomenon

"While we do not know of a reference with an explicit proof of this result, it seems to be vox populi within the
field. The statement and proof presented here were communicated to us by Carlos E. Olmos.
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will be provided in Subsection 6.3.2). This shows that much more care is needed when handling
totally geodesic submanifolds on (naturally reductive) homogeneous spaces.

Perhaps the class of non-symmetric homogeneous spaces that has enjoyed the most attention
in this context is that of Lie groups endowed with a left-invariant Riemannian metric. Observe
that compact Lie groups with a bi-invariant metric are automatically symmetric spaces, whereas
this fact does not remain true for arbitrary left-invariant metrics. Eberlein [58] classified totally
geodesic submanifolds of (simply connected, nonsingular) 2-step nilpotent Lie groups. More-
over, Kim, Nikolayevsky and Park [97] gave a partial classification of totally geodesic submani-
folds in Damek-Ricci spaces.

In this area, the study of totally geodesic subgroups is quite prominent, as the determination
of these subgroups can be done entirely at the Lie algebra level. Indeed, if G is a Lie group
endowed with a left-invariant metric, we obtain by restriction a Euclidean inner product (-, -) on
the Lie algebra g, and the Levi-Civita connection restricts to an R-bilinear operator V: g®g — g.
A totally geodesic subalgebra of g is a vector subspace h C g satisfying VxY € b for all X,
Y € h. This condition is clearly equivalent to h being a Lie subalgebra whose corresponding
connected subgroup H C G is a totally geodesic submanifold. Totally geodesic subalgebras of
nilpotent Lie algebras have been treated in [37, 38].

At this point, it is important to note that none of the results mentioned above provide fully
explicit classifications of totally geodesic submanifolds, which should serve as a testament to
the complexity of the problem in general. Some of the non-symmetric homogeneous spaces
for which we have a precise description of their totally geodesic submanifolds are Hopf—Berger
spheres [135] and, more recently, Stiefel manifolds of orthogonal 2-frames [74].

Let us conclude this chapter with a note on totally geodesic hypersurfaces. The existence of
a totally geodesic hypersurface on a Riemannian manifold is quite restrictive, and thus, many
authors have worked on understanding the structure of a space admitting such a hypersurface
(under varying degrees of ambient symmetry). A first result in this direction was provided by
Iwahori [93], who showed that the only irreducible Riemannian symmetric spaces admitting
totally geodesic hypersurfaces are those of constant curvature. Later on, it was shown that this
statement remains true when the ambient manifold is normal homogeneous [161], and more
generally, when it is naturally reductive [164]. Finally, Nikolayevsky [132] described the general
structure of a (simply connected) homogeneous space admitting a totally geodesic hypersurface.



Chapter 6
Totally geodesic submanifolds of the

homogeneous nearly Kihler 6-manifolds and
their Go-cones

The purpose of this chapter is to derive the classification of totally geodesic submanifolds of the
homogeneous strictly nearly Kihler manifolds of dimension 6, as well as those of their coho-
mogeneity one Gs-cones. Most of the content in this chapter corresponds to a joint work with
Alberto Rodriguez-Vazquez (Université Libre de Bruxelles, Belgium) that has been collected
in [119]. Furthermore, the results in Subsection 6.4.2 have been obtained during a research visit
to Thomas Leistner (University of Adelaide, Australia).

Recall that an almost Hermitian structure on a Riemannian manifold M is a (1, 1) tensor
field J preserving the Riemannian metric g and satisfying the identity J? = —id. Gray and
Hervella [80] showed that there are 16 natural classes of almost Hermitian structures. A nice
example of those are Kéhler structures, which are characterized by the equation V.J = 0. Among
the non-integrable Hermitian structures, the nearly Kéhler ones are particularly noteworthy. An
almost Hermitian structure ./ on a Riemannian manifold M is nearly Kdhler if it satisfies

(Vx)(Y)=—=(VyJ)(X) forall vector fields X and Y of M.

Nearly Kéhler manifolds provide examples of Riemannian manifolds with special weak holon-
omy. The concept of weak holonomy was introduced by Gray, see [79] for a formal definition.
The motivation behind his paper is the celebrated Ambrose-Singer theorem [6], which exhibits a
deep connection between the holonomy group of a Riemannian manifold and its curvature ten-
sor. The natural question to ask therefore is whether for a Riemannian manifold M one can find
groups other than its holonomy group that provide information about its curvature. It turns out
that a Riemannian manifold is nearly Kéhler if and only if it has weak holonomy U(n).

The study of nearly Kihler geometry is particularly interesting in dimension 6, as strictly
nearly Kihler 6-manifolds (that is, those which are not Kéhler) are automatically Einstein, and
their Riemannian cones are 7-manifolds with holonomy groups contained in G, see [14]. Indeed,
in [35], Bryant constructed the first examples of manifolds with holonomy exactly equal to G,
one of which is a Riemannian cone over the flag manifold F(C?) equipped with its homogeneous
nearly Kéhler metric.

Although investigations about nearly K#hler manifolds began in the 1950s, significant
progress has been made in recent decades. In 2005, Butruille [36] classified simply connected,
homogeneous strictly nearly Kihler manifolds of dimension six. These are:

S5 = Gy/SU(3), CP? =Sp(2)/(U(1) x Sp(1)),
F(C?%) = SU(3)/T?, $% x S% = SU(2)%/ASU(2).
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All of the above spaces are examples of 3-symmetric spaces. A consequence of Butruille’s
list is the positive resolution of Gray and Wolf’s conjecture: every homogeneous nearly Kéhler
manifold (M, J) is a 3-symmetric space for which .J is the canonical almost complex structure,
see Section 6.1 for further details. Furthermore, Cortés and Vasquez [45] classified all locally
homogeneous strictly nearly Kédhler manifolds in six dimensions, showing in particular that all
of them are quotients of S* x S3. More recently, in 2017, Foscolo and Haskins [67] produced
the first inhomogeneous nearly Kihler structures on S® and S® x S3. These structures are of
cohomogeneity one and are SU(2) x SU(2)-invariant. The aforementioned examples constitute
all the known strictly nearly Kéhler 6-manifolds to this day.

The main goal of this chapter is to classify totally geodesic submanifolds in homogeneous
strictly nearly Kédhler 6-manifolds. For this purpose, we develop some general tools for the
study of totally geodesic submanifolds of naturally reductive homogeneous spaces. Moreover,
we classify maximal totally geodesic submanifolds of the Gy-cones over homogeneous strictly
nearly Kéhler 6-manifolds.

In this chapter, we introduce the class of D-invariant totally geodesic submanifolds of a
reductive homogeneous space, where D denotes the difference tensor, see Subsection 1.3.1. In
the setting of naturally reductive homogeneous spaces, which includes symmetric spaces, D-
invariant totally geodesic submanifolds are orbits of Lie groups acting isometrically, and they
admit a nice algebraic description similar to that of Lie triple systems in symmetric spaces.
Furthermore, totally geodesic submanifolds of symmetric spaces are trivially D-invariant. Thus,
the class of D-invariant totally geodesic submanifolds seems to be a natural generalization of
totally geodesic submanifolds of symmetric spaces. As we will see, not all totally geodesic
submanifolds in a naturally reductive homogeneous space are D-invariant. However, it will
follow from out classification that all maximal totally geodesic submanifolds in the homogeneous
nearly Kéhler 6-manifolds are D-invariant.

As we have seen, there are exactly four examples of simply connected homogeneous nearly
Kihler 6-manifolds. The sphere S° = G,/SU(3), whose nearly Kéhler structure is induced by
octonionic multiplication, was the first one that appeared. Since S = G,/SU(3) is isotropy
irreducible, it carries the round metric. Thus, its totally geodesic submanifolds are open parts of
intersections of vector subspaces of R” passing through the center of the unit sphere S¢ C R”.
Each of the remaining three examples appears as the total space of a homogeneous fibration

F=K/H— M=G/H— B=G/K

induced by a triple of compact Lie groups H C K C G. In the cases of CP? and F(C?), these
fibrations are also examples of twistor fibrations. A twistor fibration of an oriented Riemannian
4-manifold N is a fiber bundle 7: M — N, where each fiber over p € N is equal to the set of
complex structures of 7, N which preserve the orientation and the Riemannian metric of V. It
turns out that 7 is an S%-bundle over N, and the twistor space M admits two different natural
almost Hermitian structures. One of them is called the Atiyah—Hitchin—Singer structure and it
is integrable if and only if the 4-manifold V is self-dual, see [10]. The other one is the Eells—
Salamon structure, which can be obtained from the Atiyah—Hitchin—Singer structure by changing
the sign only in the fibers. The nearly Kihler structures of CP? and F(C?) that we are consid-
ering are precisely the Eells—Salamon structures that we get when N is the round sphere S* and
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the complex projective plane CP?, respectively. Moreover, the celebrated Eells—Salamon corre-
spondence, see [60], states a one-to-one correspondence between (branched) minimal surfaces in
N, and non-vertical .J-holomorphic curves in M, that is, J-invariant immersions of 2-manifolds
in M.

When studying totally geodesic submanifolds of the total space of a Riemannian submersion
F — M — B, it is also relevant to consider their behavior with respect to the underlying
Riemannian submersion. Following [135], we say that a totally geodesic submanifold ¥ of the
total space of a Riemannian submersion M is well-positioned if

LY=0WV,NTX)® (H,NT,X) forallpe X,

where )V and H denote the vertical and horizontal distributions associated with the Riemannian
submersion F' — M — B. It turns out that if a totally geodesic submanifold is well-positioned,
the metric of the total space can be rescaled in the direction of the fibers while preserving the
totally geodesic property for all these new metrics, see [50, Lemma 3.12]. In this work, we find
several examples of not well-positioned totally geodesic submanifolds.

We are also interested in understanding the interaction between totally geodesic submanifolds
of the nearly Kihler spaces under investigation and their ambient almost complex structure. A
way to measure how a submanifold fails to be complex is by using the notion of Kéhler angle,
see for example [30]. We say that a submanifold Y of an almost Hermitian manifold M has
constant Kdhler angle ®(X) = ¢ € [0,7/2] if

|(Jv)g,s|* = cos®(¢)|v|* forallv € T,¥ and every p € M.

The submanifolds satisfying ®(3) = 0 or $(X) = 7/2 are exactly those submanifolds which
are almost complex or totally real, respectively. An interesting question is to determine the
possible constant Kéhler angles of the totally geodesic submanifolds of an almost Hermitian
manifold. Of course, this question is only interesting for spaces with non-constant curvature,
since in C" every number in [0, 7/2] can be realized as the constant Kihler angle of a totally
geodesic submanifold. In the setting of Hermitian symmetric spaces, not all totally geodesic
submanifolds ¥ satisfy ®(X) € {0,7/2}. For instance, Klein realized in [100] that there is a
totally geodesic 2-sphere in the Hermitian symmetric space G5 (R®) = SO(5)/(SO(3) x SO(2))
with constant Kéhler angle arccos(1/5). Even more, Rodriguez-Vazquez proved in [148] that
every rational number in [0, 1] can be realized as the arccosine of the Kéhler angle of a totally
geodesic submanifold embedded in a Hermitian symmetric space of large enough rank.

There is a relatively large number of articles focusing on the investigation of totally geodesic
submanifolds of nearly Kihler homogeneous 6-manifolds under strong assumptions. In these
works, the authors make use of special frames to carry out the classification for Lagrangian
totally geodesic submanifolds, or totally geodesic .J-holomorphic curves. Tojo [163] showed
that every totally geodesic Lagrangian submanifold of a compact 3-symmetric space is extrinsi-
cally homogeneous (in fact, D-invariant). In CP3, the Lagrangian totally geodesic submanifolds
were classified independently by Aslan [9] and Liefsoens [118]. In the flag manifold F(C?),
the Lagrangian totally geodesic submanifolds were classified in [156], and the totally geodesic
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J-holomorphic curves were classified in [48]. In S? x S3, the totally geodesic Lagrangian sub-
manifolds were classified in [55]. Although the authors originally listed six congruence classes of
totally geodesic submanifolds in S3 x S3, there are just two different ones: either a round sphere or
a Berger sphere, where the latter was first constructed in [125]. Moreover, Bolton, Dillen, Dioos
and Vrancken [29] determined all totally geodesic J-holomorphic curves in S? x S3. It is impor-
tant to remark that there are no known results obstructing the existence of totally geodesic sub-
manifolds ¥ of nearly Kihler 6-manifolds when: Y23 is not Lagrangian, 32 is not .J-holomorphic,
or X has dimension 4. In this chapter, we generalize the aforementioned partial classifications
following an entirely different approach. By employing tools from the theory of Riemannian
homogeneous spaces, we address the classification problem of totally geodesic submanifolds in
its full generality.

In what follows we state the main results of this chapter. From now on, we denote by S"(r)
the n-dimensional sphere of radius r, and by RP"(r) its Z,-quotient under the antipodal map.
Moreover, let us consider the sphere S? with the Berger metric g, given by taking the round
metric (of radius one) and rescaling the vertical subspace of the Hopf fibration S! — S* — S? by
a factor of 7 > 0. Then S%J (r) denotes the sphere S* equipped with the Riemannian metric r%g,,
and we denote by RPZ. _(r) its Zy-quotient. We also denote by T3 = IR*/A the torus induced by
a lattice A C R2.

Theorem A. Let 3. be a complete submanifold of the homogeneous nearly Kdihler manifold
CP3 = Sp(2)/U(1) x Sp(1) of dimension d > 2. Then, Y. is totally geodesic if and only if it is
congruent to one of the submanifolds listed in Table 6.1.

Table 6.1: Totally geodesic submanifolds of CP? of dimension d > 2.

Submanifold Relationship with J Comments Well-positioned?
RPZ ,5(2) Lagrangian Orbit of U(2) Yes
S?(1/V2) J-holomorphic ~ Fiber of CP? — S* Yes

S%(1) J-holomorphic Orbit of SU(2) Yes
S? (V) J-holomorphic Orbit of SU(2), No

As far as we know, the totally geodesic S?( \/5) has not appeared previously in the literature.
This is an orbit of the group SU(2),,, which is the maximal connected subgroup of Sp(2) induced
by the 4-dimensional complex irreducible representation of SU(2) (note that this representation
is of symplectic type). All the examples in this theorem are maximal. The non-vertical totally
geodesic J-holomorphic curves are S?(1) and S?(1/5). Their associated minimal surfaces in S*
under the Eells—Salamon correspondence are a totally geodesic 2-sphere in S*, and the Veronese
embedding of the projective plane in S?, respectively.

Theorem B. Let . be a complete submanifold of the homogeneous nearly Kdhler manifold
F(C3) = SU(3)/T? of dimension d > 2. Then, X is totally geodesic if and only if it is congruent
to one of the submanifolds listed in Table 6.2.
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Table 6.2: Totally geodesic submanifolds of F(C?) of dimension d > 2.

Submanifold Relationship with J Comments Well-positioned?
F(R3) Lagrangian Orbit of SO(3) Yes
S8 1.(V2) Lagrangian Orbit of SU(2) No
T2 J-holomorphic Orbit of T2 No
S?(1/V2) J-holomorphic Fiber of F(C3) — CP? Yes
$? (V2) J-holomorphic Orbit of SO(3) No
RP? (2 \/5) Totally real Not injectively immersed No

To the best of our knowledge, RP?(2+/2) is the first example in the literature of a totally
geodesic immersed submanifold of dimension d > 2 with self-intersections in a simply con-
nected homogeneous space. Moreover, this is the only non-maximal example, it is not D-
invariant, and not extrinsically homogeneous, i.e. an orbit of a subgroup of the isometry group of
the ambient space. The non-vertical totally geodesic .J-holomorphic curves are T2 and S?(1/2).
Their associated minimal surfaces in CP? under the Eells—Salamon correspondence are the Clif-
ford torus in CP?, that is, {[20 : 21 : 22] € CP? : |20| = |21| = |22}, and a totally geodesic RP?
in CP?, respectively.

Theorem C. Let X be a complete submanifold of the homogeneous nearly Kdhler manifold
S3 x S3 = SU(2)3/ASU(2) of dimension d > 2. Then, ¥ is totally geodesic if and only if it is
congruent to one of the submanifolds listed in Table 6.3.

Table 6.3: Totally geodesic submanifolds of S x S of dimension d > 2.

Submanifold Relationship with J Comments Well-positioned?
S3 (2/V3) Lagrangian Fiber of $% x S — S3 Yes
S215(2) Lagrangian Orbit of Ay 3SU(2) x SU(2), Yes
T2 J-holomorphic Orbit of a two-dimensional torus Yes
S%(/3/2) J-holomorphic Orbit of ASU(2) No
S? (2/V3) Totally real Orbit of ASU(2) Yes

Interestingly, S*(2/+/3) is not a D-invariant totally geodesic submanifold, but is extrinsically
homogeneous. This together with the characterization of D-invariant totally geodesic subman-
ifolds given in Theorem 6.3 gives a counterexample to Proposition 2 in [2], see Remark 6.16.
Furthermore, S?(2/+/3) is the only non-maximal example in the list above.
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As a consequence of Theorem A, Theorem B, and Theorem C, we have:

Corollary D. Let Y be a maximal totally geodesic submanifold of a homogeneous nearly Kdihler
6-manifold of non-constant curvature. Then the following statements hold:

(1) if X has dimension two, then Y. is a J-holomorphic curve.
(i1) if X has dimension three, then ¥ is a Lagrangian submanifold.

Thus, every totally geodesic submanifold > of a homogeneous nearly Kéhler 6-manifold of
non-constant curvature satisfies ®(3) € {0,7/2}. This raises the question whether this also
holds for (not necessarily homogeneous) irreducible strictly nearly Kéhler manifolds.

In this chapter, we also study totally geodesic submanifolds of Riemannian cones. It can be
checked that for every totally geodesic submanifold > of a Riemannian manifold M, the cone
over X is a totally geodesic submanifold of the cone over M, see Lemma 6.22. However, there
might be totally geodesic submanifolds of a Riemannian cone that do not arise as cones, see
Section 6.4.2. In Section 6.4, we prove a structure result for totally geodesic submanifolds in
cones, see Theorem 6.25. As a consequence of this, we deduce that maximal totally geodesic
submanifolds of Riemannian cones are either cones over a totally geodesic submanifold or totally
geodesic hypersurfaces, see Corollary 6.26. It was observed in [14] that Riemannian cones are
intimately linked to special holonomy. For instance, a special class of Sasakian' manifolds is
that of Sasakian—Einstein manifolds, whose investigation has led to the construction of many
inhomogenous Einstein metrics on spheres, see [33]. It turns out that the holonomy of the cone
over a Sasakian—Einstein manifold is contained in SU(n). Similarly, Riemannian cones over
strictly nearly Kéhler 6-manifolds have its holonomy contained in G,. This holonomy reduction
is equivalent to the existence of a parallel 3-form ¢ that is locally modeled on the associative
3-form on R7, or alternatively, the existence of a torsion-free Gy-structure. Another class of
Go-structures defined on 7-dimensional manifolds is that of nearly parallel Go-structures. A
Gy-structure ¢ is nearly parallel if it satisfies xdp = c¢, for ¢ € R\ {0}, where x denotes
the Hodge star operator. It can also be proved that cones over nearly parallel Go-manifolds
have holonomy contained in Spin(7). Indeed, the first examples of manifolds with exceptional
holonomy Gy and Spin(7) were constructed in [35], and they are cones over the homogeneous
nearly Kihler 6-manifold F(C?) = SU(3)/T?, and the homogeneous nearly parallel Gy-manifold
B” = SO(5)/SO(3). We prove that Sasakian—Einstein, strictly nearly Kihler 6-manifolds, and
nearly parallel G,-manifolds do not admit totally geodesic hypersurfaces, see Theorem 6.23.

In view of the structure theorem for maximal totally geodesic submanifolds in Riemannian
cones, it is clear that the case of hypersurfaces deserves special attention. It turns out that these
hypersurfaces are related to the so-called Obata equation Hess h = —hg, where g denotes the
metric of the base space and Hess i denotes the Hessian of the smooth function h € C*(M).
More precisely, given a totally geodesic hypersurface of a Riemannian cone, it is either the cone
of a totally geodesic hypersurface of the base space or it is given locally by the graph of a smooth
function whose reciprocal satisfies the Obata equation, see Theorem 6.31.

"We say that a Riemannian manifold M is Sasakian if its Riemannian cone is Kihler.
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The Obata equation was first introduced in [133], and it sits as the cornerstone of many
rigidity theorems in Riemannian geometry. Most notably, the Obata rigidity theorem [133, The-
orem A] states that given any » > 0, the only n-dimensional complete Riemannian manifold
admitting a globally defined solution / of the equation Hessh = —r2hg is the round sphere
S™(r). One can find generalizations of the Obata rigidity theorem in [85, 159, 170]. In the con-
text of determining totally geodesic hypersurfaces of Riemannian cones, we need to understand
the existence of local solutions for this equation. Brinkmann [34] proved that if a Riemannian
manifold M admits a smooth function h € C*(M) whose Hessian is conformal to the metric
(that is, Hess h = Ag for some A € C*°(M)), then M is locally a warped product of an interval
with another Riemannian manifold. As we will see, the existence of a local solution forces the
base space to be locally isometric to a sine-cone, see Theorem 6.32.

Moreover, we consider the classification problem of totally geodesic submanifolds in cones
with holonomy G, over homogeneous nearly Kihler manifolds. As a consequence of Corol-
lary 6.20, these are the only Riemannian cones with holonomy equal to G, equipped with a met-
ric of cohomogeneity one, and thus with the highest possible degree of symmetry, contributing
to a rich presence of totally geodesic submanifolds.

Theorem E. Let M be a homogeneous nearly Kihler 6-manifold of non-constant curvature and
let 3 be a maximal totally geodesic submanifold of the Gy-cone M over M of dimension greater
than one. Then . is the Riemannian cone of a maximal totally geodesic submanifold S of M.

Notice that combining Theorem E with the classification of totally geodesic submanifolds
in cones over space forms (see Proposition 6.28) and three-dimensional Berger spheres (see
Proposition 6.30), one can list all totally geodesic submanifolds in cohomogeneity one Gs-cones
and thus obtain the full classification.

Moreover, Riemannian cones over J-holomorphic curves or Lagrangian submanifolds of a
nearly Kéhler 6-manifold give rise to associative or coassociative manifolds of the corresponding
Gs-cone over M, respectively. By definition, associative and coassociative submanifolds are the
submanifolds of a G,-manifold calibrated by ¢ and the Hodge dual of ¢, respectively; see [84]
and [95, Chapters 4 and 12] for an introduction to calibrated geometry. As a consequence of
Corollary D and Theorem E, one has the following:

Corollary F. Let 3. be a maximal totally geodesic submanifold of the Go-cone over a homoge-
neous nearly Kdhler 6-manifold of non-constant curvature. Then the following statements hold:

(1) if X2 has dimension three, then Y. is an associative submanifold.
(i1) if X has dimension four, then 3. is a coassociative submanifold.

Both Corollaries D and F seem to indicate that for totally geodesic submanifolds of nearly
Kéhler 6-manifolds and their G-cones, there is a strong link between this purely Riemannian
property and the underlying nearly Kihler and G,-structures, respectively. Consequently, we
find that it would be very interesting to investigate whether both corollaries hold true without the
homogeneity assumptions.
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Let us briefly describe the structure of this chapter. Firstly, in Section 6.1 we introduce the
homogeneous nearly Kéhler 6-manifolds that we will be working with. These are presented both
as 3-symmetric spaces and as total spaces of homogeneous fibrations. In Section 6.2 we develop
novel techniques for the classification of totally geodesic submanifolds in naturally reductive
homogeneous spaces. In particular, we introduce the class of D-invariant totally geodesic sub-
manifolds on the one hand, while on the other hand we provide an algebraic criterion to determine
when a totally geodesic submanifold is well-positioned with respect to a homogeneous fibration.
Section 6.3 is dedicated to presenting the examples of totally geodesic submanifolds appearing
in Theorems A, B and C, and describing their relationship with the ambient almost complex
structure and homogeneous fibration. In Section 6.4 we recall the basic geometric properties of
Riemannian cones and derive a structural result for their totally geodesic submanifolds. Finally,
in Section 6.5 we provide the proofs of the main theorems.

6.1 Homogeneous nearly Kahler manifolds

In this section we present the ambient spaces that we work with throughout the rest of this chap-
ter. The classification of homogeneous nearly Kihler manifolds in dimension six was done by
Butruille [36]. Indeed, every simply connected Riemannian manifold satisfying the previous
conditions is homothetic to either the sphere S, the complex projective space CP?, the flag
manifold F(C?), or S* x S3. Since S° carries its natural round metric, its totally geodesic sub-
manifolds are well-known, so we only need to focus on the other three spaces. It turns out that
these manifolds are examples of 3-symmetric spaces. The main reference for the description of
3-symmetric spaces is [81].

Let (M, J) be an almost Hermitian manifold. We say that M is nearly Kdihler if for every
vector field X € X(M) we have (Vx.J)X = 0. Moreover, M is strictly nearly Kdahler if it is
nearly Kihler and Vx.J # 0 for all nonzero X € T'M. One sees that a six-dimensional nearly
Kihler manifold is strictly nearly Kéhler if and only if it is not Kihler. On the other hand, we say
that a 3-symmetric space M is a connected Riemannian manifold M together with a family of
isometries s,: M — M for each p € M that satisfy the following conditions: sf) = idy, for all
p € M, pis anisolated fixed point of s,, and each s, is holomorphic with respect to the so-called
canonical almost complex structure J defined via

(Sp)*p = —% idTpM +\/7§Jp, pE M. (6.1)
Any 3-symmetric space is automatically homogeneous [77, Theorem 4.8]. Conversely, one can
construct a 3-symmetric space in terms of algebraic data. Indeed, let G be a connected Lie group
and K a closed subgroup of G. Assume that there exists an automorphism ©: G — G of order
three such that G((? C K C G®, where G® is the fixed point set of © and Gg) is its identity
component. It turns out that M = G/K is a reductive homogeneous space in a way that § = O,
preserves the reductive complement. Let g = £ @ p be a reductive decomposition of g satisfying
Op = p. Then, any inner product on p that is invariant under Ad(K) and 6 gives rise to a G-
invariant metric on M that turns M into a 3-symmetric space, where the isometry of order three
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at o = eK is given by s,(zK) = ©(z)K. We say that (G, K, O) is the triple associated with
the 3-symmetric space M. The corresponding almost complex structure is the G-invariant tensor
field J defined at o by (6.1). By [77, Proposition 5.6], the almost Hermitian manifold (M, J) is
nearly Kéhler if and only if the decomposition g = € @ p is naturally reductive.

We now proceed to describe our six-dimensional examples, exhibiting them as 3-symmetric
spaces.

The complex projective space CP?

Consider H? as a right C-vector space, so that the projective space P(H?) is exactly CP3. The
natural action of G = Sp(2) on CP? is transitive, and the isotropy subgroup of o = [1 : 0]
is K = U(1) x Sp(1), so that CP? can be viewed as the quotient Sp(2)/U(1) x Sp(1). The
Killing form of g = sp(2) is B(X,Y) = 12Retry(XY'), so —B is an Ad(Sp(2))-invariant inner
product in g, but we renormalize it so that the inner product on g is (X,Y) = —2Retrg(XY).
Let p be the orthogonal complement of 1(1) & sp(1) in sp(2). Once again, we endow CP? with
the homogeneous metric induced by the restriction of (-, -) to p. We also consider the element
W = diag(e%, 1) € K. Then the conjugation © = [, defines an inner automorphism of order
three in G, whose fixed point set is Sp(2)® = U(1) x Sp(1), and (Sp(2),U(1) x Sp(1),0) is
the triple associated with the 3-symmetric space CP3. The nearly Kihler complex structure .J is
defined as J = 0O, + = id;.
We use the orthonormal basis {ej, . .., es} of p defined by

_ 1 (50 _ 1L (k0 _ 170 -1
A= 5\0 0) 2= B\ 0) “=5\1 0 )

1/0 1/0 _1(0 k
64_2 Z O ) 65_2 j 0 I 66_2 k: 0 .

The isotropy representation allows us to decompose p as the direct sum of two irreducible sub-
modules p; = span{e;j,es} and po = span{es,...,eq}. Indeed, the subrepresentation p; of
U(1) x Sp(1) is isomorphic to C with the action given by (\, 11) - 2 = A\?z, whereas p, is isomor-
phic to the representation R* of U(1) x Sp(1) under (A, )z = pa ). In particular, U(1) x Sp(1)
acts transitively on the unit sphere of each p;.

The isometry group of CP? is [(CP?) = (Sp(2)/Z2) % Z,, where the outer Z, is generated
by conjugation by diag(j, 1) € Sp(2) (see for example [152]).

Now, consider the chain of subgroups U(1) x Sp(1) C Sp(1) x Sp(1) € Sp(2). This gives
rise to the homogeneous fibration CP! — CP3 — HP! = S%, which is precisely the twistor
fibration, whose fiber is a totally geodesic CP* = S2. The decomposition of p into the vertical
and horizontal subspaces of this submersion is given by V, = p; and H, = p-.

The flag manifold F(C?)

Recall that a full flag in C? is a chain 0 = V; C Vi C V5, C V3 = C3 (also denoted by (V;, V5))
of subspaces such that dim¢ Vj, = k for each k. We denote by F(C?) the space of all flags in C3,
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which is naturally identified with the quotient of the Stiefel manifold of orthonormal bases of C?
under the standard action of U(1)3. The group G = SU(3) acts transitively on F(C?), and if o
denotes the standard flag 0 C Ce; C span{ey,es} C C3, its isotropy subgroup is the maximal
torus T2 of diagonal matrices in SU(3), so we have F(C?) = SU(3)/T=.

Let us endow F(C?) with a reductive decomposition and a Riemannian metric. Note that the
Killing form of g = su(3) satisfies B(X,Y) = 6tr(XY') forall X, Y € g. As aconsequence, the
negative Killing form gives a bi-invariant metric on SU(3). However, for the sake of convenience,
we rescale this metric so that the inner product in g is (X,Y) = — tr(XY) forall X, Y € su(3).
Let p be the orthogonal complement of t = u(1) @ u(1) in g. Then, the restriction of (-, )
to p induces an Ad(T?)-invariant inner product on p, that is, a G-invariant metric on F(C?).
This metric is homothetic to the standard homogeneous metrlc on M. We also consider the
automorphism © = I,,: SU(3) — SU(3), where w = diag(e3',1,e~3 ) € T2. Then © is an
automorphism of order three, whose fixed point set is precisely SU(3)® = T2, so (SU(3), T2, 0)
is the triple associated with the 3-symmetric space F(C?). The corresponding almost complex
structure .J at p is determined by the equation J = %@* + \/Lg id,. We consider the orthonormal

basis {eq, ..., eq} of p, where
L {0 10 0 i 0 L {0 0 0
61:— -1 0 0], 62: 1 00 0o 0 1],
vV2\ g o o 00 0 \/50—10
000 0 0 1 L {00
es=—10 0 i —000, e6=— 100 0],
20@0 V2 \ 1 g g V2 \; o ¢

It is easy to check that the tangent space p splits as the direct sum of irreducible submodules
p = p1 @ po @ p3, where each py = span{egi_1, €2x} is isomorphic to C. To be more precise, if
g= dlag( w e, e~@+)) is an arbitrary element of T2, then Ad(g) acts on p, as multiplication
by €®=%), on p, as multiplication by ¢ *+?¥)and on p5 as multiplication by ¢>**¥). Note that
p1, P2 and ps are pairwise non-isomorphic as representations of T2. Furthermore, if g € U(3) is a
permutation matrix, then the map aT? — gag~'T? is an isometry fixing o and whose differential
at o permutes the irreducible submodules of p, and every permutation of these submodules can
be achieved in this way. For example, the transposition (1,2) interchanges p, and p3 and the
cycle (1,2,3) sends each p; to p,; 41 (where we are taking indices modulo 3).

Consider the chain of inclusions T?> C U(2) € SU(3). The corresponding homogeneous
fibration is CP! — F(C?) — CP? (explicitly, it takes the flag (V;,V5) € F(C?) to V;- € CP?)
and the fiber CP! = U(2) - o is totally geodesic. The vertical and horizontal subspaces of this
fibration at o are precisely V, = p; and H, = p2 D ps.

We now determine the full isometry group of F(C?). This computation was done by Shankar
in [152] when F(C?) carries a metric of positive sectional curvature. However, the homoge-
neous metric that we are considering in F(C?) does not have positive sectional curvature. In our
case, we may calculate the isometry group of F(C?) via the following approach (based on the
proof of [139, §4, Proposition 6 and §16, Theorem 3]). Firstly, the effectivized version of the
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presentation SU(3)/T? is PSU(3)/(T?/Z3), and we may apply [167, Theorem 5.1] to conclude
that I°(F(C3)) = PSU(3). As for the group of components [ (F(C?))/I°(F(C?)), since the flag
manifold is simply connected, this group is equal to H/H?, where H is the isotropy subgroup
of I(F(C?)) at o and HY its identity component. This follows from the long exact sequence of
homotopy groups associated with the fibration H < I(F(C?)) — F(C?). Now, the conjugation
map

C: H — Aut(PSU(3),T?/Z3) = {© € Aut(PSU(3)) : ¢ preserves T%/Zs}

is injective by [152, Proposition 1.7]. In addition, any ¢ € Aut(PSU(3),T?/Z3) descends to
a diffeomorphism @ of F(C?), which is actually an isometry because ¢ preserves the Killing
form and the metric on the flag manifold is induced by it. It is easy to show that ¢ € H and
C(p) = ¢, so C'is an isomorphism and H = Aut(PSU(3), T?/Z3). Now, since Aut(PSU(3)) =
Ad(PSU(3)) x Zo, where the outer Z, is generated by complex conjugation, the computa-

. Npsu(s) (T2/Zs) :
tion of H/HY reduces to that of % X Zsy. The first factor is merely the Weyl group

W(PSU(3)) = &3, so we have obtained H/H® = &3 x Z,, and we conclude that the full isome-
try group is I(F(C3)) = PSU(3) x (&3 % Z,). We remark that an alternative and more specific
approach for computing the isometry group of F(C?) was described in the note [7].

The almost product S* x S*

This space is obtained via the Ledger-Obata construction from the group SU(2) (see for example
[112]). We consider the product G = SU(2)? and the subgroup K = ASU(2) obtained by
embedding SU(2) diagonally in G. Then the group G acts on M = S3 x S3 = SU(2) x SU(2)
via the equation (g, h, k) - (z,y) = (gzk~!, hyk™'), and the isotropy subgroup at o = (I, 1)
is K, so we obtain that M = G/K. The Killing form of su(2) is B(X,Y) = 4tr(XY), and
the direct sum B & B @ B is precisely the Killing form of g whose inverse yields the standard
homogeneous metric on M. Similarly to the previous cases, we consider the renormalized metric
given by (X1, Xo, X3), (Y1, Y2, Y3)) = —tr(X1Y7) — tr(XoYs) — tr(X3Y3). We denote by p the
orthogonal complement of £ = Asu(2) in g and we consider the order three automorphism
©: G — G defined by ©(g, h, k) = (h,k,g). The nearly Kihler complex structure .J is given
as J = \%@* - \/Lg id,. Furthermore, if L,: S* — S* denotes left multiplication by g € S, the

almost product structure of S* x S? is the G-invariant tensor P of type (1, 1) defined by
P(v,w) = ((Lap-1) W, (Lpa—1),,v), v € T,S5* w e TS
The restriction of P to T,(S? x S?) is identified with the Ad(K)-invariant map P: p — p given

by P(X,Y,Z) = (Y, X, 2).
Consider the following basis of su(2):

H:(é _02> E:(? _01> F:(? 6) (6.2)
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Then we can give a basis {ej, ..., s} of p as follows:
L m —om m L (g _om B) L r_a2r F)
e = —— , — , , €y = —/— y — ) ) €3 = —(/— y — 44 )
LVI2 V2 V2
1 1 1
64:§<H,0,—H>, 65:§(E,0,—E), 66:§<F,0,—F).

Consider the inclusions ASU(2) C A; 3SU(2) x SU(2); C SU(2) x SU(2) x SU(2). These give
rise to the homogeneous fibration S* < S3 x S3 — S? defined by the projection on the first
factor. Once again the fibers are totally geodesic. The vertical and horizontal subspaces at o are

V, = p1 = span{ey, es,e3}, H, = ps = spaniey, €5, €6}

The isometry group of S x S3 is I(S® x S3) = (SU(2)?/AZ,) x &3 where &3 denotes the
symmetric group on three elements acting in the natural manner on S3 x S?, see for example [166,
Lemma 3.3] for a proof.

6.2 Totally geodesic immersions in naturally reductive homo-
geneous spaces

In this section, we introduce new techniques for studying totally geodesic submanifolds in nat-
urally reductive homogeneous spaces. Because homogeneous spaces are complete and real an-
alytic, by Corollary 5.19 their inextendable totally geodesic submanifolds are complete. These
submanifolds are also homogeneous as Riemannian manifolds due to Proposition 5.21, but they
need not be extrinsically homogeneous.

We denote by M = G/K a naturally reductive homogeneous space endowed with a reductive
decomposition g = € & p. Since M is homogeneous, we may only consider totally geodesic
submanifolds passing through o = eK, which is equivalent to studying totally geodesic subspaces
of T,M = p. In this setting, we have the following characterization of these subspaces due to
Tojo:

Theorem 6.1 (Tojo’s criterion [162]). Let M = G/K be a naturally reductive homogeneous
space with reductive decomposition g = £ & p. Assume v C p is a vector subspace and consider
for each X € v the operator Dx : p — p. Then, the following conditions are equivalent:

(1) There exists a totally geodesic submanifold 3. of M passing through o with tangent space v.
(ii) Foreach X € v, we have R(X,e Pxp)e Pxp C e Pxyp,
(iii) For each X € v, the subspace e~ PXv is R-invariant.

We now give a geometric interpretation of the subspace e ‘PXv. Consider the geodesic
~(t) = Exp(tX) - o with initial condition X € v. Then there are two vector space isomorphisms
that we can establish between p = T, M and T,y M parallel translation P& it ToM — Ty M
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and the pushforward of the flow of X*, given by Exp(tX).,: T,M — T, M. Due to (1.2),
both maps are related by
Exp(tX),, o Py, = e 17X, (6.3)

Suppose that v is totally geodesic. Let f: 3 — M be the complete totally geodesic immersion
such that b = f(p) and take v = (f.,) " (X) € T,%, g = Exp(—tX). From (6.3) and the fact

that f commutes with parallel translations we see that e '?Xp = go f (expp(tv)), yielding the
following result:

Corollary 6.2 [162, Proposition 3.5]. If v C p is a totally geodesic subspace, then for every
X € v the subspace e~PXv is also totally geodesic, and the corresponding totally geodesic
submanifolds are congruent.

6.2.1 Totally geodesic submanifolds invariant under D

We now study a particular class of totally geodesic submanifolds of M/ = G/K. Consider the
canonical connection V¢ associated with the reductive decomposition g = £®p and the difference
tensor D = V — V¢ We say that an immersion f: 3 — M is D-invariant (and X is a D-
invariant submanifold) if for every x € X the subspace f(x) C Ty M is invariant under D.
It is immediate that a D-invariant submanifold is totally geodesic if and only if for every X,
Y € X(X) the covariant derivative V<Y remains tangent to X.

These submanifolds are related to certain subalgebras of g. We say that a Lie subalgebra s is

canonically embedded in g if it splits with respect to the reductive decomposition, that is,
s=(sNt) B (sNp) =5 D 5.

Note that this definition extends that of canonically embedded subalgebras given in the case of
symmetric spaces. The following theorem gives an algebraic characterization of D-invariant to-
tally geodesic submanifolds passing through the origin. Furthermore, it gives an explicit method
to construct them from their tangent space at o. The proof can be obtained by combining the
theorem in [149, p. 11] and the first result in [90, §2]. However, we include it for the sake of
completeness.

Theorem 6.3. Let M = G/K be a naturally reductive homogeneous space with reductive de-
composition g = £ @ p and v C p a vector subspace. The following conditions are equivalent:

(i) The subspace v is invariant under the tensors R and D.
(i1) The subspace v is invariant under the tensors R¢ and D.

(iii) There exists a connected Lie subgroup S C G such that its Lie algebra s is canonically
embedded in g and the tangent space to the orbitS - o at o is v.

