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Introducion

A simetria, independemente da amplitude ou limitacions da definicion que consideremos,
¢ unha idea a través da cal o home, ao longo dos séculos, tentou comprender e crear orde,
beleza e perfeccion.

Este comentario débese a Hermann Weyl. As stas palabras revelan que a simetria reside
no nicleo do conecemento humano. De feito, se cadra, o campo mais natural para estudar a
simetria sexa a xeometria. Felix Klein describiu a xeometria como o estudo das propiedades
dun espazo que son invariantes baixo un grupo de transformacions. Dende o punto de vista
da xeometria riemanniana, o grupo natural a estudar é o grupo de isometrias. Ademais, a
maioria dos obxectos xeométricos que podemos percibir mediante os nosos sentidos pédense
describir en termos de curvas e superficies. As subvariedades proporcionan a xeneralizacion
natural destes obxectos a dimensions superiores.

Esta tese de doutoramento trata sobre o estudo de certas clases de subvariedades en pre-
senza de simetria. En concreto, obtiveronse resultados relativos & teoria de subvariedades
en espazos homoxéneos riemannianos con especial énfase nos espazos simétricos. Nesta di-
sertacion centrarémonos en dias das clases mais naturais de subvariedades que poden ser
estudadas nas variedades de Riemann. Tratase das hipersuperficies homoxéneas e das sub-
variedades totalmente xeodésicas. Respecto das primeiras, concluirase a clasificacion das
hipersuperficies homoxéneas en espazos hiperbdlicos cuaternionicos completando a clasifi-
cacion das hipersuperficies homoxéneas en espazos simétricos de rango un. En canto &s
subvariedades totalmente xeodésicas, derivaremos diferentes clasificacions. En particular,
clasificaremos as subvariedades totalmente xeodésicas nos seguintes espazos: en produ-
tos de espazos simétricos de rango un, en espazos simétricos excepcionais e en esferas de
Hopf-Berger.

En linas xerais, un espazo homoxéneo é aquel que presenta o mesmo aspecto en cada
punto. Por este motivo, os espazos homoxéneos serven como modelos para moitos tipos
diferentes de estruturas xeométricas. En concreto, interésannos aqueles espazos homoxéneos
que resultan de considerar accions isométricas, é dicir, acciéons dun grupo de Lie que
preserva a métrica do espazo. Os espazos simétricos constitiien unha clase especial de espa-
zos homoxéneos. Estes aparecen nunha ampla variedade de situaciéns tanto en Matematicas
como na Fisica. Un espazo simétrico ¢ unha variedade de Riemann cuxo grupo de isometrias
contén unha simetria involutiva en cada punto. Isto implica que estes espazos admiten unha
boa descricion en termos de grupos de Lie, e que podemos utilizar ferramentas alxébricas
para comprender mais a fondo a sta xeometria. Os espazos simétricos foron clasificados
por Elie Cartan na década de 1920 e algins exemplos son: os espazos euclidianos, a esfera
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redonda, o espazo hiperbdlico, as Grassmannianas, o conxunto de estruturas complexas
ortogonais dun espazo vectorial, o conxunto dos produtos escalares dun espazo vectorial,
o conxunto de subespazos lagrangianos dun espazo vectorial simpléctico ou os grupos de
Lie compactos.

Probablemente, o invariante méis importante nun espazo simétrico é o rango. O rango
¢ a maior dimension dunha subvariedade propia, cha e totalmente xeodésica. Os espazos
simétricos de rango un, xunto cos espazos euclidianos forman, agas cocientes, unha familia
privilexiada dentro da xeometria riemanniana, os chamados espazos 2-punto homoxéneos,
véxase [168]. Estes definense como aquelas variedades de Riemann M tales que para
cada dous pares de puntos (p1,p2) e (¢1,¢q2) que satisfan d(p1,p2) = d(q1, q2), existe unha
isometria ¢ de M tal que ¢(p;) = ¢; para cada i € {1,2}. Nesta tese, os espazos simétricos
de rango un xogaran un papel fundamental.

A continuacién, resumimos as contribucions orixinais desta tese, xunto co estado da
cuestion dos problemas matematicos que motivaron as nosas investigacions.

Unha hipersuperficie non isoparamétrica con curvaturas principais constantes.
Duas clases interesantes de hipersuperficies que podemos considerar nunha variedade de
Riemann son as hipersuperficies isoparamétricas e as hipersuperficies con curvaturas prin-
cipais constantes. E ben cofiecido [44] que unha hipersuperficie nun espazo forma real é
isoparamétrica se e s se ten curvaturas principais constantes. Porén, isto non é certo
noutros espazos simétricos. Por exemplo, hai hipersuperficies nos espazo hiperbdlicos com-
plexos que son isoparamétricas pero non tenen curvaturas principais constantes [60]. Non
obstante, desconecemos se existe unha hipersuperficie nun espazo simétrico que tena curva-
turas principais constantes pero que non sexa isoparamétrica. De feito, un exemplo destas
caracteristicas nin sequera era conecido no caso xeral das variedades de Riemann. Ademais,
a construcién dunha hipersuperficie minimal, non isoparamétrica e con curvaturas princi-
pais constantes no espazo proxectivo complexo, serviria para construir un contraexemplo
(véxase [83]) para a conxectura de Chern, que leva moitos anos aberta, sobre hipersuper-
ficies isoparamétricas en esferas redondas. Esta afirma que unha hipersuperficie pechada
minimal e con curvatura escalar constante nunha esfera redonda é isoparamétrica. Nesta
tese construimos un exemplo explicito dunha métrica conformemente cha en R™ que admite
unha hipersuperficie totalmente xeodésica (en particular minimal e con curvaturas prin-
cipais constantes) que non é isoparamétrica. Isto proporciona o primeiro exemplo dunha
hipersuperficie non isoparamétrica con curvaturas principais constantes nunha variedade
de Riemann. Ademais, amosa que a equivalencia entre isoparametricidade e constancia
das curvaturas principais en espazos de curvatura constante non é certa no contexto mais
xeral dos espazos conformemente chans. A idea principal para esta construcién foi definir
unha métrica conformemente cha en R"” que admita un hiperplano totalmente xeodésico,
pero cun grupo de isometrias suficientemente pequeno para estragar o bo comportamento
das hipersuperficies paralelas a tal hiperplano.
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Accidons de cohomoxeneidade un en espazos simétricos de rango un. Unha accién
de cohomoxeneidade un nunha variedade de Riemann M ¢é unha accién isométrica con
orbitas principais de codimensién un. As érbitas principais de tal accion chamanse hiper-
superficies homoxéneas. O problema de clasificar as accions de cohomoxeneidade un nun
espazo dado é un problema clasico na xeometria de subvariedades que se remonta aos
tempos de Beniamino Segre [161] e Elie Cartan [44], que clasificaron as acciéns de coho-
moxeneidade un nos espazos euclidianos e nos espazos hiperbodlicos reais. Un tempo mais
tarde, Kollross clasificou as acciéns de cohomoxeneidade un en espazos simétricos irre-
ducibles de tipo compacto [113]. Despois deste traballo, Berndt e Tamaru iniciaron un
programa para estudar as accions de cohomoxeneidade un en espazos simétricos de tipo
non compacto [26, 28, 29]. Usando as ideas desenvolvidas nestes artigos, Berndt e Tamaru
28] foron capaces de clasificar as acciéns de cohomoxeneidade un nos espazos simétricos
de tipo non compacto agas nos espazos hiperbdlicos cuaterniénicos.

Vinte anos despois de que Berndt e Briick anunciasen os primeiros exemplos non-triviais
de acciéns de cohomoxeneidade un en espazos hiperbélicos cuaterniénicos en [13], obtivemos
a clasificacién completa das acciéns de cohomoxeneidade un nos espazos hiperbdlicos cua-
terniénicos salvo equivalencia de érbitas. Ademais, como froito do noso estudo, atopamos
unha cantidade non numerable de familias isoparamétricas inhomoxéneas de hipersuper-
ficies con curvaturas principais constantes. Estas familias isoparamétricas constitien as
Unicas conecidas en variedades riemannianas, ademais dos famosos exemplos dados por
Ferus, Karcher e Miinzner en esferas redondas [78] e un exemplo no plano hiperbdlico de
Cayley [60]. A clasificacién de acciéns de cohomoxeneidade un en espazos hiperbdlicos
cuaternionicos reducese a un problema de alxebra lineal cuaternionica moi complicado.
Este consiste en clasificar subespazos reais dun espazo vectorial euclidiano cuaterniénico
H™ para os que existe un subgrupo de Sp,Sp,, que actiia transitivamente sobre as stas
esferas unitarias. Chamamos a estes subespazos protohomoxéneos. En particular, os sub-
espazos protohomoxéneos estan intimamente relacionados coa nocién de angulo de Kahler
cuaternionico, que é a xeneralizacién do concepto de angulo de Kahler estudado nalgins
traballos recentes (véxase por exemplo [60]).