(iv) There exists a connected, injectively immersed, and complete D-invariant totally geodesic
submanifold Y. such that o € ¥ and T,Y = v.
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Furthermore, if any of the four previous conditions hold, we have:

(1) a Lie subgroup satisfying the conditions of item (iii) is the connected subgroup S with Lie
algebra
s =[0,0]+0=v,0] Do,

(2) the totally geodesic submanifold 3. passing through o with tangent space v is . =S - o.

Proof. Firstly, note that the formula
RY(X,Y)Z = —[[X,Y),Z] = R(X,Y)Z — DxDyZ + DyDxZ +2Dp, .vZ

implies that any D-invariant subspace of p is invariant under R if and only if it is invariant under
R¢, so (1) and (i1) are equivalent.

Now, suppose that v satisfies (ii). We prove that s = [b, v] + v is a Lie subalgebra of v. This
amounts to checking that [, [0, v]] and [[v, v], [0, v]] are contained in s. Let X, Y, Z € v. Then
we have

[X,Y], Z] =[[X, Y], Z] + [[X, Y], Z) = —R%(X,Y)Z + 2[DxY, Z] € 5.
In particular, [v, s] C s. Similarly, by the Jacobi identity, we see that
([0, 0], [v,0]] € [, [0, [v,0]]] € [b,5] C 5.

Therefore, s is a Lie subalgebra. Because v is D-invariant, we see that 5, = v C 5, and from
this inclusion it follows that s = s; & v, which proves that s is canonically embedded. It is also
immediate from the description of s that s, = [v, v],. As a consequence, if we consider the Lie
subgroup S of G whose Lie algebra is s, then the tangent space T, (S - 0) coincides with s, = v,
and therefore (iii) holds.

We now prove that (iii) implies (iv). Assume S C G is a Lie subgroup whose Lie algebra
is canonically embedded in g and 7,(S - 0) = s, = v. It is clear from (1.6) that IT is zero at
o. Because S - o is extrinsically homogeneous, this implies that the second fundamental form
vanishes everywhere, and thus S - o is totally geodesic. We now prove that S - o0 is D-invariant,
which by G-invariance of D is equivalent to checking that v is D-invariant. Given X, Y € s, C s,
we have DxY = (1/2)[X,Y], € s, so the claim follows.

Finally, it is immediate that (iv) implies (i) from the definition of D-invariant submanifolds
and Theorem 5.1. O

Corollary 6.4. Every complete D-invariant totally geodesic submanifold of a naturally reductive
homogeneous space M = G/K is extrinsically homogeneous with respect to the given presenta-
tion of M, and thus injectively immersed.

Remark 6.5. Theorem 6.3 is also a refinement of [135, Lemma 3.1], which states that, for a
general reductive homogeneous space, a subspace v C p invariant under 2 and D is tangent
to a complete totally geodesic submanifold. Also, notice that the class of D-invariant totally
geodesic submanifolds includes all totally geodesic submanifolds of symmetric spaces, since in
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a symmetric space D = 0. Thus, in the symmetric setting the subspaces v appearing in the
previous theorem are the Lie triple systems. As a consequence, in naturally reductive homoge-
neous spaces we can express the relationships between D-invariant totally geodesic submani-
folds, canonically embedded subalgebras, and subspaces of p invariant under both R and D, by
means of the following diagram:

{ R and D-invariant } 0o bel@v > { Canonically embedded }

C C
bCp Py bCg
Q D-invariant /
) h—H-o
exp, complete totally geodesic
YCM

Note that this diagram is essentially the same as the one in Subsection 5.6.1.

Remark 6.6. The case v = p in Theorem 6.3 is part of a result by Kostant [111], which implies
in particular that the connected (normal) subgroup with Lie algebra [p, p] + p acts transitively on
M.

Remark 6.7. It is worth noting that in the irreducible setting the conditions of Theorem 6.3 do
not depend on the naturally reductive decomposition that we choose. Indeed, from [134, Theo-
rem 2.1], we see that if M = G/K is a simply connected irreducible naturally reductive space
which is not symmetric, then the canonical connection V¢ is unique. Therefore, given any natu-
rally reductive decomposition g = £ @ p of g, the subspaces v C p that are invariant under 1? and
D correspond under the identification p = T, M to the subspaces V' C T, M that are invariant
under R and V — V¢, and the uniqueness of the canonical connection implies that these subspaces
are always the same regardless of the decomposition. In a similar way, if M is a nearly Kéhler
3-symmetric space and one restricts their attention to the reductive decompositions invariant un-
der the automorphism of order three, then all of their associated canonical connections coincide
by [163, Lemma 3.1], and the same argument applies.

6.2.2 Totally geodesic surfaces

As an application of Corollary 6.2, we derive a necessary condition for the existence of totally
geodesic surfaces with a given tangent plane.

Let v C p be a 2-dimensional subspace, and assume that v is the tangent plane at o of
the complete totally geodesic surface > of M. Fix a nonzero element X € v and choose any
Y € v\ {0} that is orthogonal to X, so that {X, Y} is an orthogonal basis of v. Since X is
homogeneous and two-dimensional, it follows that X is a space of constant curvature x € R,
and the same can be said for the totally geodesic submanifold ¥; associated with e~*PX v for all
t € R. This implies in particular that the restriction of VR to the tangent space of > and >J; at
any of their points is the zero tensor. Furthermore, we have e PXv = span{ X, e 'PxY}, since
Dx X = 0 due to the skew-symmetry of D. Because Y, has curvature , it follows that e 7*PxY is
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an eigenvector of the Jacobi operator Ry with eigenvalue x| X |?, as well as an element of ker C'y
(recall that C'x is the Cartan operator associated with X given by CxY = (VxR)(X,Y, X), see
Section 1.2). One can argue similarly with the so-called Cartan operators of order j given by
Cg(Y = V/R(X,...,X,Y, X), because they vanish identically on v. Since the subspace of p
generated by the curve e 'PXY is the span of all vectors of the form D%Y with k& > 0, we have
obtained the following:

Proposition 6.8. Let M = G/K be a naturally reductive homogeneous space with reductive de-
composition g = €D p. Choose orthogonal vectors X, Y € p and suppose that v = span{X, Y}
is the tangent space of a totally geodesic surface 3. of M. Then we have the inclusion

span{D%Y : k > 0} C ker(Rx — x| X|*id,) N m ker CY .

j=1

6.2.3 Well-positioned totally geodesic submanifolds and homogeneous fi-
brations

We now study the case that M = G/H is also the total space of the homogeneous fibration
induced by the inclusions H C K C G (observe the change of notation). Let B = G/K be
the base space and /' = K/H be the fiber of the given submersion. Consider a totally geodesic
immersion f: 3 — M. We say that X is well-positioned at p € ¥ (with respect to the fibration
M — B)if

fp) = (f (p) N Vf<p>> S (f (p) N Hf(p)) :

Furthermore, X is said to be well-positioned if it is well-positioned at every point p € >. The
next result allows us to give an algebraic characterization for a totally geodesic submanifold to
be well-positioned.

Lemma 6.9. Let F' — M — B be the homogeneous fibration induced by the chain of inclusions
H C K C G, where H, K and G are compact and the Riemannian metrics on F', M and B are in-
duced from a bi-invariant metric on G. Let f: > — M be a complete totally geodesic immersion
passing through the point o with tangent space v. The following conditions are equivalent:

(1) X is well-positioned with respect to the submersion M — B,

(ii) the subspace e~PXv splits with respect to the decomposition p =V, ® H,, for all X € v.

Proof. Let p € X be such that f(p) = v. Since we are assuming that ¥ is connected and
complete, every point of ¥ is of the form ¢ = exp,(v) for a certain v € T,X. Consider the
geodesic y(t) = f(exp(tv)) = Exp(tX) - o (where X = f,,(v)) connecting p and ¢q. Then, we
have f(q) = Pyb. As V and H are invariant under G, we see that Vi, = Exp(X).,V, and
Hiq) = Exp(X)..H,. Therefore, using (6.3) we see that 3 is well-positioned at ¢ if and only if
the subspace Exp(X );Ol(f(q)) = e~ Pxyp splits with respect to the decomposition p = V, & H,,.
As v = f,,(T,X), the equivalence follows. O
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Corollary 6.10. Let F' — M — B be as in Lemma 6.9, and let > C M be a D-invariant
totally geodesic submanifold passing through o. Then . is well-positioned if and only if it is
well-positioned at o.

Proof. This follows from noting that the D-invariance of v implies that e=PXb = v for all
X en. [

6.3 The examples

In this section we describe the totally geodesic submanifolds of CP?, F(C?) and S* x S? that
appear in the classification, and determine their isometry type. We indicate whether the examples
are well-positioned with respect to the homogeneous fibrations given in Section 6.1.

Let us recall some definitions about special submanifolds of almost Hermitian manifolds.
If (M?",J) is an almost Hermitian manifold and f: ¥ — M is an immersion, we say that f
(and X)) is totally real if for all p € ¥ the subspaces f.,(7,X) and J f,,,(T,X) of Ty M are
orthogonal. If f is totally real and T,M = f.,(1,X) & J f.,(1,X) (that is, if dim ¥ = n), then
Y} is a Lagrangian submanifold. Separately, f (and ¥) is almost complex (or J-holomorphic) if
fep(T,Y) is invariant under J for all p € . Furthermore, if ¥ is a surface, we refer to it as an
almost complex surface or a J-holomorphic curve.

Remark 6.11. Many of the totally geodesic submanifolds that appear in this section are isometric
to a sphere with a round or complex Berger metric. We can compute the radius r of the sphere
S"(r), as well as the parameters of the Berger sphere S () from its sectional curvature. Indeed,
it is well known that the sectional curvature of S™(r) is equal to 1/7%. In the case of S _(r),
the parameters r and 7 can be obtained from the equations 7 = r?sec(U, X) and 4 — 37 =
r?sec(X,Y’), where U is a vertical vector and X, Y are horizontal vectors with respect to the
Hopf fibration (see [74]).

6.3.1 The complex projective space

We describe the totally geodesic examples of the complex projective space CP? equipped with a
homogeneous nearly Kihler metric.

The real projective space [9, Example 3.9]
Consider the subgroup U(2)7 C Sp(2) whose Lie algebra is given by

-l (1).6 90 7))
= u(2) Ne @ (u2) Np).

Then, u(2)’ is canonically embedded in sp(2), so the orbit U(2)? - 0 is a totally geodesic subman-
ifold of CP? whose tangent space is span{ey, 3, e5}. The isotropy subgroup U(2)7 - o is equal
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to Zs x U(1), so U(2)? - 0 is diffeomorphic to a real projective space RP3. The induced metric
is Berger-like. Indeed, this totally geodesic submanifold is isometric to ]RP%1 /2(2). Let us write
Prpy, L) = span{ey, e3, e5}. A computation gives J(pRpél/Q(Q)) =pOo PrP2 | ,(2)> and since
RPZ | 5(2) is extrinsically homogeneous we see that RP{. | ,(2) is a Lagrangian submanifold.

Finally, note that RP(‘O’C’1 15(2) is well-positioned at o, so by Corollary 6.10, it is well-positioned.

The fiber of the twistor fibration

Recall that the fibers of the twistor fibration are totally geodesic surfaces in CP3. In particular, the
orbit through o is (Sp(1) x Sp(1))-0 = Sp(1) -0, where Sp(1) s denotes the image of the standard
embedding of Sp(1) in Sp(2) in the first block. The isotropy subgroup (Sp(1) ), coincides with
U(1), so Sp(1)y - o is diffeomorphic to a sphere. Its tangent space at o is psp(1);.0 = p1. The
sectional curvature in this case is sec(p;) = 2, so Sp(1) - o is a round sphere of radius 1//2.
Furthermore, the fact that J(p;) = p; implies that Sp(1); - o is an almost complex surface in
CP3. By definition, Sp(1); - o is well-positioned.

The horizontal sphere SU(2) - o

Consider the standard embedding of SU(2) in Sp(2). Since the Lie algebra su(2) is given by
su(2) = span{H, E, F} = (su(2) N¢) & (su(2) Np),

it follows that s1(2) is canonically embedded, and the orbit SU(2) - o is a totally geodesic sub-
manifold of CP? with tangent space psy(2)., = span{es, es}. The isotropy subgroup of SU(2)
at o is the canonical U(1), so SU(2) - o is diffeomorphic to a sphere. Furthermore, its sectional
curvature is given by sec(psy(2)..) = 1, so this submanifold is a round sphere of radius 1. Finally,
note that psy )., is J-invariant, so this sphere is also an almost complex surface in CP®. Note
that SU(2) - o is well-positioned by Corollary 6.10. Indeed, its tangent space at every point is
always contained in the horizontal subspace of the twistor fibration.

The sphere SU(2)4, - 0

Consider the unique complex irreducible representation Az of SU(2) of dimension four. Since
this representation is unitary and of symplectic type, it restricts to a Lie group homomorphism
SU(2) — Sp(2). To get an explicit description of this map at the Lie algebra level (which is
enough for our purposes), it suffices to see that the linear map f: su(2) — sp(2) defined via

i 0 2j —V3 —2k  —iV/3
H . E— F—
ba) () (G )
is a Lie algebra homomorphism which is also irreducible as a representation, so by uniqueness it
must be equal to As.
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We denote by SU(2),, the image of the previous homomorphism. The Lie algebra of this
group satisfies

su(2)p, = span{diag(z’, 3i), V2e1 + V/3es, V2es + \/§e4}
= (5u(2)a; NE) @ (su(2)a; N p),

so it is canonically embedded in sp(2). As a consequence, the orbit SU(2),
geodesic submanifold of CP? with tangent space

Psu(2)a,0 = Span{ﬂel +V3es, V2eq + \/564}.

, - 0 1s a totally

The isotropy subgroup at o is the U(1) subgroup with Lie algebra generated by diag(i, 37), so this
orbit is actually a sphere. Since the sectional curvature of the plane psy(2),,.o 18 1 /5, we see that

SU(2)a, - o is a sphere of radius v/5. One sees that Psu(2)s, -0 18 J-invariant, and by homogeneity
it follows that SU(2),, - o is an almost complex submanifold of CP3. Clearly, SU(2),, - o is not
well-positioned at o, so it is not well-positioned.

6.3.2 The flag manifold

We describe the totally geodesic examples of the flag manifold F(C?) equipped with a homoge-
neous nearly Kihler metric.

The real flag manifold F(R?) [156, Example 3.1]

There is a natural embedding of the real flag manifold F(IR?) in F(C3) which is induced by the
usual inclusion of R? in C3. This submanifold can also be seen as the orbit SO(3) - o of the
standard SO(3) C SU(3), and the corresponding isotropy subgroup is SO(3), = Zy & Zs, so
we get F(R3) = SO(3)/Zy @ Zy = Sp(1)/Qs, where Qg = {41, 44, +7j, +k}. Observe that
50(3) is canonically embedded in su(3), since s0(3) C p. Thus, Theorem 6.3 allows us to
conclude that F(IR?) is totally geodesic in M, and its tangent space is precisely pr(rs) = §0(3) =
span{ey, e3, es}. A direct computation shows that F(R?) has constant curvature equal to 1/8.
Furthermore, we have the equality J(so0(3)) = span{es, ey, €5}, implying that the inclusion
F(R?) C F(C?) is Lagrangian. Finally, note that F(R?) is well-positioned at o, so F(R?) is
well-positioned by Corollary 6.10.

The Berger sphere [156, Example 3.2]

Let SU(2)(1,0,1) denote the subgroup of SU(3) that fixes (1,0,1) € C*. This subgroup is conju-
gate to the standard SU(2) inside SU(3). The Lie algebra su(2) ¢,1 is the set of all X € su(3)
such that X (1,0,1) = 0, and its projection to p is spanned by {e; + e3,eq — e4,e6}. It is
easy to check that the isotropy subgroup of SU(2)(,0,1) at o is trivial, so the corresponding
orbit SU(2)(1,0,1) - 0 is diffeomorphic to a 3-sphere. A direct application of (1.6) yields that

SU(2)(1,0,1) - 0 is a totally geodesic submanifold of F(C*) isometric to S?. | /4(\/5) and whose
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tangent space is given by Psz . vD) = span{e; + e3,ea — e4,66}. The subspace Psi, . (v2)
is also invariant under D. However, the Lie algebra s11(2) (1 0,1) is not canonically embedded
in su(3). In this case, the connected subgroup given by Theorem 6.3 is actually the subgroup
U(2)(1,0,1) that fixes the complex line generated by (1,0,1). A direct calculation shows that
J (psg L ﬂ)) =pOPs 4(v2) SO the Berger sphere is Lagrangian. Note from the expression of

Ps, (V2 that S?. | / ,(v/2) is not well-positioned.

The torus [48, Example 3.3]

Consider the torus H C SU(3) with Lie algebra b = span{e; + e3 + e5,e2 + €4 — eg}. Observe
that h C p, so it is a canonically embedded subalgebra of g, and the orbit H - o0 is a totally
geodesic surface. Since H - o is a quotient of H by a finite group, it is a compact abelian Lie
group itself and hence diffeomorphic to a torus. However, it turns out that H - o is not isometric
to the standard flat torus. Indeed, in order to determine the isometry type of H - o, we compute
the preimage exp,!(0). For this, we need a description of the Riemannian exponential map
exp,: h — H-o C M, which is merely the restriction of the Riemannian exponential map of
M. We define the orthonormal vectors X = \/ig(el +e3+es),Y = \/ig(eg +e4 — eg) of h. Then
the exponential map of h satisfies that exp,(uX + vY) = e“*e*Y - 0, and this element is equal
to o if and only if "X ¢e"Y is a diagonal matrix. A calculation shows that e"*e"* = (a;;) has the
following non-diagonal entries:

men} (5 (v (35) on(35)) 7).
v o (3] o ().
oo (e (5) o () )
b i () e (3)

Consequently, the solutions to the equation exp,(uX + vY’) = o are given by the lattice A =
spany {(\/§7T, V2or / \/3) , (0, 2271 / \/3) } Since exp, is h-equivariant, in the sense that it sat-
isfies the equation exp, (T+S) = Exp(T')-exp,(.9), it follows that exp, is actually a Riemannian
covering map, so H - o is isometric to the quotient R? /A. We refer to this orbitas T3 = H -0 =
R?/A. Note that H - o is not a product S*(r;) x S'(ry), since the closest points in A \ {(0,0)}
to the origin are those in {(j:\/iw, j:\/éw/?)) , (j:\/§7r, $\/67r/3) , (0, i2\/67r/3)} , and thus
there exist three different closed geodesics of minimum length, as opposed to two in the case
of S'(r) x S'(r) or one in the case of S'(r1) x S'(ry) with 7 # ra. If we let pr2 = b be the
tangent space of this surface, then J (pT%) = p12, and by homogeneity it follows that T3 is an
almost complex surface in F(C?3). However, it is clear from the expression of prz that T3 is not
well-positioned.
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The fiber of the submersion F(C?) — CP? [48, Example 3.1]

Recall that the fibers of the submersion F(C?) — CP? are totally geodesic. The fiber through
ois CP' = U(2) - 0 = SU(2) - o, where the isotropy subgroup of SU(2) at o is U(1). The
tangent space, as said before, is pcp1 = p;. Since the sectional curvature of p, is 2, it follows that
SU(2) - 0 is isometric to the round sphere of radius 1/+/2. Furthermore, J(p;) = p1, so SU(2) - 0
is an almost complex surface in F(C3?). Clearly, CP! is well-positioned as it is a fiber itself.

The sphere [48, Example 3.2]

Consider the real form E = span{(0, 1,0), (1,0, —1), (,0,7)} of C?, and let 0: C*> — C? be the
associated real structure. Then the normalizer

SO(3)” ={g € SU(3): g(E) = E} = {g € SU(3): go = og}

is a subgroup of SU(3) conjugate to the standard SO(3). The corresponding Lie algebra is given
by s0(3)? = span{diag(i,0, —i), e; +e3, ea+e4 }, and in particular it is canonically embedded in
su(3). One sees that the isotropy subgroup SO(3)J is the U(1) subgroup generated by so(3)7 Nt,
so we obtain that SO(3) - o is a totally geodesic submanifold of F(C?) that is diffeomorphic to
a sphere. Its tangent space at o0 18 Pso(3)0 = span{e; + e3, e2 + €4}, and this plane has sectional
curvature 1/2, so SO(3) - o is isometric to a two-dimensional sphere of radius /2. The equality
J(Pso(3)7) = Pso(3)- implies that SO(3)7 -0 is an almost complex surface in F(C)?. Since SO(3)7-0
is not well-positioned at o, it is not well-positioned.

Real projective planes inside F(R?)

Recall that F(RR?) is a Lagrangian submanifold with constant sectional curvature. In particular,
every 2-plane inside pggs) gives rise to a totally geodesic surface inside F(R?) (hence inside
F(C?)). We describe these examples.

As we saw earlier, F(R?) can be regarded as the quotient Sp(1)/Qg with a metric of constant
curvature equal to 1/8. As a consequence, F(R?) is isometric to the quotient 5*(2v/2)/Qg, and
the projection map m: S*(2v/2) — F(R?) is a Riemannian covering map. This projection is
equivariant with respect to the double cover Sp(1) — SO(3).

We view H = R*. Consider the totally geodesic embedding h: 5%(2v/2) < S3(2v/2) defined
by h(z,y,z) = xi + yj + zk. Then 7 o h is also a totally geodesic immersion of the 3-sphere
satisfying 7 o h(—x, —y, —2) = 7 o h(x,y, z) for all (z,y, z) € S?(2v/2), so it factors through
an isometric immersion ¢: RP?(21/2) — F(R?) defined via

d(x:y:2]) = (zi+yj+2k)Qs. (z,y,2) € S2(2V2). (6.4)

As the projection S?(2v/2) — RP?(21/2) is also a covering map, we deduce that ¢ is a totally
geodesic immersion. Note that ¢ is not injective, as the points [2v/2 : 0 : 0], [0 : 24/2 : 0] and
[0 : 0 : 24/2] have the same image.

Proposition 6.12. The map ¢: RP?(2/2) — F(R®) defined by (6.4) is a non-injective inextend-
able compatible totally geodesic immersion.
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Proof. Since RP?(21/2) is complete, we only need to show that ¢ is compatible. This is equiv-
alent to proving the following assertion: for every pair of different points p = [z : y : z] and
q= [y : 2] € RP*(2v/2) such that ¢(p) = ¢(q), the vector spaces d.,(T,RP?(2/2)) and
¢q(T,RP?(21/2)) are different subspaces of Ty, F(R?).

Letp=[z:y:z andq = [z :y : 2] beasabove. Then ¢(p) = ¢(q) implies that there
is an element A € Qg such that 2’i + y/j + 2’k = (xi + yj + zk)A. Changing the sign of the
homogeneous coordinates of ¢ if necessary, we may assume that A € {i, j, k}. We deal with the
case A = 1, as the other two cases can be treated in an analogous manner. In this setting, we
obtain that 2'i + ¢'j + 2’k = (xi + yj + zk)i = —x — yk + zj, which yields z = 2/ = 0,9y’ = 2
and 2/ = —y,sop=[0:y:z]andg=1[0: z: —y].

Let us compute ,,(7,RP?(2y/2)). On the one hand, we can identify the tangent space
of RP2(2v/2) at p = [0 : y : 2] with the tangent space (o, )S*(2v2) = R(0,y,2)* =
span{(1,0,0), (0,—z,y)}. Moreover, we can also view the tangent space T{,;.r)qsF(R?) as
Tiyjr-5S>(2v2) = R(yj + 2k)*. Under these identifications, ¢.,(7,RP?(2v/2)) is spanned
by ¢.p(1,0,0) = i, and ¢,,(0, —z,y) = —zj + yk. We now determine ¢.,(T,RP?(2/2)).
For this, we have identifications 7,RP?(2v/2) = R(0, z, —y)* = span{(1,0,0), (0, y, 2)} and
T(—sjtyr) F(R?) = R(—2j + yk)*. We obtain that ¢, (7,RP?(2v/2)) is generated by the vectors
$+4(1,0,0) = i and ¢.,(0,y, 2) = yj + zk. In order to finish, observe that the composition of
the isomorphisms

R(yj + zk)" = TiyjromasFR?Y) = Tl yrqs F(R?) — R(zj — yk)*

is simply right multiplication by i, s0 ¢.,(7,RP?(21/2)), regarded as a subspace of R(zj —yk)*,
is spanned by 1 and yj + zk. Thus, we obtain that the images of ¢., and ¢,, are different, and
therefore ¢ is a compatible immersion. ]

The next lemma shows that, up to congruence, RP?(2y/2) is the unique totally geodesic
surface of F(R3).

Lemma 6.13. Let ¢: X — F(R?) be a compatible totally geodesic immersion of a complete
two-dimensional Riemannian manifold. Then 1) is congruent to ¢ under an element of SO(3). In
particular, 1) and ¢ are congruent as immersions into F(C?) as well.

Proof. Let a € Sp(1) be arbitrary, and take the map ¢,: RP?(2v/2) — F(R?) = S3(2v/2)/Qs
given by ¢, ([z : y : z]) = a(xi + yj + zk)Qs. Since left multiplication by a is an isometry, ¢,
is also a compatible totally geodesic immersion of RP? congruent to ¢. We show that all totally
geodesic surfaces arise in this manner.

Let 7: $3(2y/2) — F(IR?) be the canonical projection map, and consider the totally geodesic
sphere S2(2v/2) C S°(2v/2) obtained as the intersection of Im H with our 3-sphere. Take any
point p = 7(z) € F(R?) and a two-dimensional subspace V' C T, F(R?). As 7 is a Riemannian
covering map, we may regard V' as a subspace of 7,5°(2v/2) = Rz*, where we are considering
the standard inner product on H = R*. Let a € Sp(1) be orthogonal to V and z and consider
the great sphere S? = a - S?(2v/2). Note that S? coincides with the great sphere obtained by
intersecting S*(21/2) with the subspace V @ Rz, and thus the map h,: S?(2v/2) — S3(2v/2)
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defined by h,(z,y,2) = a(zi + yj + zk) is the unique compatible totally geodesic immersion
passing through z with tangent space V. Since h,(—z, —y, —2) = —h.(z,y, z), we see that
the map h, descends to the map ¢, : RP?(2v/2) — F(R?), so ¢, passes through p = 7(2) with
tangent space V. As p and V' are arbitrary, we conclude that every complete compatible totally
geodesic immersion from a surface to F(R?) is equivalent to one of the form ¢,, and is thus
congruent to ¢: RP?(2y/2) — F(R?). The element in SO(3) that achieves this congruence is the
image of a under the double cover Sp(1) — SO(3). O

Clearly, the fact that ¢(RP?(24/2)) is contained in a Lagrangian submanifold implies that
¢ is totally real. Note that none of these submanifolds are well-positioned. Indeed, the totally
geodesic RP?(24/2) corresponding to v = span{e; + es, e5} is not well-positioned (since it is
not well-positioned at 0), and because all of these submanifolds are congruent to this RP?(2/2)
by an element of SO(3), it follows that no totally geodesic RP?(2+/2) is well-positioned. Also,
as RP?(24/2) is not injectively immersed, it can not arise as an extrinsically homogeneous sub-
manifold of F(C?).

Remark 6.14. Let us consider the unit speed geodesic v of RP?(21/2) given by the expres-

sion y(t) = [cos #ﬁ : sin #ﬁ : O] . Then ~y descends to an injective totally geodesic immersion

f:S' = R/(2v/2717Z) — RP?(2y/2) defined via f([t]) = [COS#E sin 515 0]. Thus, f is a
compatible totally geodesic immersion. We now take the compatible totally geodesic immersion
¢: RP?(2y/2) — F(R?) defined as in (6.4). The composition 5 = ¢ o f: S' — F(R®) is not

compatible. Indeed, a short calculation yields

$(7(0)) = ¢(v(v2m)) = 2v2Qs,

(8970 = (600 (VEr) = | 2v2 (cos 5 5+ ) @

t

so B(]0]) = B([v/2x]), implying that 3 is not injective.

6.3.3 The almost product S® x S3

We describe the totally geodesic examples of the almost product S* x S? equipped with a homo-
geneous nearly Kéhler metric.

The fiber of S? x S* — S? [55, Example 3.1]

Let 2 = S3 be the fiber of the projection (z, y) + x, which we know from Subsection 6.1 that is a
totally geodesic submanifold of S* x S3, and it coincides with the orbit (A; 3SU(2) x SU(2)2) - 0.
It is immediate to check that the normalizer of ¥ in G is precisely Ng(X) = Ay 35U(2) x SU(2)a,
and the restricted action Ng(X) ~ X satisfies

(g,h,9) - (I,x) = (I,hxg™"), g,h,x € SU(2), (6.5)
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so this action coincides with the double cover Spin(4) = SU(2) x SU(2) — SO(4) acting on
S3. As a consequence, Y is isometric to a round sphere. A direct calculation yields that its
sectional curvature is 3/4, so we actually have ¥ = S3 (2 / \/§) The tangent space of X through

o is Pss(2/va) = P1- A direct calculation yields J(p;) = po, so S*(2/V/3) is a Lagrangian
submanifold. As S* (2/1/3) is the fiber, it is obviously well-positioned.

The Berger sphere [S5, Example 3.4]

Consider the subgroup
B=1{(9,k,HgH ") € G: g € SU(2),k € U(1)},

where H € SU(2) is the element defined in (6.2) and U(1) is embedded in SU(2) diagonally.
The Lie algebra b C g satisfies b = R(H, H, H) @ span{ey, es,e6} = (bNE€) @ (bNp), so the
orbit B - 0 is a totally geodesic submanifold of S x S. As the isotropy subgroup B, is merely the
diagonally embedded U(1), it follows that B - o is diffeomorphic to a 3-sphere. More precisely,
B - o is the Berger sphere S<3c,1/3(2)- Its tangent space at 0 is ps3 @ = bNp = span{ey, e5, 4}

One sees that J (psél/?)@)) =P OSPss  (2), SO Sg’é’l /3(2) is a Lagrangian submanifold. Finally, a

C,1/3
direct application of Corollary 6.10 yields that S%’l /3(2) is well-positioned.
Remark 6.15. We note that although the authors in [55] provide six examples of Lagrangian to-
tally geodesic submanifolds of S* x S3, the first three are congruent to the round sphere given
in Subsection 6.3.3 and the last three are congruent to the Berger sphere described in Subsec-
tion 6.3.3. This is a consequence of Theorem C.

The torus [29, Example 1]

Let T2 be the connected subgroup of G with Lie algebra t = span{e;,es}. As T? is contained
in the torus U(1) x U(1) x U(1) (where U(1) is the diagonal subgroup of SU(2)), it follows that
T? is a two-dimensional torus. Furthermore, as t C p, we see that t is canonically embedded, so
T2 . 0is a totally geodesic surface of S* x S? diffeomorphic to a torus. Consider the exponential
map exp,: t — T2 -0, which is t-equivariant in the sense that exp, (T + S) = Exp(T) - exp,(S).
This means that exp, is a Riemannian covering map, and T2 - o is isometric to the quotient of
t = R? by the lattice T' = exp, !(0). Now, given u, v € R, we see that exp,(ue; + vey) is equal
to (g1, g2, g3) - 0, where

g1 = diag <€%i(\/§u+3v)> 67%1'(\6“3”)) ) go = diag (e_%7 e%) 7
g3 = diag (e%i(\/g“_?’”), e_%i<\/§"_3”>> ’

so the corresponding lattice is I' = spany, { (27/+/3, 27), (47/+/3,0) }. Thus, T? - 0 is isometric
to the flat torus T2 = R?/T. It turns out that the closest points in T' \ {(0,0)} to the origin are

those in the set ) A )
T 7 T
+|—,27n),£| —=,0),£| —, 27 ,
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so TZ admits three closed geodesics of minimum length 4—’;, unlike any Riemannian product
of the form S'(a) x S'(b). By construction, we have that prz = span{e;, e4} is a J-invariant
subspace, so TZ is an almost complex surface inside S* x S3. By Corollary 6.10, TZ is a well-
positioned totally geodesic submanifold of S? x S3.

Not well-positioned totally geodesic spheres [29, Example 2]

Letg = (e%F, I, e*%F) and take the subgroup gKg~! C G. Its Lie algebra Ad(g)¢ satisfies

Ad(g)e =R(F,F, F) @ spanf{e; + e5,e2 — e, } = (Ad(g)eN€) & (Ad(g)eNp),

so Ad(g)€is a canonically embedded subalgebra of g and the orbit (¢gKg~')-0 s a totally geodesic
surface. The isotropy subgroup (gKg—!)-ois isomorphic to U(1), and thus (gKg~!)-0 is isometric
to a round sphere. A simple computation yields that its sectional curvature is 2/3, so (gKg™!) - 0
is a round sphere with radius /3/2. Its tangent space at o is given by p, W3R = Ad(g)tnyp =

span{e; + es5, e — e4}. One sees that .J preserves this subspace, and by homogeneity we deduce
that S*(1/3/2) is an almost complex surface in S® x S3. Clearly, S?(1/3/2) is not well-positioned
at o.

Great spheres inside S° (2/1/3)

Let X be a totally geodesic surface inside the Lagrangian round S3, so it is merely a great sphere
inside S3. Then X C S® x S? is automatically a totally real totally geodesic submanifold. More-
over, 3 is also homogeneous. Indeed, because S* = SO(4)/SO(3) is a symmetric space, its
totally geodesic submanifolds are homogeneous, so X is an orbit of a subgroup H C SO(4). Let
¢: Ng(S*) — SO(4) be the double cover defined as the composition of the isometric action de-
fined in (6.5) with the projection of S* x S3 onto its second factor. The preimage L = ¢~ *(H) is
a subgroup of G whose orbit at any p € > coincides with >3, so X is extrinsically homogeneous.
For instance, one can take the diagonal subgroup K C Ng(S?), and the orbit K - (I, H) is an
example of these spheres. Similarly, if ¥’ is another totally geodesic surface inside the round
S3, there exists an element ¢ € SO(4) such that g - ¥ = ¥, which implies that any element
h € ¢~'(g) also satisfies h - ¥ = Y. As X is contained in the fiber of S* x S* — S3, its tangent
space at every point is contained in the vertical subspace, so Y. is well-positioned.

It is worth noting that even though theses spheres are extrinsically homogeneous, they are
not D-invariant. Indeed, observe that the difference tensor restricted to p; is given by

SX,—2X, X), (¥, -2V, V)]y = S(-[X, V] 20X, V], ~[X.V]), X,V € su(2),

which means that the D-invariant subspaces of p; are in a one-to-one correspondence with the
Lie subalgebras of su(2). As su(2) admits no codimension one subalgebras, it follows that no
two-dimensional subspace of p; (and thus no totally geodesic sphere inside the fiber S?) is D-
invariant.
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Remark 6.16. The round S? described in Section 6.3.3 serves as a counterexample to [2, Propo-
sition 2]. In this result, the authors claim that for a compact geodesic orbit space M = G/K
with reductive decomposition g = €@ p, a subspace v C p is tangent to an extrinsically homoge-
neous totally geodesic submanifold if and only if it generates a canonically embedded subalgebra
s C gsatisfying s, = v and U(b,v) C v (recall that U is defined by (1.3)). In the naturally reduc-
tive setting, because U = 0, the proposition would imply that every extrinsically homogeneous
totally geodesic submanifold of M is automatically D-invariant. However, this sphere is extrin-
sically homogeneous with respect to the presentation S* x S* = SU(2)3/ASU(2) and it is not
D-invariant.

6.4 Riemannian cones and totally geodesic submanifolds

In this section we start by recalling the definition and the basic properties of Riemannian cones.
After that we prove a structure result for totally geodesic submanifolds of Riemannian cones. We
refer the reader to [115] for a detailed account on semi-Riemannian cones.

Let M be a Riemannian manifold, which for our purposes is assumed to be real analytic
and complete. We define its Riemannian cone as the warped product M = R+ x ¢+ M, where
f: R+ — R™ is the identity map. More explicitly, if ¢ = (-, ) denotes the metric on M and
r: M — Rt is the projection on the first factor, the inner product on M is given by g = dr?+r?g.
The submanifolds {7} x M with 7 > 0 are called the links of M.

Every vector field X € X(R") (respectively, X € X(M)) admits a natural extension to M,
which we also denote by X. In particular, if 0, is the unit radial vector field on R™, then its
natural extension to M is called the cone vector field or the radzal vector field. Note that at every
point (7, p) of M we have the orthogonal decomposition T, )M = R(0y)(rp) ® T,M. The

Levi-Civita connection ¥ of M is characterized by the following equations for X, Y € X(M):
Vo0r =0, VO, =VyX = Iy Sy —ver— r(X,Y),. (6.6)
r

As a consequence, the curvature tensor R is determined by the conditions

~

E( ) R( 0 ) = é(a )87’ = 07
{

~ (6.7)
R(u,v)w = R(u,v)w — (v, w)u + (u,w)v, u,v,w € T,M.

Let X = ad, +v € T(;, M be arbitrary. From the equations above we see that the Jacobi
operator associated with X satisfies

Ry (b0, +w) = R(bD, + w, ad, + v)(ad, + v) = R(w,v)v
= Ryw — |v]*w + (v, w)v.

Although the process is more tedious, it is possible to compute the covariant derivatives of the
curvature tensor from (6.6) and (6.7). For instance, one can show that

(Vo R)(u,v,w) = (VR)(u,v,w) — (z, R(u, v)w)7d, (6.8)
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for all (7,p) € M and z, u, v, w € T,M. We will make use of this formula later on.

Remark 6.17. Let M = S™(1) be the standard round sphere of radius one. Then, its cone is the
punctured Euclidean space R"*! \ {0}. However, if 7 # 1, the cone of S™(r) is not flat due
to (6.7). This illustrates that two homothetic manifolds may not have homothetic cones.

We can also describe the geodesics of M in terms of those of M. Let (1,p) € M be any
point and consider the tangent vector w = ad, + v, where @ € R and v € T,M are arbitrary.
From [115, Equation 2.7], we see that the geodesic Y(t) = exp, ) (tw) = (p(t), a(t)) is given
in a neighborhood of ¢ = 0 by

p(t) = /(at +7)2 + [v|2122,  aft) = exp,(f(t)v), (6.9)
where
1(t) = {51' arctan (C‘;E) , v#0,
0, v =0.
As a consequence, the maximal interval of definition of 7(¢) contains the interval
R, a=0,
I,=14 (-Z,00), a>0, (6.10)

(—oo, —g) a < 0.

Note that /, only depends on a. A consequence of (6.9) is that if v is a geodesic of M. , 1ts
projection onto M is a pregeodesic of M. Observe that M is never complete. However, it is
clear that it is an analytic Riemannian manifold. The following lemma actually shows that the
only incomplete geodesics are those tangent to the cone vector field.

Lemma 6.18. Let M be a complete Riemannian manifold, (7, p) € Ma point in its Riemannian
cone and w = a0, +v € T(;, M a unit vector, where a € R and v € T,M. Consider the
maximal geodesic 7(t) such that 7(0) = (7,p) and 7' (0) = w. The following statements hold:

(i) If v = 0, then the maximal interval of definition of ¥(t) is precisely 1.
(i) If v # 0, then ¥(t) is defined on all R.
Proof. Firstly, assume that v = 0. Without loss of generality, we may also suppose that a is
positive, so a = 1. From (6.9), we see that the curve 3: (—7,00) — M defined by 5(t) =
(t + 7,p) is a geodesic of M with initial conditions 5(0) = (7,p), 5'(0) = O,. Since t + T
converges to zero as t converges to —7, the curve (3 is a maximal geodesic, thus proving (i).
Now, assume that v # 0, so that the curve 3: I, — M, 5(t) = (p(t), a(t)) defined by (6.9)
is a geodesic of M with 5(0) = p, 5'(0) = w. Note that the derivative
(1) = 2a(at + 1) 4 2[v]*T?t a7 4 (a® + [v]PT?)t
P 2p(t) V(at +7)2 + [oPPr2e
at +t
V(at + 1) 4 [v]r2t2
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vanishes at ty = —ar € [, (this last inclusion holds because |a| € (0,1) and 7 > 0). As
a consequence, 3'(tg) = a'(ty) € Thu,)M. Looking at (6.10), we obtain that the geodesic
€XDp (1) (' (f0)) is defined on all of R, and by uniqueness it must coincide with the curve 3(t+to).
Thus, § can be extended to all R, so (ii) holds. L]

Suppose that f: M — N is a smooth map. We define its associated cone map as the map
F: M — N given by f f(7,p) = (7, f(p)). It can easily be checked that f is an isometric im-
mersion (respectively, an isometry) if and only if f is an isometric immersion (respectively, an
isometry). In the following, we provide some information about the isometry group of Rieman-
nian cones.

PrOpOSItlon 6.19. Let M and N be two complete Riemannian manifolds. Then, every lsometry
f: M — N is the cone map of an isometry g: M — N. In particular, if the cones M and N are
isometric, then M and N are also isometric.

Proof. We take the subset C(;,) = {X € T(, p)]/w\ XD, (tX) is defined on R} of 17 ) M for
each (7,p) € M. Tt is clear from Lemma 6.18 that C(rp) coincides with T}, ) M \R(0)) (r,p)-

Now, let f: M — N be an isometry and fix (1,p) € M with image (s,q) = f(,p). Since
f is an isometry, it sends C(; ) to C(sq), and thus f.;,)((0;)(rp)) = £(0;)(s,9- The equality
fe S, »((Or)p) = —(0r)(s,q) 18 not possible, because in that case the maximal geodesic () =
€XD(, ) (t0,) would be mapped to the maximal geodesic 3(t) = exp, ,(—tJ,), which is not
possible because the first geodesic is defined for all £ > 0, while the second one is not. We deduce
that f.(7)((0r)(rp) = (Or) f(rp). Asa consequence, the maximal geodesic () = expy, , (t0,)
is mapped to the maximal geodesic 3(t) = exp (,0) (t0,), and their corresponding intervals of
definition are (—7,0) and (—s,0). Hence, 7 = s. All in all, we have seen that f sends the link
{T} x M to {T} x N for each 7 € RT, so o f takes the form f(r,p) = (7,h(r,p)) for a map
h: M — N. Furthermore, at each (1,p) € M we have

@) sem) = From(@r)rp) = | (T4 AT +1,p))
t=0

= (ar)f(f,p) + h*(ﬂp)((af‘)(ﬂp))v

which means that (- ) ((0;)(rp)) = 0, so h does not depend on 7. In other words, there exists

amap g: M — N such that h(7,p) = g(p) for all (1,p) € M. The fact that f is an isometry
readily implies that g is also an isometry. ]

—

Corollary 6.20. For a complete Riemannian manifold M, the map f € (M) — f el(M)isa
Lie group isomorphism.

Many geometric properties of Riemannian manifolds can be translated into geometric prop-
erties of their cones. For instance, as a consequence of (6.7), M is an Einstein manifold with
Ric = (n — 1)(:,-) if and only if M is Ricci-flat. It turns out that nearly Kihler structures on
six-dimensional manifolds are related to G,-structures on their cones. We briefly describe this
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relationship, see [14] for details. For the general theory of Gs-manifolds, we refer the reader
to [95, Chapter 10].

Let M be a six-dimensional strictly nearly Kdhler manifold. Then M is Einstein with positive
Ricci curvature [78, Theorem 5.2] and after rescaling the metric we may assume that the Einstein

constant of M is A\ = 5. In that case, one defines a three-form ¢ € Q3(M) via the equations (for
X,Y,Z € X(M))

Qb(X? Y, Z) = T3<K (VXJ)Z>7
¢(0,, X,Y) = = 6(X,0,,Y) = ¢(X,Y,0,) = r*(X, JY),

and checks that ¢ is a parallel three-form inducing a G, structure on M. In addition, the restricted
holonomy group of M is precisely G, whenever M is not locally isometric to S®. Conversely,
suppose that Misa Go-manifold whose structure is given by the parallel three-form ¢. Then the
almost complex structure J defined on M by (X, JY) = ¢(0,, X,Y) is strictly nearly Kdhler
and M is an Einstein manifold with Ric = 5(, -).

Remark 6.21. Notice that the metrics of the nearly Kihler manifolds CP3, F(C?) and S® x S? that
we are considering have Einstein constants 5/2, 5/2 and 5/3, respectively. Therefore, one would
have to rescale these metrics by 1/2, 1/2, and 1/3 to obtain the G,-cones over them. However,
for our purposes this is not a problem, since the totally geodesic property is preserved under
rescalings of the ambient manifold and, as we will see, the maximal totally geodesic submani-
folds of these G,-cones are cones over the totally geodesic submanifold of a homogeneous nearly
Kihler 6-manifold.

There is also a relationship between submanifolds of M that have a nice interaction with
J and calibrated cones inside M. The notions of calibrated geometry were introduced in the
seminal paper [84] by Harvey and Lawson. We remind that a calibration on a Riemannian
manifold N is a closed differential form w € QF(M) satisfying w(vy,...,v;) < 1 whenever
v1, ..., v are unit vectors in T'N. A k-dimensional oriented submanifold S of N is calibrated
if the restriction of w to S is equal to the Riemannian volume form of S, and it follows that .S is
a minimal submanifold. It can be shown that for the case of a Go-manifold (NN, ¢), both ¢ and
its Hodge dual x¢ are calibrations [84, Theorem 1.4 and Theorem 1.16]. We say in this case that
S is associative (respectively, coassociative) if it is calibrated with respect to ¢ (respectively,
*¢@). Coming back to the case that N = M is the cone of a six-dimensional strict nearly Kéhler
manifold, it is known that the cone of a J-holomorphic curve is an associative submanifold,
whereas the cone of a Lagrangian submanifold is a coassociative submanifold.

6.4.1 Totally geodesic submanifolds of Riemannian cones

We now discuss the relationship between the totally geodesic submanifolds of a Riemannian cone
(over a complete real analytic manifold) and those of its base. We are interested in determining
the maximal totally geodesic submanifolds of the cone M over M.

This first result shows that every totally geodesic submanifold of the base induces a totally
geodesic submanifold of the cone by means of the cone map.
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Lemma 6.22. Let M be a Riemannian manifold and ¢: S — M an isometric immersion of a
k-dimensional submanifold S. Then the following statements hold:

~

(i) The immersion ¢ is totally geodesic if and only if the cone map ¢: S — M is totally
geodesic.

(ii) The totally geodesic immersion ¢ is compatible if and only if the cone map ngﬁ .S — Mis
compatible.

Proof. First of all, as being totally geodesic is a local property, we may suppose that S C M is
embedded and ¢ is the inclusion map. As a consequence, S =R+ x S as a subset of M.

Firstly, assume that S is totally geodesic in M. Given (7,p) € Sandw = a0, +v € Ti7p)
(so v € T,5), we know by (6.9) that the geodesic 7(t) = exp, ) (tw) is of the form 7(t)
(p(t), B(t)), where 5(t) is a pregeodesic of M such that 8'(0) = v. Since S is totally geodesic,
there exists an ¢ > 0 such that 5(¢) € S forall ¢ € (—¢,¢), so(t) € Sforallt € (—¢,e).
Therefore, S is totally geodesic in M.

Conversely, suppose that S is totally geodesic, and letp € S, v € T, »S. The geodesic Y(t) =
eXP(1 ) (tw) is locally of the form (p(t), 5(t)), where 3(t) = exp,(f(t)v) for a diffeomorphism
F(t) such that £(0) = 0 and f/(0) = 1. Thus, as S is totally geodesic, there exists an £ > 0 such
that (¢) € S for |¢| < £, which means that exp,(f(t)v) € S for the same values of t. As f~
is continuous at ¢ = 0, it follows that there exists > 0 such that exp,(sv) € S for [s| < 0. We
conclude that S is totally geodesic in M, proving (i).

Finally, observe that since gb* () YT p)S) = R(@ o(rp) @ d)*p(T S) for all (,p) € S, it
follows that the induced map of <;5 is an injection of S to GkH(TM ) if and only if the induced
map of ¢ is an injection of .S to Gy (T'M). This yields (ii). [

I <)

It was shown in [94] that certain types of Riemannian manifolds with special holonomy do
not admit totally geodesic hypersurfaces. We deduce that the same result holds for Sasakian—
Einstein, 6-dimensional nearly Kihler and nearly parallel Go-manifolds.

Theorem 6.23. Let M be a complete Riemannian manifold with non-constant sectional curva-
ture. Assume that M satisfies one of the following conditions:

(i) M2+ is Sasakian—Einstein,
(i) MS is a 6-dimensional strictly nearly Kiihler manifold,
(iii) M7 is a nearly parallel Gy-manifold.
Then, M does not admit a totally geodesic hypersurface.

Proof. Observe that in all three cases M is an Einstein manifold with positive Ricci curvature. As
the (non)existence of totally geodesic hypersurfaces is a purely local question, we may suppose
that M is simply connected. Furthermore, as their existence is also independent of rescalings of
the metric, we may also suppose that the Einstein constant of M is equal to dim M — 1.
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Let > be a totally geodesic hypersurface of M. By Lemma 6.22, Sisa totally geodesic
hypersurface of M. By Gallot’s Theorem (see [69]), M is locally irreducible since M has non-
constant sectional curvature. Moreover, by [14], we know that:

(i) If M?*! s a Sasakian—Einstein manifold, then the restricted holonomy of M is contained
inSU(n + 1).

(ii) If M6 is a strictly nearly Kéhler manifold, then the restricted holonomy of M is contained
in GQ.

(iii) If M7 is a nearly parallel G,-manifold, then the restricted holonomy of M is contained in

Spin(7).

Now, smce M is Elnstem (indeed Ricci-flat), by [94, Theorem 4.3] the restrlcted holonomy of
the cone M is SO(T,M ) This contradicts the fact that the holonomy of M is contained in one
of three aforementioned groups, yielding the result. ]

The following result is concerned with the extendability of cones over totally geodesic sub-
manifolds of the base.

Lemma 6.24. Let M be a complete real analytic Riemannian manifold and ¢: S — M a com-
patible totally geodesic immersion of a k-dimensional complete submanifold S. Then ¢: S — M
is an inextendable compatible totally geodesic immersion.

Proof. We have already seen in Lemma 6.22 that ngS .S — Mis compatible, so we only need to
show inextendability.

Let (7,p) € S be arbitrary and w = a(0,)(-p) + v be a nonzero tangent vector, where
v € T,M. We consider the S-geodesic Y(t) = exp, ) (tw). If v # 0, then 7 is defined on all
R due to Lemma 6.18, 50 ¢ o 7 is also globally defined. Otherwise, we have v = a(0,)(- ), and
Lemma 6.18 implies that -y is defined precisely on /,. Because ngS*(ﬂp) (99 (p)) = (Or) (r.0(p)) the
maximal M- geodesic eXP(r.g(p (tgb* (p)(w)) is also defined exactly on I, so it coincides with

(b o v. We conclude that (b sends maximal geodesics of S to maximal geodesics of M so it is
inextendable by Proposition 5.17. [

We can now prove the following characterization of totally geodesic submanifolds in cones:

Theorem 6.25. Let M be a connected n-dimensional complete real analytic Riemannian man-
ifold and consider its Riemannian cone M. Suppose ¥ is a k-dimensional manifold (where
1<k<n)f:¥— M is an inextendable compatible totally geodesic immersion, and let
x € (r,p) = flx)and V = f(ac) = fux(T:X). Then exactly one of the following two
situations occur:

(i) The vector (@)(np) is in V. In this case, X is incomplete, the vector field O, is every-
where tangent to the immersion f and there exists a complete compatible totally geodesic
immersion g: S — M such that f and § are equivalent.
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(i1) The vector (éb)(m,) is not in V. In this case, Y is complete, the vector field O, is nowhere
tangent to the immersion and there exists:
* a complete compatible totally geodesic immersion g: S — M,

* a complete compatible totally geodesic immersion h: £/ — §, where E is a hyper-
surface in S,

* and a surjective local isometry p: F — %,

such that the following diagram commutes:

E—>§
p l@
A V)

Proof. We work with the projection w: M — M. Let W = Torp) (V) C T,M, which is
precisely the orthogonal projection of V' onto 7, M. We have that V' C R(0,)(-,) ® W and the
dimension of W is either k — 1 or k, depending on whether (0, ) () is in V' or not.

Firstly, suppose that (9,)(-p) € V, 50V = R(0,)(rp) ® W. Then X is not complete because
the geodesic expy,. )(t(8 )(r.p)) is not defined on all R, and for every y € 3 the tangent space

f(y) contains (9 . ) f(y) (otherwise, 3 would be complete by Corollary 5.18). Therefore, the radial

vector field 0, is everywhere tangent to the immersion f: > — M. Now, consider an € > 0 such
that exp, , is a diffeomorphism of the ball BT< : 77(0, €) onto its image and the set
: p

F= &B(T,p) (V N BT(T,p)]/\/T(()? 8))

is an embedded totally geodesic submanifold of M. Then 0, is everywhere tangent to F' and the
restriction of 7 to F' has constant rank equal to £ — 1, so the constant rank theorem implies that
(perhaps after shrinking ) the image 7(F') is a (k— 1)-dimensional embedded submanifold of M
and : F' — m(F) is a surjective submersion. Let (s, ¢) € F be any point and consider a nonzero
w € Tym(F) = Ty(o,q)(T(s,0F'). Then, since (0,)(s,q) is tangent to F, the vector w € T(&q)]\//j
is also tangent to F'. As F'is totally geodesic, we may choose ¢ > 0 such that the M -geodesic
() = exps ) (tw) is in F' for all t € (—d,), and as a consequence the curve 7(7(t)) is also
contained in 7(F) for t € (—4,0). Recall from (6.9) that 7(5(t)) = exp,(f(t)w), where the map
f: R — R is a homeomorphism satisfying f(0) = 0. Because of this, the geodesic exp, (tw) is
contained in 7 (F") for small values of ¢. This proves that 7(F) is a totally geodesic submanifold
of M, and in particular the subspace IV is totally geodesic in 7}, M. Consider the complete com-
patible totally geodesic immersion g: S — M ass0c1ated Wrth W and let y € .S be the unique
point with g(y) = p and g(y) = W. The cone map §: S — M is an inextendable compatible
totally geodesic immersion by Lemma 6.24 and satisfies g, (T(-) S) = R(Op)zpy @W =V,
so f and g are equivalent by uniqueness.
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Secondly, assume that (0,) ¢ V/, so that V' is a hyperplane in R(0,)(-,) @ W. In this setting,

¥ is complete by Corollary 5.18 and for all y € ¥ the tangent space f(y) does not contain the
vector (0,.) f(y) (otherwise, > would admit a non-complete geodesic). Thus, the radial vector field
is nowhere tangent to f: 3 — M. We now argue in a similar way as in the previous paragraph.
Let ¢ > 0 be such that exp, , is a diffeomorphism of BT(W)A?(O, €) to its image and

F = e/@(ﬂp)(v N BT(r,p)]/\Z(O’ E))

is an embedded totally geodesic submanifold of M. Then, as 0, is nowhere tangent to F', the
restriction of 7 to M has constant rank equal to k, so we may shrink ¢ so as to have that 7(F')
is a k-dimensional embedded submanifold of M and the restricted projection 7: F' — 7(F) is
a diffeomorphism. The same argument as above shows that 7(F") is a totally geodesic submani-
fold, so in particular WV is a totally geodesic subspace of T,M. Let g: S — M be the associated
complete compatible totally geodesic extension and y € S the unique point with g(y) = (7, p)
and g(y) = W. Then the cone map g: S — M is the inextendable compatible totally geodesic
immersion associated with R(0,)(,,) @ W. Because V' C R(0;,)(r,) @ W, we may use Proposi-
tion 5.22 to conclude. Ol

Corollary 6.26. Let M be an analytic Riemannian manifold and M its Riemannian cone. If X is
a maximal totally geodesic submanifold of M, then . is either a hypersurface of M or the cone
over a maximal totally geodesic submanifold S of M.

Theorem 6.25 reduces the classification of (maximal) totally geodesic submanifolds of cones
to that of the totally geodesic submanifolds of the base manifold, and separately to that of totally
geodesic hypersurfaces in the cone. We note that these hypersurfaces may not arise as cones
over totally geodesic hypersurfaces in the base space, as we will see in Example 6.29 and more
generally in Subsection 6.4.2.

Remark 6.27. Let M be a Riemannian manifold and suppose that 3. is a totally geodesic hy-
persurface of M that is not tangent to the cone vector field 0,. We may assume without loss
of generality that > C M is embedded, and we choose a point (7,p) € ¥. The tangent space
Vi =T:pnX C T(T,p)]/\/[\ is a totally geodesic hyperplane satisfying 0, ¢ V. This means that
there exists a unique (possibly zero) vector € T, M such that T(m,)J\//T oV =R(0, + 7). Let
X = ad, + v € V be arbitrary, where a € R and v € V. Then, since V is EX—invariant and ]3@(
is symmetric, it follows that 0, 4+ 7 is an eigenvector of R x. However, by (6.7) the image of R X
is contained in 7}, M, and because 0, + 7 is not tangent to the link we must have R x(0,+n) =0,
so R(n,v)v = R(d, +1, X)X = 0forall X € V. As the orthogonal projection of V onto T,M
is a linear isomorphism, we deduce that if V' = R(d, +n)= is a totally geodesic hyperplane, then

~

R(n,v)v =0forallv e T,M.

Proposition 6.28. Let M be a space of constant sectional curvature . € R. Then, every totally

geodesic submanifold of dimension d > 2 of the Riemannian cone M is a cone over a totally
geodesic submanifold S of M if and only if k # 1.
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Proof. Due to Theorem 6.25, we may focus only on totally geodesic hypersurfaces. Let M be a
connected complete Riemannian manifold of constant sectional curvature x € R and dimension
n > 2, and suppose that M admits a totally geodesic hypersurface > that is not tangent to the
cone vector field. By shrinking Y if necessary, we can assume that > C M is embedded and
every (7,p) € ¥ is such that V' = T{; ¥ does not contain 0,, so its orthogonal complement
must be generated by a vector of the form 0, + 1 for a certain n € 7,,M. Now, from Remark 6.27
and (6.7) we deduce that 0 = R(n,v)v = (k — 1)(|v|?n — (n,v)v) for all v € T,M, which
means that either k = 1 orn = 0. If K # 1, we deduce that V' = T,y M for all (7,p) € %,
so ¥ is an integral manifold of the distribution D = 9 on M. The maximal integral manifolds
of D are precisely the links {7} x M for each 7 > 0, so X is actually an open subset of a leaf
{10} x M for a certain 7y > 0. However, the last equation in (6.6) shows that the leaves are never
totally geodesic, so we arrive at a contradiction. We conclude that if x # 1, the inextendable
totally geodesic hypersurfaces of M are precisely the cones over the complete totally geodesic
hypersurfaces of M.

If M has constant sectional curvature equal to 1, then M is flat by (6.7), so for every point
(1,p) € M and every hyperplane V' C T (T,p)]\/i there exists an inextendable compatible totally

geodesic hypersurface > C M such that (1,p) € ¥ and T(;;y> = V. In particular, X is not
(contained in) a cone over a totally geodesic hypersurface of M if and only if (0,)(p) ¢ V. O

Example 6.29. Let us assume that A/ = S™(1). Then M is isometric to R™+! \ {0} in such a way
that the cones over the totally geodesic submanifolds of M are of the form V \ {0}, where V' is an
arbitrary vector subspace of R"", In particular, any affine hyperplane 3 C R™*! not containing
the origin is a totally geodesic hypersurface that does not appear as a cone over a totally geodesic
hypersurface of S"(1).

Proposition 6.30. Ler M be equal to either S (r) or RPE _(r) and let M denote the Rieman-

nian cone over M. Then, M admits a totally geodesic hypersurface if and only if T =1r = 1.

Proof. Let M = Sféﬁ(r) be a three-dimensional Berger sphere of radius r and deformation

parameter 7. We show that M does not admit totally geodesic hypersurfaces unless » = 7 = 1
(that is, M is the unit round sphere).

We first establish some notation. Recall that S3 _(r) = U(2)/U(1) as a homogeneous
space, and we have a reductive decomposition u(2) = u(1) & p, where u(l) = RK and
p = span{ £, X, Y} for the matrices

i 0 1 (00 1(0 —1 1(0 i
K‘(o o)’ E—rﬁ(o z) X—F(l 0>’ Y—F(z‘ 0)'

Furthermore, if (-, -) denotes the inner product on p induced by the Berger metric on M, then
E, X and Y are orthonormal vectors with respect to this metric. Furthermore, the vertical and
horizontal subspaces at o = eU(1) with respect to the Hopf fibration are V, = RE and H, =
span{ X, Y}.
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Let us suppose that M # S3(1) and ¥ is a totally geodesic hypersurface of M. We may
assume that > is embedded in M. Because M is homogeneous, Corollary 6.20 allows us to
suppose that ¥ passes through a point of the form (¢, 0) with tangent space V' C T(tp)]\//f =
RO, @ p. As M does not admit totally geodesic hypersurfaces [135, Theorem A], we have that
O, ¢ V, so V1 must be spanned by a vector of the form O, + 7, where € p. We may write
n = a1+ a; X + azY for some constants a;, az, a3 € R. From Remark 6.27 we also know
that R(n, Z)Z = 0 for all Z € p. A polarization argument shows that the previous condition is
equivalent to R(n, Z)W + R(n,W)Z = 0 forall Z, W € p.

Firstly, suppose that 7 # r2. Then the equations

0=R(n, E)Y + R(n,Y)E = (1 _ 1) (a3E + a1Y),

r2
~ ~ T
0 =R(n, E)X + R(n, X)E = (1 - ﬁ) (a2 + a, X),
ianIy that a; = as = a3 = 0, son = 0 and V = p. However, from (6.8) and the fact that
R is not identically zero on p we deduce that p is not a totally geodesic subspace, giving us a
contradiction.
Secondly, suppose that 7 = 72 and r # 1. Since

~ ~ 4(r* —1)
0=R(n,X)Y+R(nY)X = T(agX + aY’),

we obtain ay = a3 = (0. As a consequence, n EAVO, and V' contains the horizontal subspace H,,.
Using (6.8), we obtain that (4 — %) t9, = (VxR)(X,Y,Y) € V,s00, € V, which again yields
a contradiction. .

All in all, we have shown that M does not admit totally geodesic hypersurfaces except in the
case M = S*(1). Since the natural projection S% () — RP{ (r) is a Riemannian covering
map, the same result holds for the three-dimensional Berger projective space. O]

6.4.2 Totally geodesic hypersurfaces and the Obata equation

Let M be a complete real analytic Riemannian manifold. In view of Propositions 6.28 and 6.30,
one could think that the existence of a totally geodesic hypersurface in M not tangent to the
cone direction is possible only when M has constant sectional curvature equal to one. In this
section we provide a plethora of examples of Riemannian cones admitting such a hypersurface.
Moreover, we show that a Riemannian cone admits a totally geodesic hypersurface that is not
tangent to the cone vector field if and only if its base is locally a sine cone.

Let M be a complete real analytic Riemannian manifold and let ¥ be a totally geodesic
hypersurface of M that is not tangent to the cone vector field 0,. We assume without loss of
generality that > C M is embedded. Fix a point (7,p) € . Because 0, is not tangent to %,
the restriction of the standard projection 7: M — M to ¥ is a local diffeomorphism, so by
shrinking ¥ if necessary we can assume that 7: > — M is a diffeomorphism onto the open set
2 = 7(¥) € M. Denote by ¢: 2 — X the inverse map of 7|yx. Since m(o(z)) = z for all
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x € ¥, there exists a smooth function f: @ — R such that o(z) = (f(z),z) forall z € ¥. By
definition, we have f(p) = 7 and

Y={{f(x),x): z € Q}

is the graph of f. We conclude that a complete totally geodesic hypersurface of Mis locally the
graph of a smooth positive function f: 0 — RT. Note that the tangent space of X at a point
(t,x) € ¥is
T2 = {dfz(v)0, +v: v e T,M}.
The discussion above motivates the following question: given an open subset {2 C M and a

smooth function f: @ — R™, when is the graph X of f a totally geodesic submanifold of the
cone M? To answer this, we observe that the vector field

1
f

Is normal to 3 at all points. Note that the length 1/g(, &) is not constant. Choose any x € )
and consider a tangent vector v € T, M. Then S¢(df,(v)0, +v) = (Vap,()0,4+0€) " is the orthog-

onal projection of the covariant derivative V g, (v)a,+v§ 10 11 2. A straightforward calculation
using (6.6) gives

1
f’:&n—ﬁgradf:ar%—grad

N af,
Vdfo ()9, 408 = — J{(QE;Q (grad f), +

1 1 dh)
f(x)v + V, grad 7 + ()

Taking the inner product with an arbitrary vector of the form df,(w)0, + w, where w € T, M,
we obtain

(0r)a-

b\(@dfz )9, +0&s Afo ()0, + w)

1 (6.11)
= f(x) <<U, w) + f(x)<VU grad IR w>>
Recall that if N is a Riemannian manifold and h: N — R is a smooth function, the Hessian
of h is the symmetric (0,2)-tensor field Hessh = Vdh. It is characterized by the equation
Hess h(v, w) = (V, grad h, w). We conclude from (6.11) that the graph of f is totally geodesic
if and only if the map h = 1/ f satisfies the differential equation

Hessh = —h(-,-). (6.12)

Equation (6.12) is known as the Obata equation. From the calculations above, we deduce the
following result.

Theorem 6.31. Let M be a complete real analytic Riemannian manifold and (T,p) € Ma point
of its Riemannian cone. Fix a vector n € T,M and consider the hyperplane V' = T(, ,,M ©
R(O, + n). Then the following conditions for V are equivalent.
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(i) There exists a complete totally geodesic hypersurface 3. of M passing through (T, p) with
tangent space V.

(ii) There exists an open subset Q@ C M containing p and a smooth function h: Q — R*
satisfying the Obata equation (6.12), together with the initial conditions h(p) = 1/7 and

(grad h), = n.

If any (hence both) of the above conditions hold, then the hypersurface . is the inextendable
extension of the graph of f = 1/h.

Let (M, g) be a Riemannian manifold. We define the sine-cone of M as the warped product
SC(M) = (0,7) xn M. Explicitly, the metric on SC(M) is given by gsc(ry = dr? + (sinr)?g.
The next result shows that if a Riemannian manifold admits a local solution h of the Obata
equation, then the domain of A is locally isometric to a sine-cone.

Theorem 6.32. Let M be a Riemannian manifold and p € M. Suppose that there exists a
positive local solution h to the Obata equation (6.12) defined near p. Then, there exists an open
interval I C (0, 3), a Riemannian manifold N and a neighborhood 2 of p in M that is isometric
to the warped product I X, N. Furthermore, the isometry () = [ X4, N can be chosen in such
a way that the restriction h: Q — R is given by h(t,x) = Acost for a certain A > 0.

Conversely, given a warped product M = [ Xg, N satisfying the above conditions, the
functions h: (t,z) € M — Acost € R are solutions to (6.12).

Proof. By [145, Theorem 4.3.3] we can suppose, after shrinking M if necessary, that M =
I x, N is the warped product of an open interval / C R with a Riemannian manifold /V in such
a way that h is constant along the fibers {t} x N with ¢ € I, so we can think of h = h(t) as
a function on I. In particular, we have grad h = h/(t)0,. We can compute V grad h using the
formulas in [137, Chapter 7, Proposition 35]. Indeed, let X € X(/N) be any vector field. Then
we have
W(t)p(t
Vo, gradh = h"(t)0,, Vxgradh = %X
p

As a consequence, the Obata equation turns into the following system of ordinary differential
equations:

B'(£) + h(t) = 0, 613
~0. '

{h'(t)p’(t) +p()h(?)

The first condition in (6.13) yields that h(¢) is an R-linear combination of sint and cost. By
shifting the ¢ coordinate and shrinking M, we may assume without loss of generality that [ is
contained in (0, 5) and h(t) = Acost for some A > 0. Thus, the second equation in (6.13)
becomes p/(t) = (tant)~'p(t). This implies p(t) = Bsint for some B > 0. By rescaling the
metric on N, we may suppose that B = 1, which proves our assertion.

Finally, note that the converse is clear from the fact that the functions p(f) = sint and
h(t) = Acost are solutions to (6.13). O
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Because the fiber /V in Theorem 6.32 can be chosen arbitrarily, the above statement yields a
vast array of Riemannian manifolds whose cones admit totally geodesic hypersurfaces that are
not tangent to the cone direction. The abundance of examples highlights the appropriateness of
further exploring this class of totally geodesic hypersurfaces in cones.

Remark 6.33. Suppose M? is a two-dimensional manifold and h: Q@ C M — R is a local
solution to the Obata equation. Then Theorem 6.32 allows us to write €2 locally as a warped
product I X, J of two intervals. It is easy to see that the metric on [ X, J is precisely the
round metric of radius one. Because of this, we conclude that the Gaussian curvature of M is
K =1 at all points of ).

6.5 Proofs of the main theorems

In this section we provide the proofs of the main theorems of this chapter. We go through each
one of the homogeneous nearly Kihler 6-manifolds with non-constant sectional curvature, and
classify their totally geodesic submanifolds.

6.5.1 The complex projective space

Lemma 6.34. If v C p is a totally geodesic subspace and v contains a vertical or a horizontal
vector, then v is well-positioned.

Proof. If X € v is a unit vertical vector, we may assume by means of the isotropy representation
that X = e;. Since the spectrum of R.,: p © Re; — p © Re; consists of the eigenvalues 2,
with eigenspace Rey, and 1/8, with eigenspace po, the claim follows from the R, -invariance of
v. Similarly, if X is horizontal we may suppose that X = es, and in this case the eigenvalues
of Re,: p © Reg — p © Reg are é, with eigenspace pi, 1, with eigenspace Rey, and 5/8, with
eigenspace span{es, g}, so the result also holds in this case. U

Proposition 6.35. There are no four-dimensional totally geodesic submanifolds in CP3,

Proof. Assume, on the contrary, that there exists a totally geodesic submanifold > of M of
dimension four passing through o, and let v C p be its corresponding totally geodesic subspace.
From Lemma 6.34 and by dimension reasons, we know that v is well-positioned. We distinguish
three possibilities according to the dimension of v N p;.

If v N p; = py, then v N po is two-dimensional. By using the isotropy representation if
necessary, we may suppose that e3 € v. We can therefore consider a basis of v of the form
{e1, eq, €3, a4e4 + ases + ageg }. In particular, ages — aseq is orthogonal to v, and the equality

3(a2 + ag)

0 = <R(617 62)(&464 + a5€x -+ CL6€6), ag€r — CL5€6> = 4

yields a5 = ag = 0, so actually b = span{ey, s, €3, e4}. This is a contradiction due to the fact
3 . . .
that (V¢, R)(eq, €2, €3) = — 1753 ¢ v, so this case is not possible.
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If b N p; is one-dimensional (which forces dim v N p, = 3), we may use the isotropy rep-
resentation to assume that v contains e; and es. In particular, e5 = 4v/2(V., R)(es, 1, e3) also
belongs to v. As a consequence, v admits a basis of the form {ey, e3, €5, ases + ageg}, which
means that agey, — ageg € p S v, and

1
0 = (R(es, e5)(aseqs + ageg), ages — ases) = —g(ai + a2),
so as = ag = 0, another contradiction.

If v N p; = 0, then b = py, which is also not possible, since (V., R)(es, €4, €5) =
not in v. In conclusion, no such v can exist, and the claim follows.

1 .
4\@61 1S

Proposition 6.36. Let 3 be a complete totally geodesic submanifold of CP? with dim ¥ = 3.
Then X is congruent to the standard RP, | /2(2).

Proof. Let X be such a submanifold, and assume without loss of generality that 3. passes through
o with tangent space v. Once again, by dimension reasons we see that bNp, # 0, and Lemma 6.34
implies that v is well-positioned. We consider three cases according to the dimension of v M p;.

If vNp; =0, then v C p, is a hyperplane, and since the isotropy representation is transitive
on the unit sphere of po, we may assume that b = span{ey, €5, €5 }. However, since R(ey, e5)eg =
é@g, we obtain a contradiction.

If v N p; is one-dimensional, then by using the isotropy representation we may suppose that
v contains e; and es;. Note that 4\/§(V63R)(63,61,63) = ej5 also belongs to v, which gives
b = span{ep, e3,e5} = Pre2 | ,(v2)" Therefore, in this case we obtain 3 = RP%’I/Q(\@).

Finally, if v N p; = py, then by using the isotropy representation we can assume that b =
span{ey, es, e3}. This is not possible, since R(ej,es)es = %64 is not in v. This finishes the
proof. ]
Proposition 6.37. Let Y be a complete totally geodesic surface inside CP3. Then ¥ is congruent

to one of the spheres described in Table 6.1.

Proof. Suppose that v C p is a totally geodesic plane, and consider the corresponding complete
totally geodesic submanifold > of M. Notice that > must be intrinsically homogeneous, and
thus a space of constant curvature since it is of dimension two. Also, note that either v is com-
pletely contained in one of the irreducible K-submodules of p or it contains a vector that projects
nontrivially onto p; and p- at the same time. Since the case v = p; already corresponds to >
being the fiber of the twistor fibration, we may skip this case.

Assume that b C p,. Using the isotropy representation if necessary, we can assume es € 0.
One sees that the kernel of the Cartan operator C'y is spanned by e3 and e4, so we must have
b = span{es, e4} = Psy(2).., since ¥ has constant curvature, which means that ¥ = SU(2) - o.

Finally, suppose that there exists a vector X € v such that X, and X, are nonzero. By using
the isotropy representation and rescaling, we can assume that X = e; 4+ \es for a certain A > 0.
In this case, ker C'x is spanned by X and Y = 3\ey+(6—\?)ey, so necessarily v = span{ X, Y},
since ¥ has constant curvature. In particular, we have 0 = 4v2((VxR)(Y,X,Y),e5) =
=X (2A* 4 3)\? — 9), and this is only possible if A = 1/3/2. Therefore,

b = span{\/ﬁel + \/363, \/562 + \/364} = pSU(Z)A3~o-
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As a consequence, we see that in this case ¥ = SU(2),, - 0. This finishes the proof. []

Proof of Theorem A. The theorem follows from combining Theorem 6.23, Proposition 6.35,
Proposition 6.36, and Proposition 6.37. U

6.5.2 The flag manifold

Proposition 6.38. The flag manifold F(C?) does not admit any codimension two totally geodesic
submanifolds.

Proof. Suppose that F(C?) admits a totally geodesic submanifold of dimension four. This means
that there exists a totally geodesic subspace v C p with dim v = 4. By a dimension argument, one
sees that the intersection v N (p; @ p2) is nontrivial, and using both the isotropy representation
of T2 and conjugating by a permutation matrix if necessary, we may suppose that v admits a
nonzero vector of the form X = e; + Aes, where A € R is a nonnegative number. The Cartan

operator C'x is diagonalizable with eigenvalues 0, 3>‘2— V\%XZ and —%2— V\I[;AQ, and corresponding

eigenspaces

ker C'y = span{ey,es, es, Aex + ey},

AW TN
ker (OX . 32—\5 1d,,> R (62 e+ V1T A%G) ,

A1+ N2
ker(C’X + 32—\/——2i_ldp) =R (—62 + )\64 + Vv 14 )\266) .

First, assume that A > 0, so the three eigenvalues given above are pairwise distinct. We prove
that v coincides with the kernel of the Cartan operator C'y.
If Cx|, is not identically zero, then v contains a vector of the form Y = cey — Aeey +

V1 + \2eg, where € € {£1}.

If A # 1, then we can construct a basis of v with the vectors

X =e1 + des,
Y =cey — Aeey + meﬁ,
U =8R(X,Y)X = —2¢ (5A> +8) €9 + 22\ (832 + 5) ey — (1 + %) ¢,
V =8V2(VxR)(X,Y,Y)
= —3MWAZ+1(3N2+5) ce; — 3VAZ+ 1 (5M2 +3) ee5 — 6 (A — 1) e5.
Therefore, the vector

T=-AX+1(X+3)es = VA2 +1 (3N +5) es +2X (A — 1) eeg

is orthogonal to v. Thus, 0 = (R(X, U)X, T) = 36e\3 (A\* — 1) /A2 + 1, which is a contradic-
tion.



6.5.2 The flag manifold 161

If A = 1, the equation R(X,Y)X + lZSY = 3v/2¢¢ implies that the vectors X = e; + es,
Z = ey — ey, and T" = eg are in v. We can therefore complete X, Z and T to a basis of v
by adding a vector of the form U = cje; + coes — c1e3 + coeq4 + c3e5, where ¢; € R for each
i € {1,2,3}. In particular, we have that the vector —cae; + c1e9 + cae3 + c1€4 is orthogonal to
b, SO
0= 2<R(X, Z)U, —Co€e1 + Cr1e9 + Ccoes + 01€4> = —9(0? + C%),

which forces ¢; = ¢3 = 0. Therefore v = span{ X, Z, es, es }. However, we have 8R( X, e5)es =
3(e2 + e4) ¢ v, which yields a contradiction.

From all of the above, we see that b must coincide with ker C'x = span{ey, es, e5, Aea + €4 }.
However, this is not possible either, since

8
gR(@l, 63)()\62 + 64) = —ey + Aey ¢ D.

Thus, the case A > 0 is not possible.

Now, suppose that A = 0, and we deduce that e; € v. Since the intersection of v with
P2 @ p3 is at least two-dimensional, we can use the isotropy representation to assume that there
is a tangent vector of the form Y = e3 + pues, where ;o € R. However, p = 0, for if u # 0, by
means of the full isotropy representation we can conjugate v to a new totally geodesic subspace
containing a tangent vector of the form e; + pe3, and we may use the previous case to derive a
contradiction. Now this yields that e; + ej is also in v, which is yet another contradiction. We
conclude that this case is also not possible, and therefore there are no codimension two totally
geodesic subspaces in p. L

Proposition 6.39. Let > C F(C?) be a complete totally geodesic submanifold of dimension three.
Then Y is congruent to either F(R?) or to S%’1/4(\/§).

Proof. We need to classify three-dimensional totally geodesic subspaces of p. Let v C p be such
a subspace, and Y the corresponding complete totally geodesic submanifold. Then we know that
there exists a vector X € vN(p; Dp2), and using the full isotropy representation, we may assume
that it is of the form X = e; + Aeg for a certain A > 0. The Cartan operator C'y is diagonalizable

. . A/ 2 \/ 2 . .
with eigenvalues 0, %, and —%, and corresponding eigenspaces

ker C'y = span{ey, es, e5, Aeg + €4},

31+ A2 5
ker(C’X — W) —R(@g—)\e4+\/1+)\ 66>,

31+ N2
ker (OX + 2—\/;>) =R (-62 + )\64 +vV1+ )\266) .

First, assume that A > 0, so the three eigenvalues given above are pairwise distinct. We prove
in this case that either ¥ = SU(2)(19,1) - 0 or v C ker C'x. Indeed, if there is a vector of the form

Y = ces — Aeey + V1 + A2¢q in v, where ¢ € {£1}, then we may construct a basis of v by
adding the vector

Z =8R(X,Y)X = —2 (52 4 8) ces + 2X (8X% + 5) eey — (A2 + 1) ¢ € v,
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In particular, —\e; + e3 is orthogonal to v, and we must have
0=4(R(X,Y,Y),—=Xes +e3) = 3A(\* — 1).

This forces A = 1. Note that 4R(X,Y)X = —13cey + 13ce4 — v/2e € v. This means that v
is spanned by e; + es3, es — e4 and eg, so X coincides with SU(2)(1,071) - 0. Now, suppose that
v C ker C'x. Then either v = span{ey, e3, e} (which yields ¥ = F(R?)) or using the isotropy
representation we can find a basis of v given by vectors of the form

X = e + es,
Y = ai1€eq -+ ases + a5€s + ()\62 + 64),

Z = cie; + czesz + cses,

for some constants a;, ¢; € R. In particular, the vectors e and es — Aey are in p © v. Now, we

alsosee that 0 = (R(X,Y) X, ea — Aey) = w, which means that A = 1. On the other hand,
we have

(VxR)(X.Y.Y),e5) = ?“4—55) (VxRXYY)ea = e = 222
3(ez — 1) —3¢5

(VxR)(X,Z,Y), eq) = (VxR)(X,Z,Y),es — ey4)

2 RENA

Since all of these inner products are zero, we deduce that a; = ¢ = 0, a; = az and ¢; = c3. In
particular, Z and X are proportional, a contradiction.