A idea principal para resolver o problema mencionado anteriormente é clasificar os
subespazos con angulo de Kahler cuaternionico constante de dimensién menor ou igual a
catro e despois construir cada subespazo protohomoxéneo a partir destes. Os ingredientes
fundamentais para demostrar isto son certas ferramentas topoléxicas e argumentos usando
a teoria de grupos de Lie. Ademais, en cada subespazo protohomoxéneo de dimension
maior que catro, podemos construir unha estrutura de Clifford. Hai duas clases inequi-
valentes de Cl3-mddulos irreducibles, e mesturandoas podemos producir subespazos non
protohomoxéneos con angulo de Kahler constante cuxa dimensién é un multiplo de catro.
Estes inducen hipersuperficies inhomoxéneas, isoparamétricas e con curvaturas principales
constantes nos espazos hiperbélicos sobre os cuaternios.

Subvariedades totalmente xeodésicas en produtos de espazos simétricos de
rango un. O problema de clasificar subvariedades totalmente xeodésicas en espazos
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simétricos ten sido un tema destacado de investigacion en xeometria de subvariedades
durante as tltimas décadas. Este foi iniciado por Wolf [187] nos anos sesenta, cando
clasificou estes obxectos en espazos simétricos de rango un. No caso de rango dous, este
problema foi abordado por Chen, Nagano [48, 49] e Klein [107, 108, 109]. De feito, a dia
de hoxe s6 temos clasificacions completas en espazos simétricos de rango inferior ou igual
a dous. Calquera subvariedade totalmente xeodésica dun espazo simétrico é en si mesma
un espazo simétrico. Mesmo nun espazo simétrico irreducible poden existir subvariedades
totalmente xeodésicas reducibles. Asi, para obter unha clasificacién completa das subva-
riedades totalmente xeodésicas nun espazo simétrico irreducible dado, é necesario disponer
dunha boa comprension das subvariedades totalmente xeodésicas dos espazos simétricos
reducibles. Nesta tese estendemos o resultado de Wolf aos produtos de espazos simétricos
de rango un. Veremos que as subvariedades totalmente xeodésicas de produtos de espazos
simétricos de rango un admiten unha boa descriciéon de natureza combinatoria. En primeiro
lugar, introducimos unha pequena modificaciéon dos taboleiros de Young, que chamamos
taboleiros de Young adaptados (constltese a seccién §6.2 para a definicién), que seran ttiles
para clasificar as subvariedades totalmente xeodésicas en produtos arbitrarios de espazos
simétricos de rango un e para determinar o seu tipo de isometria. En particular, probamos
un resultado que da unha correspondencia entre estes taboleiros de Young adaptados e
as subvariedades totalmente xeodésicas semisimples en produtos de espazos simétricos de
rango un. Ademais disto, construimos infinitos exemplos de subvariedades totalmente
xeodésicas irreducibles en espazos simétricos hermitianos que non son nin totalmente reais
nin complexas. Este fenémeno, que se diferencia do que ocorre no caso de rango un, xa fora
observado por Klein, quen atopou duias subvariedades totalmente xeodésicas irreducibles
que non eran nin totalmente reais nin complexas en espazos simétricos hermitianos de
rango dous. Ambos os dous exemplos atopados por Klein tenen angulo de Kéhler cons-
tante igual a arccos(1/5). Neste aspecto, podemos demostrar que todo nimero racional
en [0, 1] pode ser realizado como o coseno do angulo de Kéahler dalgunha subvariedade
totalmente xeodésica en certo espazo simétrico hermitiano.

Subvariedades totalmente xeodésicas en espazos simétricos excepcionais. O
seguinte obxectivo desta tese é establecer unha nova estratexia para clasificar as subva-
riedades totalmente xeodésicas maximais en espazos simétricos irreducibles de rango su-
perior a dous. Para espazos simétricos excepcionais, presentamos unha idea que reduce o
problema a algunhas clasificaciéns conecidas de subdlxebras redutivas de alxebras de Lie
simples reais, asi como a considerar un pequeno numero de casos nos que este método
non da unha resposta completa sobre a maximalidade. Este é precisamente o contido do
Teorema da Correspondencia, véxase o Teorema 7.3.3. Grazas a este novo enfoque pode-
mos clasificar as subvariedades totalmente xeodésicas en espazos simétricos excepcionais.
Ademais, inspirados polos traballos de Dynkin [74, 73], introducimos un novo invariante
para subvariedades totalmente xeodésicas en espazos simétricos, que chamamos indice de
Dynkin. Demostramos que o indice de Dynkin determina se dous mergullos totalmente
xeodésicos son isométricos. Ademais, demostramos un resultado relacionado coa conxec-
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tura do indice establecida e demostrada por Berndt e Olmos (véxase [20, 21, 22, 23, 24]).
O indice ¢(M) dun espazo simétrico irreducible M ¢é a codimensién mais pequena dunha
subvariedade totalmente xeodésica propia. A conxectura do indice pédese enunciar do
seguinte xeito: todo espazo simétrico irreducible M # G2/SOy, Go/SO, ten unha subva-
riedade X reflectiva totalmente xeodésica tal que i(M) = codim(X). Demostramos unha
afirmacién andloga que nos permite incluir os casos M = G2/SO4 e M = G5/SO4. O noso
resultado afirma que todo espazo simétrico irreducible M ten unha subvariedade total-
mente xeodésica ¥ con i(M) = codim(X) tal que cada factor irreducible de ¥ ten indice
de Dynkin un.

Subvariedades totalmente xeodésicas en esferas de Hopf-Berger. Motivados po-
los nosos resultados en espazos simétricos, iniciamos o estudo das subvariedades totalmente
xeodésicas na clase dos espazos homoxéneos con curvatura positiva. E un feito recorrente
que, cando se intenta clasificar unha determinada clase de subvariedades, o problema adoita
ser mais factible cando se ten asegurada a homoxeneidade extrinseca de tal clase de sub-
variedades. Ademais, moitos resultados que demostran a homoxeneidade dunha clase de
subvariedades tenen sido de gran relevancia, véxase [88, 176]. E ben sabido que as sub-
variedades totalmente xeodésicas nun espazo homoxéneo son intrinsecamente homoxéneas.
Non obstante, non son necesariamente orbitas de subgrupos do grupo de isometrias do es-
pazo homoxéneo ambiente. A familia de espazos homoxéneos de curvatura positiva consta
de varios espazos difeomorfos a esferas e espazos proxectivos complexos, outros espazos
simétricos de tipo compacto de rango un equipados coas stias métricas simétricas estandar,
e alguns outros exemplos esporadicos, véxase [186]. Ainda que as subvariedades totalmente
xeodésicas nestes espazos foron amplamente utilizadas para derivar certas propiedades so-
bre a curvatura destes espazos, véxase [157], carecemos dunha clasificacién completa das
mesmas. O interese deste problema reside no feito de que unha subvariedade totalmente
xeodésica (de dimensién d > 2) dun espazo homoxéneo de curvatura positiva volve ser un
espazo homoxéneo de curvatura positiva.

Nesta tese clasificamos as subvariedades totalmente xeodésicas nunha clase importante
de espazos homoxéneos difeomorfos a esferas, en concreto, en boa parte das esferas de Hopf-
Berger, que constitien a familia de esferas homoxéneas obtida reescalando a métrica re-
donda da espazo total dunha fibracién de Hopf na direccion das fibras. Como se mencionou
anteriormente, non podemos facer uso da homoxeneidade extrinseca das subvariedades to-
talmente xeodésicas en espazos homoxéneos, como si ocorre no caso simétrico. Asi, o noso
estudo precisa dun enfoque moi xeométrico que combina ideas procedentes da teoria xeral
de espazos homoxéneos riemannianos, campos de Killing ou xeodésicas pechadas.

Estrutura da tese. Esta tese organizase en dias partes, ademais dun primeiro capitulo
de preliminares. Neste primeiro capitulo introducimos os feitos basicos e a terminoloxia
que sera utilizada ao longo da tese. Mdis precisamente, lembramos algins feitos conecidos
sobre xeometria de Riemann, sobre a teoria de subvariedades na seccién §1.1 e sobre accions
isométricas na seccién §1.2. A seccién §1.3 estd dedicada a introducir os espazos am-
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biente dos problemas que abordaremos nesta tese, a saber, os espazos simétricos e espazos
homoxéneos. Finalmente, a seccién §1.4 trata dous conceptos béasicos que tenien grande
relevancia para esta tese: as dlxebras de Clifford e as dlxebras de Heisenberg xeneralizadas.