We now assume A\ = 0, so e; € v. Since p N (p2 @ p3) is nonzero, we may use the isotropy
representation to suppose that a vector of the form ez + pie5 belongs to v. Note that if o # 0, then
using an element of the full isotropy group permuting the factors of the isotropy representation,
we can carry this setting to the one in the previous paragraph, so we may assume that ;o = 0, and
thus e3 € v. As a consequence, e; + e3 € v, and we may use the arguments in the case A > 0 to
derive the same conclusions, and the proposition is proved. [

Proposition 6.40. Every complete totally geodesic surface of F(C3) is congruent to one of the
following:

(i) the totally geodesic T3,
(ii) the Berger sphere S?C’l/él(\/ﬁ),
(iii) the fiber CP!,
(iv) or a totally geodesic RP? (2\/5) C F(R3).

Proof. Let v be a totally geodesic subspace of dimension 2 in p. We define € {1,2,3} to be
the largest number such that there exists a vector X € v that has nontrivial projection onto r of
the irreducible submodules of p.
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The case r = 3. Let X € v be a vector that projects nontrivially onto each of the submodules
p;. Then, by means of the isotropy representation, we know that X is (up to T?-conjugacy and
scaling) of the form X = e; + ages + ase; + ageg, where as, ag + a% £ 0.

First, suppose that ag # 0. Then, one sees that the kernel of the Cartan operator C'x is
spanned by X and Y = asase; + azages + ases + ageq + ases. As a consequence, if X is tangent
to a totally geodesic surface ¥, then its tangent space v = T, is precisely v = span{X,Y}.
In particular, since X is intrinsically homogeneous and therefore of constant sectional curvature,
we have the equations

B 3a3ag(l — a2 — a2)

0=((VxR)(X,Y,Y), es) = ol ,

_ 3asag(a — 1)

R

0 =((VxR)(X,Y,Y),es5)

which imply a3 € {£1} and a? + a2 = 1. Therefore, we may rewrite v as the span of

X = ey + ge3 + cos pes + sin ¢geg,
Y = € cos ey + €sin pey + cos gpes + sin pey + ces,

where ¢ € {£1} and sin¢ # 0. It turns out that v = 3,(X) is the centralizer of X in p, and
in particular it is (maximal) abelian. If ¢ = 1, then the element k = diag(e’®/3 1,e7¢/3) € T2
carries prz = span{e; + e3 + €5, e2 + €4 — eg} t0 3,(X) = v, which means that 3 is congruent
to TX. Similarly, if ¢ = —1, the element k = diag(e/?, e™/?, e~/ *+M/3) € T? carries pr3 to
3»(X) = v, and thus X is congruent to T3.

Now, assume that ag = 0. In this case, the kernel of the Cartan operator C'x is equal to
50(3) = pr(cs). Thus, the only totally geodesic surfaces containing X are projective planes
contained in F(RR?).

The case r = 2. We can find a vector X € v that has nontrivial projection onto two of the
three irreducible submodules. By using the full isotropy representation and rescaling, we can
assume that X = e; + Aes for a certain A > 0. Take any vector Y € v © RX.

On the one hand if, DxY = 0, then Y € ker Dx © RX = R(ey + Aey), so we may directly
assume that Y = ey + ey, and we have v = span{ X, Y'}. In particular, observe that —\e; + ¢4
is orthogonal to v, and the condition

0= (R(X,Y)X,—Xeg +e4) = 3A(N2 — 1)

forces A = 1. Thus, v = span{e; + e3,e2 + €4}, s0 ¥ = SO(3)7 - 0.

On the other hand, if DxY # 0, by Proposition 6.8, the vectors D’}Y (for k > 0) mustliein a
common eigenspace of Ry (of dimension greater than one because Y and DxY are orthogonal)
and in the kernel of C'x.

Moreover, the spectrum of the Jacobi operator Rx consists of the (pairwise distinct) eigen-
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values
A 4+1
0
b) 8 b)
17 4+ 17)02 +3v25)04 — 1402 + 25 17 4+ 1722 — 3v/250% — 14)2 + 25
16 ’ 16 '

and the only eigenspace of dimension greater than one is that of %, which is actually the
direct sum R(—\e; + e3) @ p3. On the other hand, the kernel of the Cartan operator Cx is
span{ey, e3, €5, Aea + e4}. Thus, Y € span{—\e; + e3, e5}, and in particular v is contained in
50(3), so X is contained in F(R?).

The case r = 1. Here, we simply have p = p;, for k € {1,2,3}, so actually X is congruent to
the fiber CP' of the submersion F(C?) — CP2. O

Proof of Theorem B. The result now follows by combining Theorem 6.23, Proposition 6.38,
Proposition 6.39, and Proposition 6.40. ]

6.5.3 The almost product S3 x S3

Lemma 6.41. Let v C p be a totally geodesic subspace. If v contains a nonzero vertical or
horizontal vector, then v is well-positioned.

Proof. Suppose that v contains a nonzero vector X € p; (respectively, X € ps). Since the
isotropy representation of ASU(2) is transitive in the unit sphere of p; (respectively, py), we may
suppose that X = e; (respectively, X = e4). Note that the matrices of R., and R., are given by
R., = diag(0,3/4,3/4,0,1/12,1/12) and R,, = diag(0,1/12,1/12,0,3/4,3/4), which means
that

b= (0NRe)® (v Nspan{es, e3}) ® (v N Rey) & (b Nspan{es, es})

in both cases. This last equation implies directly that v is well-positioned. U

Proposition 6.42. The space M = S3 x S? does not admit any codimension two totally geodesic
submanifolds.

Proof. Suppose on the contrary that there exists a four-dimensional totally geodesic submanifold
> of M, and without loss of generality assume that 3. passes through o with tangent space v. A
dimension argument yields that v M p; is nonzero. Since the isotropy representation is transitive
on the unit sphere of p;, we can further assume that e; € v. Because v is R, -invariant, using the
eigenspace decomposition of ., (obtained in the proof of the previous lemma) we get

v = (v Nspan{ey,es}) ® (v Nspanfes, e3}) & (b Nspan{es, eg}).

In particular it follows that eithere, € bore, € p S v.

Firstly, suppose that e, € v. If e5 and e3 are also tangent to v, then v = span{ey, ey, €3, €4},
which is a contradiction because 12R(eq, e5)ey = —bes ¢ v. Similarly, if e5 and eg are tangent to
Y. we deduce that v = span{ey, eq4, €5, €5}, which is not possible either, as in that case we would
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have 6R(e1, e4)es = e ¢ v. Thus, we see that dim vNspan{ey, e3} = dimvNspan{es, eg} = 1.
Conjugating by an adequate element in K, we can assume that v N span{es,e3} = Re,. As a
consequence, es = —G6R(ej,eq)es € b, and we obtain v = span{ey, ey, €4, e5}. However,
the equality 6v/3(V,, R)(e1,e4,62) = e implies that v is not V R-invariant, which yields a
contradiction once again. Therefore, e, is not tangent to X2, so it must be normal to v.

We suppose that e; € v and e; € p S v. By dimensional reasons, and using the isotropy
representation if necessary, we may find constants A\, c5, cg € R such that e; + Aes, cse; 4 cgeq 1S
in v. Moreover,

5
0 = (R(e1,e2 + Aes)(cses + coes), €4) = ' (c5 + Acg)

1
5
0= (Ve R)(e1,es + Aes, cses + cge6), €4) = ——= (Aes — ¢cg)
(( )(e1, e 3,565 + C6€6), €4) 12\/5(5 6)
which implies ¢; = cg = 0, a contradiction. We conclude that the existence of Y. is not possible.
]

Proposition 6.43. Let > — S3 x S? be a three-dimensional complete totally geodesic submani-
fold. Then Y. is congruent to either the round sphere S* (viewed as the first factor) or the Berger
sphere 5%71/3(2).

Proof. Suppose that X is such a submanifold, and assume without loss of generality that 3> passes
through o with tangent space v.

We start by assuming that v is well-positioned, so v = (b N p;) & (b N py). We consider
several cases according to the dimension of v M p;.

If o N p; = 0, then b = p,. However, the equation 3v/3(V., R)(e4, €5, e4) = e implies that
v is not V R-invariant, a contradiction.

If v N p; 1s a one-dimensional subspace, we may use the isotropy representation to assume
that this intersection is spanned by e;. Now, since v N ps is two-dimensional, it must intersect
span{es, g }, and we may use an element of K that fixes e, if necessary to assume that e5 € v. As
a consequence, eg = 3v/3(V,, R)(es, 1, es5) is also in v, so v = span{ey, es, e }, which implies
that ¥ = S(%,1/3(2) is the Berger sphere.

If v N p; is two-dimensional, then v N p, is one-dimensional, and we can assume that it
is spanned by e4. Arguing in the same fashion as above, we can also assume that es € v, and
therefore we have e = 3v/3(V.,R)(es, €4, €4) € v, but this contradicts our hypothesis that v N
is one-dimensional.

Lastly, if v N p; = p1, then we actually have v = pq, so X is simply the fiber of the fibration
S3x §% — S3,

Now, suppose that v is not well-positioned, so that v N p; = v N py; = 0 by Lemma 6.41. We
start by proving (up to the isotropy representation) that v admits a vector of the form X = e;+ ey
for a certain A € R\ {0}.

Firstly, note that since dimv = 3, the intersection v N span{ey, ey, €5, €6} is nontrivial.
Conjugating by an adequate element of K and rescaling, we can assume that a vector of the
form X = e; + pcosfes + psinfes is in v, where p > 0 and § € [0,27). The condition
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v Np; =vNpy = 0forces p > 0, and the orthogonal projection maps v — p; are vector space
isomorphisms. Note that if € {0, 7}, then X = e; £ pey, and our assertion is proved. On the
other hand, if 6 ¢ {0, 7}, we define polynomials

1

f(z) = D (—=p* + 122 — 1) (—4p° cos(20) + p*(4 — 27z) + 9z(4z — 3))
1

9(=) = 113 (—32p% cos(26) + 9p* + 50p* + 1442 — 120 (p* + 1) 2 +9) .

One sees that the product fg is precisely the characteristic polynomial of Rx € End(p © RX),
so in particular we obtain that f(Rx)g(Rx) = 0. Furthermore, f and g are relatively prime. As
a consequence, because v is an R x-invariant subspace, it may be decomposed as

0 =RX @ (vNker f(Rx))® (v Nkerg(Rx)).
It turns out that

ker f(Rx) = span{es, psinfe; — e5, pcosfle; — ey},
ker g(Rx) = span{es, eg},

and as the projections of v onto Re3 and Reg are both nontrivial, we obtain that there is a vector
in v of the form e3 + Aeg (Where A\ # 0), and by conjugating via the isotropy representation we
can change v so that e; + ey € v.

We now let Y = ey + Aey € v, where A € R\ {0}. The Jacobi operator Ry € End(p ©RY)
has three different eigenvalues 0, 132 and 3(11’\2), with corresponding eigenspaces R(Aey — e1),
span{es — €5, \e3 — e} and span{es + Aes, e3 + Aeg}. Note that the isotropy subgroup K.,
of e; fixes Y and acts transitively on the set of lines in both span{ies — es5, Ae3 — eg} and
span{es + Aes, e3 + Aegt. Now, the fact that dim v = 3 implies that b must contain a nonzero
eigenvector from one of the last two eigenspaces. Our next step is to prove that A\ = 3 or
A =1/3.

If v N span{ ey — e5, Ae3 — eg} # 0, we can conjugate by an element of K., to assume that
Z = Xey — e5 € v is tangent to 3. If we assume that \* ¢ {3,1/3}, then we can give a basis of
v with the vectors

Y = €1+ )\64,
Z = /\62 — €5,
T =3V3(VzR)(Z,Y,Z) = M1 — 3X})es + (3A2 — 1)eq.

As a consequence, ez + Aeg is orthogonal to v, and we deduce that
0=3V3((VyR)(Y,Z,Y),e5+ Xeg) = A (3 —A?) (A2 + 1),

a contradiction, so we deduce that \* € {3,1/3}.
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Similarly, in the case that v N span{ey + Aes, e3 + Aeg} # 0, we can use an element of K.,
to assume that Z = e, + Aes also belongs to v. Here, if A? ¢ {3,1/3}, then we can construct a
basis of vt with the vectors

Y:€1+)\€4,
Z:€2+)\€5,

T = 3((%3)(1/ Z,Y) = MO = 3)es + (3 — \)eq

In particular, e; + Aeg € p & v, and we have

(A2 =32 (N2 +1)(3)2—1)
6v/3 ’

0= ((VrR)(Y,Z,T), es+ Aeg) =

contradicting our assumption.

All in all, we have proved that the totally geodesic subspace v contains Y = e; + Aey, and
A% = 3or A\? = 1/3. Now, consider the isometry s,: S xS? — S3x S? defined in Subsection 6.1.
One sees that the differential (s, )., satisfies the identities

(so)uoler) = = 5(e1 +VBes) (s0)zd(e1) = = 561 = V3ea),
(s0)uolen) = 5(Ver — ), (so)(ea) = = 5(VBer +ea).

Using these equations, we see that either (s,).,(0) or (s,)2,(v) is a totally geodesic subspace
that contains either e; or e4, so by Lemma 6.41 it is well-positioned, and thus 3. is congruent to

S%(2/4/3) or S¢.1/5(2)- O

Proposition 6.44. Let > — S3 x S3 be a complete totally geodesic surface. Then X is congruent
to either T3, the not well-positioned S*(\/3/2), or a great sphere inside the round S* (2/+/3).

Proof. Let X be a complete totally geodesic surface, and assume without loss of generality that it
passes through o with tangent space v. We distinguish two situations for v according to whether
it is well-positioned or not.

First, suppose that v is well-positioned. If v C p;, then ¥ is merely a round sphere inside the
round S®. If v C py, we may suppose that b = span{ey, 5}, but the equation

3\/§(V64R)<e47 €5, 64) = €3

implies that v is not V R-invariant, a contradiction. Now, suppose that v N p; and v N p, are both
one-dimensional. By using the isotropy representation, we may suppose that v N p; = Re;. The
J acobi operator ., preserves p» and its restriction to p, has eigenvalues 0 (with eigenspace Rey)
and 5 (with eigenspace span{es, e }). Thus, we can further assume (up to the action of K) that
elther v = span{e;, e } or b = span{ey, es}. The first case simply yields ¥ = T2, while the
second case gives a contradiction because 3\/§(V65R)(e5, e1,e5) = eg. This completes the case
when v is well-positioned.
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Suppose v is not well-positioned. In particular v,, # 0, and this combined with the isotropy
representation lets us assume that v contains a vector of the form X = e; + p cos ey + psin fes,
where p > 0 and 0 € [0, 27).

Suppose v is invariant under D, which yields v C ker Dx as it is of dimension two. If
0 € {0,7}, then ker Dy = span{ey, es}, which forces v = span{ej, es}, contradicting our
hypothesis that v is not well-positioned. If 6 ¢ {0, 7}, the kernel of Dy is spanned by X and
Y = pcosfe; + psinfey — eq, so v = span{X,Y}. As a consequence, we see that the vector
Z = —psinfe; + pcosbey + es is orthogonal to v, and thus 0 = (R(X,Y)X, Z) = 3p*sin 20,
which forces § = /2 or = 3w /2. We group these cases together by writing X = e; +tes, Y =
te; — ey for anonzero t € R. As a consequence, e, +tey is orthogonal to v, and the inner product
(R(X,Y)X, €3 4 teq) = 3t(t> — 1) vanishes, so ¢ = £1. The cases t = 1 and ¢ = —1 give rise
to congruent submanifolds. Indeed, the element k = (diag(i, —i), diag(i, —i), diag(z, —1)) € K
satisfies the equations Ad(k)(e; + e5) = e1 — e5 and Ad(k)(ea — eq) = —ex —e4. As a
consequence, we see that v is conjugate to span{e; + e5, es — €4}, so X is congruent to the not
well-positioned S?(1/3/2).

Now, assume that v is not D-invariant. Arguing as before, we may suppose that v contains
a vector of the form X = e; + pcosfeys + psinfles for p > 0 and 0 < # < 27. On the one
hand, one sees that C'y = 0if p = V3andf € {0, 7}, but in this case v is congruent to a well-
positioned example. Indeed, we argue as in the end of Proposition 6.43. Consider the isometry
So: S3 x §% — S x S? defined as in Subsection 6.1. Then, if § = 0 we have X = —2(s,)..(€1),
s0 v is congruent to (s,),.} (v), and this subspace is well-positioned by Lemma 6.41, so we may
apply the conclusions from the previous case. Similarly, if § = 7, then X = —2(s,);.}(e1), and
(S0)+0(1) is well-positioned. On the other hand, if p # V3 or 6 # 7, we have

2 gin 20 3sin @
P i P

Cxe; = 6v3 €3 33 €6,
Crey — p? sin? 963 P (p* —3) 005066
3v/3 3v3 ’
Cres— — p(p?—2) sin963 B pzsin29€6
3v3 6v3
Cren — p(p*—=3)cosd  p? sin2¢966‘

(&
33 P33

A straightforward computation gives that these four vectors generate span{es, €5}, so we have
span{es, e} C im Cx. In particular, since C'x is a symmetric endomorphism, we have p =
ker C'xy @ im Cx orthogonally, so ker C'x is orthogonal to es and eg. As a consequence, v is
spanned by X and a vector of the form Y = a,e; + ases + ageq + ases, where aq, as, ay, a5 € R.
However,

aspsin € — aspcos + as a1psinf — aspcost — as
e
23 ’ 2v/3

is in ker C'x by Proposition 6.8 and in span{es, eg} C p & ker C'x, which forces DxY = 0, and
thus v is D-invariant, contradicting our assumption. This finishes the proof. ]

DxY =

€6
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Proof of Theorem C. The result follows from combining Theorem 6.23, Proposition 6.42, Propo-
sition 6.43, and Proposition 6.44. ]

Finally, we can also prove Theorem E.

Proof of Theorem E. Let M be a homogeneous nearly Kihler 6-manifold with non-constant cur-
vature. Since totally geodesic submanifolds are preserved under Riemannian coverings and the
universal cover of M is the cone of the universal cover of M , we may assume that M is simply
connected, so M is either CP?, F(C?) or S x S°.

Let > be a complete totally geodesic submanifold of the Gs-cone M. By Corollary 6.26, X
is either a hypersurface of M or the cone of a maximal totally geodesic submanifold of M. The
first case is not possible due to [94, Theorem 1.2], so we conclude that > = S for a maximal
totally geodesic submanifold S C M, which yields the desired result. [

Remark 6.45. Let M € {CP? F(C?),S? x S3}. A look at Tables 6.1, 6.2 and 6.3 shows that two
(complete) totally geodesic submanifolds of M are congruent if and only if they are isometric.
Combining this with Proposition 6.19, we deduce that the congruence classes of maximal totally
geodesic submanifolds of M are in a bijective correspondence with the congruence classes of
maximal totally geodesic submanifolds of M.

We also note that in order to obtain the classification of all totally geodesic submanifolds of
M. , it suffices to iterate Corollary 6.26 and take into account Propositions 6.28 and 6.30.






Part 111

Non-Lorentzian homogeneous spacetimes




“Well, in our country,” said Alice, still panting a little, “you’d generally get to somewhere else

if you run very fast for a long time, as we’ve been doing.”
“A slow sort of country!” said the Queen. “Now, here, you see, it takes all the running you can

do, to keep in the same place. If you want to get somewhere else, you must run at least twice as

fast as that!”
LEwWIS CARROLL



Chapter 7

Kinematical Lie algebras and homogeneous
spacetimes

The purpose of this chapter is to present the basic concepts concerning kinematical Lie groups
and algebras, as well as their corresponding homogeneous spacetimes. We primarily follow [15,
123].

In a broad sense, the key idea behind the introduction of kinematical groups and their homo-
geneous manifolds is to develop an analogue of Klein’s Erlangen programme for spacetimes. A
first approach to this problem was given in the seminal work by Bacry and Lévy-Leblond [12],
who worked in four dimensions and were motivated by the fact that the laws of physics are invari-
ant under four kinds of transformations: spatial rotations, spatial translations, time translations
and boosts (also known as inertial transformations). This is the case for Galilei spacetime (which
is the model geometry appearing in Newtonian mechanics) and Minkowski spacetime (the basis
of Einstein’s theory of special relativity), which only disagree in their families of boosts. The
change of paradigm is thus to determine a priori the general structure that a Lie group G must
have in order to be considered the symmetry group of a certain spacetime, and understand the
homogeneous spacetimes with symmetry group G as some adequate quotients of G.

The considerations by Bacry and Lévy-Leblond naturally lead them to the notion of kinemat-
ical Lie groups as the symmetry groups of spatially isotropic homogeneous spacetimes. Assume
M+ is a spatially isotropic homogeneous spacetime with (connected) symmetry group G. Then
G has to be comprised of (abstract) spatial rotations, spacetime translations and boosts. At the Lie
algebra level, this means that g contains a subalgebra v = so(d) (known as the rotational subalge-
bra) such that, under the adjoint action of s0(d), g admits the decomposition so(d) G RIGRIBR
as one copy of the adjoint representation (representing spatial rotations), two copies of the stan-
dard representation (representing space translations and boosts) and one copy of the trivial rep-
resentation (representing time translations). A Lie algebra satisfying these conditions is called
a (1,2)-kinematical Lie algebra'. Moreover, the isotropy algebra € at any o € M is formed by
rotations and boosts, meaning that v C ¢ and ¢ = so(d) & R? as an so0(d)-module. We say in
this case that £ is an admissible subalgebra of g. With this in mind, the Erlangen programme for
spatially isotropic homogeneous spacetimes can be formulated as follows:

What are the homogeneous manifolds M = G/K for which the Lie algebra g is
(1,2)-kinematical and the isotropy algebra t is admissible ?*

!Originally named kinematical algebra in [12].
ZBecause the manifold M is not assumed to have a preferred geometric structure from the start, we need to keep
track of the Klein pair (G, K) that represents it.

173
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Because a connected homogeneous space M = G/K and its universal cover have isomorphic
infinitesimal Klein pairs (see Section 1.3), it suffices to work with simply connected homoge-
neous manifolds, or equivalently, with infinitesimal Klein pairs that are effective and geometri-
cally realizable. This problem is therefore split into two: determining all effective Klein pairs
formed by a (1, 2)-kinematical algebra and an admissible subalgebra (which is an algebraic prob-
lem centered around the representation theory of so(d)) and determining which of these admit
geometric realizations (which is a topological problem), see Section 7.2 for details.

The definitions above can be generalized to accommodate for different families of symme-
tries (and thus different kinematical homogeneous spacetimes). We say that an (s, v)-kinematical
algebra is a real Lie algebra g containing a rotational subalgebra v = so(d) and such that, as a
representation of so0(d), g admits the decomposition so(d) & " R? & °R. Apart from the
case (s,v) = (1,2), many other families of kinematical algebras have been studied due to their
applications in physics, see [123] and the references therein. Some examples are (s,v) = (1, 1)
(known as Aristotelian algebras or boostless kinematical algebras [66]), (s,v) = (2,1) (known
as Lifshitz algebras [64]) and (s, v) = (3, 1) (known as ambient Aristotelian algebras [123]). We
will discuss the classification of Aristotelian and Lifshitz algebras in Sections 7.3 and 7.4.

Another interesting aspect of treating homogeneous spacetimes with Klein’s original philos-
ophy is the apparition of new geometric structures modeled on these homogeneous manifolds.
Formally, this is done by means of Cartan geometries [153, Chapter 5]. A Cartan geometry on a
smooth manifold M modeled on the homogeneous space G/K is a principal K-bundle P — M
together with a g-valued 1-form on P (known as the Cartan connection) satisfying the following
three properties:

e the map w, : T, P — g is a vector space isomorphism for all u € P,
* (Rp)*w = Ad(k™)w for all k € K, where Ry, denotes right multiplication by %, and
* forevery X € ¢ we have w(X™) = X.

For example, providing a Cartan geometry on // modeled on Minkowski spacetime is the same
as endowing it with a Lorentzian metric g and a linear connection V satisfying Vg = 0. Due
to the fundamental theorem of pseudo-Riemannian geometry, a Lorentzian manifold admits a
unique connection that is both torsion-free and adapted to the metric. However, for other families
of spacetimes one may not have existence nor uniqueness results concerning torsion-free adapted
connections. For instance, it turns out that a Cartan geometry on M modeled on Galilei spacetime
is determined by a nowhere-vanishing one-form 7 € Q'(M), a positive semidefinite bilinear
form \ € S?(T'M) whose radical is spanned by 7 (the triple (M, 7, \) is then known as a Galilean
manifold), and a linear connection V that annihilates both 7 and . However, for general 7 and
A, it may be the case that no torsion-free adapted connections exist (we say in this case that M
has nontrivial intrinsic torsion). The intrinsic torsion of some of these spacetime structures is
studied in detail in [63].

This chapter is organized as follows. Section 7.1 is dedicated to presenting the notion of
kinematical Lie algebras, as well as exhibiting the Galilei, Poincaré and Carroll algebra as ex-
amples of (1, 2)-kinematical algebras. Moreover, we describe Galilean (respectively, Carrollian)
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manifolds and show they can be obtained as null reductions (respectively, hypersurfaces) of
Lorentzian manifolds. In Section 7.2 we present the definition and classification of simply con-
nected and spatially isotropic homogeneous spaces. Similarly, Section 7.3 contains the classifi-
cation of Aristotelian Lie algebras and their homogeneous spacetimes up to coverings. Finally,
we present in Section 7.4 the classification of Lifshitz algebras and simply connected spatially
isotropic Lifshitz spacetimes.

7.1 Kinematical Lie algebras

Let s, v and d be positive integers. An (s, v)-kinematical Lie algebra (with d-dimensional spatial
isotropy) is a real Lie algebra g together with an embedding so(d) < g such that, under the
adjoint action of so(d), g admits the decomposition

g =s0(d) ® PR & PR,

where R? is the standard representation of so(d) and R denotes the trivial representation. In
other words, we require that so(d) commutes with each of the R summands, whereas the action
of s0(d) in any of the R? summands is given by [X, v] = Xv. We say that the subalgebra s0(d)
is the rotational subalgebra of g. From now on, we use the abbreviation (s, v)-KLA to refer to
an (s, v)-kinematical Lie algebra. A Lie group G whose Lie algebra is an (s, v)-KLA is said to
be an (s, v)-kinematical Lie group.

Suppose g is an (s, v)-KLA with d-dimensional spatial isotropy. We write V' = R? for the
standard representation of so(d) = so(V'), W = R" and S = R® for the trivial representations of
dimension v and s respectively. We may thus express

g=so(V)e(VeW)as.

This alternate description will prove to be useful in future calculations, see Chapter 8.
To get a firmer grasp on this concept, let us describe the main examples of kinematical alge-
bras by looking at three different spacetimes.

Example 7.1. Consider Minkowski spacetime M = R%!, which is simply the vector space R4*!
together with the Lorentzian inner product v defined by

d
V(@ 1), (y, ) = (x,y) = Pts =Y wiy; — s,
i=1
The parameter ¢ > 0 denotes the speed of light, and it is clear that different values of ¢ give
isometric Lorentzian vector spaces. The subgroup of Aff(R?*1) that stabilizes this inner product
is the Poincaré group Poin(d) = O(d, 1) x R+, Its Lie algebra poin(d) = so(d, 1) x R+ is
easily seen to be

X v oa

poin(d) =< [+ 0 s|:Xc€sod),v,acR)scR . (7.1)
0 0 0
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The symmetries in poin(d) can be decomposed into four types of infinitesimal transformations:
* spatial rotations (z,t) — (Xz,0), with X € so0(d);
* spatial translations (z,t) — (a,0), with a € R%
e Lorentz boosts (x,t) — (tc*v, (v, z)), withv € R%;
* and time translations (z,t) — (0, s), with s € R.

It is not hard to show that so(d) acts on the set of spatial rotations by the adjoint representation,
whereas the action of so(d) on both spatial translations and boosts is equivalent to its standard
representation. Furthermore, so(d) acts trivially on time translations. Therefore, poin(d) is
a (1,2)-KLA with d-dimensional space isotropy. Clearly, the geometries associated with the
homogeneous space R4 = Poin(d)/O(d, 1) are Lorentzian manifolds.

Example 7.2. Let M = R be the (d + 1)-dimensional Galilei spacetime. This is the vector
space R%*! endowed with the so-called clock one-form 7: R — R defined by 7(z,t) = ¢ and
the ruler bilinear form \: S?R¢ — R given by

A(2,0), (9,0)) = (z,y) = ny

Note that )\ is not defined on R, but we can identify it with a globally defined bilinear form on
(RT+1)* as follows: the form A gives an isomorphism R? 22 (R9)* and thus a bilinear form . on
(R%)*. Dualizing the inclusion R C R4*! we obtain a surjective linear map (R**1)* — (R9)*,
which is merely the restriction operator. Therefore, we can identify A with the symmetric bilinear
form
/_\: (Rd+1>* ® (Rd+1>* N (Rd)* ® (Rd)* N (Rd) ® (Rd) SR
explicitly given by B
A(OCJ/B) ::u(ahRd?BhRd)v OZ,B € (Rd+1)*'

The form ) is symmetric, positive semidefinite and with radical R7. We call the bilinear map \
the spatial cometric of Galilei spacetime.

The group of affine transformations of R*! preseving 7 and A (equivalently, \) is known as
the Galilei group

R
Gal(d) = 0 :Re0(d),v,acRYs € Ry C GL(d+2,R).
0

O~
— » Q

Its Lie algebra is called the Galilei algebra, and it is easily seen to be

gal(d) = : X €so(d),v,a e R, s € R

o O X
oo
O »w
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Both the Galilei and Poincaré algebras share the same spatial rotations, as well as spacetime
translations. The key difference between these two algebras is given by their boosts. Indeed, the
Galilei algebra is obtained by adding the (infinitesimal) Galilei boosts (x,t) — (tv,0) (where
v € R?) to the aforementioned transformations. Arguing exactly as in the previous example, one
sees that the Galilei algebra is a (1, 2)-KLA with d-dimensional spatial isotropy.

Let K C Gal(d) be the stabilizer of the origin, which is usually called the homogeneous
Galilei group. One sees that Gal(d) = K x R*! and R%*! = Gal(d)/K. The geometries modeled
on the Klein pair (Gal(d), K) are known as Galilean manifolds. A Galilean manifold is a (d+ 1)-
dimensional smooth manifold M endowed with a nowhere-vanishing one-form = € T'(T*M)
and a positive semidefinite (2, 0) tensor A\ € T'(S*T'M ) whose radical at each p € M is spanned
by 7,.

One can produce examples of Galilean manifolds as appropriate quotients of Lorentzian man-
ifolds. Let (N, g) be a Lorentzian manifold with metric g and suppose that H is a one-dimensional
connected Lie group acting properly and isometrically on N with a single orbit type. We also
assume that for one (hence every) nonzero vector X € f the induced Killing field X* satisfies
g(X*, X*) = 0. The quotient manifold M/ = N/H can be naturally endowed with a Galilean
structure as follows. Firstly, let 7 € Q!(V) denote the one-form dual to X*. One can see that
there exists a nowhere-vanishing 7 € Q' (M) for which 7 = 7*7, where m: N — M is the canon-
ical projection. Secondly, if o and /3 are in Q'(M), let X,, and X be the unique vector fields
in N that are dual to 7*« and 7* respectively. Then there exists a function A(«, 5) € C>*(M)
such that g(X,, X3) = M(«, 8) o 7. The equation above defines a section A of S*T'M. The triple
(M, 7, \) turns out to be a Galilean manifold, known as a null reduction of (N, g).

Note how, by replacing v with ¢~2v and letting ¢ — oo in (7.1), the algebra poin(d) trans-
forms into gal(d). This procedure will be formalized later on, and it is known as a Lie algebra
contraction. We say in particular that gal(d) is the non-relativistic limit of poin(d).

Example 7.3. We define Carroll spacetime as the vector space M = R9*! equipped with the
vector £ = (0,1) € R and the symmetric bilinear form h: S?R4+! — R defined by

d
h’(<x7t)7 (y7 S)) = <$7 y> = Zmzyz
i=1
The map h is positive semidefinite with radical Rx. The subgroup of Aff(d + 1) that preserves

both x and h is known as the Carroll group

R 0 a
Car(d) = vt 1 s|:ReO0O(d),a,veR,seRy,
0 01

whose Lie algebra is called the Carroll algebra

car(d) = : X €s0(d),a,v € RY s €R

o <,
o oo
o w 9
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The Carroll algebra is obtained from space and time translations, spatial rotations and so-called
Carrollian boosts (z,t) — (0, (v,x)) (where v € R%). Once again, cat(d) is seen to be an
(1,2)-KLA, as spatial rotations act on Carrollian boosts via the standard representation. The
subgroup K C Car(d) that stabilizes 0 € R4*! is known as the homogeneous Carroll group, and
it can be checked that Car(d) = K x R4, The geometries associated with the Carroll spacetime
R¥*! = Car(d)/K are known as Carrollian manifolds. We say that a Carrollian manifold is a
smooth manifold M endowed with a nowhere-vanishing vector field xk € X(M) and a positive
semidefinite i € T'(S*(T*M)) whose radical at every p € M is Rk,,.

The Carroll group was originally introduced by Lévy-Leblond [117], and it arises as a con-
traction of the Poincaré group by letting the speed of light ¢ — 0. This becomes apparent from
taking the expression (7.1) and taking ¢ = 0. We say that cat(d) is the ultra-relativistic limit of
poin(d). Because a material body in Minkowski spacetime cannot travel faster than the speed of
light, it cannot experience any motion in Carroll spacetime.® This otherworldly feature motivated
Lévy-Leblond to name this spacetime after Lewis Carroll’s Alice in Wonderland.

The archetypical examples of Carrollian manifolds are null hypersurfaces inside Lorentzian
manifolds. Indeed, let (N, g) be a Lorentzian manifold and M C N an embedded null hyper-
surface (that is, for every p € M we have T,M N v, M # 0). Suppose { € X(M) is a generator
of the normal distribution v (M) (so that ¢ is also tangent to M at every point). Then, if & is the
pullback of g to M, one can see that the triple (M, £, h) is a Carrollian manifold.

Remark 7.4. Let us make precise the notion that the Galilei and Carroll algebra are obtained as
limits of the Poincaré algebra. In order to do this, we need to introduce the idea of contraction of
a Lie algebra.

Take the vector space I/ = R". The set of Lie algebra structures on £ can be identified as the
algebraic variety J C A2E* ® E consisting of all skew-symmetric bilinear products on E that
satisfy the Jacobi identity. Being an algebraic variety, it is clear that 7 is closed in A’E* @ E
with respect to the usual topology. The variety 7 has a natural action of GL(E), where for each
A€ Jand g € GL(E) we let

(9-N(v,w) =gAg v, g w).

It is clear that the isomorphism classes of n-dimensional real Lie algebras is in a bijective corre-
spondence with the orbits of the action GL(E) ~ J. Now, consider two Lie algebra structures A,
w € J. We say that \ degenerates to i if pu lies in the closure of GL(E) - A in J (with respect to
the usual topology). Moreover, suppose that A € 7 and g: (0, 1] — GL(F) is a continuous map.
If the curve t € (0,1] — g(t) - A € J has a limit when ¢t — 0, we say that g = lim;_,o+ g(t) - A
is a contraction of \. Obviously, a contraction of a Lie algebra is also a degeneration of it.

Now, let us obtain the Galilei algebra as a contraction of the Poincaré algebra. For ease
of notation, we write poin.(d) to denote the Poincaré algebra with parameter ¢ (recall that
all of these are conjugate in Aff(d + 1,R)). We define for each ¢ > 0 a linear isomorphism

3However, other particles such as Minkowski tachyons can move in this spacetime—see [65].
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¢ poin(d) — poin, (d) by the formula

X v a X v oa
b |08 0 s =c%t 0 s
0 0 0 0 00

We also consider the Lie bracket [-, -]. on poin(d) that makes ¢. an isomorphism. It is not hard

to show that [-, -], = g. - [, -], where g. € GL(poin(d)) is given by
X v a X o a
gelvt 0 s =t 0 cls
0 00 0O 0 O

Clearly, by letting ¢ — oo, the brackets [-, -]. converge to a Lie bracket [-, -], on poin(d) that
makes the map

X
[
0

X

€ poin(d) — | 0 € gal(d)
0

o O
S »w &
o o
S »w

a Lie algebra isomorphism. Thus, the Galilei algebra is a contraction of the Poincaré algebra.
To obtain the Carroll algebra, the procedure is similar. For each ¢ > 0, one takes the Lie
bracket |-, -] on poin(d) that makes the vector space isomorphism

X v a X v oa
Yot 0 s]=v 0 s
0 00 0 0 0
also a Lie algebra isomorphism. Then we have [-,-]° = h, - [-,+] for the linear isomorphism
h. € GL(poin(d)) defined by
X v a X v a
helvt 0 s =ctwt 0 c¢ls
0 0 0 0 0 0

The brackets [+, -]° converge when ¢ — 0 to a Lie bracket [-, |® on poin(d) that makes the linear
isomorphism

X v a X 0 a
to: |08 0 s| epoin(d)— [ v 0 s| €car(d)
0 00 0 00

a Lie algebra isomorphism as well. Therefore, the Carroll algebra is also obtained as a contrac-
tion of the Poincaré algebra.
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7.2 Spatially isotropic homogeneous spacetimes

In this section we present the definition and classification of spatially isotropic homogeneous
spacetimes.

By a spatially isotropic kinematical Klein pair (or simply kinematical Klein pair), we mean
an infinitesimal Klein pair (g, £) in which g is a (1, 2)-kinematical algebra, ¢ C g contains the
rotational subalgebra v = so0(d) of g, and € = s0(d) ® R? as an s0(d)-module. In addition, a
spatially isotropic homogeneous spacetime is an almost effective homogeneous manifold M =
G/K whose associated Klein pair (g, £) satisfies the above condition.

Observe that for a kinematical Klein pair (g, ), we may find a basis

B ={Jug, Pa,Ba, H: 1 < o, f < n,a # S}, (7.2)
such that the vectors J,3 span the rotational subalgebra of g, the vector subspaces
span{P,: 1 <a <d} and span{B,:1<a <d}
are standard representations of so(d), RH commutes with so(d), and
t = span{Jus, Ba: 1 < a, 5 < d}.

Furthermore, the Lie bracket of g satisfies the following equations involving elements of ‘B:

(7.3)

Moreover, after fixing a choice of basis 8, one can define two linear isomorphisms 11, © of g as
follows:

(Jog) = Jas, I(B,) = — Ba, (P,) = — P,, TI(H) = H,
O(Jus) = Jus, O(B,) = — Ba, O(P,) = P, O(H)= — H.

The maps II and © are known respectively as the parity and time reversal transformations asso-
ciated with the Klein pair (g, £).

The classification of spatially isotropic homogeneous spacetimes is the result of a series of
papers culminating in [66]. This is achieved in three steps:

(1) Firstly, one has to determine all (1, 2)-KLAs up to isomorphism. By itself, this problem has
been treated quite extensively. Indeed, the original work by Bacry and Lévy-Leblond [12]
classifies (1, 2)-KLAs with d = 3 and under the further assumption that the parity and time
reversal maps are also Lie algebra automorphisms. However, this extra hypothesis is by no
means compelling [12], and was later lifted in subsequent work by Bacry and Nuyts [13].
Afterwards, using techniques involving deformation theory of Lie algebras (see [131] for
an introduction to the topic), the classification of (1,2)-KLAs in all dimensions was ob-
tained (see [62] for the case d = 3, which recovers the work of Bacry and Nuyts, [61] for
the case d > 3 and [8] for the case d = 2).
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(2) The second step consists in determining all kinematical Klein pairs associated with each
(1, 2)-kinematical algebra. If we decompose a (1,2)-KLA gas g =so(V)d (Vo W)®R,
where V' = R? and W = R? is the trivial representation of so(1'), then this amounts to
finding all one-dimensional subspaces ¢ of W for which ¢ = so(V) & (V ® ¢) is a Lie
subalgebra of g. This calculation is performed in [66, Section 4.1].

(3) Finally, one has to determine which of the Klein pairs (g, £) obtained in the previous step
are both effective and geometrically realizable. On the one hand, checking effectiveness
is quite straightforward, as one easily sees that the pair (g, £) is not effective if and only
if V ® / is an ideal of g (in the above notation). On the other hand, there are no known
systematic approaches to determining when a general Klein pair (g, ) is geometrically
realizable, making this issue harder to settle. Of course, if G is the simply connected Lie
group with Lie algebra g and K is the connected subgroup of G with Lie algebra ¢, then
(g,€) is geometrically realizable if and only if K is closed in G.* However, this requires
us to have an explicit description of G, which is not always easy. At any rate, it turns
out that all effective kinematical Klein pairs are geometrically realizable. This is proved
in [66, Section 4.2] after performing a case by case study.

We are now in a position to state the classification of homogeneous spacetimes with full
spatial isotropy up to coverings:

Theorem 7.5 [66]. Let M = G/K be a simply connected spatially isotropic homogeneous space-
time of dimension d + 1 and consider its associated kinematical Klein pair (g, ). Then (g, ) is

isomorphic to a Klein pair (g, €) such that:
* as a vector space, § = span{Jug, Po, Bo, H: 1 < o, < d},
e the subalgebra £ = span{J,s, B,: 1 < a, 8 < d}, and

* the Lie bracket of g is determined by (7.3) and exactly one of the possibilities appearing in
Table 7.1.

In particular, M is isomorphic to the simply connected homogeneous spacetime M associated

with (g, ¢).

A remarkable feature about these spacetimes is that (except for the last four two-dimensional
examples in Table 7.1) they always carry an invariant Riemannian, Galilean, Lorentzian or Car-
rollian structure. We refer the reader to [66, Figures 3, 4 and 5] for the pictures describing all
possible limits between the simply connected spatially isotropic homogeneous spacetimes.

“In general, checking whether a connected subgroup of a Lie group is closed is also a hard problem, see [92,
Corollary 14.5.6] for some criteria.



Table 7.1: Simply connected spatially isotropic homogeneous spacetimes.

Nonzero brackets in addition to (7.3) ‘ Comments
[HA, Bn] = 7P,y [Bm B@] = qu [BQ, Ra] = (5mgH Minkowski
[H,Bo| = —Pa [H, P,] = —Ba [BayBgl = Jag  [Bay Ps] = dupH [Py, P3] = —Jap | de Sitter
[H,B.)=—P,  [HP)=B. (Ba,Bs| = Jog  [Ba. Ps) = a5l [Pa,Ps) = Jus | Anti de Sitter
[H, B,] = P, [Ba: Bgl = —Jug  [Ba, Ps] = 0usH Euclidean space R4+!
[H,Bo] = Pa [H,P.) = —B, [Ba; Bgl = —Jap  [Ba; Ps] = dapH [Pa, Ps) = —Jug | Sphere S*'
(H,B.] = P, (H,P.] = B, [Bay Bs]l = —Jap  [Ba; Ps] = dapH [Pa, B3] = Jag | Real hyperbolic space RH**!
[H,B,] = P, Galilei
[H,Bs] = —Pa [H, P.] = —Ba Galilean de Sitter
[H,B,] = =P, [H,P,) =vBa+ (1+7)P, Torsional Galilean de Sitter, v € (—1,1]
[H,B,) = —P, [H,P,] = B, Galilean anti de Sitter
[H,Bs] = —Pa [H,P,) = (1+ x*) B, + 2xP, Torsional Galilean anti de Sitter, x > 0
[H,B,| = —Pq [H,Pol = (1 +7)Pa — X2 p5€apPs +7Ba — XD p€apBs ve[-1L,1),x>0
[Ba, Pg| = 0upH Carroll
[H,P,) = —Ba, [Ba, P5) = 8usH [Pa, Ps] = —Jap | Carrollian de Sitter
[H,P,] = B, [Ba, Ps] = dusH [Pa, P3] = Jos | Carrollian anti de Sitter
[H, B.] = B, [H,P.]| = —Pa [Ba, Ps) = SapgH + Jus Carrollian light cone
1 |[H,B]=-P [B,P|= —H —2P
1 | [H Bl=H [B,P]=-P
L [H Bl =(1+x)H [B,P]=(1-x)P x>0
1 |[H B]=-P [B, Pl = —(1+x*)H —2xP x>0

The notation €, denotes the Levi-Civita symbol.

[4]!

souwmooeds snosua3owoy pue SeIqag[e oI [eonewaury /



7.3 Aristotelian algebras 183

7.3 Aristotelian algebras

By definition, an Aristotelian Lie algebra is a (1,1)-kinematical Lie algebra. Essentially, one
can regard Aristotelian algebras as analogues of (1,2)-KLAs with their boosts removed. An
Aristotelian Klein pair is an infinitesimal Klein pair (g, £) where g is an Aristotelian Lie algebra
and £ = so(d) is its rotational subalgebra. Finally, an almost effective homogeneous manifold
M = G/K is called an Aristotelian homogeneous spacetime if its associated Klein pair (g, €) is
Aristotelian.

Example 7.6. For every d > 1, the common intersection of the Galilei, Poincaré and Carroll
groups

Ari(d) = Gal(d) N Poin(d) = Gal(d) N Car(d) = Poin(d) N Car(d)
= Gal(d) N Poin(d) N Car(d)
R 0 a
= 0 1 s|:R€0(d),acR)scR
0 0 1

is known as the Aristotle group. Its Lie algebra

X 0 a
ati(d) = 0 0 s|:Xeso(d),acRsecR
0 00

is readily seen to be an Aristotelian algebra in the above sense, and it is known as the static
Aristotelian algebra.

The vector space R4 can be realized as the quotient Ari(d)/O(d). Furthermore, the absence
of boosts implies that, as a homogeneous space of Ari(d), R4 = R? x R decomposes as the
product of the Euclidean space R? and the real line R (that gives an absolute time coordinate). Its
associated geometries are known as Aristotelian manifolds. Since the Aristotle group preserves a
Riemannian, Galilean, Lorentzian and Carrollian structure at the same time, one can give several
equivalent definitions of Aristotelian manifolds in terms of different sets of characteristic tensors,
see for example [123, Proposition 2.3]. For instance, let us define them from the purely Rieman-
nian perspective. We say that an Aristotelian manifold is a Riemannian manifold M equipped
with a unit vector field Z € X(M).

Aristotelian Klein pairs arise naturally as reductions of noneffective kinematical Klein pairs.
This is because for a noneffective kinematical Klein pair (g, £), if 98 is a basis of g taking the
form (7.2), the ineffective kernel of this pair is necessarily n = span{B,: a = 1,...,d}. From
this, it is clear that the pair (g/n, £/n) is effective and Aristotelian.

Aristotelian spacetimes were classified up to coverings in [66, Appendix A]. In reality, this
problem is already equivalent to determining all Aristotelian Lie algebras up to isomorphism. In-
deed, if g is an Aristotelian Lie algebra with rotational subalgebra ¢ = so(d), then by definition
the only possible Aristotelian Klein pair that can arise from g is (g, ). The pair (g, £) is auto-
matically effective because the definition of (s, v)-KLAs prevents ¢ = so(d) from containing a



184 7 Kinematical Lie algebras and homogeneous spacetimes

g-ideal. Moreover, (g, £) is geometrically realizable because ¢ = so(d) is a compact semisimple

Lie algebra (for d > 3).
We can now state the classification theorem for simply connected Aristotelian spacetimes

(equivalently, of Aristotelian algebras):

Theorem 7.7. Let M = G/K be a simply connected Aristotelian homogeneous spacetime of

dimension d + 1 with associated Klein pair (g, €). Then (g, t) is isomorphic to a Klein pair (g, £)
such that:

* the Lie algebra g possesses a basis of the form

B = {Jug, Pa, H: 1 < o, f < d,a # S},

o the subalgebra £ = so(d) is spanned by {J,5: o # 3},
* and the Lie bracket of g is determined by the following equations:

[Jaﬁa J;U/] = 5B/LJOLV - 504;1*],31/ - 5,81/Ja,u + (Soa/t]ﬁ;u
[Jag: Pul = 0puLa = danbs, (7.4)
[Jap, H] = 0,

together with exactly one of the possibilities appearing in Table 7.2.

In particular, M is isomorphic to the simply connected Aristotelian homogeneous spacetime M
associated with the Klein pair (g, ).

Table 7.2: Simply connected Aristotelian spacetimes.

d | Nonzero brackets in addition to (7.4) |  Comments
>0 Static
>1|[H,P,] =P, Torsional static
> 2 [Pa,Pg] = Jap R x RHd
> 2 [P, Ps] = —Jop R x S4

2 [P., Ps| = 00 H Heisenberg group

7.4 Lifshitz algebras

We say that a Lifshitz Lie algebra is a (2, 1)-kinematical Lie algebra. Moreover, a (2,1)-
kinematical Lie group is called a Lifshitz Lie group. Note that by definition a Lifshitz algebra g
with rotational subalgebra s0(d) admits the s0(d)-module decomposition g = s0(d) DRIGROR.
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Example 7.8. For each d > 1, we define the Lifshitz spacetime as the smooth manifold M =
(0,00) x R x R¢ (with global coordinates (r,t,x,...,2z4)) endowed with the metric g =
—r 22dt? + r2(dr? + 3% da?). It can be shown that the group I(M) of isometries of M
acts transitively on M. Furthermore, for generic values of z its Lie algebra i()/) admits the
basis {Jo3, Pa, H,D: 1 < o, 8 < d, # [}, where the Killing vector fields associated with the
elements of this basis are

o = — TaOpy + 250, P =0,,,

d
H* =0, D* :r8T+in8wi + 2t0;.

i=1

A direct calculation shows that i(M/) is a Lifshitz Lie algebra, where the rotational subalgebra
so(d) is spanned by the vectors .J, 3, the vectors P, become its standard representation under the
adjoint action, and span{ H, D} commutes with so(d).

The Klein pairs of the form (g, £), where g is a Lifshitz algebra and ¢ = so(d) is its rotational
subalgebra, are known as spatially isotropic Lifshitz Klein pairs, and the same argument as in
the Aristotelian case implies that they are automatically effective and geometrically realizable.
An effective geometric realization M9+2 = G/K of such a pair is known as a spatially isotropic
homogeneous Lifshitz spacetime.

The classification of Lifshitz Lie algebras and their corresponding homogeneous spacetimes
(up to coverings) has been carried out by Figueroa-O’Farrill, Grassie and Prohazka [64]. More
precisely, we have:

Theorem 7.9. Let M = G/K be a simply connected spatially isotropic homogeneous Lifshitz
spacetime and consider its associated Klein pair (g, ). Then (g, ¥) is isomorphic to a Klein pair
(g, t) for which:

* the Lie algebra g admits a basis of the form

B ={Jus, Po, H, D: 1 < 0,8 <d,a # B},

e the subalgebra £ = s0(d) is spanned by the elements J,5, and

* the Lie bracket of g is determined by the equations

[Jags Juw] = 0pudar — Oapdsy — 0puJap + OavJau,
[‘]Oéﬁa PM] = 5BuPa - 6auPﬁ> (75)
[Jag, H] = [Jap, D] = 0,

together with exactly one of the possibilities described in Table 7.3.

In particular, M is isomorphic as a homogeneous space to the simply connected Lifshitz space-
time M associated with the Klein pair (g, h).



186 7 Kinematical Lie algebras and homogeneous spacetimes

Table 7.3: Simply connected Lifshitz spacetimes.

d | Nonzero brackets in addition to (7.5) | Comments
> 2 R? x R?
>9 | [D,H=H AfF(1) x R
> 9 (D, P.] = =P, TS x R

(D,H]=:H [D,P))=zP, Lifshitz spacetime,

- z#0
> 2 [PQ,PQ] = Jap RHd X Rz
> 2 [Pa,Pﬁ]:_aﬁ SdXRz
>2 | [D,H =H [Po, Ps] = Jos | RHY x Aff(1)
>2 | [D,H=H [Po, Ps] = —Jos | S% x Aff(1)
2 [Pa,Pg] :EagH N x R

2 | [D,H|=2H [D,P,]=P, [P, Ps|=c¢€,sH | N-bundle over R

Here, TS denotes the torsional static Aristotelian spacetime and N is the three-dimensional
Heisenberg group.

Observe that a direct consequence of the classification in Table 7.3 is that every Lifshitz Lie
algebra g can be decomposed as a semidirect product RD x h of an Aristotelian algebra with
the one-dimensional subspace generated by D, and the action of ad(D) on b is diagonalizable,
meaning that D is a grading element for ). Moreover, one can see that all of these homogeneous
spacetimes carry a G-invariant Lorentzian inner product.

Remark 7.10. There are two further classes of homogeneous spacetimes that we can associate
to Lifshitz algebras, which are obtained by considering isotropy subalgebras of the form £ =
s0(d) @ R. The (d + 1)-dimensional spacetimes for which the scalar part R acts effectively
are known as Lifshitz—Weyl spacetimes, whereas those for which R is not effective reduce to
Aristotelian spacetimes (and the generator D of R is known as a scalar charge). These manifolds
have also been determined up to coverings in [64], see Tables 3 and 4 in the aforementioned paper
for their classification.



Chapter 8

Classification of (3, 2)-kinematical Lie
algebras

The purpose of this chapter is to derive the classification of (3, 2)-kinematical algebras with spa-
tial isotropy of dimension larger than two up to relative isomorphism. The results presented here
correspond to an ongoing work with José Miguel Figueroa-O’Farrill (University of Edinburgh,
United Kingdom), in which we aim to classify all simply connected coisotropy one homogeneous
spacetimes.

Recall from Chapter 7 that spatially isotropic homogeneous spacetimes have been fully clas-
sified up to coverings. These spacetimes have the key property that their symmetry algebras
contain all spatial rotations. Therefore, a natural continuation of this programme is to lift the
assumption of spatial isotropy, and the clear first step is to consider coisotropy one spacetimes,
which are those admitting a spatial direction that breaks the rotational symmetry.

Our long term goal is to understand (d + 2)-dimensional homogeneous spacetimes whose
symmetry algebras are formed by spatial translations, time translations, inertial boosts and space
rotations preserving a fixed direction. This means that if g is the symmetry algebra of such
a spacetime, then it possesses a rotational subalgebra vt = so(d). Moreover, under the adjoint
representation of t, both spatial translations and boosts must decompose as the sum R¢@ R of the
standard representation (corresponding to all vectors orthogonal to our distinguished direction)
with the trivial one (corresponding to the line generated by this direction), while time translations
still form a one-dimensional trivial representation. Taking all of this into account, we conclude
that g takes the form

g=s50d) PR'"OR"®©ROR DR,

meaning that g is a (3, 2)-kinematical Lie algebra. The isotropy algebra £, being comprised of
rotations and boosts, must admit the s0(d)-module decomposition £ = so(d) & R? @ R.

From the above considerations, we can now give a precise definition of coisotropy one ho-
mogeneous spacetimes. We say that a (spatial) coisotropy one Klein pair is a Klein pair (g, £)
in which g is a (3, 2)-kinematical Lie algebra, € is a Lie subalgebra of g containing so(d), and
t = 50(d) DRI®R as a representation of s0(d). Moreover, a coisotropy one homogeneous space-
time is a (d + 2)-dimensional (almost effective, connected) homogeneous manifold M/ = G/K
whose associated Klein pair (g, £) is of coisotropy one. This is a much richer class of spacetime
geometries and their classification becomes substantially harder.

In order to classify coisotropy one homogeneous spacetimes up to coverings, we follow a
similar strategy as with spatially isotropic spacetimes (see Section 7.2). Therefore, the initial
part of this process consists in classifying all (3, 2)-kinematical Lie algebras.

187
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Our first objective in this chapter is to obtain general expressions for the Lie bracket of a
(3,2)-KLA with d-dimensional spatial isotropy. Observe that for d = 1, a (3,2)-KLA is merely
a five-dimensional real Lie algebra. These algebras have been classified up to isomorphism
in [128]. In this chapter we determine the Lie bracket of a (3,2)-KLA with d > 3. The case
d = 2 turns out to be significantly more involved than d > 3, and we intend to tackle this case
separately in the near future.

The existence of the exceptional isomorphism s0(3) = R? between the adjoint and standard
representations of s0(3) requires us to consider two cases separately: the generic case d > 3 and
the case d = 3. We write an arbitrary (3,2)-KLA as g = so(V) & (V @ W) & b, where V = R?
is the d-dimensional Euclidean space endowed with its usual inner product (-, -), W = R? is the
two-dimensional trivial representation of so(1) and b = R @ R @& R is the three-dimensional
trivial representation. Then from the definition of kinematical algebra we know that the Lie
bracket of g satisfies

(X,Y]=XY -YX, (X, v®@w] =Xvew, [X, B] =0,

forevery X, Y € s0(V),v € V,w € W and B € b. Thus, in order to fully determine the Lie
bracket of g we need to know its restriction to b x b, b x (V@ W)and (V@ W) x (V& W).
In the following, we state the main results of this chapter. We recall that for v,, vo € V, the
operator v; A vy € 0(V) is defined by (v; A v2)v = (va, v)v1 — (v1, V)Vs.
For generic values of d, we may encode the Lie bracket of a (3,2)-KLA by means of Theo-
rem A.

Theorem A. Let g = so(V) & (V@ W)@ b bea (3,2)-KLA with diim V' = d > 3. Then the Lie
bracket of g is determined by the following algebraic data:
(i) a Bianchi' Lie algebra structure on b,
(ii) a two-dimensional Lie algebra representation p: b — gl(W),
(iii) and a b-equivariant b-valued 2-form ¢ : A*W — b.

Forall X € so(V), v,v; € V, w,w; € W and B € b, the Lie algebra structure is given by the
brackets

(X, v ®@w| = Xv®w,
[X, B] =
8.1
[Bv@w]-v@p( Jw, &1
(U1 ® Wi, V2 @ wa] = alwy, we)vy A va + (v1,v2) p(wy A ws),
where oc: W x W — R is the unique b-invariant symmetric bilinear form given by
plp(wy A wsy))ws = a(we, wy)wy — a(wy, ws)wy, w; € W. (8.2)

'A three-dimensional real Lie algebra is known as a Bianchi algebra.
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Observe that (8.1) defines a (3, 2)-KLA structure for d < 3 as well.

The case d = 3 becomes more involved, as one has to take into account two extra terms
coming from the exceptional isomorphism so(V) = V induced by the three-dimensional cross
product x on V. However, we show that one of these can always be brought to zero. This leads
to:

Theorem B. Let g = s0(V) @ (VW) @ b be a (3,2)-KLA with diim' V' = d = 3. Then the Lie
bracket of g is determined, after perhaps performing a suitable linear isomorphism that leaves
50(V') unchanged, by the following algebraic data:

(i) a Bianchi Lie algebra structure on b,
(ii) a two-dimensional Lie algebra representation p: b — gl(WW),
(iii) a b-valued 2-form ©: N*W — b that is b-equivariant,

(iv) and a b-equivariant W -valued symmetric bilinear form o: W x W — W.

Letting o € (S*W*)® be defined by the relation

a(ws, ws)wy — a(wr, ws)wy = p(p(wy A ws))ws

(8.3)
+ o(o(we, ws), wy) — o(o(wy, ws), ws),
we have that o, o and p must satisfy the following equations:
0 = a(o(wy, ws), ws) — a(o(ws, ws), wr), 8.4)
0 = ¢(o (w1, ws) A ws + o(wa, ws) A wy + o(ws, wr) A ws). '
for all w; € W. The Lie algebra structure is given by the brackets
(X, v®@w| = Xv®w,
[X, B] =
(B, v®w}—v®p( Jw, (8.5)
| =

[V1 ® Wy, vy ® wa] = a(wy, we)vy A Vg + (v, v2) @(wy A ws)
+ (v1 X v3) ® o(wy, ws),

forall X € so(V), v,v; € V, w,w; € Wand B € b.

As a consequence of Theorems A and B, we see that in order to classify all (3, 2)-kinematical
algebras with d > 3 we need to know all (real) two-dimensional representations of Bianchi Lie al-
gebras as well as some of their low-order invariants. For the purpose of classifying (3, 2)-KLAs,
it is actually enough to classify these representations up to a weaker notion of equivalence than
the usual one. More precisely, we say that two representations p: b — gl(W), p’: b — gl(W’) of
a Lie algebra b are called weakly equivalent if there exist a linear isomorphism f: W — W' and
a Lie algebra automorphism ¢ € Aut(b) such that f(p(X)w) = p'(¢¥(X))f(w) forall X € b
and w € W. Observe that the usual notion of equivalence between representations is recovered
by taking i) = id, in the previous definition.
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While the representation theory of real semisimple Lie algebras has been treated extensively
(see for example [138]), only the Bianchi algebras byyy = sl(2,R) and by = su(2) are
semisimple (in fact, simple), see Table 8.5. The remaining seven families in the Bianchi classifi-
cation consist of solvable Lie algebras, whose representations are less known due to their sheer
abundance and lack of structure results akin to the ones in the semisimple case. In Section 8.4
we find all two-dimensional representations of Bianchi algebras up to weak equivalence.

The last part of this chapter is devoted to classifying all (3, 2)-KLAs with d > 3 up to relative
isomorphism (that is, an isomorphism that acts trivially on the rotational subalgebra). Note that if
b is a Bianchi algebra and p: b — gl(W) is a representation of b, then V' ® W is a representation
of the direct sum h = so(V') @ b and we can define a (3, 2)-KLA structureong = h & (V @ W)
by imposing that h is a subalgebra, V ® W is an abelian subspace, and

(X, v ®@w| = Xv®w, [B,v®@w| =v® p(B)w

forall X € so(V),v € V,w € W and B € b. This is known as the split abelian extension of h
by Vo W.

In order to give the classification results, we take a basis {e;, ex} of W together with a basis
{B1, By, B3} of b. We also consider the Levi-Civita symbol ¢;; in two dimensions, which is
defined by the conditions €17 = €95 = 0 and €15 = —€9; = 1.

On the one hand, for d > 3, we obtain:

Theorem C. Let g = so(V) & (V @ W) @& b be a (3,2)-KLA for which dimV = d > 3 and
consider the algebraic data (b, p, @, «) associated with g. Then, exactly one of the following
situations occurs:

(I) The subspace V@ W is abelian (that is, ¢ = 0). In this case, g is relatively isomorphic
to the split abelian extension of h = so(V) @ b by V' ® W induced by exactly one of the
representations given in Section 8.4.

(I) The subspace [V @W,V @W | is a nonzero subspace of b (that is, ¢ # 0 but o = 0). In this
case, g is relatively isomorphic to exactly one of the (3,2)-KLAs described in Table 8.13.

(IIT) The subspace [V @ W,V @ W| has nontrivial projection both onto so(V') and b (that is,
a # 0). In this case, g is relatively isomorphic to exactly one of the (3,2)-KLAs described
in Table 8.14.

On the other hand, in the case that V' is three-dimensional, the classification takes the follow-
ing form:

Theorem D. Let g = so(V) & (V@ W) @ b be a (3,2)-KLA for which dimV = d = 3 and
consider the algebraic data (b, p, p, v, o) associated with g. Then, up to relative isomorphism,
exactly one of the following situations occurs:

(I) The subspace V& W is abelian (that is, ¢ and o vanish). In this case, g is relatively
isomorphic to the split abelian extension of h = so(V) @ b by V ® W obtained from
exactly one of the representations described in Section 8.4.
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() The subspace [V @W,V @ W is a nonzero subspace of b (that is, o and « are zero whereas
@ # 0). In this case, g is relatively isomorphic to exactly one of the (3,2)-KLAs appearing
in Table 8.13.

(II1) The subspace [V @ W,V @ W] is contained in ) = so(V') @ b and has nontrivial projection
both onto so(V') and b (that is, 0 = 0 whereas o # 0). In this case, g is relatively
isomorphic to exactly one of the (3,2)-KLAs appearing in Table 8.14.

(IV) The subspace V@ W is a nonabelian ideal of g (that is, p = 0 whereas o # 0) and g is not
relatively isomorphic to a split abelian extension. In this case, g is relatively isomorphic
to exactly one of the (3,2)-KLAs appearing in Table 8.15.

The algebras in class (IV) are exclusive to d = 3.

Having obtained all (3, 2)-kinematical algebras with d > 3 up to relative isomorphism, the
next step in our project is to determine all (effective and geometrically realizable) coisotropy one
Klein pairs that one can obtain from these algebras up to relative automorphisms (this is actually
sufficient because we have to keep track of the rotational subalgebra).

We now describe the organization of this chapter. In Section 8.1 we analyze the general struc-
ture of a (3,2)-KLA (with d > 3) so as to prove Theorems A and B. In Section 8.2 we define
the notion of relative isomorphism between (3, 2)-KLAs and derive criteria for discerning when
two (3, 2)-KLAs are relatively isomorphic in terms of the algebraic data provided in Theorems A
and B. In Section 8.3 we determine all Lie subalgebras of the algebra gl(2, R) by means of the
Goursat Lemma, as knowing these subalgebras is necessary in order to classify two-dimensional
representations. Afterwards, in Section 8.4 we recall the classification of Bianchi algebras and
compute all of their real two-dimensional representations up to weak equivalence. Finally, Sec-
tion 8.5 contains the proofs of Theorems C and D.

We have also included an appendix to this chapter (see Section 8.A) in which we study the
orbit space of the action GL(2,R) x (R?)* ~ Hom(S?R?, R?) defined by

((h, ) - o) (2, y) = ha(h 'w, k™ y) — p(h™'a)y — p(h'y)a.

This action arises in the classification of (3, 2)-KLAs with d = 3, and we will relate the determi-
nation of its orbit space to a classical problem in invariant theory.

8.1 Structure of (3, 2)-kinematical Lie algebras

The aim of this section is to prove general structure theorems for (3, 2)-KLAs with d-dimensional
spatial isotropy (where d > 3) in order to simplify their classification problem. To this effect, we
consider for a d-dimensional Euclidean vector space (V, (-, -)) the so(1)-representation

g=s0o(V)oaVaeVaeRORDR,

where V' denotes the standard representation and R denotes the trivial representation. We re-
mark that for d > 3 (the generic case), the so(V')-modules so(V'), V' and R are pairwise non-
isomorphic, but if d = 3 then so(V') = V. We also define W = R? and b = R & R & R, so that
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we may rewrite our (3,2)-KLA as
g=so(V)® (VeW)ah,

where under ad;, 1) we have 1V @ W as the tensor product of the standard representation and the
two-dimensional trivial representation of s0(1), and b is the three-dimensional trivial represen-
tation of s0(1"). Note that for d > 3, the isotypical components of g as an so(V)-representation
are precisely so(V'), V. ® W and b.

We first treat the generic case and then separately the case d = 3, which becomes more
complicated, just as with the classification of spatially isotropic kinematical Lie algebras.

8.1.1 Generic case: d > 3

We now proceed to the proof of Theorem A. Consider an arbitrary (3, 2)-KLA g for which d > 3.
In order to understand the Lie bracket of g, we need to exploit the Jacobi identity, which tells
us that the bracket A?g — g is actually a g-module homomorphism. In particular, it is also an
s0(V)-equivariant map. Because the projection maps

g — so(V), g—=VeWw, g—b,
are all so(V)-equivariant, so are their compositions
Ag — so(V), Ng—-VeWw, A’g — b,

with the bracket.

Let us consider the restriction of the bracket to A?b, which is a three-dimensional trivial
s0(V)-module. Because so(1/) is a nontrivial irreducible representation and all the irreducible
subrepresentations of V' ® TV are standard representations, the induced maps A?6 — so(V) and
A%b — V @ W are identically zero. This means that the image of the Lie bracket restricted to b
is contained in b. In other words, the subspace b is a Lie subalgebra of g.

We now discuss the Lie bracket of elements of b with elements of V@ WW. The Jacobi identity,
together with the equality [so(V), b] = 0, implies that the maps

A = proj,nyoad(B): VW —so(V) and §=proj,oad(B): VoW —b

are so(V')-equivariant for every B € b. If A # 0, then the restriction of A to any irreducible
invariant subspace of V' ® W not contained in ker A induces an isomorphism V' = so(V'), which
is not possible for d > 3, so A = 0. Similarly, if £ # 0, its restriction to an irreducible invariant
subspace not contained in ker ¢ would give an injective map V' — b, which is not possible for
d > 3,s0& = 0 as well. All in all, we deduce that [b, V @ W] C V ® W, and we now describe
explicitly this bracket.

Forany B € b,themap ad(B): V@ W — V @ W is (so(V) & b)-equivariant. Since V' is
an irreducible so0(V")-module, equivariance under so(V') implies® that there exists a linear map

*We may use that ad(B) € Endgov)(V @ W) = Endgovy(V) @ End(W), but since V' is an irreducible
representation of real type, we have Endo(vy (V) = Ridy, from where the result follows.
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p: b — gl(W) such that [B,v®w] = v®p(B)w forall B € b,v € V and w € W. Furthermore,
the b-equivariance of the Lie bracket readily implies that p is a Lie algebra homomorphism. In
summary, we have shown that the Lie bracket restricted to b x (V' ® W) is governed by a two-
dimensional representation of b.

The only bracket left for us to understand is that of elements in V' ® W with themselves,
which defines an (so(V') @ b)-equivariant linear map A?(V ® W) — g. Note that A*(V @ W)
admits the so(V')-module decomposition

NV eW)=(AVeSW) e (S5V o ANW) @ (R @ A°W),

where S’V = S2V @& R;, is the decomposition into traceless and trace symmetric 2-tensors;
that is, the dual R}, is the line spanned by the Euclidean inner product in S?V*. Clearly, the
decomposition above is also an (s0(V") & b)-module decomposition. Using this decomposition,
we see that the Lie bracket yields an (so(V') @ b)-equivariant map

(NVoSW) @ (SVRAW) & (Ry @ W) w5 s0(V) (VW) ab. (8.6)

We use the so(V/)-equivariant isomorphism A?V — so0(V') which sends vy Avy — v1 A vy, where
v1 A vy € s0(V) is the skew-symmetric endomorphism of V' defined by

(v1 A vg)v = (v, v9) V1 — (v, V1) Va.

The so(V')-modules A?V, V, S2V and R, are pairwise non-isomorphic and irreducible for d # 4.
For d = 4, A?V decomposes into two irreducible three-dimensional submodules, neither of
which is isomorphic to either V, S3V or Ry,. This implies that the only nontrivial components
of (8.6) are

ANV @S W —=s0(V) and R, ®A*W —b. (8.7

In order to study the expression of this bracket, we need to understand the space of equivariant
maps Homy,(1) (A?V, s0(V')), which is different depending on whether d > 4 or d = 4. Because
of this, it is pertinent to divide our investigation in two cases at this point. However, we will see
that in reality both cases lead to the same conclusion.

The case d > 4

If dimV = d > 4, then so(V) = A?V is irreducible of real type, so Homg,)(s0(V), A*V)
is one-dimensional and generated by the isomorphism that sends v A v — u A v. Taking this
into account, we deduce that the first map in (8.7) is determined by some a € S2W*, whereas
the second map is determined by some : ATV — b. In terms of these maps, the Lie bracket
becomes

(01 ® wy, V2 @ wa| = a(wy, we)vy A vy + (v, V2) Y(wy A wy).

The equivariance of the bracket under b, which is part of the Jacobi identity, yields that « is
b-invariant and ¢ is b-equivariant.
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A consequence of the b-equivariance of ¢ is that the image of po ¢ lies in s[(1V). To see this,
note that for every B € b and wy, wy € W, we have

tr(p(B))p(wi Aws) = (B - (w1 Aws)) = [B, p(wi Awy)],

so applying p to both sides we obtain

tr(p(B))p(p(wi Aws)) = [p(B), plep(wi A ws))],

and the right hand side has trace zero because of the identity tr(XY) = tr(Y X), so by letting
B = p(w; A wy) we deduce that

tr(p(p(wy Awy)))? =0,

which implies that im(p o ) C sl(WV).

Summarizing, by imposing the skew-symmetry and (so(V') & b)-equivariance conditions,
we have obtained an explicit expression of the Lie bracket of g in terms of the Lie algebra
structure of b, a 2-dimensional representation p: b — gl(W), a b-invariant symmetric bilinear
form a € S’W* and a b-equivariant b-valued 2-form ¢: A2W — b. We write a € (S?WW*)® and
¢ € Homy(A*W,b).

In addition, we can determine further relations between these objects by imposing the full
Jacobi identity. To this end, we define the Jacobiator Jac: g X g X g — g given by the equation

Jac(z,y, 2) = [, [y, 2] + [y, [z, l] + [z, [z, y]].

This is actually a g-valued 3-form, and for g to be a Lie algebra it needs to be identically zero.
Equivariance under so(V) @ b says that Jac(x,y, z) = 0 whenever one of the arguments lies in
s0(V') or b. Hence we need to compute the values of Jac whenever all of its arguments lies in
VeoW.
We calculate the nested bracket for all v; € V and w; € W
[[v1 @ w1, va @ Wy, v3 @ W3] = a(wr, wa) ((V2,v3) V1 @ w3 — (v1,v3) V2 @ W3)
+ (v1,v9) v3 @ p(p(wy A ws))ws.

The Jacobi identity then gives

Jac(v; ® wy, vy ® wa, v3 @ w3) = §3[[U1 ® wq, Vg ® W), v3 ® ws] = 0,

where the symbol 61,273 denotes cyclic summation with respect to the indices 1, 2 and 3. Rear-
ranging terms, the Jacobi identity becomes

1%((@1, a) v3 @ (p(p(w1 A ws))ws + a(wy, wz)ws — a(ws, w3)wy)) = 0.

In particular this has to hold when the vectors v; are such that (v, v9) # 0 and v # 0, but
(v3,v1) = (v3,v9) = 0. In that case, only the first term survives, giving the following relation:

plp(wy A we))ws = a(wsy, ws)w; — alwy, w3)ws (8.8)
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for all w; € W. Conversely, if the condition (8.8) is satisfied, then the Jacobi identity is satisfied.

In summary, we have proved that the Jacobiator is identically zero precisely when the maps
¢ € Homy (AW, b) and o € (S*WW*)" satisfy (8.8). It turns out that this completely determines
a from p and ¢. Indeed, because W is two-dimensional we have an isomorphism of gl(WV/)-
modules

a € SPW* = ¢, € Hom(A*W, sl(W)), (8.9)

given by
Do (W A we)wz = a(ws, w3)wy — a(wy, ws)ws.

In particular, it is also an isomorphism of b-modules, so it restricts to a bijective correspondence
between (S2W*)® and Hom, (A2, sI(W)). As a consequence, if ¢: AW — b is b-equivariant,
the composition p o ¢ is in Homy(A2W, sI(TV)), so (8.9) yields a unique o € (S*W*)° such
that (8.8) is satisfied.

The case d = 4

If dimV = d = 4, then A’V 2 s0(V/) is not an irreducible representation. Indeed, choose an
orientation on V and for each k € {0,...,4} let x: A¥V — A**V be the Hodge star operator.
We see that in degree 2 the map * is an s0(V/)-equivariant involution of A2V, whose eigenspaces
are both three-dimensional. This allows us to decompose A2V = AT @ A~ as the direct sum of
two three-dimensional irreducible submodules of so(1"). Moreover, A* and A~ are of real type
(for dimension reasons) and not isomorphic as representations, so any element of Ends,(1)(A*V)
has to preserve both A* and A~. As a consequence, we see that Endg, ) (A*V) = R@ R as a
real algebra.

We deduce from the above discussion that Homg, ) (A?V, s0(V)) = R? as a vector space.
Let us define an so(V)-equivariant map F': A*V — so(V) by the condition F'(v; A vg)vs =
*(v1 Avg Avg). Because the expression F'(vy A vg)vs is totally skew-symmetric on vy, v9 and vs,
it follows that F' is not proportional to the generic isomorphism vy A vy — v A vy. Therefore,
these two maps generate the whole space Homg, ) (A?V, 50(V)).

The argument is now similar to the one from the case d > 4. Indeed, so(V)-equivariance
yields that the first map in (8.7) is given by two maps a, 3 € S?W*, whereas the second map is
still determined by some ¢ € Hom(A?W, b). Explicitly, this bracket becomes

(01 ® Wi, v ® wa] = a(w, wa)vr A vy + Bwr, wa) F'(v1 A va) + (v1,v2) (w1 A ws)

for all vy, v € V and wy, wy € W. Moreover, since this bracket is b-equivariant, we readily
obtain that o, 3 € S?W* and ¢ € Homy(A*W, b).
We now compute the Jacobiator on elements of VV @ WW. The nested bracket in this case is

[[1 ® wy, vy ® wel, v3 ® w3] = a(wy, wa)({va, v3)v1 — (V1,V3)V2) ® W3
+ 5(101, ?,Ug) * (Ul A (%) A\ 1)3) & W3
+ (v1, v2)v3 @ p(p(w1 A wa))ws,
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and therefore the condition that Jac = 0 on A3(V ® W) gives, after rearranging,

0= 1(?3(@1, Ua)v3 ® ((ws, w)wa — a(wa, w3)wy + p(p(wr A ws))ws)

’ (8.10)
+ §3B(w1,w2) * (v1 A vg A vz) @ ws.

In particular, we may choose v; = v, to be orthogonal to v3, so that (8.10) reduces to the familiar
condition (8.8). Moreover, if we choose w; = ws = w3 = w and take three linearly independent
vectors vy, vy, v3 € V, then (8.10) simply becomes 35(w, w)w = 0, which combined with the
symmetry of 3 yields 8 = 0. Conversely, if 5 = 0 and (8.8) is satisfied, then (8.10) holds. We
conclude from this that the Lie bracket on V' ® W takes exactly the same form as in the case
d> 4.

Gathering our calculations, we have shown that the algebra structure on g is determined
by a Bianchi algebra b, a Lie algebra representation p: b — gl(/) and a b-equivariant map
¢ € Homg (A2, b). Conversely, if we start with a triple (b, p, ) satisfying the aforementioned
conditions, it is clear that the bilinear operation on g defined by (8.1) induces a (3,2)-KLA
structure on g. This finishes the proof of Theorem A.

Remark 8.1. Let us compute the expression of the isomorphism (8.9) in coordinates. Suppose
{e1, e} is a basis of W, and let & € S*WW* have coordinates ;; = a(e;, €;). Then the matrix
of the endomorphism ¢, (e; A es): W — W is readily given by

[baler A es)] = ( ary azm ) |

—Q1; —Q2

As a consequence, given a linear map ¢: A*W — sl(W), if (¢;;) is the matrix of ¢(e; A es)
with respect to our basis, then ¢ = ¢, for the bilinear form a with coefficients

N [~9n on

= (G ).

This means that given the maps p: b — gl(I¥) and ¢ € Homg(A?W,b), the composed map
pow: A2W — sl(TW), and the unique symmetric form o € (S2W*)? satisfying (8.8) is given in

coordinates by
—pP21 P11
Q) = )
( j> (pn ,012>

where (p;;) is the matrix of p(¢(e; A e2)) with respect to the basis {e;, es}.

8.1.2 Algebras withd =3

In this section we prove Theorem B. The main difference when d = 3 is that now A?V =V as
s0(V')-modules.

Let g = s0(V) @ (V®W) @b be a (3,2)-KLA with three-dimensional spatial isotropy.
As a representation of s0(1"), we see that g contains two isotypical components: the component
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s50(V) @ (V®@W) corresponding to the standard representation and the component b correspond-
ing to the trivial one.

We claim that b is once again a Lie subalgebra of g. Indeed, since b is a trivial so(1")-module,
so is A%b and hence, by s0(V)-equivariance, the only possible nonzero component of the bracket
is A’b — b, making b into a Lie subalgebra of g. Since s0(V') = V as so(V')-modules via the
map v; A vy — V1 X vs, the bracket between any B € band v ® w € V ® W can now have a
component along so(1"), which gives

[B,v®@w| =v® p(B)w+ Ag(w)e(v),

for some linear maps p: b — gl(IW) and \: b — W* and where e(v) € so(V) is defined by
e(v)u = v x u. It follows that e(u X v) = —u A v.

The (b, b,V ® W) Jacobi identity is tantamount to imposing b-equivariance of this bracket.
Let B,C € band v ® w € V ® W. Then the Jacobi identity becomes

B, [C,v®@wl|] —[C,[B,v®w|] =[[B,C],v® w,
and this has two components:
* a component along V' ® W:
v® (p(B)p(C) — p(C)p(B) — pl[B,C])) w =0,
which implies that p: b — gl(1V) is a representation;
* and a component along so(V):

(As(p(C)w) = Ac(p(B)w) = Ajp,cy(w)) e(v) = 0. (8.11)

Proposition 8.2. The condition (8.11) implies that A\ € C'(b;W*) is a Chevalley—Eilenberg
cocycle and therefore determines a cohomology class [\] in H'(b; W*).