A primeira parte desta tese versa sobre o estudo das hipersuperficies homoxéneas, as
hipersuperficies isoparamétricas e as hipersuperficies con curvaturas principais constantes.

No capitulo 2, lembramos as nociéons de hipersuperficie homoxénea, hipersuperficie
isoparamétrica e hipersuperficie con curvaturas principais constantes. Na seccion §2.1 ex-
plicamos a relacién entre estes tipos de hipersuperficies en espazos simétricos de rango un.
En particular, nas Figuras 2.2 a 2.6 explicitamos as relaciéns conecidas entre estes tres
conceptos en espazos simétricos de rango un. Ademais, nas Taboas 2.1 e 2.2 resumimos
o estado do actual do problema de clasificacion de hipersuperficies homoxéneas, con cur-
vaturas principais constantes ou isoparamétricas en espazos simétricos de rango un. Madis
tarde, na secciéon §2.3 construimos un exemplo de hipersuperficie non isoparamétrica con
curvaturas principais constantes nun espazo conformemente chan.

No capitulo 3 ofrecemos un resumo dos principais resultados conecidos relativos & clasi-
ficacién de hipersuperficies homoxéneas en espazos simétricos de rango un. Este capitulo
comeza motivando o estudo das acciéons de cohomoxeneidade un en variedades de Riemann.
Este tipo de acciéns esta intimamente ligado co estudo das hipersuperficies homoxéneas
en variedades de Riemann xa que unha hipersuperficie homoxénea dunha variedade de
Riemann M é precisamente unha érbita principal dunha accién de cohomoxeneidade un en
M. Seguidamente na seccién §3.2 repasamos a clasificacion de hipersuperficies homoxéneas
en espazos simétricos de tipo compacto, dedicando especial atencién ao caso de rango un.
Na seccién §3.3 introducimos a nocién de angulo de Kéhler e outras xeneralizacions desta.
A seccién §3.4 esta consagrada a explicar a teoria das acciéns de cohomoxeneidade un en
espazos simétricos de tipo non compacto de rango un, mentres que na seccién §3.5 expli-
camos brevemente o programa desenvolvido por Berndt e Tamaru para clasificar as accions
de cohomoxeneidade un en espazos simétricos de tipo non compacto e rango arbitrario.

No capitulo 4 clasificamos as hipersuperficies homoxéneas en espazos hiperbdlicos cu-
aterniénicos HH"*', n > 1. Neste capitulo hai dias nociéns fundamentais: os subespazos
protohomoxéneos e os subespazos con angulo de Kahler cuaterniénico constante. Estes
definense na seccion §4.1. O obxectivo principal deste capitulo é a clasificacion dos sub-
espazos protohomoxéneos e o estudo dos subespazos con angulo de Kahler cuaternionico
constante (seccions §4.2,4.3,4.4,4.5). Como subproduto do noso estudo construimos na
seccién §4.5 unha cantidade non numerable de familias de hipersuperficies inhomoxéneas
que son isoparamétricas e tefien curvaturas principais constantes en HH"*! n > 7.

A segunda parte desta tese versa sobre o estudo de subvariedades totalmente xeodésicas
en espazos simétricos e homoxéneos.

No capitulo 5 exponemos algins feitos conecidos sobre subvariedades totalmente xeodé-
sicas. Comezamos este capitulo motivando o estudo desta clase de subvariedades. Poste-
riormente, ofrecemos unha breve introducion a teoria de subvariedades totalmente xeodési-
cas en variedades de Riemann (seccién §5.1) e espazos simétricos (seccion §5.3). Ademais,
incluimos unha demostracion do feito de que, baixo certas hipdteses pouco restritivas,
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sempre se pode estender unha subvariedade totalmente xeodésica a unha completa (seccién
§5.2).

No capitulo 6 clasificamos as subvariedades totalmente xeodésicas en produtos de espa-
zos simétricos de rango un establecendo unha correspondencia entre subvariedades total-
mente xeodésicas e taboleiros de Young adaptados. Estes taboleiros de Young adaptados
definense na seccion §6.2. Ademais, na seccién §6.3, construimos infinitas subvariedades
totalmente xeodésicas con angulo de Kéhler constante non trivial nas Grassmanianas com-
plexas. Como consecuencia, demostramos que o conxunto de todos os posibles dngulos de
Kahler de subvariedades totalmente xeodésicas dun espazo simétrico hermitiano irreducible
¢ un subconxunto denso do intervalo [0, 7/2].

No capitulo 7 clasificamos as subvariedades totalmente xeodésicas maximais en espazos
simétricos excepcionais. Este resultado baséase fortemente na definicion dun novo inva-
riante chamado indice de Dynkin (seccién §7.4) e o teorema de Karpelevich seccién §7.1).
En particular, na seccién §7.3 tamén demostramos un teorema de correspondencia que
establece unha relacién un a un entre subvariedades semisimples totalmente xeodésicas
maximais en espazos simétricos e unha determinada clase de subalxebras (Teorema 7.3.3).
Na seccién §4.6, incluimos as demostracions dos teoremas principais.

No capitulo 8 investigamos as subvariedades totalmente xeodésicas en esferas de Hopf-
Berger. A idea é caracterizar unha certa clase de subvariedades totalmente xeodésicas
destes espazos que chamamos ben posicionadas (subseccién §8.4.1). Entén, demostramos
que cada subvariedade totalmente xeodésica de dimensién maior ca un é ben posicionada.
Ademais, como subproduto do noso estudo, calculamos o indice de simetria destas esferas
homoxéneas (seccién §8.5).






Introduction

Symmetry, as wide or narrow as you may define its meaning, is one idea by which man
through the ages has tried to comprehend and create order, beauty, and perfection.

This comment is due to Hermann Weyl and reveals that symmetry lies in the very core
of human knowledge. Perhaps, the most natural field to study symmetry is geometry. Felix
Klein described geometry as the study of those properties of a space that are invariant under
a transformation group. From the viewpoint of Riemannian geometry, the natural group
to study is the isometry group. Moreover, most geometric objects that we can perceive
by means of our senses can be described in terms of curves and surfaces. Submanifolds
provide the natural generalization of these objects to higher dimensions.

This Ph.D. thesis deals with the study of certain classes of submanifolds in the presence
of symmetry. In particular, we have derived results concerning submanifolds in Riemannian
homogeneous spaces with a focus on symmetric spaces.

Roughly speaking, a homogeneous space is one that looks the same at every point.
For this reason, homogeneous spaces serve as model spaces for many different types of
geometric structures. Specifically, we are interested in homogeneous spaces that result
from isometric actions, that is, from Lie group actions that preserve the metric.

Symmetric spaces constitute a special class of homogeneous spaces. They occur in
a wide variety of situations in both Mathematics and Physics. A symmetric space is a
Riemannian manifold whose group of isometries contains an inversion symmetry at each
point. This implies that these spaces admit a nice description in terms of Lie groups, and
that we can use algebraic tools to get a deeper understanding of their geometry. Symmetric
spaces were classified by Elie Cartan in the 1920s and some examples are: the Euclidean
spaces, the round spheres, the hyperbolic spaces, Grassmannians, the set of orthogonal
complex structures of a vector space, the set of inner products of a vector space, the set of
Lagrangian subspaces of a symplectic vector space, or compact Lie groups.

Probably, the most important invariant in a symmetric space is the rank. The rank is
the greatest dimension of a proper, flat, totally geodesic submanifold. Symmetric spaces of
rank one together with Euclidean spaces form, up to quotients, a privileged family within
Riemannian geometry, the so-called 2-point homogeneous spaces, see [168]. These are
defined as those Riemannian manifolds M such that for every two pairs of points (p1, p2)
and (q1, qo) satisfying d(py, p2) = d(q1, q2), there is an isometry ¢ of M such that p(p;) = ¢;
for each 7 € {1,2}. In this thesis, symmetric spaces of rank one will play a fundamental
role.

XXI
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In what follows, we summarize the original contributions of this thesis, along with the
state-of-the-art of the mathematical problems that motivated our investigations.