Proof. Let CP(b; W*) = Hom(APb, W*) and let 9: C?(b;W*) — CP*!(b; W*) denote the
Chevalley—FEilenberg differential. We only need the expressions of this differential for p = 0, 1.
If 0 € W*, then 96 € C'(b; W*) is given by

(00)(B) = p"(B)# = =6 o p(B),
and if A € C*(b, W*) then O\ € C?(b; W*) is given by

GA(B, C) = p*(B> o >\C - p*(C) @) )\B — /\[B,C}
=Apop(C) —Acop(B) = Apq.

From this expression, it is clear that (8.11) is equivalent to dA = 0, so A defines a class [\] €
H'(b; W™). O
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It remains to consider the bracket of two elements in V' @ W, which gives a linear map
(AVoS*W) @ (S§VRNW) & (Ry @ A°W) = so(V) @ (VW) ®b.

Equivariance under so(1’) now says that the only possible nonzero components of this linear
map are

AV @S*W = s0(V)@ (Ve W)

8.12
Ry, @ A°W — b. 8.12)

The first linear map itself breaks up into two components, as in the generic case. The first
component is
AV @ SPW — s0(V),

which, given the isomorphism A%V = s0(V') from the previous section, is characterized by a
symmetric bilinear form ov: W x W — R. The second component is new:

AV RSTW -V W.

The isomorphism A?V — V is essentially the vector cross product v; A v9 — v; X v, and hence
this component is characterized by a W -valued symmetric bilinear form o: W x W — W. The
second linear map in equation (8.12) is as in the generic case and is characterized by a b-valued
2-form p: AW — b.

In summary, the bracket is given by

[V1 ® Wy, vy ® wa] = a(wy, we)vy A vy + (V1,v9) (w1 A ws) + (v X v2) ® o(wy, we),

forallv, € V and w; € W.
The Jacobi identity with B € b says that the brackets are b-equivariant. Let B € b. Then for
every vy, vy € V and wy, wy € W we have

(B, [v1 @ w1, 03 @ wa]] = (v1,v2) [B, ¢(wy A ws)] + (v1 X v9) @ p(B)o(wy, ws)
+ Ap(o(wr,ws))e(vy X v7).

The Jacobi identity reads as
(B, [v1 @ wi, v @ we]] = [[B,v1 ® wy],ve ® wa] + [v1 @ wy, [B, vy ® ws]

and it has three components according to g = so(V) & b & (V @ W). The so(V')-component
says that

(a(p(B)wy, wz) 4+ a(wr, p(B)ws)) v1 A vy — Ap(o(wy, wa))e(vy X va) = 0.
Using that (v; X v9) = —v; A v9, We arrive at

a(p(B)wy, ws) + a(wy, p(B)ws) + Ag(o(wy,ws)) =0,
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which measures the lack of b-equivariance of «:
(B - a)(wy,wy) = Ag(o(wy, ws)).
The b-component simply says that ¢: A2W — b is b-equivariant:
p(p(B)wi Aws) +p(wi A p(B)wz) = [B, p(wi Aws)].
Finally, taking the V' ® W -component yields

0 = o(p(B)wy, ws) + Ag(wy)ws + o(wr, p(B)ws) + Ap(wz)w

(8.13)
— p(B)o(wi, wa),
which says that \ also measures the failure of o: A2W — W to be b-equivariant:
(B : O')(wl, WQ) = )\B(wl)wg + )\B(wQ)wl. (814)

As before, it now remains to consider the Jacobi identity with three vectors in V' @ W. The
nested bracket has again three components:

[[v1 ® w1, V2 @ wa], v3 ® Wslsevy = (0 (w1, wa), ws)(v1 X V2) A V3
+ (V15 V2) A nws) (W3)€(v3),
[[v1 ® w1, 02 @ wa],v3 @ w3y = (V1 X V2, v3) (0 (w1, W) A ws),
[[1 ® w1, v2 @ wal, v3 ® W3lvew = a(wr, ws) ((v2, v3) V1 — (v1,v3) V2) @ w3
+ (v1, v2) v3 ® p(p(wr A ws))ws
+ ((v1 X v2) X v3) ® o(o(wy,ws), ws).

Each component must vanish separately in the Jacobi identity. The so(1) terms give the equation

gg(a(a(wl, ws), ws) (V1 X V3) A Vg + (U1, V2) Ap(uny ) (W3)E(v3)) = 0, (8.15)

whereas the b terms give

§3 (v1 X vg,v3) p(o(wy, wy) ANwz) =0 (8.16)

and the V' ® W terms give

gg(oé(wh wa) ((v2, v3) v1 — (V1,3) V2) ® w3 + (V1,v2) V3 @ p(@(wy A wa))ws
+ ((v1 X v2) X v3) @ o(0(wr, ws), w3)) =0. (8.17)
Using the fact that u A v = —¢(u X v) and the well-known cross product identity

(U1 X 112) X V3 = <U1,U3> Uy — <02>US> U1, (8.18)
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we may rearrange the terms in (8.15) to deduce

§3 (oo (w3, w1),wa) — a(o(ws, wa), w1) + A aws) (W3)) (v1,v2) €(v3) = 0 (8.19)

This has to hold for every choice of vy, v and v3, and hence we may take them, in particular, to
be linearly independent, so that this component of the Jacobi identity becomes simply

Ap(wr nwz) (W3) = ao(ws, wa), wr) — a(o(ws,wr), ws) (8.20)

for all w; € W. Itis clear that if this equation holds, then so does (8.19).
The expression (v; X vy, v3) in (8.16) is cyclically invariant, hence that equation simply be-
comes

o(o(wy, we) Aws) + p(o(wa, wz) Awy) + p(o(ws, wy) Awy) = 0.

In (8.17), the expression (v X v3) X v3 can be expanded using the cross product identity (8.18).
Inserting this into (8.17) and rearranging, we may rewrite that equation as

1(‘253 (v1,v2) v3 ® (p(Y(wy A wg))ws — a(ws, wy)wy + a(wy, ws)ws

+ o(o(ws, w3), wr) — o(o(wi, ws), wz)) = 0. (821)

Choosing v; € V so that (v1,v) and vs are nonzero but (vy,v3) = (ve,v3) = 0, we obtain the
equation

Oé<w2, U)g)wl — Oé(wh 'LU3)UJ2 = p(90<w1 A wQ))w3 + O'(O'(UJ2, U)3), wl) (8.22)

—o(o(wy,ws), ws)

for all w; € W. Conversely, if this holds, then so does (8.17).
Similarly to the case d > 3, the form « can be recovered from p, ¢ and o. Indeed, suppose

that we are given maps ¢: AW — band o: S — W such that  is b-equivariant, and define
amap ¢: AW — gl(W) via

d(wy A we)ws = p(e(wy A wy))ws + o(o(we, ws),wy) — o(o(wy, ws), ws).

This map actually takes values in sl(117). Indeed, the first summand yields a traceless endo-
morphism because of b-equivariance of . As for the other two summands, we may recognize
them as the commutator [7,, , 04, |, Where 7, is the endomorphism taking w’ — o(w, w’) for all
w € W. In particular, the trace tr([0,,, 0u,]) = 0, so we conclude that im ¢ C s[(WW). Owing
to the isomorphism (8.9), we can guarantee the existence of a unique o € S*WW* that is related
to p, ¢ and o via (8.22). In particular, if ¢ is also b-equivariant, then ¢ is b-invariant (due to
equivariance of o and ), and o € (S2W*)°,

We now compute the coordinates of « from the rest of ingredients. Let {e;, e} be a basis for
W. We denote by (p;;) and (|07, 02);;) the matrices of the linear endomorphisms p(¢(e; A ez))
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and [0, , 0., ] relative to this basis. Then, arguing in the same fashion as in the case d > 3, we
obtain

11 = —pa1 — [0, 02]a1,

Qg = p11 + [01,02)11 = —paa — [01, 022,

Q29 = p12 + [01, 02)12.

We may summarize this discussion as follows:

Theorem 8.3. Let g = so(V) & (V@ W) @ b be a (3,2)-KLA with dim V' = d = 3. Then the
Lie bracket of g is determined by the following algebraic data:
(1) a (Bianchi) Lie algebra structure on b,
(ii) a two-dimensional Lie algebra representation p: b — gl(W),
(iii) a b-valued 2-form o: A*W — b that is b-equivariant,
(iv) a cocycle representative \ for a cohomology class [\| € H'(b; W*),
(v) and a W-valued symmetric bilinear formo: W x W — W.

Furthermore, let o € S?W* be the unique symmetric bilinear form satisfying

a(wq, w3)wy — a(wy, wsy)we = o(o(we, ws), wy) — o(o(wy, ws), ws)
+ plp(wr A ws))ws

for all w; € W. Then the maps «, p, \, 0 and p must satisfy the following equations:

0 = o(p(B)wy, ws) + Ag(wy)ws + o(wy, p(B)ws) + Ag(wa)w,
— p(B)o(wy, wy),
0 = a(p(B)wy,ws) + a(wy, p(B)ws) + Ap(o(wy, ws)), (8.23)
0 = a(o(wr, ws), wa) — afo(wa, w3),wr) + Ap(uw rws) (W3),
0 = (o (w1, we) A ws) + @(o(wa, ws) A wr) + p(o(ws, wr) Aws),

for all w; € W. The Lie algebra structure is given by the brackets

(X, v®@w Xv®w

] =
(X, B] =
(B0 w] = v ® p(B)w + As(w)e(v),
[V1 ® wy, vy ® wy] = awy, we)vy A vy + (v1,v2) P(wy A ws)

+ (v1 X v2) ® o(wy, we),
forall X € so(V), v,v; € V, w,w; € Wand B € b.

In order to deduce Theorem B from Theorem 8.3, we need to show that every (3,2)-KLA
with d = 3 is isomorphic to one whose corresponding cocycle A vanishes.
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Remark 8.4. A natural question is whether the construction depends on the cocycle representative
or only on its cohomology class. Let \’ be another cocycle representative for [A\] € H!(b; W*),
so that \' = X\ — Op. Let j,, € GL(g) be the invertible endomorphism defined by
Juv@w+X+B)=v®w-—plw)e(v)+ X + B,
with inverse
Jlwv@w+ X+ B)=v@w+ p(w)e(v) + X + B,

forallv € V,w € W, X € so(V) and B € b. Then the transformed Lie bracket [z,y] =
5 n(), Ju(y)] agrees with that in (8.5) using \" instead of A and where « and o are changed
to

ar o =a—poo+u®@pu
o0 =0 —pu®idy —idy Qu.

In particular, if [\] = 0 € H'(b; W*), we may eliminate \ from the Lie bracket by a general
linear transformation on g.

This remark is pertinent in that indeed [A\] = 0, as the next result shows.

Proposition 8.5. The condition (8.14) implies that [\| = 0 € H'(b; W*) is zero; that is, \ = O
for some € W*.

Proof. The form o : W x W — W is equivalent, by currying, to a linear map o : W — End(W)
sending w — 7, where 7,,(w’) = o(w,w’). This allows us to abstract w; from (8.13) in order
to obtain the following equation in End(1V):

p(B) 0 Ty — 0w, © p(B) = Tpyw, = Ap(wr) idw +w; @ Ap.
We now take the trace tr : End(WW) — R and use that tr(AB) = tr(BA) to arrive at
—tr a\p(B)wl = 3)\3(71)1)

Let us define y € W* by p := %tr oo. In terms of p, and abstracting w, from the previous
equation, we deduce that

Ap = —pop(B) = p"(B)u,
where p* is the dual representation of p. In other words, we have A = Jp. L

Due to Remark 8.4, we may eliminate A in Theorem 8.3, so we deduce that Theorem B holds.

8.2 Relative isomorphisms between (3, 2)-kinematical Lie al-
gebras

In this section we discuss the problem of determining all isomorphisms between (3, 2)-KLAs
with d > 3 that preserve rotations. More precisely, let g and g’ be two (3, 2)-KLAs and write
them as

g=50(d) dR'ORGRORDR, ¢ =s0(d)®R* R 3BROR DR,
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where we have decomposed g (respectively, g’) as a direct sum of so(d)-modules (respectively,
s0(d’)-modules). Since
d(d—1)
2

dimg = +2d+3

and similarly with g’, it is clear that for g and g’ to be isomorphic we need d = d'. Fix embeddings
i:s0(d) — gand j: so(d) — g whose images are precisely the rotational subalgebras of g and
g’. We say that amap f: g — ¢’ is a relative isomorphism if it is a Lie algebra isomorphism and
j = foi.lf g =g, wesay that f is a relative automorphism of g. We denote by Aut(g) the set
of relative automorphisms of g (which is clearly a Lie group).

Given (3,2)-KLAs g, g/, we aim to determine when g and g’ are isomorphic in terms of their
corresponding algebraic objects considered in Theorems A and B, as well as the set of relative
isomorphisms between g and g’ (equivalently, the relative automorphism group of a (3, 2)-KLA).

8.2.1 Generic case: d > 3

Consider two (3,2)-KLA g and g’, which we write as
g=so(V)e(VeaW)ab, g=so(V)a(VaW)at,

where dim V' = d > 3. Then, according to Theorem A, the Lie brackets of g and g’ are de-
termined by triples (b, p, p) and (b', 0/, '), where b is a Bianchi algebra, p: b — gl(W) is a
two-dimensional representation and ¢: AW — b is a b-equivariant map (and likewise for b/, p/
and ).

Suppose a relative isomorphism f: g — g’ is given. As f|s (v is the identity map, f is also
an isomorphism of s0(V")-modules. In particular, f sends the isotypical components of g to those
of g’. For d > 3, the isotypical components of g are so(V), V ® W and b, and identically for g'.
Thus, we have f(V @ W) =V ® W’ and f(b) = b/, and the equivariance of f|, gy yields that
there exists a map h: W — W’ such that f(v ® w) = v ® h(w) forallv @ w € V @ W. We
have thus shown that f decomposes as

f = idso(\/') @(idv ®h> ©® w

for some linear isomorphism h: W — W' and some Lie algebra isomorphism ¢: b — b’.
Let B e b,v®w €V ® W be arbitrary. The equations

f(B,v@w]) = f(v @ p(B)w) = v & h(p(B)w),
[f(B), f(v®@w)] = [(B),v @ h(w)] = v @ p'(Y(B))h(w)
imply that the maps ho p(B) and p/(1)(B)) o h are equal. For a linear isomorphism g: W — W,
we define a map Ad(g): gl(W) — gl(W’) via Ad(g)T = go T o g'. Then we can rewrite the
previous condition as p’ 0 1) = Ad(h) o p. Furthermore, choose vy, vy € V and wy, wy € W. We
have
f([o1 ® wi,v2 @ wal) = fla(wr, wa)vr A va + (v1,v2) (w1 A wz))
= a(wy, w2)vy A Vg + (v1, V)P (P(wy A ws)),
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whereas

[f(v1 @ wy), f(vg ®ws)] = [v1 ® h(w), vy ® h(ws)]
= o/ (h(wy), h(wy))vy A vy
+ (v, v2)¢' (h(wi) A h(w2))
= (h*a’) (w1, we)vy A vg + (v1,v9) (R Q") (w1 A ws).

Therefore, we must have o = h*a’ and 1 o ¢ = h*¢'. Itis not hard to see that the latter equation,
together with p’ 0 ¢p = Ad(h) o p, implies the former.

Conversely, suppose h: W — W’ is a linear isomorphism and ¢: b — b’ is a Lie algebra
isomorphism such that p’ 0 ) = Ad(h) o p and ¥ o ¢ = h*¢'. Then from the equalities above, it
is clear that the map f: g — ¢ defined by f = idsev) ©(idy ®h) @ ¢ is a relative isomorphism.

We summarize this discussion in the following result:

Proposition 8.6. Let g = so(V)d (VO W)@ band g = so(V)d (Ve W) &b be two
(3,2)-KLAs for which diimV = d > 3, and let (b, p,p) and (V', p',¢') be the algebraic data
defining the Lie brackets of g and ¢'. Then g and g’ are isomorphic relative to so(V) if and only
if there exist

(1) a vector space isomorphism h: W — W',

(i1) and a Lie algebra isomorphism 1): b — b/,
satisfying the following equations:
potp=Adh)op and Yoo ="h*Y.
The map
[ = idsov) ®(idv ®h) B 1

is a relative isomorphism from g to g'. Furthermore, every relative isomorphism arises in this
manner.

8.2.2 Cased =3

We now study the possible isomorphisms between (3, 2)-KLAs for which d = 3. We consider
two (3, 2)-KLAs of the form

g=so(V)o(VeaW)ab, ¢=s(V)e(VaoW)al,

where dim V' = d = 3. Theorem 8.3 states that the Lie algebra structures of g and g’ are de-
termined by the 6-tuples (b, p, o, A, v, 0) and (b, p’, ', X', &/, 0’), where b is a Bianchi algebra,
p: b — gl(W) is a representation, ¢ € Hom(A*W, b), o € S*W*, A € B'(b; W*) is a cobound-
aryand o: W x W — W is a symmetric bilinear form such that the relations (8.23) are satisfied
(and similarly for b, p', ', X', &/, 0’). It is clear from Remark 8.4 that we may eliminate A and \
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via adequate relative automorphisms, so we only focus on determining the isomorphisms from g
to g’ in the case that both A and )\ are zero.

Suppose that f: g — ¢’ is a relative isomorphism. Then f is also an so(V')-module isomor-
phism, so it preserves the isotypical decompositions of g and g’. For d = 3, the isotypical compo-
nents of g are so(V )@ (V®W) and b, as so(V') = V (and the same holds for g’). This implies that
f(b) = b, while f(V®@W) is a subspace of so(V)@® (V @ W') complementary to so(1"). The re-
striction ¢): b — b’ of f to b is a Lie algebra isomorphism, while the maps v@w — f(v@wW)so(v)
and v ® w — f(v ® w)ygw are both so(V')-equivariant. Since Homg,(V,V) = R and
Homgovy(V,50(V')) = R is generated by the map e: V' — so(V), e(v)w = v X w, we see that
there exists a covector u € W* and a linear isomorphism A: W — W' such that

floew)=p(w)e)+v®h(w), veV,weW.
Consider B € b, v € V and w € W. Because f is an isomorphism, the elements
f(B,v@w]) = f(v @ p(B)w) = u(p(B)w)e(v) +v & h(p(B)w)
and
[f(B), flv@w)] = [(B), p(w)e(v) +v @ h(w)] = v @ p'((B))h(w)
are equal, and because B, v, w are arbitrary, this is possible if and only if
h(p(B)w) = p'((B))h(w),  p(p(B)w) =0,

for all choices of B, v, w. The first condition is equivalent to the equation

p o =Ad(h)op, (8.24)
while the second condition can be read as

ou =0, (8.25)

where we recall that 9: C*(b; W*) — C*T'(b; W*) is the Chevalley—Eilenberg differential. In

other words, x4 is invariant under the dual representation of p.
Now, let v, vy € V and wy, wy € W. We have
f([v1 ® wi, va @ wy))
= f(a(wy, we)vy A v+ (v1 X v2) ® o(wy, ws) + (v1, va)(wy A ws))
= (a(wy,ws) — p(o(wy, ws)))vy A ve + (v1 X v2) ® h(o(wy,ws))
+ (v1, v2) P (p(wr A ws))

while using the equality [e(v1),e(ve)] = e(v1 X v2) = —v1 A vg We see that

[f(v1 @ w1 ), f(va ® wy)]
= [p(wr)e(v1) + v1 @ h(w1), plwz)e(va) + v2 @ h(wy)]
= ((h"a/) (w1, ws) — p(wr) p(w2))vr A vg
+ (v, ve) (R ") (w1 A wo)
+ (v1 X v2) @ (p(wr)h(ws) + p(we)h(wr) + (h0") (wr, we)).
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These two elements are equal for all choices of v;, w; if and only if
hoo=hc'+u®@h+h@u, Yop="h*y. (8.26)
and
a=h*"+pooc—pu® pu. (8.27)

Conversely, suppose that we have a linear isomorphism h: W — W', a Lie algebra isomor-
phism ¢: b — b’ and a one-form p € W* that satisfy the relations (8.24), (8.25) and (8.26).
Note that we do not require (8.27) to be satisfied. Consider the linear map f: g — ¢ defined by

f|5o(V)69b = idso(\/) @¢ and
floew)=p(w)e)+vh(w), veV,weW,
We claim that f is a relative isomorphism (which in particular implies (8.27)). To see this,

consider the Lie bracket |-, |, on ¢’ that turns f: g — (¢/, [, -]+) into a Lie algebra isomorphism.
This Lie bracket satisfies

X0 @), = F(IX, 0@ h (W) — p(h ™ (W))e(w)]) = Xo @,
(X, B, = f((X, v~ (B)]) =0,
forall X € so(V),v € V,w € W and B' € V, so (¢,[,]«) is a (3,2)-KLA. From the
definition of f and the equations (8.24), (8.25) and (8.26) we see that the algebraic data associated
with [-, -]« is b, = b/, p. = 0/, . = ¢’ and 0, = 0’, and because «, is obtained from the rest of
ingredients, we have necessarily «, = . This gives that g and g’ (with the original bracket) are
isomorphic, and (8.27) holds.
We conclude the following:
Proposition 8.7. Let g =so(V)d (VOW)dband g = so(V)d (VR W') @b be two (3,2)-
KLAs for which diimV = d = 3 and let (b, p, p, \,0) and (V', p', ', N, 0’) be the algebraic data
defining the Lie brackets of g and g’ respectively. Assume furthermore that both A and N vanish.
Then g and g’ are isomorphic relative to so(V') if and only if there exist
(1) a linear isomorphism h: W — W,

(ii) a Lie algebra isomorphism v): b — b/,

(ii1) and a covector yp € W,
satisfying the following equations:

ploy = Ad(h)op, PYop=h"y,
hoo=h*c"+u®@h+h® pu, ou = 0.

The map f: g — ¢ defined by

f(X) =X,
flo@w) = pw)e(v) +v @ h(w),
f(B) =¢(B)

forall X € so(V),v@w € V@ W and B € b, is a relative isomorphism from g to ¢ .
Furthermore, every relative isomorphism arises in this manner.
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8.3 Lie subalgebras of gl(2, R)

As we have already seen in Section 8.1, part of the information that describes the general struc-
ture of a (3,2)-KLA is given by a two-dimensional representation of a Bianchi Lie algebra.
Because of this, it is necessary to develop a systematic approach to determine all possible repre-
sentations of this type by understanding their possible kernels and images (that is, the ideals of
all Bianchi algebras and the subalgebras of gl(2,R)). Thus, the aim of this section is to provide
a classification result of all subalgebras of gl(2, R) up to conjugacy. Although this classification
has been done several times in the literature [40, 144, 147], there are some discrepancies in the
results of these papers. Because of this, we shall repeat this calculation in this thesis as a safety
measure.

The key observation is that gl(2, R) = s[(2, R) & RI is actually a direct sum of a simple Lie
algebra and a one-dimensional abelian algebra. In general, one can compute the subalgebras of a
direct sum of Lie algebras by means of the so-called Goursat lemma. This result was introduced
originally in [75] in order to compute the subgroups of a product of two groups, but the result
and its proof are essentially the same in the category of Lie algebras. In what follows, we briefly
describe the lemma.

Let g = g1 & g2 be a direct sum of Lie algebras and consider the projections 7;: g — ¢,
which are surjective Lie algebra homomorphisms. To each Lie subalgebra hh C g, we associate
the following pieces of data:

s b; = m;(h), which is a Lie subalgebra of g; for each i € {1, 2},
* q = h N gy, which is an ideal of b,

* and the (well-defined) surjective Lie algebra homomorphism f: h; — bho/q given by let-
ting
f(X)=Y +4q, where(X,Y)e€b.

Lemma 8.8 (Goursat). Assume the notation from above. The map b — (b1, ba, q, f) establishes
a bijective correspondence between the set of all Lie subalgebras of g and the set of all 4-tuples
(b1, 2,4, f) such that each b; is a Lie subalgebra of g;, q is an ideal of hs and f: by — ba/q is
a surjective homomorphism.

The inverse map is given as follows: for a 4-tuple (b1, b, q, f) satisfying the aforementioned
properties, the corresponding subalgebra is defined as

b={(X,Y)eg: X by, f(X)=Y +q}.

Since we are interested in determining subalgebras of g up to conjugacy, we need to take into
account how the action of an (inner) automorphism of g affects the aforementioned algebraic
data. In general, suppose that we are given a representation p: G — Inn(g), where Inn(g) is
the group of inner automorphisms of g. Because g; and g- are ideals of g, they are invariant
under inner automorphims, so p restricts to two subrepresentations p;: G — Aut(g;). Let h be
a subalgebra of g and ¢ € G. We consider the conjugate subalgebra h = p(g)h. Then, for their
corresponding 4-tuples (b1, bo, q, f) and (b1, bo, §, f) we have

bi = pi(9)bi, G =p2(g9)a, f=r(g)ofopi(g)™", (8.28)
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where #(g): ha/q — bo/q sends Y +q — pa2(g)Y + . As a consequence, the Lie subalgebras
of g up to G-conjugacy are in a bijective correspondence with the orbits of the action given
by (8.28).

We now focus on the case at hand. Decompose g = gl(2,R) = sl(2,R) & RI. First we
need to know the subalgebras of s[(2, R) up to conjugacy. This can be done directly by hand or
by appealing to the structure of maximal solvable subalgebras of real semisimple Lie algebras
(see for example [126]). We obtain that apart from the obvious subalgebras 0 and s[(2, R), these
subalgebras are up to conjugacy

-y 2). (3} -5 <)
ox(l ) vn (0 1),

On the other hand, given any 4-tuple (b1, b2, q, f), the pair (hs, q) is either (0,0), (RI,RI) or
(RZ,0). Note that in the first two cases we have ho/q = 0, and thus f is necessarily the zero
map. If ¢ = ho = 0, then the corresponding subalgebra is h = b;, whereas if q = hy = R/, the
corresponding subalgebra is h = h; & RI. The subalgebras obtained by adding R/ to a nonzero
proper subalgebra of s[(2, R) are

(8.29)

to(2,R) ® RI = t(2,R) = {(g Z) :x,y,zeR},
s50(2) @ RI =C,

' 10 0 0
a@RI—Dlag(Q,R)—Span{(o 0)’(0 1)}’
10 0 1

ﬂ@R[—SPan{(o 1)’<0 0>}'

We now consider the case that h = R/ and q = 0. Because we need the existence of a
surjective homomorphism h; — bhy/q = R, b is either t5(2, R) or any of the one-dimensional
subalgebras.

For the case h; = {,(2,R), a surjective homomorphism f: t,(2,R) — R/ has to vanish in
the ideal n C t,(2,R), and we have

f((l) _01) —yl, yeR\{0}

The normalizer of ¢,(2, R) in GL(2,R) is the subgroup T(2,RR) of all upper triangular matri-
ces with nonzero determinant, and it acts trivially on the space of surjective homomorphisms
(2, R) — RI, so different values of y yield nonconjugate subalgebras of the form

y+1 0 01 - cos 0 01 -
spatl 0 y—1)\0 o[~ 0 e/ \o o) %
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where |
(cos,sinf) = ————(y+ 1,y — 1).
2(y* + 1)
This establishes a bijective correspondence between y € R\ {0} and 6 € (Z,%7)\ {27}, and
because ¢ and 6 4 7 yield the same subalgebra we can directly suppose that § € [0, 7) \ {7, %”}
Note that the case § = T gives h = n @ R and the case § = T gives h = t,(2, R).

Suppose that h; = s0(2). The map f satisfies

(35 = verion

The stabilizer of s0(2) in GL(2,R) is

CO(Z)X’Z?:{(Z _ab) :a2+b27éo} X <((1) _01)>

(the notation (g) denotes the subgroup generated by g), where CO(2) leaves f unchanged and
the outer Z, allows us to change the sign of f. Thus, a complete set of nonconjugate subalgebras
is obtained by letting y > 0, and these are of the form

y —1
r(Y ).
Note that the algebra above in the limit case y = 0 is precisely so(2).
Now, suppose h; = a. A surjective map f: a — R/ is of the form

(5 L) =or verion

The stabilizer of a is the semidirect product

Diag(2,R) x Z, = {(g 2) :ab;éO} X <((1) (1))>

where only the outer Z, acts nontrivially on f by changing its sign. We conclude that a complete
family of nonconjugate subalgebras is obtained by letting y < 0, giving us

y+1 0 - x 0 oyt _
R( 0 y—l)_R(O E x——y_le( 1,1).

Different values of x give rise to nonconjugate subalgebras. Observe that the case v = —1
corresponds to a whereas the case v = 1 gives R/.
Finally, suppose that h; = n. Then the map f is such that

f<8 é)zyl, y # 0.
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The normalizer of n is T(2,R) and its action allows us to rescale f freely, which means that we
can simply set ¥ = 1 and obtain the subalgebra

11
R ( ! 1) |
We can now collect our findings in the following result.

Theorem 8.9. Every nonzero proper subalgebra of gl(2,R) is conjugate to exactly one of the
subalgebras given in Table 8.1.

Table 8.1: Representatives of the conjugacy classes of proper subalgebras of gl(2, R).

Subalgebra Dimension Comments
sl(2,R) 3 Simple
t(2,R) 3 Solvable
diag(2,R) 2 Abelian
sy — span { <cos€ 0 > 7 (O 1) } 5 RS ‘[0, ),

0 sind 0 0 abelian < 0 = 7
C=RI®so(2) 2 Abelian

r(% O 1 7| < 1
0 1

r(Y ! 1 y>0
Iy

Among the one-dimensional subalgebras, so(1, 1) corresponds to the first one with x = —1 and
50(2) corresponds to the last with y = 0.

Due to Theorems A and B, it is important to determine which subalgebras of gl(2, R) admit
nonzero invariant symmetric bilinear forms o € S?(IR?)*, as well as which admit a nonzero
R2-valued symmetric bilinear form o € R? ® S*(R?)*. From the determination of the relative
isomorphisms in Section 8.2, it is also important to determine which subalgebras of gl(2,R)
leave a nonzero covector in (R?)* invariant.
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This latter condition is easy to see by inspection of the conjugacy classes of subalgebras of
gl(2,R) in Table 8.1. The result is tabulated in Table 8.2.

Table 8.2: Lie subalgebras of gl(2, R) that leave a linear form invariant.

Subalgebra b ((R2)*)"

S0 = span Lo , 01 Re?
0 0 00
R 0 O Rel
01
R 01 Re?
00

Up to a change of basis and scaling, there are only three nontrivial symmetric bilinear forms
on R?, which are given by

elwve' +efwe’, ewelte’we, e’®e

where e, e, is a basis for R? and e, e? is the canonically dual basis. The corresponding stabi-
lizer subalgebras are

o= (0 ), wonn-m(} %), wmsan{(2 0).(0 1))

Therefore, we can also list the Lie subalgebras of gl(2, R) that admit an invariant quadratic form
in Table 8.3.
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Table 8.3: Lie subalgebras of gl(2, R) that leave a quadratic form invariant.

Subalgebra b (ORS (SQ(R2)*)h

59 = span Lo , 01 e’ ® e’
0 0 0 0

50(2) el ®e! +e?®e?
so0(1,1) el®e’t+e?®el
0 e’ ® e’

0 0
(" O e ®el

01

In the last line, we have conjugated the invariant quadratic form under an element of GL(2, R) so
that its stabilizer subalgebra agrees with one in Table 8.1.

Finally, the determination of the Lie subalgebras that admit a nonzero invariant bilinear map
o: R? x R? — R? s a routine linear algebra exercise and we only list the results in Table 8.4.

Table 8.4: Lie subalgebras of gl(2, R) that leave invariant some o € S?(R?)* @ R?.

Subalgebra b

o € (R? @ S2(R?)*)"

50 = span { (

1) o))

e1®(e'®e’+e’®el)+2e e’ ®e?

S = Span 2.0 01
arctan(1/2) 0 1 ) 0 0

e ®e’R® e’

& 00 e Qe ®el,
0 1 e;®(e'®e’t+e’®el)
1
R (2) X e, el ®el
R 1 e ®e’®e?
el ®(el®e’+e’®el)+2e e’ ®e?
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8.4 Real two-dimensional representations of Bianchi Lie alge-
bras

As discussed in Section 8.1, every (3,2)-KLA g has an underlying Bianchi Lie algebra b and
a two-dimensional real representation p: b — gl(WW). Furthermore, if g’ is another (3, 2)-KLA
(with associated representation p': b’ — gl(W’)) which differs from g via a relative isomor-
phism, due to the results in Propositions 8.6 and 8.7 there exists a Lie algebra isomorphism
t: b — b’ and a linear isomorphism h: W — W’ such that p/(¢(B)) = hp(B)h™* for all
B € b. This motivates the following definition.

Let b, b’ be two Lie algebras and p: b — gl(W), p': b* — gl(W’) linear representations of
b and b’ respectively. We say that p and p’ are weakly equivalent or weakly isomorphic if there
exists a linear isomorphism A: W — W' and a Lie algebra isomorphism ¢): b — b’ satisfying
p' o1 = Ad(h) o p. The weak equivalence class of the representation p is also called its (weak)
isoclass. Recall here that Ad(h): gl(IW) — gl(1V’) is defined by Ad(h)T = ho T o h™'. Thus,
for the classification of (3,2)-KLAs it suffices to know the isomorphism classes of all Bianchi
algebras and, for each Bianchi algebra b, the weak isoclasses of two-dimensional representations
of b.

The classification of three-dimensional Lie algebras was carried out by Bianchi (see for ex-
ample [25]). It follows from Bianchi’s work that every three-dimensional Lie algebra is isomor-
phic to an algebra b = span{ B, By, B3} whose Lie bracket is determined by exactly one of the
possibilities listed in Table 8.5.

Table 8.5: Isomorphism classes of 3-dimensional real Lie algebras.

Bianchi Nonzero brackets Structure

I Abelian

I [By, B3] = By Nilpotent, unimodular
I = VI, [By, B3] = 2Bs Solvable

\VA [By, B3] = By [By, B3] = By + By Solvable

AVA [By1, B3] = By [Bs, B3] = By Solvable

AVA F [By, B3] = (¢ —1)By [Bg,Bs] = (c+1)By Solvable

VI~ By, B3] = ¢By — By [Ba, B3] = By +¢By  Solvable

il [B1, Bo] = —=Bs  [By, B3] = =By [Ba, B3] = By Simple

X [B1, Ba] = Bs [B1, B3] = —Bs [Ba, B3] = By Simple

Throughout the rest of this section we list all the possible representations p: b — gl(2, R)
up to weak equivalence. For each such representation, we also determine the possible invariant
a € SPW*, 0: S’W — W and ¢: AW — b, as well as recording the calculation of the
b-invariant vectors in W*. We also compute the subgroup Aut(p) of GL(W) x Aut(b) that
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preserves p. More precisely,
Aut(p) = {(h,v) € GL(W) x Aut(b): potp = Ad(h) o p}.

We call Aut(p) the weak automorphism group of p.

8.4.1 Bianchil

This is the abelian three-dimensional Lie algebra and hence Aut(b) = GL(b), which acts transi-
tively on one- and two-dimensional vector subspaces of b. The image p(b) C gl(2,R) must be
an abelian Lie algebra and they can be read off from Table 8.1: diag(2,R), s./4, C = RI®s0(2),
any one-dimensional subalgebra and the zero subalgebra.

I.1: im p = diag(2, R)
We may choose a basis { By, By, B3} for b such that p(B3) = 0, whereas

o = (5 o) o= (g 7).

For this representation, we have that o and ¢ are both zero, by inspection of Table 8.3 and Ta-
ble 8.4. Similarly, because A%V is a nontrivial representation and b is the trivial representation,
there cannot be any nonzero equivariant map A?TW — b, so ¢ = 0. Finally, there are no nonzero
b-invariants in W*. The group of weak automorphisms of p is

10 0

Aut(p) = (}61 }?) y 0 1 0 : h1h2a33 # 0
2
a1 a2 0as3
0 1 O
0 h
U (hl 02> s 1 0 0 : h1h2a33 7£ 0

a31 Q32 a3z

L2:imp =5,/

We may choose a basis { By, By, B3} for b such that p(Bs3) = 0, whereas

) = (5 §) e otz = () o)

The situation here is just like the previous case: «, o and (WW*)* are all zero. Since A*W is a
nontrivial representation, (¢ vanishes identically as well. We also have

10 0

Aut(p) = (a%hl 22> ;[ 0 ax 0O . hyagsass # 0
1
a31 daz2 a33
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L3:imp=C
We may choose a basis { By, By, B3} for b such that p(Bs3) = 0, whereas

=g 1) wa am= (7 ).

We have again that ¢ vanishes identically. From the tables, it follows that so do «, o and (W*)[’
The group Aut(p) is equal to

b L 1 0 O
! 1,0 e 0 cass(h? +h3) #0,e = +1
—EhQ 5h1
a3 Qg2 az3
. z 0) .
L4:imp=R (0 1> with |z| < 1

We may choose a basis { By, By, Bs} for b such that p(Bs) = p(Bs) = 0 and

p(B1) = <:8 ?) ;

with |z| < 1. Here all o, o, ¢, (W*)" are zero except in the following cases:

« x = —1, which corresponds to s0(1, 1). Here we have 0 = 0, buta € R(e'®e*+e?®e').
Similarly, ¢(e; A e2) can be nonzero.

« = 3. Here o € R(e; ® e! @ '), but o, ¢, (W*)° are zero.

ex =0. Here 0 € Rle;, @ e! @ e!) @ R(ey ® (! ® € + e ® e!)),(W*)* = Rel,
a € R(e' ® e'), but ¢ still vanishes.

The stabilizer Aut(p) of p depends on z. Indeed, we have:

Aut(p) = {(h (i g)) h,A€GLRR),uc RQ}.

e If x = —1, then

Aut(p) = { ((%1 }?2) : (i 2)) u € R% hyhy(det A) # o}

U { ((]?1 %2) , (_ul 3)) u € R2, hyhy(det A) # o} .
o If x # 41, then

Aut(p) = {((}g &) , CL 2))  w € R, hyhy(det A) # o} |

e If x =1, then
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: 11
L5:imp=R (0 1)

We may choose a basis { By, Ba, B3} for b such that p(Bs2) = p(B;) = 0 and

o= (5 1)-

Here all «, o and (W*)® are zero from the tables and ¢ is readily seen to be zero. The group of
weak automorphisms of p is

Aut(p) = {((hol Zi) , (i g)) : by (det A) 7Ao}.

: 0 1
L6:imp=R (O 0)

We may choose a basis { By, By, Bs} for b such that p(Bs) = p(Bs) = 0 and

Here o € R(e? ® €?) and
ceER(er@e’®e’)dR(e1@(e'®e’+e’®e')+2e e’ ®e’).

Also, ¢ is unconstrained. From the tables, (1¥*)" = Re?. One sees that the stabilizer of p is

Aut(p) = {((“gl Zj) | (Z g))  ahy(det B) # o}.

withy > 0
) iy >

L7:imp=R (g

We may choose basis { By, Ba, B} for b such that p(Bs) = p(Bs) = 0 and
_ (v —1
o= (1))
Different values of y give rise to nonconjugate subalgebras, and thus to representations which
are not weakly equivalent. Here o always vanishes and so do « and ¢ unless y = 0, which

corresponds to s0(2). In that case, @ € R(e! ® e' + € ® €?). Similarly, p(e; A e) can be
nonzero. From the tables, we see that (17*)° = 0. If y = 0, the group of weak automorphisms

of p s
Aut(p) = {((_Zlhz 5%1) , (2 g)) (B2 + h2)(det A) £ 0, — il} |
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I.8:imp =20

Here both the representation 117 and the adjoint representation b are trivial and hence every linear
map is trivially invariant. Clearly, we have Aut(p) = GL(IW) x Aut(b).

Summary

We summarize the results of this section in Table 8.6.

Table 8.6: Two-dimensional real representations of Bianchi I.

Label  p(B;) p(B2)  p(Bs) Remarks a o © (W=)®
11 10 00 0
00 01
12 Lo e
01 00
I3 10 0 —1 0
01 1 0
z 0 1 1
L4, 01 0 0 lr| <1 2=-1,0 2=0,5 z=-1 Re'(z=0)
i b 0 0
01
16 01 0 0 v v v Re?
00
y —1
17, 0 0 y>0 y=0 y=0
Ly
18 0 0 0 v v v w*

Using the basis { By, By, B3} in Table 8.5 for the Bianchi I Lie algebra b, each row is a repre-
sentation p: b — gl(2,R). The representation has some parameters which in the absence of any
Remarks take any possible real values. We also indicate for each representation whether there
are any invariant o € S*(R?)*, 0 € R?®S5?(R?)*, p € b A%(R?)*. A v indicates existence of a
nonzero such invariant for any (allowed) value of the parameters, whereas a blank cell indicates
its absence. Any other expression indicates the values of any parameter where a nonzero invari-
ant exists. The last column is the b-invariant subspace of 1//*: it is assumed to be zero unless
otherwise noted.
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8.4.2 Bianchi Il

This is the Heisenberg Lie algebra with brackets [B,, B3] = B relative to a choice of basis
{By, By, B3}. The automorphism group is given by

t
Aut(b) = {(degA ?4) : AeGL(2,R), a € RQ} :

The proper ideals are the first derived ideal [b, b] = RB; and the span of B; and any nonzero
vector in the (B2, Bs)-plane. Since Aut(b) acts transitively on such nonzero vectors, we are free
to consider only the ideal spanned by { By, B }.

It follows from Table 8.1 that there are no nilpotent nonabelian Lie subalgebras of gl(2, R);
hence ker p # 0 for any two-dimensional representation p. We discuss in turn the cases ker p = b,
ker p = RBy and ker p = span{ By, B, }. For ker p = RBj, because b/RB; is abelian, im p can
be any two-dimensional abelian subalgebra of gl(2,R), so it is conjugate to either diag(2, R),
$q/4 o1 C.

IL1: ker p = RB; and im p = diag(2, R)

We can choose bases for W and b such that p(B;) = 0, whereas

) = (o o) e otz = (g 9)-

From the tables in Section 8.3, we obtain a = 0, 0 = 0 and (W*)® = 0. Since A’W is
a nontrivial b-module and the only one-dimensional ideal of b is central, there are no nonzero
equivariant maps AW — b, hence ¢ = 0. The weak automorphism group of p is

h 0 1 ap das
Aut(p) = (01 hz) s 0 1 0 . hlhz % 0
0 0 1
-1 a; as
U (O h2>, 0 0 1 : hihs #0
fa 0 0 1 0

IL2: ker p = RB; and im p = 5,4

We can choose bases for W and b such that p(B;) = 0, whereas

p(B2) = ((1) (1)> and p(Bs) = (8 é) -

From the tables in Section 8.3, it follows that &« = 0, 0 = 0 and (W*)b = 0. Since Bs is an
isomorphism when acting on either A2J¥/, but is nilpotent in the adjoint representation, there can
be no nonzero equivariant maps A?WW — b, which yields ¢ = 0. We also have

d a1 Qo
Aut(p) = (dgl Zj) 01 0 dhy #0

0 0 d
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IL.3: kerp =RB;and imp = C

We can choose bases for W and b such that p(B;) = 0, whereas

= (o 1) am= (7 ).

This is very similar to the previous case, since p(Bs) takes the same form. All of o, o, ¢ and
(W*)® are zero. We also see that

h h E a1 Qo
Aut(p) = ! 21,10 1 0 hi+h3 #0,e =1
—€h2 Shl
0 0 ¢
I1.4: ker p = span{ By, By} and im p = R (g ?) with |z| <1

We can choose bases for W and b such that p(B;) = p(Bz) = 0 and
x 0
oz = (5 7).

with |x| < 1. Different values of x give rise to diferent weak equivalence classes of representa-

tions.
All of o, 7, ¢, (W*)® are zero except for the following values of x:

= 0. Here o € R(e' ® €'), 0 € span{e; ® e' ® e',e; @ (e! ® e® + e? ® e')} and

o
(W*)® = Re'. The map ¢ is zero.

« z=1. Here o € R(e; ® €' ® e') and all other are zero.

e ¥ = —1, which is s0(1,1). Here one sees that 0 = 0 and (W*)" = 0, whereas a €

R(e!' ® e? + e? @ e!) and p(e; A ey) € RB;.
As for the group of weak automorphisms, we have:

e If x = 1, one sees that

a bl bg
Aut(p) = h,{0 a ¢ s a(deth) # 0
0 0 1
e If x = —1, we have
h 0 a b1 b2
Aut(p) = (01 L ) [0 a ¢ s ahihy #0
2 0 0 1
—a b1 b2
U (f(L) %2> s 0 a C . ahlhg 7A 0
! 0 0 -1
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e If z # +1, we obtain

h 0 a bl bQ
Aut(p) = (01 hg) , 10 a ¢ s ahihy #0
0 0 1

IL5: ker p = span{ By, By} and im p = R ((1) D

We can choose bases for W and b such that p(B;) = p(By) = 0 and

oz = (5 1)-

From the tables, a, o and (W*)® are all zero. Since the action of Bs on A?W is an iso-
morphism but its adjoint action on b is nilpotent, we have that ¢ is zero as well. The stabilizer

subgroup of p is
a bl bQ
Aut(p) = e , 10 a ¢ ahy # 0
0 M/ \o 0 1
. 01
I1.6: ker p = span{ By, By} and imp = R 00

We can choose bases for W and b such that p(B;) = p(By) = 0 and

oz = (3 o)

From the tables, we see that o € R(e? ® e?),
o cspan{e;@e’Re’ e ®(e' e’ +e’®e') +2e e’ ®e’}

and (W*)* = Re?. It follows that ¢(e; A e;) € RB;. We also have

ad b1 bg
Aut(p) = (déh Zi) 0 a ¢ cadhy #0
0 0 d

IL7: ker p = span{ By, By} and im p = R (?{ _yl) with y > 0

Here we can choose bases for W and b such that p(B;) = p(By) = 0 and

p(Bs) = (? _yl)
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for some y > 0. Furthermore, different values of y yield different weak isoclasses of represena-
tions.

Here o = 0 always and the same is true for o and ¢ unless y = 0, in which case we have
a€R(e' @ e' +e?® e?) and p(e; A e;) € RB;. From the tables we read off that (W*)° = 0.
As for the group of weak automorphisms, we see that if y = 0, it satisfies

h h ga b1 bg
Aut(p) = <—€1h h2> 10 a ¢ ca(hi+h3) #0,e==+1 3,
25m) N0 0 e
while for y # 0 we have
h h a b1 b2
Aut(p) = _;L h2 [0 a ¢ ca(h]+h3) #0
>0 01

II.8: kerp =10

Here o and o are not constrained at all, whereas im ¢ € RB; and all of W* is invariant. We
trivially have Aut(p) = GL(WW) x Aut(b).

Summary

We summarize the results of this section in Table 8.7, with the same notation as that explained in
Table 8.6.
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Table 8.7: Two-dimensional real representations of Bianchi II.

Label p(B;) p(Bs) p(Bs)  Remarks a o © (W*)e
1 0 10 00
0 0 01
2 0 10 01
01 00
I3 0 10 0 —1
01 1 0
z 0 1 1
1.4, 0 0 01 lz] <1 2=-1,0 2=0,5 z=-1 Re'(z=0)
15) 0 0 b1
01
6 0 0 01 v v v Re?
00
.7, 0 0 <y _1> y>0 y=0 y=0
Ly
1.8 0 0 0 v v v w*

8.4.3 Bianchi III

This is the unique nonabelian decomposable Bianchi Lie algebra with B; central and [ Bz, B3] =
2B,. It is the special case of Bianchi VI, with ¢ = 1, but it is convenient to treat it separately and
then simply assume that ¢ # 1 when we treat Bianchi VI. in Section 8.4.6. The automorphism
group is given by

Aut(b) = cab#0

o O Q
O o O
—c

The proper ideals are RB;, RB, and span{ By, sin #B; + cos0Bs} for § € [0,7). Up to the
action of the automorphisms, there are two cases for the two-dimensional ideal: if 6 # 5, We
may shift B3 — Bs — tan 6B, to obtain the ideal span{ By, B3}; whereas if § = 7, then we just
have the ideal span{ B, Bz }.

The Lie algebra b is actually isomorphic to t(2,R). Indeed, an isomorphism is the map
t: b — t(2,R) given by

J(By) = ((1) 2) U(B,) = (8 é) J(By) = (_01 g) (8.30)

This means that the possible kernels for representations p : b — gl(IV) are 0, RB;, RB,,
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span{ By, By}, span{ By, B3} and b. Note that in the case ker p = RB,, the quotient b/RB; is
nonabelian, so the image of p is conjugate to either s, /4, diag(2,R) or C.
HL1: kerp =0

In this case, p is an isomorphism b — (2, R). It follows from the tables that o, ¢ and (W*)®

are all zero. Up to an automorphism of b, we can take p = ¢, the isomorphism ¢: b = t(2,R)
in (8.30). It follows that p(B;) (e1 A e2) = 2e;1 A eq, so that [By, (e A eg)] = 2p(e; Aey), but
B; 1s central, hence ¢ = 0. The weak automorphisms of p are given by

Aut(p) = (O %), 0 b v tbt #0
0 01

ITL.2: ker p = RB;

In this case we have (with respect to an appropriate basis of 1) imp = sy for 6 # 7, since
b/R B is nonabelian. We have that p(B;) = 0 and

p(Bs) = (8 6) and  p(B3) = (g ;) :

where, in particular, r # 0. Imposing [p(Bs), p(B3)] = 2p(Bs) says that y = x + 2. We can
rescale By +—> %Bg to put r = 1 and we may shift B; — B3 — sB, to set s = 0. In summary, we

" e o= (g 5)  wa = (5 L 0,)

for any z € R (and different values of = give different isoclasses).
From the tables, we have that «, o and (W*)® are zero except in the following cases:

e r=-2(0 =0)when o € R(e? ® €?), (IW*)" = Re? and
cER(e ®(e'®e’+e*®e') +2e ®e’®e);
e x=—4(cotf =2), wheno € R(e; ® €2 ® €?).

Since p(B;)(e' A e?) = 0 for i = 1,2, it follows that ¢(e; A e;) € span{Bj, By}, whereas
p(Bs)(e1 A es) = 2(x + 1)e; A ey. Therefore ¢ = 0 unless

* x = —2, in which case [Bs, p(e; A e3)] = —2p(e; A es), so that p(e; A es) € RBy;
* or x = —1, in which case [Bs, ¢(e; A e)] = 0, so that p(e; A ey) € RBy.

As for the weak automorphism group, we have

b a 0 u
Aut(p) = (O %), 0 b w cabt # 0
0 01
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III.3/4: ker p = RB, and im p = diag(2, R)
Here p(B;) = 0 and

p(Br) = (g 2) and  p(Bs) = (8 ?) ~

We have two cases to consider up to the action of Aut(b) depending on whether or not z = 0.
If x # 0, we may rescale B; so that z = 1 and we may shift Bs so that s = 0, resulting in

o=y o) B0 wa pm)= () )). e

where ¢ # 0. One sees that two pairs of parameters (¢,y), (t',7/) € (R \ {0}) x R yield weakly
equivalent representations if and only if (¢,y) = (#,y') or yy’ # 0 and (¢,v') = (—%,1),s0a

Y’y
complete set of isoclasses is obtained by restricting ourselves to the subset

{(t,y) € R\ {0}) x [-1,1]: y # Lort > 0}.

If z = 0, then we may rescale B; so that y = 1 and then we may shift B3 by a multiple of 5,
so that ¢ = (. For uniformity of notation, we relabel s as ¢ and arrive at

s = (g 9). =0 wa pm)= (o). e

where t # 0. It turns out that different values of ¢ yield nonequivalent representations.

We treat these two cases separately. In both cases, from the tables it follows that a, o, (W*)°
are zero.

In the first case, when p is given by (8.31), we see that ¢ = 0 unless (¢,y) = (—2,—1),
where we have p(e; A e;) € RBs.

As for the weak automorphism group, we have that if y = —1 then
b0 1 00

Aut(p) = (01 h), 0 b v]||:bhhy#0
2 \0 0 1

U (o hg) _01
hy 0 0

whereas for y # —1 we get that

0 t
b v 2 bhihy #0 3,
0 1

- 100
Aut(p) = (01 h2), 0 b vl |:bhihy#0
00 1

In the second case, when p is given by equation (8.32), one checks that ¢ = 0.
The group of weak automorphisms is
B hi 0
Aut(p) - (0 hZ) ’

1 00
0 b w : bhlhg 7é 0
0 01
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IIL5/6: ker p = RB; and im p = 5,4

o) = (5 0) e pm= ()0,

We have to distinguish two cases depending on whether or not y = 0.
If y # 0, we may use Aut(b) to rescale y = 1 and to set r = 0, resulting in

p(B1) = ((1) T) and  p(Bs) = (g 8) :

The normalizer of im p in GL(2, R) is the group T(2,R) of invertible upper triangular matrices
and we may conjugate by T(2, R) in order to set s = 1, resulting in

o) = (5 1) e pm= (g ),

Furthermore, different values of x give different weak isoclasses of representations. From the
tables it follows that o, o and (TW*)® are zero. Since p(B;)(e1 A e3) = 2e; A ey, it follows that
[By,o(e1 A e2)] = 2p(er A ez), which says ¢ = 0, since B; is central. The group of weak
automorphisms is

Here we have

b h 1 00
Aut(p) = (01 hj) , [0 b v :bhy #0
0 01

If y = 0, then x # 0 and we may use Aut(b) to rescale z = 1 and set s = 0. Relabelling the
parameters for uniformity of notation, we find

o=y o) e ema= (),

where ¢t # (. Different values of ¢ correspond to non-isomorphic representations. From the
tables, it follows that o, o and (T/V*)b are zero. Moreover, we see that o = O unless t = —1, in
which case p(e; A e3) € RB;. The group of weak automorphisms of p is

ahy hy) (¢ 00
Aut(p) = (01 hj) 0 b v||:abhy #0
00 1

IIL.7/8: ker p = RBy and im p = C

o= (3 0) e = (1),

We must again distinguish between two cases, depending on whether or not z = 0.

Here we have
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If z = 0, then y # 0. We may use Aut(b) to set y = 1 and s = 0, resulting in

o= (5 5) e = () Y).

with ¢ # 0. One sees that each value of ¢ corresponds to a different isoclass of representations.
From the tables, it follows that «, o and (W*)[’ are zero. The map ¢ vanishes unless £ = —1, in
which case p(e; A e3) € RB,. The group of weak automorphisms is

L L e 00
Aut(p) = ! 21,10 b ow :b(h3 +h3) #0,e = +1
—€h2 Ehl 00 1

If z # 0, we may use Aut(b) to rescale z = 1 and eliminate the diagonal terms of p(Bs),

resulting in
(1 —y (0 —t
o= (y ) wa ema= () )

where ¢ # 0 and where we have relabelled parameters for uniformity. It turns out that two
pairs (t,y),(t',y") € (R\ {0}) x R give rise to weakly equivalent representations if and only
if (¢,y") = %(t,y), so we obtain a complete set of isoclasses by restricting ourselves to ¢ > 0.
From the tables, a, o and (W*)° are zero. From the fact that p(B;)(e; A e3) = 2e; A e, it
follows that [B1, p(e; A es)] = 2p(e; A es), which says that ¢ = 0, since Bj is central.

The group of weak automorphisms is given by

R 10
Aut(p) = (_i; hj) ,10 b tb(h3 +h3) #£0
0 0

_c O

IIL.9: ker p = span{ B, By} and imp = R (g (1)> with [z| <1

In this case we have p(B;) = p(B2) = 0 and

p(Bs) = (tg (t)) with ¢ # 0.

We see that two pairs (¢, z), (¢, 2") € (R\{0}) x[—1, 1] give weakly equivalent representations if
and only if (¢,x) = (t/,2") orx = —1 and ¢’ = —t, so we obtain a complete set of representatives
by restricting ourselves to the subset

{(t,r) € R\ {0}) x [~1,1]: 2 £ —lort > 0}.

From the tables, (W*)® = 0 unless x = 0, where we have (W*)® = Re!. Moreover, we have
a = 0 unless z = —1, in which case o € R(e! ® e? + €? ® e'), or x = 0, in which case
a € Re! ® e!. The map o is zero except in the following scenarios:
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« 2 =0, in which case 0 € span{e; ® e' @ e', e, @ (e' @ e* + e ®e')};
« orz = 3, in whichcase 0 € Re; @ e! ® e
Moreover, ¢ is zero unless
e x = —1, in which case p(e; A e3) € RBy;
e ort(z+ 1) = —2, in which case p(e; A e3) € RBs.
Finally, one sees that if z = 1, we have
Aut(p) = GL(W) x Aut(b),

whereas for z < 1 we see that
B hi O
Aut(p) = (O m),

III.10: ker p = span{B;, B>} and imp = R (1 1)

. abhlhg 7& 0

o O Q2
o o O
_ e

01

In this case we take p(B;) = p(By) = 0 and
p(B3) = (é i) : where ¢ # 0.

It is clear that different values of ¢ yield different (weak) isoclasses of representations. The 2-
form ¢ vanishes identically unless ¢ = —1, in which case ¢(e; A e3) € RB,. From the tables,
we have that (17*)®, , and o are all zero.

The group of weak automorphisms is

hi h
Aut(p) = (g g),

IIL.11: ker p = span{B;, B2} and imp = R <O 1)

a 0 u
0 b v : abhy # 0
0 01

0 0

Here p(B;) = p(B2) = 0 and we may conjugate p(Bj) to its Jordan normal form to obtain

p(Bs) = (8 (1)) :

From the tables, o € Re? @ e?, (IW*)" = Re? and
o €span{e; @ e’*®e’ e ® (e @e’ +e’®e') +2e,®e’ ® e’}

The map ¢ takes values in R3;. Finally, we have

W a 0 u
Aut(p) = (01 h?) 10 b v : abhyhy # 0
0 01
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IL12: ker p = span{By, B} and im p = R (‘11/ _yl)

Here p(B;) = p(B;) = 0 and

p(Bs) = (tty ;yt) : with ¢ # 0 and y > 0.

Different values of (¢,y) yield different weak isoclasses. From the tables, o and (W*)® are
always zero, whereas « vanishes unless y = 0, in which case we have a € R(e' ® e! + e? @ €?).
Moreover, ¢ = 0 unless

* y = 0, in which case im ¢ C RBy;
e or ty = —1, in which case im ¢ C RB,.

The group of weak automorphisms is
_ hi  ho
nap) =3 | (L) )

IIL.13: ker p = span{ By, B3} and imp = R (

o O 2

0 u
b v :ab(h} + h3) # 0
0 1

x 0) .
0 1> with |z| <1

Here p(B;) = p(B3) = 0 and, since rescaling B, is an automorphism of b, we can just take

o= (5 9).

with || < 1. Different values of x yield different weak isoclasses. The conditions on «, o, (TW*)®
are as in the case treated in Section 8.4.3 and will not be repeated here. Now ¢ = Ounlessz = —1
and ¢(e; A es) € RBy. As for the weak automorphism group, we have that:

e if x = 1 then

>
=
=
—~
s
~—
I
2
O =
> O
< O

s b(deth) # 0

(@]
[a]

—_

>
=
=
s
S~—
|
c
VRS
o=
S o
~__
o o
o ot O

0
(% : bhlhg 7é 0
1

0

b

0

0
v : bhlhz 7& 0
1
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* Forz € (—1,1), we have
B hi 0
Aut(p) - (0 hg) )

IIL.14: ker p = span{B,, B3} and im p = R ((1) D

o = (5 1)

The conditions on «, o, (W*)® are as in the case treated in Section 8.4.3 and will not be repeated
here. A calculation shows that ¢ is zero. The group of weak automorphisms is

O O =

0 0
b v . bhlhz 7é 0
01

Here p(B3) = p(Bs) = 0 and

b h 100
Aut(p) = (01 hi), 0 b w :bhy #0

0 01

0 0

o) = (3 o)-

The conditions on «, o, (WW*)° are as in the case treated in Section 8.4.3 and will not be repeated
here. Now p(B)(e; A ez) = 0 for all B € b, hence im ¢ is central. A calculation shows that

a
Aut(p) = (a’o“ Zj), 0
0

IM1.16: ker p = span{B,, B;} and im p = R <31/ _yl) with y > 0

IIL.15: ker p = span{ By, B3} and imp = R (O 1)

Here p(Bs) = p(Bs) = 0 and

. abh1 75 0

Here p(B;) = p(B;3) = 0 and

p(B1) = (?f _yl) , y=>0.

One sees that different values of y correspond to different isoclasses for p. The conditions on
a,a, (W*)® are as in the case treated in Section 8.4.3 and will not be repeated here. The 2-form
@ is zero unless y = 0, in which case im ¢ is central. We also have

€
Aut(p) = fu o .10 :b(h3 +h3) # 0,6 = +1
—Shg €h1 0
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HL17: p=0

In this case, «a, o are unconstrained and (W*)[’ = W, whereas ¢ takes values in the center.
Trivially, Aut(p) = GL(W) x Aut(b).

Summary

We summarize the results of this section in Table 8.8, with the same notation as that explained in
Table 8.6.



Table 8.8: Two-dimensional real representations of Bianchi III.

Label p(B1) p(Ba) p(Bs) Remarks a o © (W=)®
10 01 -1 0
M1 <0 1> 00 <0 1)
01 T 0 . _ o 1 2 (o
1.2, 0 00 (O x+2) r=-2 z=-2-4 r=—1-2 Re® (z = —2)
t40
10 0 0
.3, <0 1) 0 (0 t) yl <1 (ty) = (—2,-1)
Y y#lort>0
0 0 t 0
0.4, 0 1 0 0 0 t£0
1 =z 01
.
L5, 01 0 0 0
01 t 0
1.6, 00 0 0 t£0 t=-1
0 —1 t 0
0.7, Lo 0 0 t#£0 t=-1
1 —y 0 —t
1.8, y o1 0 <t 0> t>0
t#0
~ =1
1.9, , 0 0 (tg (12) lz] <1 r=-1,0 x=03 {l Re! (x = 0)
x#—lort>0 e +1)=-2
110, 0 0 (é :) t#£0 t=-1
0 1 ,
.11 0 0 00 v v v Re
ty —t t#0 _ y=20
m.th,y 0 O (t ty> y 2 O Yy = U {ty _ 71
I0.13, ‘g ? 0 0 |z < 1 r=-1,0 x=0,4 r=-1 Re! (z = 0)
mu () 0 0
0 1 ,
II.15 00 0 0 v v v Re
y —1
I 16, 1y 0 0 y>0 y=0 y=20
II.17 0 0 0 v w

[II tyouerg  ¢'¢'8

I€¢
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8.4.4 BianchilV

This is the solvable Lie algebra with brackets [B;, B3] = B; and [Bs, B3] = By + B,. The
automorphism group is given by

Aut(b) = a#0

— o =

b
a
0

o O 2

The proper ideals are the first derived ideal [b, b] = span{ B, B2} and the one-dimensional ideal
RB;.

IV.1: kerp = RB;

The quotient Lie algebra b/R B; is isomorphic to the affine Lie algebra aff(1, R), so that im p is
conjugate to sp for # T and 0 < 6 < 7.
We can choose bases such that p(B;) = 0, whereas

-0 5) e s (5,5)

Using Aut(b), we can set u = 1 and v = 0, so that in the end

o) =0 )= (g o) wa pm)= (5 ,0,).

where x € R, and x determines p up to weak equivalence.
From the tables and from calculations we see that «, o, o, (W*)® are all zero except for the
following values of z:

e x=-20€cR(e; ®e’*®e?),buta,p, (W*)" are zero;

crx=-lLacR(e*®e?),ccR(e,®(e!®e+e’®el)+2e,0e’®e?), (W) = Re?
and p(e; A es) € RB;.

candz=—-L:acR(e'®e? +e*®e'), buto, o, (W*)° are zero.

The group of weak automorphisms is

ah sh a bor
Aut(p) = (0 h)’ 0 a s cah #0
0 01
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IV.2: ker p = span{B;, B,} and im p = ( O) with |z]| <1

x
0 1
We can find bases such that p(B;) = p(By) = 0 and

p(Bs) = (tg ?) :

where ¢ # 0. It turns out that two pairs (¢, x) and (¢, 2) yield equivalent representations if and
only if (t,z) = (¢,2') orx = 2/ = —1 and t’ = —t, so we obtain a complete set of isoclasses by
restricting ourserlves to the subset

{(t,2) € R\ {0}) x [-1,1]: 2 # —lort > 0}.

The quadratic form o € S?WW* is zero unless z = 0, where a € R(e! ® e!) or z = —1,
which corresponds to so(1, 1), in which case o € R(e' ® e* + e*> ® e'). There are no nonzero
invariants in W* unless = = 0, in which case (W*)* = Re'.

The symmetric bilinear form o € W ® S2W* is zero except when z = 0, in which case o €
span{e; ®e' ®e', e;® (e’ ®e?+e?*®e')}, or when z = 3, in which case o € R(e;®e' ®e?).

The 2-form ¢ € b® A?TW* is zero, unless t(x+1) = —1, in which case we have p(e; Aey) €
RB;.

Finally, if x = 1 we have

Aut(p) = GL(W) x Aut(b),

whereas for = # 1 we see that
_ hi 0
Aut(p> - (0 hg) )

IV.3: ker p = span{ By, By} and im p = (1 1)

a b r
0 a s s ahyhy # 0
00 1

01

We can find bases such that

o) = (3 o) o= (g ) wa w0 = (g ¢).

where t # 0 determines p up to weak isomorphism.

From the tables, it follows that «, o and (VV*)b are all zero. The map ¢ vanishes unless
t = —%, in which case p(e; A e3) € RB;.

We see that

bk a b r
Aut(p) = (01 hi) 10 a s cahy #0
0 01



234 8 (3,2)-kinematical Lie algebras

IV.4: ker p = span{ B, By} and im p = (8 (1))

We can find bases such that p(B;) = p(Bs) = 0 and by putting p(B;) in Jordan normal form we

can assume that
(B) = 0 1
p 3) — 0 0 9

From the tables, it follows that o« € R(e? ® €?), (W*)* = Re? and
ocespan{e;® (e'@e’+e*@e') +2e, @ e’ ®e’, e; @ e’ ®e}.

Since b has zero center, it follows that ¢ = 0. The group of weak automorphisms is once again

bk a b r
Aut(p) = (01 hj) [0 a s cahy #0
001

IV.5: ker p = span{ By, By} and im p = (g{ _yl) withy > 0

We can find bases such that p(B;) = p(Bz) = 0 and

o= (Y )

where ¢ # 0 and y > 0 determine the isoclass of p. From the tables, we see that & = 0 unless
y = 0, in which case o € R(e! @ e! + e* ® €?). It follows that o and (WW*)° are always zero.
The map ¢ vanishes identically unless ty = —% in which case ¢(e; A es) € RB;.

Finally, we have

hi h
aap) =3 ( (55 12). alh + 1) £0

—_®» 3

a b
0 a
00
IV.6: p=10

Since the center of b is zero, it follows that ¢ is zero. The other data «/, o are unconstrained, but
we are free to use GL(W) to bring them to normal forms. Also, of course, (W*)* = W*. We
obviously have Aut(p) = GL(W) x Aut(b).

Summary

We summarize the results of this section in Table 8.9, with the same notation as that explained in
Table 8.6.



Table 8.9: Two-dimensional real representations of Bianchi IV.

Label p(B;) p(Bs) p(Bs) Remarks a o © (W=)e
Vi, 0 01 v 0 r=—1-1 z=-1,-2 z=-1 Re(z=-1)
0 0 0 z+1
tr 0 7l <1
V.2, 0 0 ( > t#0 r=-—10 =01 tlz+1)=-1 Re'(z=0)
0 1 xr#—lort>0
V3 0 0 (t t) 40 =1
0t
V4 0 0 01 v v Re?
0 0
ty —t t#0 - _ _1
N5, 0 0 (t ty y>0 y=20 ty = —1
V6 0 0 v v w=

Al TYouelg  $'4°8

geT
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8.4.5 BianchiV

This is the solvable algebra with nonzero brackets [B;, B3] = Bj and [By, B3] = Bs. The
automorphism group is

Aut(b) {(‘g 11‘) . A€ GL(2,R), u e R2} ~ AFF(2,R).

The proper ideals are [b, b] = span{Bj, By} and any line therein. Since the affine group acts
transitively on lines, we may choose R B; without loss of generality. Hence up to weak automor-
phisms, the possible values of ker p can be taken to be RBj, span{B;, B>} and b.

V.1: kerp =RB;

In this case im p = b/R B, is nonabelian and hence isomorphic to s¢ for § # 7. We can therefore
choose bases such that p(B;) = 0, whereas

o= (g o) e = (G ),

By demanding that [p(Bs), p(Bs)] = p(B2), we see thatt = x+ 1. Using Aut(b) we may rescale
B; (so we can set s = 1) and shift B3 by any multiple of Bs (so we can set = 0), resulting in

o) =0 o= (g o) wa pm= (5, 0).

where x can be any real number (and it determines p up to weak equivalence).
From the tables, we have that

e (W*)® = 0 unless x = —1, in which case (W*)* = Re?;
e a = 0O unless z = —1, in which case o € R(e? @ €?);
¢ o = O unless

o x = —1,in whichcase 0 € R(e; ® (e! ® €? + e? ® e') + 2e; ® €? ® €?);
o or x = —2, in which case ¢ € Re; ® e? ® e>.

The 2-form ¢ vanishes unless x = —1, in which case im ¢ C span{Bj, Bo}. In this case, the
group of weak automorphisms is

11 Q12 W
aggh Ugh)
)

Aut(p) = ( 0 y 0 axn us s apiagh # 0
0 0 1
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0 1
We can find bases such that p(B;) = p(B2) = 0 and

oz = ().

where ¢ # (0. As with previous cases, we obtain a complete set of isoclasses by restricting
ourselves to the subset

V.2: ker p = span{B;, By} and im p = R (x 0) with |z]| <1

{(t,z) € (R\{0}) x [-1,1]: z # —1ort > 0}.

The situation for «, o, (W*)° is similar to any other case with such im p (see, e.g., Sec-
tion 8.4.4) and will not be repeated here. It is easy to see that ¢ = 0 unless t(x + 1) = —1, in
which case im ¢ C span{ By, Bs}. As for the weak automorphism group, we see that

e If x = 1, this group is
Aut(p) = GL(W) x Aut(p).

¢ Otherwise, we have

Aut(p) = {((%1 ;;) , (‘g ?)) : huha(det A) 7&0}.

V.3: ker p = span{ By, By} and im p = R (3) 1)

We can find bases such that p(B;) = p(B;) = 0 and

oz = ().

where ¢ # 0 determines p up to weak isomorphism. The situation for o, o, (W*)° is similar to
any other case with such im p (see, e.g., Section 8.4.4) and will not be repeated here. The 2-form
 vanishes identically unless t = —%, in which case im ¢ C span{Bj, By }. The group of weak

automorphisms is
Aut(p) = {((%1 Zi) | <61 1{))  ha(det A) # o} |

V.4: ker p = span{B;, By} and im p = R (8 (1))

We can find bases such that p(B;) = p(B2) = 0 and putting p(Bs) in Jordan normal form we get

o5 = ()
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The situation for v, o, (W*)" is similar to any other case with such im p (see, e.g., Section 8.4.4)
and will not be repeated here. Here ¢ = 0 since b has trivial center. We also obtain

Aut(p) = {((’3 Zj) | (‘g ‘f)) : ha(det A) 7&0},

V.5: ker p = span{B;, By} and im p = R (?{ _yl) with y > 0

We can find bases such that p(B;) = p(B2) = 0 and

oz = ().

where ¢t # 0 and y > 0 determine the isoclass of p. The situation for a, o, (W*)® is similar to
any other case with such im p (see, e.g., Section 8.4.4) and will not be repeated here. It is easily
checked that ¢ = 0 except when 2ty = —1, in which case im ¢ C span{B;, By}. The group of
weak automorphisms is

Aut(p) = {((_h;m Z?) , (’3 ﬁ‘)) . (det A)(h2 + h2) £ 0}.

Here o and o are unconstrained and all of 1/* is invariant, but since b has trivial center, ¢ is zero.
The stabilizer of p is trivially Aut(p) = GL(W) x Aut(b).

V.6: p=0

Summary

We summarize the results of this section in Table 8.10, with the same notation as that explained
in Table 8.6.



Table 8.10: Two-dimensional real representations of Bianchi V.

Label p(B;) p(Bs) p(Bs) Remarks a o © (W=)e
Vi, 0 v 0 r=-1 z=-1,-2 z=-1 Re*(z=-1)
0 z+1
tr 0 ol <1
V2, 0 0 ( ) t#0 r=-1,0 2=0,f tz+1)=-1 Re'(r=0)
U x#—lort>0
t ot
V.3 0 0 t#0 t=—1
V4 0 0 01 v v Re?
00
ty —t t£0
V5 0 0 =0 2ty = —1
t,y (t ty Y Z O Yy Yy
V6 0 0 v v w*

ATPUE Sp'S

6¢£¢
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8.4.6 Bianchi VI

This is the Lie algebra with brackets [By, B3] = (¢ — 1)B; and [Bs, B3] = (¢ + 1)By for¢ > 0
and ¢ # 1, since ¢ = 1 is Bianchi IIl, which was already treated in Section 8.4.3.
The automorphism group depends on whether ¢ > O or ¢ = 0. If ¢ > 0,

a 0 u
Aut(b) = 0 b v|:ab#0
001
If ¢ = 0 there are additional automorphisms
0 a wu
Aut(b)_ = b 0 v |:ab#0
00 —1

The proper ideals are RB;, RB, and span{ By, By}, hence the possible ker p are RB;, RBs,
span{ By, By} and b. Note that for ¢ = 0 the ideals RB; and R B, are conjugate.

VL.1: kerp = RB;

If ker p = RBy, then b/ ker p = aff(1,R) and hence we can take im p = sp for ¢ # 7. This
means that we can choose bases where p(B;) = 0, but

o= (o o) e = (5 0).

where s # 0 and z,y € R, (z,y) # (0,0). Using Aut(b) we can rescale B, to make s = 1
and translate Bj so that = 0. By demanding that [p(Bs), p(Bs)] = (¢ + 1)p(B2), we find that
y = x + ¢+ 1. In summary, we have

o) =0 pm = () o) e em= (5 L, 0L).

where cot § = 7. The parameter x € R determines p up to weak isomorphism. From the
tables, « = 0 and (W*)* = O unless z+c+1 = 0, in which case @ € Re?®e? and (W*)* = Re?;

o = 0 except in the following cases:
* r+c+1=0,inwhich case 0 € R(e; ® (e! ® e* + e ® e') + 2e; ® e ® €e?);

e or z + 2c+ 2 = 0, in which case 0 € R(e; ® €% ® e?).
The map ¢ is identically zero except in the following scenarios:

* z+c+ 1 =0, in which case im ¢ C RB5;

* and x = —c¢, in which case im o C RB;.
As for the group of weak automorphisms, we obtain

a 0 u
Aut(p) = (bhl h2) o p bk :abhy # 0
00

0 hl hll
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VI.2: ker p = RB,

First of all, note that p is not weakly equivalent to a representation in the family VI.1 if and only
if ¢ > 0, so we assume that this is the case. Again, im p can be taken to be sy for 6 # % in [0, 7).
Using Aut(b) and by demanding that we get a representation, we find

01 x 0
p<Bl) - <O O> ) IO(BQ) =0 and p(B3) - <0 r+c— 1> )
for z € R (which determines p up to weak equivalence) and where now cott = _——*—. The

situation with o and o is just as in the previous case in terms of ¢, but the relation between x
and 0 is different. From the tables, o = 0 and (W*)[’ = O unless x = 1 — ¢, in which case
a € Re? ® e? and (W*)* = Re?. Furthermore, 0 = 0 except in the following cases:

e x=1—c inwhichcase 0 € R(e; ® (e! ® e + e* ® e') + 2e; ® e* ® €?);
e orz = 2(1 — ¢), in which case 0 € R(e; ® e ® €?).
In addition, the map ¢ is only nonzero in the following two cases:
e r =1 — ¢, in which case im ¢ C RBjy;
* or x = —c¢, in which case im ¢ C RB,.

A calculation shows that the group of weak automorphisms is

Aut(p) = @) fos w : abhy £ 0
0 M
0 0 1
VL.3: ker p = span{ By, Bo} and im p = R (g (1)) with |z| < 1
We can choose bases where p(B;) = p(B2) = 0 and
p(Bs3) = (t(:)v (2) , where ¢t # 0 and |z| < 1.

We briefly discuss isoclasses. For ¢ = 0, one sees that (¢, z) and (¢, 2’) yield weakly isomorphic
representations if and only if + = 2’ and ' = =+t, so a complete set of isoclasses is taken by
restricting ourselves to (t,z) € Rt x [—1, 1]. Meanwhile, for ¢ # 0 one gets a complete set of
isoclasses by restricting ourselves to

{(t,z) € R\ {0}) x [-1,1]: 2 # —1ort > 0}.

The situation with a, o, (WW*)® can be read off from other cases with the same im p (see, e.g.,
Section 8.4.4) and will not be repeated.
The map ¢ is seen to be zero except in the following two scenarios:
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e t(x+1) =1 — ¢, in which case im p C RB;y;
e ort(x 4+ 1) = —1 — ¢, in which case im ¢ C RBs.
As for the weak automorphisms, we have:

e If x =1, then
Aut(p) = GL(W) x (Aut(b) \ Aut(b)_),

where the second factor is the full automorphism group of b for ¢ > 0.

e Ifr = —1and c =0, then

he 0 a 0 u
Aut(p) = (01 h), 0 b v||:abhihy #0
2 001
0 a wu
v (}(L) ’62> b0 v | |:abhuhy£0
! 00 —1
e Ifr#+lorz=—1andc > 0, then
o0 a 0 u
Aut(p) = ! 10 b ow : abhihy # 0
0 ho 00 1

V1.4: ker p = span{B;, Bo} and imp € R ((1) })
We can choose bases where p(B;) = p(By) = 0 and

p(B3) = (é i) , where t # 0.

One sees that for ¢ > 0 each t determines the isoclass of p, while for ¢ = 0 we have to restrict
ourselves to ¢ > 0 to get a complete set of isoclasses. The situation with «, o, (W*)° can be read
off from other cases with the same im p (see, e.g., Section 8.4.4) and will not be repeated. From
the fact that [Bs, p(e1 A e2)] = 2tp(er A ez), we see that ¢ = 0 except in two cases:

e t = %, in which case im ¢ C RBy;
eort= —%, in which case im ¢ C RB,.

The weak automorphism group is

Aut(p) = <}61 Zi) : : abhy # 0

o o0 O
— e 2

a
0
0
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VL5: ker p = span{By, B,} and im p € R (8 (1)>

We can choose bases where p(B;) = p(Bz2) = 0 and we can conjugate p(Bj3) to its Jordan normal

form to get
01

The situation with a, o, (W*)® can be read off from other cases with the same im p (see, e.g.,
Section 8.4.4) and will not be repeated. Now from the fact that e; A e5 is b-invariant, it follows
that ¢(e; A e;) must be central, but the center of b is trivial and hence ¢ = 0.

Furthermore, the weak automorphism group is

o a 0 u
Aut(p) = (01 h?) 0 b v]||:abhy #0,
001

and for ¢ = 0 we get the additional automorphisms

h h
ap) =4 (4 ).

o ot O

VL.6: ker p = span{B;, B} and imp € R (? _yl) withy > 0

We can choose bases where p(B;) = p(By) = 0 and

ty —t
p(Bs) = (f ty)’ where ¢ # 0 and y > 0.
If ¢ > 0, then ¢t and y determine p up to isomorphism, whereas for ¢ = 0 we have to restrict
ourselves to ¢ > 0 in order to get a complete set of isoclasses. The situation with v, o, (IW*)° can
be read off from other cases with the same im p (see, e.g., Section 8.4.4) and will not be repeated.
The map ¢ vanishes identically except in two cases:
1—c

* ty = 15<, in which case im ¢ C RBjy;

* or ty = —+£<, in which case im ¢ C RB,.