A non-isoparametric hypersurface with constant principal curvatures. Two in-
teresting classes of hypersurfaces of Riemannian manifolds are isoparametric hypersurfaces
and hypersurfaces with constant principal curvatures. It is known [44] that a hypersurface
in a real space form is isoparametric if and only if it has constant principal curvatures.
This is no longer true for other symmetric spaces. For example, there are hypersurfaces in
complex hyperbolic spaces that are isoparametric but do not have constant principal cur-
vatures [60]. However, it is not known if there exists a hypersurface of a symmetric space
with constant principal curvatures that is not isoparametric. This was not even known
for the general setting of Riemannian manifolds. Moreover, the construction of a minimal,
non-isoparametric closed hypersurface with constant principal curvatures in the complex
projective space would yield a counterexample (see [83]) for the longstanding Chern con-
jecture on isoparametric hypersurfaces in spheres, which asserts that a minimal closed
hypersurface with constant scalar curvature in a round sphere must be isoparametric.

In this thesis we construct an explicit example of a conformally flat metric in R™ that ad-
mits a totally geodesic hypersurface (in particular minimal and with constant principal cur-
vatures) that is not isoparametric. This provides the first example of a non-isoparametric
hypersurface with constant principal curvatures in a Riemannian manifold, and it shows
that the equivalence between isoparametricity and constancy of the principal curvatures in
spaces of constant curvature does not hold in the more general setting of conformally flat
spaces. The main idea for this construction was to define a conformally flat metric in R”
admitting a totally geodesic hyperplane, but with a very small isometry group that spoils
the good behavior of the parallel hypersurfaces to such hyperplane.

Cohomogeneity one actions on rank one symmetric spaces. A cohomogeneity one
action on a Riemannian manifold M is an isometric action with codimension one principal
orbits. The principal orbits of such an action are homogeneous hypersurfaces. The problem
of classifying cohomogeneity one actions on a given space is a classical problem in subman-
ifold geometry that traces back to the times of Beniamino Segre [161] and Elie Cartan [44],
who classified cohomogeneity one actions on Euclidean and real hyperbolic spaces, respec-
tively. Much later, Kollross classified cohomogeneity one actions on irreducible symmetric
spaces of compact type [113]. After this work, Berndt and Tamaru started a program to
study cohomogeneity one actions on symmetric spaces of non-compact type [26, 28, 29].
Using the ideas developed in these articles, Berndt and Tamaru [28] were able to classify
cohomogeneity one actions on every symmetric space of rank one except on quaternionic
hyperbolic spaces.

Twenty years after Berndt and Briick announced the first non-trivial examples of coho-
mogeneity one actions on quaternionic hyperbolic spaces in [13], we have obtained the full
classification of cohomogeneity one actions on quaternionic hyperbolic spaces up to orbit
equivalence. Moreover, as a by-product of our proof, we found an uncountable number of
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examples of inhomogeneous isoparametric families of hypersurfaces with constant principal
curvatures. These isoparametric families constitute the only such examples known in Rie-
mannian manifolds, apart from the celebrated Ferus, Karcher, and Miinzner hypersurfaces
in spheres [78] and one example in the Cayley hyperbolic plane [60].

The classification of cohomogeneity one actions on quaternionic hyperbolic spaces was
reduced to a very involved quaternionic linear algebra problem. This one boils down to
classifying real subspaces of a quaternionic Euclidean vector space H" such that there
exists a subgroup of Sp;Sp,, acting transitively on their unit spheres. We call these spaces
protohomogeneous subspaces. In particular, protohomogeneous subspaces are intimately
related to the notion of quaternionic Kahler angle, which is a generalization of the concept
of Kéhler angle studied in some recent works (see for instance [60]).

The main idea to solve the problem mentioned above is to classify subspaces with
constant quaternionic Kéahler angle of dimension less than or equal to four and then build
every protohomogeneous subspace out of these. The key ingredients to prove this are
certain topological and Lie group theoretic tools. Moreover, for each protohomogeneous
subspace of dimension greater than four, one can can construct a Clifford structure on it.
There are two inequivalent classes of irreducible Cls-modules, and by mixing them we can
produce non-protohomogeneous subspaces with constant quaternionic Kahler angle whose
dimension is a multiple of four. These induce inhomogeneous isoparametric hypersurfaces
with constant principal curvatures in quaternionic hyperbolic spaces.

Totally geodesic submanifolds in products of rank one symmetric spaces. The
problem of classifying totally geodesic submanifolds in symmetric spaces has been an
outstanding topic of research in submanifold geometry over the last decades. This was
started by Wolf [187] in the sixties, when he classified these objects in symmetric spaces
of rank one. For rank two, this problem has been addressed by Chen, Nagano [48, 49]
and Klein [107, 108, 109]. Indeed, up to date, we only have complete classifications in
symmetric spaces of rank less or equal than two.

Any totally geodesic submanifold of a symmetric space is itself a symmetric space. Even
on an irreducible symmetric space, there can exist reducible totally geodesic submanifolds.
Thus, in order to have a complete classification of totally geodesic submanifolds in a given
irreducible symmetric space it is necessary to have a good understanding of totally geodesic
submanifolds of reducible symmetric spaces.

We extend Wolf’s result to products of rank one symmetric spaces. We will see that the
totally geodesic submanifolds of products of rank one symmetric spaces admit a nice combi-
natorial description. Firstly, we introduce some slight modification of Young tableaux that
we call adapted Young tableaux (see Section §6.2 for the definition), which will be useful
to classify totally geodesic submanifolds in arbitrary products of symmetric spaces of rank
one and to determine their isometry type. We prove a result that gives a correspondence
between these adapted Young tableaux and semisimple totally geodesic submanifolds in
products of rank one symmetric spaces.
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In addition to this, we construct infinitely many examples of irreducible totally geodesic
submanifolds in Hermitian symmetric spaces that are neither totally real nor complex. This
phenomenon, which differs from what happens in rank one, had already been observed by
Klein, who found two irreducible totally geodesic submanifolds that were neither totally
real nor complex. Both examples found by Klein have constant Kahler angle arccos(%).
However, we can prove that every rational number in [0, 1] can be realized as the cosine
of the constant Kahler angle of some totally geodesic submanifold of some Hermitian

symmetric space.

Totally geodesic submanifolds in exceptional symmetric spaces. The next ob-
jective of this thesis is to establish a new strategy to classify maximal totally geodesic
submanifolds in irreducible symmetric spaces of rank higher than two. For exceptional
symmetric spaces, we present an idea that reduces the problem to some known classifica-
tions of reductive subalgebras of real simple Lie algebras and to consider a small number
of cases where this method does not give a complete answer about maximality. This is
precisely the content of the Correspondence Theorem, see Theorem 7.3.3. Thanks to this
new approach we are able to classify maximal totally geodesic submanifolds in exceptional
symmetric spaces. Furthermore, inspired by the works of Dynkin [74], we introduce a new
invariant for totally geodesic submanifolds in symmetric spaces that we call Dynkin index.
We will show that the Dynkin index determines if two totally geodesic embeddings are
isometric.

Moreover, we prove a result related to the index conjecture established and proved
by Berndt and Olmos (see [20, 21, 22, 23, 24]). The index (M) of an irreducible sym-
metric space M is the minimal codimension of a proper totally geodesic submanifold.
The index conjecture can be stated as follows: every irreducible symmetric space M #
G2/S04, G5 /SO, has a reflective totally geodesic submanifold 3 such that i(M) = codim(X).
We prove an analogous statement that allows us to include the cases M = G2/SO, and
M = G3/SOy4. Our result states that every irreducible symmetric space M has a totally
geodesic submanifold ¥ with (M) = codim(X) and such that every irreducible factor of ¥
has Dynkin index one.

Totally geodesic submanifolds in Hopf-Berger spheres. Motivated by our results
in symmetric spaces, we started the study of totally geodesic submanifolds in the class of
homogeneous spaces with positive curvature.

It is a recurring fact that, when one tries to classify a certain class of submanifolds,
the problem is usually more feasible when one is ensured the extrinsic homogeneity of such
class of submanifolds. Moreover, results that prove the homogeneity of a class of subman-
ifolds have been of great relevance, see [88, 176]. It is well known that totally geodesic
submanifolds in a homogeneous space are intrinsically homogeneous. However, they are
not necessarily orbits of subgroups of the isometry group of the ambient homogeneous
space.
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The family of homogeneous spaces of positive curvature consists of several homogeneous
spaces diffeomorphic to spheres and complex projective spaces, the rank one symmetric
spaces of compact type with their standard symmetric metrics, and some other sporadic
examples, see [186]. Although totally geodesic submanifolds in homogeneous spaces with
positive curvature have been extensively used to derive curvature properties of these spaces,
see [157], we lack a complete classification of them. The interest of this problem relies on
the fact that a totally geodesic submanifold (of dimension d > 2) of a positively curved
homogeneous space is again a positively curved homogeneous space.