Finally, for ¢ > 0 or ¢ = 0 and y # 0 we have

L n a 0 u
Aut(p) = )0 b w cab(hi+h3) #0 3,
—ha I 001
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while for (¢, y) = (0,0) we obtain

hi h @
Aut(p) = (_;Q hj) 0
0

h h
Uil %),

ST O O ot O

VL7: p =0

As usual «, o are unconstrained and all of WW* is invariant, but im ¢ is central and since ¢ # 1 it
is zero. The group of weak automorphisms is trivially Aut(p) = GL(W) x Aut(b).

Summary

We summarize the results of this section in Table 8.11, with the same notation as that explained
in Table 8.6.



Table 8.11: Two-dimensional real representations of Bianchi 1[1#20.

Label p(By) p(Bs3) p(Bs3) Remarks « o ®
01 x 0 o z=—(1+¢) z=—(1+¢) -
V12 01 0 v 0 >0 R Tl Re* (r=1-c)
e {00 0 z+c—1 ¢ reioe r=2(1—0c) v=—c e=iTe
c=0,lz|]<1,t>0
tr 0 or 1
VI3, 0 0 0t ¢ 0,620, <1 z=-1,0 =03 tlz+1)==+1-c
x#—lort>0
t t t#0
VLdes 0 0 (0 t) c>0?)ért>0 t=3F -0
VI5, 0 0 <8 (1)) v v
ty —t y=20
VL6, 0 0 (f m) t#£0 y=0 ty = 1(+1—¢)
. c>0o0rt>0
V1.7, 0 0 0 v v

I7IA TYOURIg 948

Sve
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8.4.7 Bianchi VII >

This is the solvable Lie algebra with nonzero brackets [B;, B3] = ¢B; — By and [Bs, B3| =
By + ¢B,, where ¢ > 0. The automorphism group depends on whether or not ¢ = 0. If ¢ > 0,
then

a b u
Aut(b) = ~b a v|:a®+b>0
0 01
If ¢ = 0O then there are additional automorphisms
a b u
Aut(b)_ = b —a v |:a®+b*>0
0 0 -1

There is a unique proper ideal [b, b] = span{Bj, By}, so for every two-dimensional representa-
tion p: b — gl(W), the space Homy (AW, b) is trivial because otherwise the image of a nonzero
equivariant map A2WW — b would be a one-dimensional ideal. This means that ¢ = 0 in every
case.

The possible ker p are [b, b] and b itself. Since the quotient b/[b, b] is a one-dimensional Lie
algebra, we have four cases to consider.

VIL.1: ker p = span{B;, Bo} and im p = R (O (1]) with |z]| <1

We may choose bases such that p(B;) = p(By) = 0 and

p(B?,)—(tg g) with ¢ 2 0.

If ¢ = 0, a complete set of isoclasses is obtained by assuming ¢ > 0, whereas for ¢ > 0 we get a
complete set of isoclasses by restricting ourselves to the set

{(t,z) € R\ {0}) x [-1,1]: z # —1ort > 0}.

We may read off the results for o, o, (W*)® from any other case with the same im p (see, e.g.,
Section 8.4.4) and will not be repeated here. The map ¢ = 0 automatically. If x = 1, then the
weak automorphism group is

Aut(p) = GL(W) x (Aut(b) \ Aut(b)_).

For x = —1 and ¢ = 0, we obtain

hi O
Aut(p) = (01 hQ), b
0

a
0 hg)
U (v
(h1 0 0

0 -1

o o

u
v | | hiho(a® +1?) #0
1

Uu

v

hth(CL + b2) 7é 0
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Finally, for x # £1 or ¢ > 0 and x # 1, we get

he 0 a b u
Aut(p) = (01 hg) | =b a v : hihg(a® + %) # 0
0 0 1

VIL.2: ker p = span{B;, Bo} and im p = R ((1) 1)

We may choose bases such that p(B;) = p(B2) = 0 and

If ¢ > 0, then ¢ determines p up to isomorphism, whereas for ¢ = 0 we have to assume ¢t > 0
to get a complete set of isoclasses. This is very similar to the previous case: we may read off
a, o, (W*)® from, e.g., Section 8.4.4. As explained earlier, ¢ = 0. The weak automorphism
group is

b h a b u
Aut(p) = (01 hi) -0 a v t hy(a®+b%) #0
0 01

VIL3: ker p = span{B;, Bo} and im p = R 8 (1))

We may choose bases such that p(B;) = p(Bs) = 0 and by conjugating p(Bj) to its Jordan form
we obtain

This is very similar to the previous case: we may read off a, o, (W*)® from, e.g., Section 8.4.4.
As before, ¢ = 0. The group of weak automorphisms is generically

b h a b u
Aut(p) = (01 h?) —b a v||:h(@+b)#0y,
0 0 1

while for ¢ = 0 we get extra automorphisms of the form

S
|
Q
<
=
=
—
IS
(]
+
oy
[S¥]
~—
LN
]

a b u
hi h
Aut(p)_ = <01 _;1),
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VIL4: ker p = span{B;, B2} and imp = R (‘7{ _yl) withy > 0

We may choose bases such that p(B;) = p(B2) = 0 and
ty —t .
B3) = with ¢ # 0.
o= () v
If ¢ > 0, then the pair (¢, y) determines p up to weak isomorphism, whereas for ¢ = 0 we have
to assume ¢ > 0 to obtain a complete set of isoclasses. We may read off a, o, (W*)° from, e.g.,

Section 8.4.4. Again ¢ = 0 automatically. For y = 0 and ¢ = 0, the weak automorphism group
is seen to be

3 L a b u
! )| —eb ca w (b3 + h3)(a® + ) #0,e = £1
—chy ehy 0 0 =

Otherwise, we obtain

a

h h
Aut(p) = (_,12 hj), b
0

(b3 4 h3)(a® +b%) # 0

O o
— e

VIL5: p=0

Here a, o are unconstrained and all of W* is invariant, whereas ¢ is zero since b has trivial
center. We obviously have Aut(p) = GL(W) x Aut(b).

Summary

We summarize the results of this section in Table 8.12, with the same notation as that explained
in Table 8.6.



Table 8.12: Two-dimensional real representations of Bianchi VII.>.

Label p(B;) p(B:)  p(Bs) Remarks a o (Wb
c=0,t>0,|z] <1
VL1 0 0 tw 0 > = -1,0 z=0,1 Re! (z = 0)
0 ¢ c>0,tA0 el <1 T THY T e =
x#—lort>0
t ot t#£0
T
VI3, 0 0 01 v v Re?
0 0
_ y >0
V4., 0 0 (ty t) t£0 Y =0
t oty c>0ort >0
VIL5. 0 0 v v W

O<°IIA youelg  L'4°8

61¢
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8.4.8 Bianchi VIII

This is b = sl(2,R), which is simple. The Lie brackets are [By, By] = —Bs, [Bs, Bs] = B; and
[By, B3] = —Bs. There are no proper ideals. So we have to consider two cases: either p = 0 or
else p is injective.

VIIL.1: kerp =0

If p is injective, then p is equivalent to the standard representation. We know from the tables that
a=0,(W*)®* =0and o: S?°W — W has to be zero, since S*WV is the adjoint representation,
which is irreducible and inequivalent to the 2-dimensional defining representation. Because
s[(2, R) has no one-dimensional ideals, it follows directly that any equivariant map ¢: AW — b
is zero. The group of weak automorphisms is

Aut(p) = {(9.Ad(g)): g € GL2B)}.

VIIL2: p =0

Here, o, o are unconstrained and all of W* is invariant, but because b has zero center,  is zero.
The group of weak automorphisms is clearly

Aut(p) = GL(W) x Aut(b).

8.4.9 Bianchi IX

This is b = su(2), which is simple and has no nontrivial two-dimensional representations. Hence
the only possibility here is p = 0. Hence «, o are unconstrained and all of 1/* is invariant,
but since b has trivial center, we have ¢ = (0. Clearly, the group of weak automorphisms is
Aut(p) = GL(W) x Aut(b).

8.5 Classification of (3,2)-KLAs

In this section we classify (3, 2)-kinematical algebras with spatial isotropy of dimension larger
than 2. In particular, we provide the proofs of Theorems C and D.

As we have seen in Section 8.1, for every (3,2)-KLA g = so(V) & (V@ W) @ b (with
dim V' = d > 3) the subspace b is a Lie subalgebra, and therefore the direct sum h = so(V) @ b
is also a Lie subalgebra. Moreover, the adjoint representation ad, decomposes g into a direct
sum of modules g = h @ (V ® W), where V is the vector representation of so(1') and W is a
(real) two-dimensional representation of the Bianchi algebra b.

Now, suppose that we are given a Bianchi algebra b and a two-dimensional representation
W of b, so that V' ® W becomes a representation of h = so(V') @ b. Then we can construct a
(3,2)-KLA structure on g = h @ (V @ W) by viewing V' ® W as the 2d-dimensional abelian



8.5.1 (3,2)-KLAs withd > 3 251

algebra and setting g = h X (V' ® W). We say in this case that g is the split abelian extension of
hby V& W:

0 —— VW > g > b > 0. (8.33)
N~
We shall take the existence of these (3, 2)-KLA structures as accounted for and not mention them
explicitly for the remainder of this section. We concentrate instead on those (3, 2)-KLAs g with
nontrivial Lie bracket A*(V @ W) — g.

8.5.1 (3,2)-KLAs with d > 3

Let g be a (3,2)-KLA for which d > 3. Due to Theorem A the Lie bracket of g is determined
by a two-dimensional real representation p: b — gl(WW) of a Bianchi Lie algebra b and a b-
equivariant map ¢: AW — b. In order to reconstruct the Lie bracket from this data, we also
need the b-invariant symmetric bilinear form a: W x W — R defined by relation (8.8).

Moreover, let p: b — gl(WV) be a representation. by Proposition 8.6 two equivariant maps
0, A2 — b induce relatively isomorphic algebras (together with b and p) if and only if
there exists an element (h, 1)) € Aut(p) such that 1) o ¢ = h*¢' = (det h)¢'. As a consequence,
we obtain the following restatement of Proposition 8.6:

Proposition 8.10. Ler b be a Bianchi algebra and p: b — gl(W) a two-dimensional represen-
tation. Then, the relative isomorphism classes of (3,2)-KLAs with d > 3 associated with b and
p are in a one-to-one correspondence with the orbits of the action Aut(p) ~ Homg(A?W, b)
given by .

(h,¢) - = m(l/f ° ). (8.34)

Therefore, we need to calculate the orbits of the action (8.34) for each of the representations
constructed in Section 8.4 to determine the relative isomorphism classes of (3,2)-KLAs with
d > 3. We note that the orbit of 0 corresponds to the split abelian extension.

We first establish some terminology. Let G be a group and G ~ X an action of G on a set X.
We say that a subset S C X is a complete set of normal forms for the action if the restriction of
the canonical projection X — X/G to S is a bijection (in other words, if every element of X is
in the same orbit as exactly one element of 5).

Moreover, it will prove useful to generalize the notion of orbit equivalent actions (see Chap-
ter 2) to a purely algebraic context. Let G ~ X and H ~ Y be two group actions. We say that
the actions are orbit equivalent if there exists a set bijection f: X — Y such that foreachz € X
we have f(G-z) =H- f(y). The map f is said to be an orbit equivalence map.

It is clear that if f: X — Y is an orbit equivalence map and S C X is a complete set of
normal forms for the action G ~ X, then f(.5) is a complete set of normal forms for the action
HAY.

Before embarking on the classification, we fix the following notation: by {e;, e} we denote
a basis of W, and by { By, Bs, B3} a basis of b; for each ¢, j € {1,2} we write

3
ple; Ney) = ngkBk, ale;, e;) = ;.
k=1
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If (p;;) is the matrix of p(p(e; Aez)) with respect to the basis {e;, ex} of W, then the coefficients

«;; can be computed by

Qi iz _ [—pP21 P

Q12 Qg P11 P12
Because the invariant « is computed directly from ¢, we do not focus on it during the classifica-
tion process, and we simply give its corresponding value in each isomorphism class.

We now determine the orbit spaces of the action (8.34) associated with each two-dimensional
representation in Section 8.4.

Bianchi I

We see from Table 8.6 that the two-dimensional representations W of b having nonzero invariant
maps ¢: A*°W — barel.4,_ 1,1.6,1.7,_0 and 8.

For the case of .4, 1, the action of Aut(p) on Hom, (AW, b) has three orbits labeled the
condition p(e; A es) € {0, By, B }.

For the cases of 1.6 and 1.7,_o, one sees that the orbits of the action Aut(p) ~ Hom(A*WW, b)
are labeled by p(e; A eq) € {0,+B;, Bo}.

Finally, for the trivial representation 1.8, because the projection of Aut(p) onto Aut(b) =
GL(b) is surjective, there are two possible normal forms of ¢, obtained by letting ¢ = 0 or
go(el VAN 62) = Bl.

Bianchi II

From Table 8.7 we obtain that the representations W of b for which Hom,(A%W, b) is nontriv-
ial are I1.4,__;, 1.6, 1.7, and IL.8. In all cases we have Hom,(A?W,b) = A*W* ® RB;.
Because RB; is the only one-dimensional ideal of b and it is contained in the kernel of any
two-dimensional representation p of b, we deduce immediately that o = 0 for any choice of .

It is easy to check that in all cases the map ¢ € Homy(A*W,b) — ! € R is an orbit
equivalence map between the action of Aut(p) on Hom,(A?W, b) and the standard action of
(R \ {0}) on R. Consequently, every nonzero ¢ € Homg(A?W,b) lies in the same orbit as
(e' A e?) ® By.

Bianchi II1

In this setting, we see from Table 8.8 that the representations W of b for which the space
Hom, (A*W, b) is nontrivial are the following: ML.2,—_, ML.2,_5, M3, =2 1), IL.6,=_1,
M7y, L9, —y, ML.9y(p41)=—o, ML.10——y, IIL.11, IML.12,—, T.12,— 4, TI.13,—_,, IIL.15,
IM.16,— and TL.17.

In all of the above cases, the space Homy (A2W, b) is one-dimensional—in fact, spanned
by B;, where i € {1,2} depending on the case. Furthermore, except for the representations
1.2, M.13,-_;, .15 and .16, the action of Aut(p) on Hom, (A%, b) is orbit equiv-
alent to the standard action of R \ {0} on R, meaning that any nonzero ¢ can be renormalized
to (e! A e?) ® B; by an adequate element of Aut(p). In the remaining cases, the action is orbit
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equivalent to the standard action of R™ on R, so we obtain a complete set of normal forms for ¢
by letting p(e; A es) € {0, £B;}.

Bianchi IV

For this Bianchi algebra b, we see from Table 8.9 that the representations I/ admitting nonzero
invariant elements in Hom, (AW, b) are IV.1,__y, V.2, 1= 1, IV.3,— /o and IV.5,,—_; ».
We have Hom, (A2W, b) = A?TV* ® RB in all cases and, except for the case of IV.1,_ 4, the
action of Aut(p) on this space is orbit equivalent to the action of R \ {0} on R, so we have a
unique nonzero normal form for ¢ given by letting p(e; A e;) = Bj. In the remaining case,
the action is orbit equivalent to the standard action Rt ~ R, and thus the three possible normal
forms for ¢ are given by ¢ = 0 and ¢(e; A es) = £By.

Bianchi V

From Table 8.10 we see that the two-dimensional representations 1 of b that admit nonzero
invariant 2-forms in Homg (A?W, b) are V.1, 1, V.2, 1)=—1, V.3— 12 and V.5, 1 /5. In all
cases we have that the image of ¢ lies in span{ By, Bs}.

For the case of V.1,__1, it can be shown that the map

@ € Homy(A?W,b) — (o', 0?) € R?

establishes an orbit equivalence between the action of Aut(p) on Homg(A?W, b) and the standard

representation of the group
a b
(2 1) 0]

on the plane. Now, a complete set of normal forms for the action L ~ R? is given by

{(0,0),(1,0), (0, £1)},

and therefore we have four orbits of the Aut(p)-action labeled by the possibilities p(e; A es) €
{0, By, £Bs}.

The remaining cases can be tackled at the same time. Indeed, in all of these the map ¢ €
Homy, (A2W, b) — (¢!, ¢*) € R? is an orbit equivalence map between the action of Aut(p) on
Homy (AW, b) and the standard representation of GL(2, R) on R. Because of this, every nonzero
¢ can be renormalized to the map (e' A €*) ® B.

Bianchi VI

From Table 8.11, we see that the two-dimensional representations W of b for which the space
Hom,, (A%W, b) is nonzero are the following ones: V1.1, . 1—0, V.1, o, V1.2, ., V1.2, .,
m-3t(x+1):1—c, I['Bt(x-i-l):—l—c’ m.42t:—1—c’m-62ty:1—c and m-62ty=—1—c-

Note that in all of these cases we have Homy(A?W,b) = A’W* @ RB; fori = 1 ori = 2
depending on the representation.
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In all cases but VI.1, ., 1—¢ and VI.2,_; ., the action of Aut(p) on the space Homy (AW, b)
is orbit equivalent to the standard action (R \ {0}) ~ R, and therefore every nonzero ¢ can be
renormalized to (e!' A €?) ® B.

For the two remaining representations, the action of Aut(p) on Homy(A?W, b) is orbit equiv-
alent to the usual action of R* on R, and thus there are three possible normal forms of ¢ given
by letting p(e; A es) € {0, £B;}.

Bianchi VII, VIII and IX

For these cases there is nothing to do, because if b is any of these Bianchi algebras and W is a
two-dimensional representation of b, we get Hom, (A?TV, b) = 0 automatically.

Summary

We now gather the results of our calculations. Tables 8.13 and 8.14 contain for each two-
dimensional representation p the nonzero orbit representatives of the standard action of Aut(p)
on Hom, (A2, b), which thus give (3,2)-KLA structures valid for all d # 3. On the one hand,
the normal forms of ¢ in Table 8.13 are such that p o ¢ = 0, and thus the corresponding bilinear
form « is zero. These normal forms correspond to relative isomorphism classes of algebras in
class (II). On the other hand, the normal forms in Table 8.14 have a nonvanishing corresponding
«, which we have also described. Any form in this table correspond to an algebra in class (III).

Since it is clear from Proposition 8.10 that isomorphic (3,2)-KLAs have to belong to the
same class, we deduce that Theorem C holds.
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Table 8.13: Isomorphism classes of generic (3, 2)-KLAs in class (II).

Representation B = p(e; A ey)

Representation B = p(e; A ey)

14, B, Vi, +B;
16 B, V.20 1)1 B,
17,0 B, V.3 15 B
I8 B V.5, 1/ B
4, B Vi, By
16 B, V2011 B,
1.7, B V3,1 B
I8 B V50,1 B
.2, By VIi,.—_. B
T3, (21, B, VI2, . B
IM.6,=— By VI.3i241)=1-c By
M7, B, VL300 1)1 B,
.9, B Vidy__. By
.9 (z41)=—2 By VIdg— 1 . By
.10, B, V16911 B,
.11 B, V1651 B,
m.12, By

2,4 By

.17 B

The Lie bracket in V' ® W is given by

[u® e;,v®e;] =e¢;(u,v)B.
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Table 8.14: Isomorphism classes of generic (3, 2)-KLAs in class (III).

Representation B = ¢(e; A es) (cvij)
0 -1
Lo b (3
16 B, (8 fl)
1 0
1.7, +B, (T) ]F1>
0 0
o o ()0
M.13,- 4 B, (_01 _01>
II.15 +B; (8 :El)
IL.16, +B, <¢Ol :[(:)1>
0 0
i o ()0
0 0
0 0
o o (00)

The Lie bracket in V' ® W is given by
u®e;,v®e;] =aw;ukv+e€;(u,v)B.
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8.5.2 (3,2)-KLAs with d = 3

This section is devoted to proving Theorem D.

Due to Theorem B, a (3,2)-KLA g = so(V) @ (V@W)®b with dim V' = 3 is specified (after
performing an adequate relative isomorphism) by the 4-tuple (p, ¢, o, o), where p: b — gl(W) is
areal two-dimensional representation of a Bianchi Lie algebra b, ¢: AW = b,a: WxW =R
and o: W x W — W are b-equivariant bilinear maps subject to the equations (8.4). In terms of
this data, the Lie brackets of g are such that so(V') @ b is a Lie subalgebra acting on V' @ W in the
standard way, while the restriction of the bracket to A*(WW ® W) is given by (8.12). Furthermore,
from Proposition 8.7 it follows that after fixing b and p, the weak isomorphism classes of (3, 2)-
KLAs associated with these are in a bijective correspondence with the orbits of the group

Aut(p) x (W) = {(¥, h, js) € Aut(b) x GL(W) x (W*)*: potp = Ad(h) o p}

acting on solutions (p, «, o) of equations (8.4), where the action of (¢, h, ) on (p,«, o) is
(¢, 0’) with
o' =poyp, haod=a—pooc+u®u, h'c¢ =hoo—pux@h—he pu.

Our first observation is that if o = 0 then we have the same data (, o) and the same equations
as in the generic case dim V' > 3. The discussion in Subsection 8.5.1 therefore applies and we
may restrict ourselves to representations p: b — GL(W') with nonzero o.

A second observation is that a closer look at equations (8.4) shows that the Bianchi Lie
algebra b is directly involved only in determining Homg(A?WV, b), while all the other conditions
depend on the image im p C gl(/). This results in many solutions (¢, «v, o) being identical for
different p.

We choose bases {e;, ex} for W and { By, By, Bs} for b. Moreover, we define scalars «j,
oy, and o by

2 3
aj=alee;),  ole,e) =Y oher,  pleihe;)=e;y "B,
k=1 a=1

where €;; = —¢j; 1s the Levi-Civita symbol normalized so that €;, = 1. We also let e,i€e {1,2},
be the canonical dual basis for W*.

We now summarize the results via the subalgebras im p of gl(2, R) listed in Table 8.4 and, of
course, the trivial representation p = 0.

Case im p = 5

This scenario corresponds to the representations 1.2, o, V.1, 4, V.1, 4, VI.1,__ (1,4 and
VI.2,_,_.. For these representations, we have

Hom, (S*W, W) =R(e; @ (e' ® e + e* ® e') + 2e; ® € ® e?).

Suppose that ¢ € Homg(S*W, W) and ¢ € Homg (AW, b) satisfy (8.4). Because (W*)° =
Re? and the covector jz€e? acts on o by sending o1, to o], — 2, we see that the pair (o, )
admits a renormalization for which ¢ = 0, which means that none of these representations admit
a (3, 2)-KLA structure exclusive to d = 3.
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Case im P = Sarctan(1/2)

This corresponds to .2, 4, IV.1,— 5, V.1, 9, V1.1, _5(14¢) and VI.2,_5_). In all cases
one sees that Hom, (A?TV, b) = 0, and the only nonzero component of o is o.,. In particular, we
get by direct calculation that @ = 0. Note that in this case (W*)® = 0, so that if o is nonzero it
does not belong to the orbit of the zero map. For all representations p in this class, the projection
of the group Aut(p) to GL(V) contains matrices of the form

=Y

with a/d? # 0 but otherwise arbitrary (perhaps after compensating with a suitable automorphism
of b). The action of such h on e; ® e* ® e? is to rescale it by a/d? and hence if o3, is nonzero,
we may assume that o3, = 1. We conclude that these representations admit a unique (3, 2)-KLA
structure exclusive to d = 3.

: 0 0
Caseimp =R (0 1)

This corresponds to 1.4, Il.4,—o, II[.9,—¢, M.13,—¢, IN..2,—¢, V.2,_¢, VI.3,— and VI[.1,_,.
We have in these cases that (1W*)® = Re'! and the possible nonzero components of ¢ are o1, and
0%, without any restrictions. Suppose that the triple (o, ¢, ) satisfies (8.4). Because the action
of uie! sends o}, to o}, — 2u1 and 0%, to 02, — 1, we can renormalize o so that o3, = 0. If
o # 0, then we see that

o(e,e;) Nex+o(er,ex) Ney +o(es, e) Nep = 0%1(61 A ey)

does not vanish, so the second equation in (8.4) forces ¢ = 0. By direct computation, one also
sees that & = 0. Because the projection of Aut(p) onto GL(1¥) contains the subgroup of all
nonsingular diagonal matrices in all cases, we can rescale o{, freely, so we conclude that these
representations admit a unique (3, 2)-KLA structure exclusive to d = 3 given by letting o{, = 1
and p = 0.

| L
Caseimp =R (0 1)

This case corresponds to the representations 1.4, /o, 1.4,y 9, .95 0, ML.13,—1 /2, IN. 2,1 5,
V.2, 19, VI1.3,_1/2 and VI.1,_; . In all of these cases we have (1¥*)® = 0 and the only nonzero
component of ¢ is 0?,. Furthermore, the action of Aut(p) allows us to rescale 0%, freely, so if
o # 0 we can renormalize o so that 03, = 1. Observe that

2
0'(81, 61) Nep = —011€1 A €9,

so the second equation in (8.4) implies that o = 0. As a consequence, o = 0, and we conclude
that all of these representations admit a unique (3, 2)-KLA structure exclusive to d = 3 obtained
by letting 0%, = 1 and ¢ = 0.
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Caseimp =R (8 (1))

This case corresponds to representations 1.6, I1.6, II[.11, TI1.15, IV.4, V.4, VI.5 and VIL.3. The
possible nonzero components of ¢ are o4, and 03, = 201, (with o1, and o3, free). We also have
(W*)* = Re? and the action of ;i5€? on o sends

1 1 1 1

Because of this, we can renormalize any solution (i, o, ) so that 1, = 0. For such a solution,

assuming that o # 0, we have o(ez, e3) Aes = 021261 A es, so the second equation in (8.4) yields

¢ = 0. A calculation shows that o = 0, and in all cases the action of Aut(p) on Re; ® e? ® e? is

orbit equivalent to the standard action of R \ {0} on R, so we can renormalize o so that o3, = 1.

Thus, these representations admit exactly one (3, 2)-KLA structure exclusive to d = 3 given by
1 _ 1 —

059 = land ¢ = 0.

Casep =0

This corresponds to representations 1.8, I1.8, II.17,IV..6, V.6, V1.7, VIL.5, VIII.2 and the only real
two-dimensional representation of Bianchi IX.

We show that any solution (¢, v, o) of (8.4) admits a renormalization with either 0 = 0
or ¢ = (0. Indeed, from the results in Section 8.A we see that 0 may be assumed to have
trace zero, or in other words, that for every w; € W the operator 7, € End(W/) given by
Ow, (W) = o(wy,ws) is in s[(W). In particular, this means that for every wo, w3 € W we have

0 = 0y, (wy A ws) = o(wy, ws) A ws + wy A o(wy, ws).

As a consequence, the expression o (wy, wsy) A ws is totally symmetric in the three variables, so
the second equation in (8.4) becomes

3p(o(wy,wy) ANwz) =0,  wy,wse,ws € W.

Thus, because ¢ is either zero or an isomorphism, we deduce from the equation above that either
o = 0 (so the corresponding (3, 2)-KLA structure is generic) or ¢ = 0. Note that if ¢ = 0, then
the coefficients of « are

2 1y 2 1 2\ 2

a1y = (03, — 015)07; + (011 — 015)07,,

12 1 2
Q12 = 0120712 = 02207171,
1 2y 1 2 1y 1

gz = (07 — 075)09; + (033 — 015)01,.
We conclude that in order to determine the (3,2)-KLA structures exclusive to d = 3, it is nec-
essary and sufficient to understand the orbit space of the natural action of GL(W) x W* on
Hom(S?W, W). This is done in Section 8.A, where we relate this classification to the classical
problem of determining the normal forms for binary cubic forms of weight —1 under the action
of GL(2,R). Summarizing the results in that section, we have the following normal forms o

(where s =1, ...,4) for nonzero o, where we list only the nonzero coefficients afj and av;.
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. (m)il = —(01)%2 = % and (01)§2 = —1,hence ()11 = _g, ()22 = _g;
o (09)1; = —(02)3, = % and (03)3, = 1, hence (a)y = _5, (vg)g0 = g;
* (03)10 = —(03)32 = % hence (a3)20 = _%;

e and (04)3, = 1, hence oy = 0.

Recall that it is possible that a general nonzero ¢ is in the same orbit as the zero tensor.
It will be simpler for us to consider different renormalizations of these o so that their corre-
sponding bilinear forms «, vanish. Let us define modified bilinear maps 7, as follows:

« 7 = (—idw, 2e') - o1, with nonzero components 7}, = 7, = 73, = 1;
« 7, = (—idw, 3e') - o2, with nonzero components 7/, = 7, = —73, = 1;

« 73 =(h,ie?) 035 =€, ®e' ®e', where

0 —1
(50,

e and 7y = (h,0) - 04 = €3 ® e! @ e, where h is the same matrix as above.

Then by construction each 7; is in the same orbit as o, and a calculation shows that the bilinear
form f constructed from 7, via (8.3) vanishes identically. We therefore obtain that every solution
of (8.4) taking the form (¢ = 0, «, 0) is in the same orbit as exactly one of either (0,0, 0) or a
(0,0,75) with s € {1,...,4}.

Summary

Let us now gather our results and prove Theorem D. From our calculations, we have seen that
every (3,2)-KLA g = s0(V)& (Ve W)&b withdim V' = d = 3 is relatively isomorphic to one
that has an associated two-dimensional representation p: b — gl(W) and such that [b, V@ W] C
V @ W (in other words, A = 0 in the notation of Theorem 8.3). Moreover, the remaining objects
@ and o determining the Lie bracket of g can be brought to a normal form where either ¢ = 0 or
o = 0. On the one hand, if o = 0, then we are back at the problem of determining the normal
forms of ¢ up to the action of Aut(p), so we conclude that g is either a split abelian extension
or one of the algebras appearing in Tables 8.13 and 8.14. On the other hand, if ¢ = 0, then
either o can be brought to zero by an element of (WW*)® (so g is actually a split abelian extension
in disguise) or it may be transformed into exactly one of the normal forms described in this
section. This last case corresponds to g being in class (IV). The canonical forms for ¢ (and thus
all (3,2)-KLAs with d = 3 and in class (IV)) are collected in Table 8.15, and they all have its
corresponding o equal to zero.
All in all, Theorem D is proved.
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Table 8.15: Isomorphism classes of (3, 2)-KLAs with d = 3 and in class (IV).

Representation oy, o015 09 Representation oy, o015 09
1.43;:0 (3] 0 0 V. 1$:_2 0 0 €
I.4x:1/2 €- 0 0 Y.Qa;:() €eq 0 0
16 0 0 e Y.szl/Q e 0 0
1.8 e e e, Y4 0 0 e,
1.8 e, e —e; Vo6 e e e
18 €q 0 0 16 €q €y —€;
18 e 0 0 V.6 el 0 0
T4, , e 0 0 AVA(§] e 0 0
L4,- ) e; 0 0 VI.1:42042-0 0 0 e
]:[6 0 0 €q m.lzzg(l_c) 0 0 €q
]:[8 €q €9 €q I[.?)m:() €q 0 0
]:[8 €q €y —€ I[.Sx:l/g €o 0 0
1.8 el 0 0 VI.5 0 0 e
1.8 es 0 0 VI.7 e e e
.2, 4 0 0 e AT €1 & —ea
.9, ee 0 o T ee. 00
=0 1
]:[[‘933:1/2 e 0 0 V1.7 € 0 0
]I[. 11 0 0 e I[[ 1;5:0 () 0 0
.13, e 0 0 VIIL1,-1)9 € 0 0
1. 13:=1/2 e 0 0 VII.3 0 0 e
1I.15 0 0 e VIIL.5 e e e
]]:[17 €q €9 €q I[[5 € €y —€;
]I[. 17 €q €y —€ I[[E) €eq 0 0
.17 e 0 0 VIIL.5 e 0 0
.17 e 0 0 VIIL2 el e el
Vi, 0 0 e VIIT.2 e, e —e;
N.Qx:() €q 0 0 III[2 €q 0 0
N'2x:1/2 €9 0 0 III[2 €o 0 0
V.4 0 0 el X er e el
V.6 e e e X e e —e
1 2 1
V.6 e, e, —e; X e 0 0
1
N6 (S5} 0 0 ]X e 0 0
V.6 e 0 0

The Lie bracket in V' ® W is given by
u®e;,v®e;] = (uxv)® ;.
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8.A The action of GL(2,R) x (R?)* on Hom(S*R? R?)

Let 0 € Hom(S?R?,R?) and let (h, ) € G := GL(2,R) x (R?)*. The action is defined, for all
z,y € R?, by

((hyp) - 0)(w,y) = ho(h™ z, h~'y) — p(h™'z)y — p(h™'y)a.

We are interested in bringing such o to a normal form: a unique representative for every G-orbit.
Let us define a trace map Tr: Hom(S?R? R?) — (R?)* by

(Tro)(z) = trog,

for every x € R?, where 5, € End(R?) is the endomorphism sending y + o(x,y) and tr is
the usual trace of endomorphisms. Relative to canonical dual bases e, e, for R? and e, e? for
(R?)*, we have o (e;, e;) = o};ey, and the trace is given by Tro = o7,€’.

Lemma 8.11. For all (h, 1) € G and symmetric bilinear o : R? x R? — R?, we have
Te((h,p) - o) = (b)Y (Tro — 3p).
Proof. For all z € R?, we have an identity between endomorphisms
((hyp) ), = ho By 1, 0h™ — p(h™"a) idge —2 ® (o h™Y),
so that taking the trace

Tr ((h, ) - o) () = tr ((h, 1) - 0),
=tr(hooy-1,0h™ ' — p(h'z)idpe —2 ® (o h™"))
= tr o1, — 2u(h'2) — p(h™'z)
= (Tro)(h'z) — 3u(h ')
— () (Tro — 3)(a),

which gives the desired result upon abstracting . U

It follows from this lemma, that given any o, we may act with (idgz, % tr o) to arrive at a o’
with tr ¢’ = 0. Furthermore, a direct consequence of 8.11 is that the normalizer of U = ker tr
is the canonical subgroup GL(2,R) (embedded in G via the map h +— (h,0)). We conclude that
the G-orbits in Hom(S?R?, R?) are in a bijective correspondence with the GL(2, R)-orbits in U,
a real four-dimensional space with basis

al:el®el®el—eg®el®62—82®e2®el,
m=e,Re’Re’—e e ®el-—e @e’wel,
9 9 (8.35)
o3 =e;Re e,

U4=€2®81®61.
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The subgroup SL(2,R) C GL(2,R) preserves a symplectic structure ¢ on R?, which we
normalize by €(e; A e;) = €;;, the Levi-Civita symbol with €12 = 1. Given 0 € Hom(S?R? R?)
we may contract with e to give a cubic ¢ € Hom(S?R? @ R?, R) defined by the equation

q(z,y,2) = e(o(z,y) A 2).
This cubic form is symmetric in the first two entries, but more is true.
Lemma 8.12. If Tr 0 = 0 then q is totally symmetric.

Proof. The condition Tr o = 0 is equivalent to the operators 7, being in s[(2, R) for all x € R
Given any z, y, 2 € R?, the fact that G, has zero trace yields o(z,y) A z + y A o(z,z) = 0.
Applying the symplectic structure € we deduce ¢(z,y, z) = q(z, z,y) = q(z, x,y). Therefore, ¢
is invariant under a transposition and a 3-cycle, so it is totally symmetric. ]

This means that to every “traceless” o we can associate a binary cubic form () via
Qz) = e(o(z,2),2), for z € R?,

from where ¢ can be reconstructed by polarization. As a corollary, the space U of traceless
symmetric bilinear maps o: R? x R? — R? is isomorphic to S?(R?)* as a representation of
SL(2,R).

The action of GL(2,R) on U is not the natural one, but is instead twisted by the reciprocal
of the determinant, reflecting the fact that € is not invariant under GL(2, R). Indeed, as a repre-
sentation of GL(2,R), U = S3(R?)* @ A?(R?)*. In classical notation (see, e.g., [136]), @ is a
binary cubic form of weight —1. The determination of the normal forms of such () is a classical
problem in invariant theory and its solution is described, for example, in [136, Section 2]. Let us
summarize the necessary results.

Let () be a cubic binary form of weight —1. This means that, using (z, y) for our coordinates
in R?,

Q(z,y) = asx® + 3asx*y + 3a12y* + agy®

and under a GL(2, R) transformation
x x’ a B\ [z
— = ; 8.36
(y) <y> (7 5) (y) (830

Q(z,y) = (ad — B7)7'Q'(«',y)).
Recall that a homogeneous polynomial J(a,x) := J(ao, a1, as, as, x,y) is said to be a co-
variant of () of weight k (written wt J = k) if J — J’ under the transformation (8.36), where

J(a,x) = (a0 — py)* J'(a, ).

Q — @', where

A covariant J of a binary form () is subject to two natural gradations in addition to its weight:
its degree deg J (the degree as a polynomial in «) and its order ord J (the degree as a polynomial
in a). These are not independent, but satisfy the relation:

deg J + 2wt J = (deg @ + 2wt Q) ord J.
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A binary cubic form () has four independent covariants: () itself of order 1, degree 3 and
weight —1; the discriminant A, defined by

A = aja3 — 6aga;azas + 4agas — 3aia; + 4aias,
of degree 0, order 4 and weight 2; the Hessian H defined by
H = QueQyy — Qs

with subscripts denoting partial differentiation, of degree 2, order 2 and weight 0; and the Jaco-
bian 7" of ) and H, defined by
T:= QzHy - Qny7

which we shall not need in our analysis. The discriminant A of a cubic () agrees up to a nonzero
multiple with the discriminant of the Hessian H as a binary quadratic form, so we do not get any
further covariants in this way. R

With every binary cubic form Q(x,y) there is an associated polynomial Q(z) := Q(z, 1),
from where we may reconstruct () via

Qr,y) = 40 (5) |

The function @ is really to be understood as a function on the projective space RP! on which
GL(2,R) acts via fractional linear transformations.

The nature of roots of Q (points in RP! where it vanishes) is intimately linked to the possible
values of the covariants A and H. Two basic facts are the following: A = 0 if and only if Q has
a repeated root; /' = 0 if and only if Q has a triple root.

If A # 0, then () has three simple roots. There are two possibilities: either they are all real
(A > 0) or there are two complex roots appearing as a complex conjugate pair (A < 0). If
A = 0,but H # 0, then Q has a double root. If H = 0 then Q has a triple root, whichisat z = 0
if and only if () = 0.

It is then a matter of studying the action of GL(2, R) via fractional linear transformations on
the roots of Q, thought of as points in RP! or CP'. This results in the following normal forms:

 if A > 0, then @ has three simple real roots which we can place at —1, 1, oo, resulting in
Q(z) = 2? — 1 and hence
Q(z,y) = ya® -y’

e if A <0, then @ has two complex conjugate roots and a real root, which we can place at
—i,1, 00, resulting in Q(z) = z? + 1 and hence

Q(z,y) = yz* + y*

* if A =0, but H # 0, then @ has a repeated root, which we can place at co while placing
the simple root at 0, resulting in ()(z) = z and hence

Q(z,y) = y’m;
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* if H =0, but Q # 0, we have a triple root, which we can place at co, resulting in @(z) =1
and hence

Q(z,y) =y
* and finally we have the trivial case where () = 0.

We now apply this to the case at hand. Consider a symmetric bilinear form o : R? x R? — R?
such that Tro = 0. In terms of the basis {0y, 02,03,04} described in (8.35) we can write
0 = 01,01 — 01909+ 02,03+ 03,04. We find that the binary cubic form () arising from o is given
by

Q(z,y) = —oh,2° + 301 ,2%y + 301,wy® + ohy’. (8.37)

The above normal forms for () thus translate into the following:

s Q(z,y) = x*y — y> corresponds to

1
O = —01 — 03,
3 1 3
s Q(z,y) = %y + y? corresponds to
Lot
0= -0, + 03
3 1 3’
e Q(z,y) = wy? corresponds to
1
0= —=09;
Eh
* Q(z,y) = y? corresponds to
0 = 03;

¢ and of course the trivial case o = 0.

It is perhaps curious that the Hessian H of the binary cubic form () in (8.37) is given by

1
1_8H(:C’ Y) = ana® + 2017y + gy,

where «;; are the coefficients of the unique symmetric bilinear form « related to o by the condi-
tion

a(wy, w3)w, — a(wr, ws)wy = o(o(wy, ws), w;y) — o(o(wy,ws), ws), w; € R2.
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