In this thesis we give a classification of totally geodesic submanifolds in an important
class of homogeneous spaces diffeomorphic to spheres, i.e. Hopf-Berger spheres, which
constitute the family of homogeneous spheres obtained by rescaling the round metric of
the total space of a Hopf fibration in the direction of the fibers. As mentioned before,
we cannot make use of the extrinsic homogeneity of the totally geodesic submanifolds
in homogeneous spaces as it happens in the symmetric setting. Thus, our study relies
on a very geometric approach which combines ideas coming from the general theory of
Riemannian homogeneous spaces, Killing vector fields or closed geodesics.

Structure of the thesis. This thesis is organized in two parts with a first chapter of
preliminaries.

In this first chapter we introduce the basic facts and terminology that will be used
throughout this thesis. More precisely, we recall some well-known facts about Rieman-
nian geometry and submanifold theory in Section §1.1 and about isometric actions in
Section §1.2. Furthermore, Section §1.3 is devoted to introducing the ambient spaces of
the problems that we will tackle in this thesis, namely, symmetric and homogeneous spaces.
Finally, Section §1.4 deals with two basic concepts that have great relevance for this thesis:
Clifford and Heisenberg algebras.

The first part of this thesis deals with the study of homogeneous hypersurfaces, isopara-
metric hypersurfaces, and hypersurfaces with constant principal curvatures.

In Chapter 2, we recall the notions of homogeneous hypersurface, isoparametric hyper-
surface, and hypersurface with constant principal curvatures. In Section §2.2 we explain
the relationship among them in symmetric spaces of rank one. Later, in Section §2.3 we
construct an example of a non-isoparametric hypersurface with constant principal curva-
tures in a conformally flat space.

In Chapter 3 we summarize the known results concerning the classification of homo-
geneous hypersurfaces in symmetric spaces of rank one. In Section §3.2 we revisit the
classification of homogeneous hypersurfaces in symmetric spaces of compact type, specif-
ically focusing on the rank one case. In Section §3.3 we introduce the notion of Kéahler
angle and other generalizations of it. Section §3.4 is devoted to explaining the theory of
cohomogeneity one actions on symmetric spaces of non-compact type and rank one, while
in Section §3.5 we briefly explain the program developed by Berndt and Tamaru to classify
cohomogeneity one actions on symmetric spaces of non-compact type and higher rank.



XXVI Introduction

In Chapter 4 we classify homogeneous hypersurfaces in quaternionic hyperbolic spaces
HH"*! n > 1. There are two fundamental notions along this chapter: protohomogeneous
subspaces and subspaces with constant quaternionic Kahler angle. These are defined in
Section §4.1. The main goal of this chapter is the classification of protohomogeneous sub-
spaces and the study of subspaces with constant quaternionic Kéhler angle (Sections §4.2,
4.3, 4.4 and 4.5). As a by-product of our study we construct in Section §4.6 uncountably
many families of inhomogeneous hypersurfaces that are isoparametric and have constant
principal curvatures in HH"*' n > 7.

The second part of this thesis deals with the study of totally geodesic submanifolds in
symmetric and homogeneous spaces.

In Chapter 5 we provide some well-known facts about totally geodesic submanifolds.
In particular, we briefly present interesting information concerning totally geodesic sub-
manifolds in Riemannian manifolds (Section §5.1) and symmetric spaces (Section §5.3).
Moreover, we include a proof of the fact that, under mild assumptions, one can always
extend a totally geodesic submanifold to a complete one (Section §5.2).

In Chapter 6 we classify totally geodesic submanifolds in products of rank one symmet-
ric spaces by establishing a correspondence between totally geodesic submanifolds in prod-
ucts of symmetric spaces of rank one and adapted Young tableaux. These adapted Young
tableaux are defined in Section §6.2. Moreover, in Section §6.3, we construct infinitely
many totally geodesic submanifolds with non-trivial constant Kéhler angle in complex
Grassmannians. As a consequence, it is proved that the set of all possible Kahler angles of
totally geodesic submanifolds of irreducible Hermitian symmetric spaces is a dense subset
of the interval [0, 7/2].

In Chapter 7 we classify maximal totally geodesic submanifolds in exceptional sym-
metric spaces. This result is strongly based on the definition of a new invariant called
Dynkin index (Section §7.4) and the Karpelevich Theorem (Section §7.1). In particular, in
Section §7.4 we also prove a correspondence theorem that establishes a one-to-one corre-
spondence between maximal semisimple totally geodesic submanifolds in symmetric spaces
and a certain class of subalgebras (Theorem 7.3.3). In Section §7.7 we include the proofs
of the main theorems.

In Chapter 8 we classify totally geodesic submanifolds in most Hopf-Berger spheres.
The idea is to characterize a nice class of totally geodesic submanifolds of these spaces
that we call well-positioned (Subsection §8.4.1). Then, we prove that every totally geodesic
submanifold of dimension greater than one is well-positioned. Moreover, as a by-product of
our study, we compute the index of symmetry of these homogeneous spheres (Section §8.5).



Chapter 1
Preliminaries

This chapter is entirely devoted to the introduction of the basic concepts and notation that
are used in this thesis.

In Section §1.1 we recall some well-known facts about Riemannian geometry and its
submanifold theory. In Section §1.2 we define some terminology regarding isometric actions
and some notions related to them. Section §1.3 is devoted to introducing the concepts of
Riemannian homogeneous spaces and Riemannian symmetric spaces, which will constitute
the ambient spaces of the problems that we tackle in this thesis. Finally, Section §1.4 deals
with the basic ideas related to Clifford and Heisenberg algebras, which have a strong link
with symmetric spaces of rank one, and regularly appear over the course of this work.

1.1 Geometry of Riemannian submanifolds

Some good references to learn about Riemannian geometry are [122], or [156], and to learn
about submanifold geometry, one can consult [14], or [55].

Let M be a connected smooth manifold. Throughout this thesis, we will consider
smooth manifolds to be second-countable. We denote the tangent space at p € M by T,M,
the tangent bundle of M by T'M, and the set of smooth vector fields of M by I'(T'M). If
D is a smooth distribution of M, we denote its set of sections by I'(D).

A Riemannian manifold (M, g) is a connected smooth manifold M equipped with a
non-degenerate symmetric bilinear tensor field g of type (0,2). We will also use (-,-) to
denote g. The tensor g induces a distance d in M, by considering d(p, q) as the infimum
of the lengths of the piecewise smooth curves joining p € M and ¢ € M, thus turning M
into a metric space.

Two Riemannian manifolds (M, g) and (M, ¢') are (locally) isometric if there exists a
(local) diffeomorphism ¢: M — M’ such that g = ¢*¢’, where ¢*g denotes the pullback of
g by ¢. We denote by Isom(M) the isometry group of M. A vector field X € I'(T'M) is
Killing if v — V,X is skew-symmetric with respect to (-, -), for every v € T,M and every
p € M, where V denotes the Levi-Civita connection of M. This condition implies that the
flow of X is by isometries.

A central notion in Riemannian geometry is curvature. The curvature tensor R mea-
sures to which extent M fails to be locally isometric to a Euclidean space. In this thesis
we adopt the following convention:

R(X,Y)Z = VxVyZ —VyVxZ —VixyZ, where X,Y,Z € [(TM).

1



2 1 Preliminaries

We say that a manifold M is flat if its curvature vanishes identically. We will denote by
exp the Riemannian exponential map of M, and recall that M is complete if and only if
exp,, is surjective and it is well defined in 7),M for some (and hence for all) p € M.

Given a vector X, € T,M and a piecewise smooth path : [0,1] — M joining p and
q € M, there exists a unique parallel vector field X: [0,1] — T'M along ~ such that
X(0) = X,. The vector X(1) € T,M is called the parallel transport of X, to g through
7. If v is a piecewise smooth loop, we can define a map P,: T,M — T,M, which maps
every X, € T,M to its parallel transport through . The map P, is a linear isometry and
the set generated by all the maps P,, where « is a piecewise smooth loop based at p, is
called the holonomy group of M at p and we denote it by Hol,(M). The natural action
of Hol,(M) on T,M is called the holonomy representation. It is easy to prove, using that
M is connected, that Hol,(M) is isomorphic to Hol (M) for every p,q € M. Hence, for
the sake of brevity we will just write Hol(M). De-Rham Theorem implies that a complete
simply connected Riemannian manifold M whose holonomy representation is reducible is
isometric to a product of Riemannian manifolds. In this case, M is said to be reducible,
and if not it is said to be irreducible.

Now we will introduce several different kinds of submanifolds of a Riemannian manifold
M attending to the relationship of its topology with that of the ambient space M. We say
that M is an immersed submanifold of M if there exists an isometric immersion f: M — M.
Two immersed submanifolds fi: My — M and fo: My — M of M are said to be congruent
in M if there exists ¢ € Isom(M) such that fo = @ o fi. It is said that M C M is an
injectively immersed submanifold of M if M is endowed with a topology (not necessarily
the one induced by the ambient space M) in such a way that the inclusion map i: M — M
is an isometric smooth immersion. Additionally, an injectively immersed submanifold M
of M is an embedded submanifold of M if M has the subspace topology inherited from M.
Finally, an injectively immersed submanifold M is closed if the map i: M — M is closed.
If the ambient space is complete, one has the following chain of strict inclusions

Complete Injectivel
Closed P Embedded . . Y
) - embedded - ) - immersed -
submanifolds ) submanifolds )
submanifolds submanifolds

The local theories for these kinds of submanifolds are identical. Hence, when we deal
with local properties of submanifolds, we will make no distinction between these kinds of
submanifolds, and we will just refer to them as submanifolds.

Let M be a connected Riemannian manifold and f: M — M be an isometric immersion.
Then, for each point p € M, there is an open neighborhood U of p € M such that
fiv: U — f(U) is an isometry. This allows us to identify U with f(U), and by identifying
T, M with a subspace of T, p]\7[ , we have the orthogonal splitting

T,M =T,M ®v,M for every p € M,

where vM denotes the normal bundle of M. Moreover, let us denote by V and R the
Levi-Civita connection and the curvature tensor of M, respectively. In the next lines, we
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will state the fundamental equations of submanifolds of first order. The Gauss formula
relates the Levi-Civita connections of M and M in the following way

VxY =VxY +1I(X,Y), where X,Y € I(TM),

and II denotes the second fundamental form of M. If II vanishes identically, M is said
to be totally geodesic. For each & € T'(T'M), we define the shape operator S¢ of M by
(SeX,Y) = (II(X,Y),§), for every X, Y € I'(TM). The mean curvature vector field of
M is the normal vector field given by SF_ | II(E;, E;), for any orthonormal frame {£;}%_,
of M, where k is the dimension of M. A submanifold M is called minimal if its mean
curvature vanishes. A hypersurface M of M has constant mean curvature if its mean
curvature vector field has constant length, or equivalently, if the trace of S¢ is constant on
M, for some unit normal £ on M.

The Weingarten formula, relates the normal connection V* of M to the Levi-Civita
connection of M as follows

Vxé=—8X+VxE where X € (TM), and € € T(vM).

The fundamental equations of submanifolds of second order are named after Gauss, Codazzi
and Ricci, respectively, and are the following ones:

(R(X,Y)Z,W) = (R(X,Y)Z,W) — (II(Y, Z), [(X,W)) + (I[(X, Z), II(Y, W),
(R(X,Y)Z,&) = (VxID(Y, Z) — (Vv II)(X, Z),€),
(RH(X,Y)Em) = (R(X,Y)Em) + ([Se, S, )X, Y),
where X,Y € I'(TM) and &, 1 € T'(vM). Moreover, R* stands for the curvature tensor of
vM, defined by RM(X,Y)¢ = [V, Vi€ — Vix €, where X, Y € T'(T'M) and § € (v M).

In the codimension one case, i.e., M is a hypersurface, the Ricci equation holds trivially
and the Gauss and Codazzi equations reduce to

(RIX,Y)Z, W) = (R(X,Y)Z, W) — (SY, Z)SeX, W) + (SeX, Z)(SeY, W),
(R(X,Y)Z,6) = ((VxS)Y — (VySe) X, Z),

where X, Y, Z W e I'(T'M) and € € T'(vM).

1.2 Isometric actions

We refer to [5] for a detailed exposition about isometric actions.

Let (M, g) be a Riemannian manifold, Isom (M) its isometry group, which is known to
be a Lie group, and consider an action by isometries of a Lie group G on M. For every
p € M we have a Gp-principal bundle

G,—+G—G/G,~G-p,
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where G- p = {g-p : g € G} denotes the orbit of G through p € M and the group
G, ={g € G:g-p=p}itsisotropy at p € M. We will write G ~ M to denote the action
of Gon M.

Two isometric actions G; ~ M; and Gy ~ M,y are isomorphic if there exists a Lie
group isomorphism v : G; — G, and an isometry f: M; — M in such a way that

flgp) =4¢(9)f(p), forallpe M and g € G;.

Let M /G be the set of orbits of the isometric action of the Lie group G on M. In order
to ensure that the orbits are closed and thus embedded submanifolds of M, we will require
that G acts properly on M. The action of G on M is proper if the map G x M — M x M,
(9,p) = (p,g - p), is proper. Since G acts by isometries, this is equivalent to the fact that
G is (up to effectivization) a closed subgroup of Isom(M). See [58] for more information
about proper actions. A (closed) embedded submanifold of M is eztrinsically homogeneous
if it is an orbit of a closed subgroup of Isom(M). From now on, we will always assume
that isometric actions are proper.

Two orbits G- p and G- ¢, where p,q € M, are equivalent if the isotropy subgroups G,
and G, are conjugate in G. Let us denote by [G - p] the equivalence class of G- p. A partial
ordering < on the set of equivalence classes of orbits of G on M can be defined by

G-p] <[G-¢] : <= G, is conjugate to a subgroup of G, in G.

An orbit G-p is called principal if [G-p| is maximal for <. All principal orbits are equivalent,
and then, they have the same codimension in M, which is called the cohomogeneity of the
action of G on M. Moreover, the union of the principal orbits is an open and dense subset
of M and we can recover all the nearby orbits of the action of G by knowing a principal
orbit, see [14, §2.1.8]. Indeed, if G- p is a principal orbit of a G-action on M and F' C M is
any other orbit of G, there exists a vector {, € v,(G - p) such that exp,(§,) = ¢ € F', which
can be extended to a G-equivariant normal vector field in G- p, since G - p is principal, and
G-q={exp,(&): 2z € G-p}. An orbit G- p is called singular if its codimension is larger
than the cohomogeneity of the action, and is called exceptional if its codimension coincides
with the cohomogeneity of G but is not principal.

Let p € M and consider the action of G, on T,M. The restriction of this action to
T,(G-p) is called the isotropy representation of the G-action at p € M, and the restriction
to 1,(G - p) is called the slice representation at p € M. Let p € M and G be a connected
Lie group acting isometrically and properly on M. A slice at p € M is an embedded
submanifold S, of M passing through p that satisfies:

i) T,M =T,(G-p)®T,(S,), and T,M = T,(G - p) + T,(S,), for every ¢ € S,,.
ii) For every ¢ € S, and g € G, we have g - ¢ € S, if and only if g € G,,.

Moreover, this implies that there exists a G-equivariant diffeomorphism between G -5, and
the total space of the bundle with fiber S,

Sp — G xg, Sp = G/Gp,
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associated with the Gp,-principal bundle described above. The action of G, on S, is iso-
morphic to the slice representation restricted to an open ball of v,(G- p). Furthermore, the
cohomogeneity of the slice representation at every point coincides with the cohomogeneity
of the action of G on M, and the orbit G- p is principal if and only if the slice representation
at p is trivial. Tt was proved in [155] that proper actions always have slices at every point
of M.

An important class of isometric actions is constituted by polar actions. A proper isomet-
ric action of G on M is polar if there exists a complete, closed and embedded submanifold
Y (called section) which intersects all the orbits of the G-action on M orthogonally. It fol-
lows that the cohomogeneity of G coincides with the dimension of ¥ and it can be proved
that ¥ is a totally geodesic submanifold of M. See [129] for a detailed proof of these facts.
Moreover, if 3 is flat, the action is said to be hyperpolar.

1.3 Homogeneous and symmetric spaces

Homogeneity is a central notion in Mathematics. The origin of homogeneous spaces dates
back to the emergence of non-Euclidean geometry in the mid-19th century. The geometry
of these spaces is quite different from that of the Fuclidean spaces that we are accustomed
to studying in high school. At this point, the need arises to clarify how to define geometry.
Erlangen’s program answers this question. This was proposed by Felix Klein in 1872.
Basically, geometry was defined as the study of those properties in a space that are invariant
under a given transformation group.

Intuitively, a homogeneous space is a space that looks the same at each point. For
this reason, homogeneous spaces serve as a model space for various types of geometric
structures. In particular, our interest lies in those homogeneous spaces that arise from
isometric actions, that is, actions preserving the metric.

A symmetric space is a homogeneous space whose isometry group contains an inversion
symmetry at each point. Symmetric spaces arise in a broad diversity of situations in both
Mathematics and Physics. Their origin goes back to the following question posed by Cartan
in 1926:

Which are the Riemannian manifolds whose curvature tensor R
is preserved by parallel transport along any curve?

This property is equivalent to the equation VR = 0, and the spaces satisfying this property
are intimately related to symmetric spaces. Indeed, every Riemannian manifold satisfying
VR = 0is locally isometric to a symmetric space. Cartan achieved a complete classification
of symmetric spaces in [43].

1.3.1 Homogeneous spaces

For a nice introduction to the theory of homogeneous spaces, one can consult [6] or [111,
Chapter X]. A Riemannian manifold M is homogeneous if there exists some subgroup G of
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Isom (M) such that G acts transitively on M. We fix a point 0 € M, so M is diffeomorphic
to G/K, where K = G, is the isotropy at o, by the map ®: G/K — M defined by gK — ¢(0).
We pull back the metric of M by ® to G/K, turning ® into an isometry. Furthermore, the
metric (-, -) induced in G/K is G-invariant. Homogeneous spaces are analytic Riemannian
manifolds, see [35, Lemma 1.1].

For any X € g, where g is the Lie algebra of G, we can associate a Killing vector
field X* given by X = %I —o(Exp(tX) - p), for every p € M, where Exp denotes the Lie
exponential map of G. Homogeneous spaces can be characterized in terms of Killing vector
fields as follows. A Riemannian manifold M is homogeneous if for every p € M and every
v € T,M, there is a Killing field X € I'(T'M) such that X, = v. Riemannian homogeneous
spaces G/K always have a reductive decomposition. A reductive decomposition is a splitting
g = t®p, where t is the Lie algebra of K and p is an Ad(K)-invariant subspace of g. Thus,
we have the bracket relations [¢,p] C p and [¢,¢] C £ If we consider the linearization
at o € M of the isotropy action of K on M, we get the isotropy representation of the
homogeneous space M, which is defined as k € K — k,, € GL(T,M), where k,, denotes the
differential of k at o € M. This is equivalent to the adjoint representation of G restricted
to K on p, since p and T, M can be identified by the map which sends X € p to X} € T,M.
A homogeneous space M = G/K is isotropy irreducible if the isotropy representation is an
irreducible representation. If M = G/K is isotropy irreducible, Schur’s lemma implies that
there is a unique G-invariant metric on M up to homothety, and that M is an Einstein
manifold. Moreover, M is strongly isotropy irreducible if the restriction of the isotropy
representation to the connected component of K is irreducible.

Let us denote by X and X, the projection of X € g onto £ and p, respectively. We
define a symmetric bilinear map U: p X p — p by

2<U(X7 Y),Z> = <[ZvX]P7Y> + <X7 [Z7Y]P>a

where XY, Z € p and (-,-) denotes the inner product on p induced by the Riemannian
metric on M. The reductive decomposition g = €@y is naturally reductive if U is identically
zero. In particular, if U = 0, every geodesic v of M passing through o € M is given by
to t — Exp(tX) with X € p, where Exp denotes the Lie exponential map of G. A
homogeneous space where every geodesic is an orbit of a 1-parameter subgroup of the
isometry group is said to be a geodesic orbit space, or, for short, g. o. space. Thus, naturally
reductive spaces are g. o. Moreover, we say that the reductive decomposition g =€ & p is
normal homogeneous if there exists some Ad(G)-invariant inner product ¢ on g such that
() = qipxp and p = ¢+, where & denotes the orthogonal complement of ¢ in g with respect
to ¢. It turns out that every normal homogeneous reductive decomposition is naturally
reductive. Indeed, we have the chain of strict inclusions

Normal c Naturally reductive c Geodesic orbit
homogeneous spaces | = | homogeneous spaces | = spaces '

Let us consider the canonical connection V¢ associated with a reductive decomposition
g = £ ® p, which is the unique G-invariant affine connection on M such that

( 3(*Y*)o - (_[Xv Y]P):ﬂ (1'1)
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where X,Y € p. We can express the Levi-Civita connection of M at o as

*

(VoY) = (—%[X, Y]+ U(X, Y)) , (1.2)

o

where X,Y € p. The difference tensor D at o € M is defined as D = (V — V¢),, and using
the identification of T, M and p, we have

1
DXY:§[X7Y]F+U(X,Y), for every X, Y € p. (1.3)

Using the formula for the Levi-Civita connection and the identification of p with T, M,
we can compute the curvature tensor of M, which is given by

Ro(X.Y)Z = S[Z, XYyl ~ [X. V], 2]y ~ U(Z X, Y]) + {12, Y], X,
— SUZ Y]y X) = S[U(Z,Y), X]y + UU(Z,Y), X) = {2, X}, Y], (14)

N %U([Z, X],,Y) + %[U(Z, X),Y], = U(U(Z, X),Y),

where XY, Z € p. We end up this section with a remark that will be useful to compute
the covariant derivatives of the curvature tensor at the base point 0 € M = G/K.

Remark 1.3.1. By [42, Proposition 1.4.15] the curvature tensor R of a Riemannian homo-
geneous space M = G/K satisfies V°R = 0, since it is G-invariant. Let g = € ® p be a
reductive decomposition for M = G/K. Then, using the definition of the difference tensor
and the identification of p with T, M we have

(VvR)(X,Y,Z) = (Vv = V{)R)(X,Y, Z)
= DyR(X,Y)Z — R(DyX,Y)Z — R(X,DyY)Z — R(X,Y)Dy Z,

where X, Y, Z.V € p.

1.3.2 Symmetric spaces

For a detailed exposition of the theory of symmetric spaces one can follow [90], [91], [127],
and [128]. For a quicker introduction, we recommend [77] or [193].

Let M be a Riemannian manifold. We say that M is a symmetric space if for every point
p € M there exists an isometry s, € Isom(A/) such that s, fixes p € M and s,, = —Idg, .
The isometry s, is called geodesic reflection at p € M.

From the definition, we can deduce that symmetric spaces are complete, since geodesics
can be extended by using geodesic reflections. This implies that for any p,q € M, there is
a geodesic segment 7 joining p and ¢. Thus, s,, where o is the mid-point of v, maps p to ¢,
proving that every symmetric space is homogeneous. Let G = Isom’(M) be the connected
component of Isom(M) containing the identity and K be the isotropy of G at 0o € M.
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Symmetric spaces can be characterized in terms of Killing vector fields as follows. A
Killing vector field X on a Riemannian manifold M such that (VX), = 0 is called a
transvection at p € M. A Riemannian manifold M is symmetric if and only if for every
point p € M and every v € T,M, there is a transvection X € I'(T'M) with X, = v.

Now consider o: G — G, given by g € G + s,9s,' € G. Then, G C K C G,,
where G is the connected component of G, := {g € G: o(g9) = g}. The map o is an
involutive automorphism of Lie groups, and its differential § = o,.: g — g is an involutive
automorphism of Lie algebras. The map 6 is called the Cartan involution of the symmetric
space M = G/K and it splits g into the sum of the eigenspaces of 6, € and p, associated
with the eigenvalues 1 and —1, respectively. This provides a reductive decomposition of
M = G/K given by g = ¢ @ p, where p is identified with T,M, and ¢ is the Lie algebra
of K. The rank of a symmetric space M is the dimension of a maximal flat totally geodesic
submanifold of M, or equivalently, the dimension of a maximal abelian subspace of p.
Furthermore, in the case of symmetric spaces we have [p,p] = €. This implies that U
vanishes identically, proving that symmetric spaces are naturally reductive homogeneous
spaces. Moreover, by Equation (1.4), the curvature tensor of M at o can be expressed as

Ry(X,Y)Z = —[[X,Y], Z] (1.5)

for X,Y, Zep~T,M.
Let adx: g — g the map given by adx(Y) = [X,Y]. Now consider B, be the Killing
form of g, that is,
By(X,Y) =tr(adxyocady) for X,Y € g.

It follows that By(X,Y) = 0, for every X € £ and Y € p. If the Lie algebra for which we
consider the Killing form is clear from the context, we will simply write B.

A symmetric space M = G/K is said to be of compact type, of non-compact type or of
Euclidean type if By, the restriction of B to p, is negative definite, positive definite or
identically zero, respectively. If M = G/K is isotropy irreducible, Schur’s lemma yields that
By, «p is a multiple of the induced metric on p ~ T, M. Hence, if M is isotropy irreducible,

the type is a mutually exclusive property of M. Let M be the ‘universal covering of M.
Then, M is again a symmetric space and by De-Rham Theorem, M = MO X My x---X Mk,
where Mo is isometric to a Euclidean space and M is a simply connected 1rreducible
symmetric space, with ¢ € {1,...,k}. We say that M is semisimple if My is just a point.
In this case the Lie algebra g is semisimple. Moreover, if M is semisimple, M is irreducible
if and only if it is isotropy irreducible.

An important notion, which establishes a relation between symmetric spaces of compact
type and non-compact type, is duality. If we restrict our attention to simply connected
symmetric spaces, there is a one-to-one correspondence between symmetric spaces of non-
compact type and symmetric spaces of compact type. At the Lie algebra level this works
as follows. Let M = G/K be a symmetric space of non-compact type and let g = €@ p be
the reductive decomposition induced by the Cartan involution 6. Consider gc = g ®r C,
the complexification of g. We can define the subspace g* = € @ ip of g¢, where i = /—1.
Then g* is a compact Lie algebra and M* = G*/K* is a symmetric space of compact type
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equipped with the Riemannian metric induced by the negative of the Killing form of g*,
where G* is the simply connected Lie group with Lie algebra g* and K* is the connected
subgroup of G* with Lie algebra &.

1.3.3 Symmetric spaces of non-compact type

The symmetric spaces of non-compact type are of particular relevance for this thesis since
many results that we obtain are proved in this setting. See [65] for more details.

Let M = G/K be a symmetric space of non-compact type and consider the Cartan
involution 6 of g induced by the geodesic symmetry at the base point o € M. The reductive
decomposition g = £ @ p, induced by 6, is called the Cartan decomposition of g. Let us
consider the positive definite inner product on g given by

Bo(X,Y)=—-B(0X,Y) forevery X,Y €g.

A useful fact about this inner product is that the adjoint map of adx: g — g with respect
to By is — adyx for every X € g.

The isotropy representation of M at o is polar and every maximal abelian subspace of
p is a section for this action. Thus, two maximal abelian subspaces of p are conjugate by
an element of K. Let a be a maximal abelian subspace of p. Moreover, it can be proved
that M is simply connected and thus it is diffeomorphic to a Euclidean space, since it has
non-positive sectional curvature.

Since a C p, every operator ady: g — g is self-adjoint with respect to By. Moreover,
since [ady,, adg,] = ad[Hy, Hs] = 0, the set {ady : H € a} constitutes a commuting family
of self-adjoint endomorphisms of g. Thus, they diagonalize simultaneously. Their common
eigenspaces are the (restricted) root spaces of g and the non-zero eigenvalues (which depend
linearly on H € a) are the (restricted) roots of g. For each A € a*, we define

o={X€eg:adg X =\H)X forall H€ a}.

Then, any A # 0 such that g, # 0 is a root and every g, # 0 is a root space. It can be
checked that

95, 8,] C gryp  for every A\, p € a”.

Let A denote the set of roots. Then we have the following orthogonal decomposition

with respect to By:
g=00% (@ 9/\> :

PYTN
which is called the (restricted) root space decomposition of g. We have 0g, = g_», implying
that A € A if and only if =\ € A. Additionally, gy = €, & a, where & = go N ¢ is the
normalizer of a in &.

For each A € A, we define H, € a as the unique element of a satisfying B(H,, H) =
AH), for all H € a. This induces an inner product on a* given by (A, u) = B(Hx, H,),
for every A\, i € a*. Moreover, it can be proved that A defines a root system in a*, thus
satisfying:
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i) a* is spanned by A,

i) oy = 2a, B)/ () € 2,
iii) B —nqpa € A, for every a, f € A.

Now choose a hyperplane in a* such that it does not contain any root. We can define
a positivity criterion on A by declaring those roots that lie at one of the two half-spaces
determined by the hyperplane to be positive. If AT denotes the set of positive roots, then
A = AT U (—=AT). Furthermore, we can define the set of simple roots II as the subset
of those positive roots which cannot be expressed as the sum of two positive roots. The

subspace
n= Do
AEAT

of g is a nilpotent subalgebra of g and a & n is then a solvable subalgebra such that
[a®n, adn] = n. Any two choices of positive criteria on A give rise to nilpotent subalgebras
n which are conjugate by an element of the group Ng(a) = {k € K: Ad(k)a C a}.

The Twasawa decomposition theorem (see [98]) states that

g=t®adn

is a vector space direct sum. Observe that this sum is neither an orthogonal sum nor a
semidirect sum. Let A and N be the connected Lie subgroups of G with Lie algebras a and
n, respectively. The connected Lie subgroup of G with Lie algebra a @ n is a semidirect
product AN, since [a,n] C n. Then, the ITwasawa theorem at the Lie group level states that
the multiplication map

KxAxN—=G, (ka,n)— kan,

is an analytic diffeomorphism. Moreover, the Lie groups A and N are simply connected, and
thus they and AN are diffeomorphic to Euclidean spaces. The smooth map ®jany — M is a
diffeomorphism. This allows us to pull back the Riemannian metric on M to AN. Moreover,
this metric on AN is left-invariant. Consequently, every symmetric space M = G/K of non-
compact type is isometric to a solvable Lie group AN equipped with a left-invariant metric.
In particular, this shows that M is diffecomorphic to a Euclidean space. By Equation (1.5),
M is non-positively curved, and thus M is a Hadamard manifold.

A useful concept related to a symmetric space of non-compact type M is that of ideal
boundary. The ideal boundary M (oc) of M is defined as the set of equivalence classes of
complete, unit-speed geodesics of M under the relation

o~ Y2 & {d(11(t),12(t)) : t > 0} is bounded.

Now, we can introduce with the so-called cone topology on M U M (c0), see [75] for more
details, in such a way that M LI M (0co) becomes homeomorphic to a Euclidean closed ball,
where M corresponds to its interior and M (oo) to its boundary. Finally, it is important to
notice that the action of G on M can be naturally extended to M (oo) by taking g - [7] ==

lg -]
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1.4 Heisenberg algebras and hyperbolic spaces

Generalized Heisenberg algebras are highly significant for this thesis since they are closely
related to symmetric spaces of rank one. In particular, symmetric spaces of rank one and of
non-compact type constitute a special case of Damek-Ricci spaces, which are solvable Lie
groups equipped with a left-invariant metric whose Lie algebras are obtained as certain one-
dimensional extensions of generalized Heisenberg algebras. It turns out that this structure
is particularly well-suited and relevant to study submanifold geometry in these spaces as
was shown in [13, 60] or [70].

1.4.1 Clifford algebras

In this subsection, we fix some notation and recall certain well-known facts related to
Clifford algebras. We will mainly follow [120]. Let us start by introducing the notion
of Clifford algebra. Let V be a real vector space over and ¢ be a quadratic form on V.
Let T(V) == @22, T (V) be the tensor algebra of V, where T7(V) := V® .. @V and
T°(V) = R. This is an associative, unitary and graded algebra where T%(V) is constituted
by the homogeneous elements of degree k € N. Let T,(V') be the two-sided ideal in T'(V)
generated by all elements of the form v ® v + ¢(v)1, where v € V.. We define CI(V, ¢), the
Clifford algebra associated with V and g, as the quotient algebra

CV,q) :=T(V)/Ty(V).

Let V and V' be two vector spaces equipped with quadratic forms ¢ and ¢’. Then,
every linear map f: (V,q) — (V',¢') such that f(q(v)) = ¢'(f(v)) for every v € V, induces
a morphism between Cl (V) and Cl, (V) in the natural way.

Two Clifford algebras Cl(V,¢) and CI(V’,¢') with dim V' = dim V" and such that ¢ and
¢’ have the same signature are isomorphic. Since we will consider only Clifford algebras
where ¢ is a positive definite quadratic form, in order to simplify our notation we will write
Cl,, or CI(V) instead of CI(V,q), where V' has dimension n.

Let F be the normed division algebra of the real numbers R, the complex numbers C
or the quaternions H. Denote by F(k) the algebra of matrices of order k& whose entries are
in F. In Table 1.1, we list Clifford algebras Cl,,, where n < 8. Notice that one has the
periodicity isomorphism Cl, ;s ~ Cl, ® Clg. Hence, it is enough to list Cl,, with n < 8, to
determine Cl,, for every n € N.

n 1 2 3 4 5 6 7 8
C, C H HoH H2 C@ RE RE GRE) R(6)

Table 1.1: Clifford algebras Cl,, for n < 8.

It can be proved that every irreducible representation of F(k) is equivalent to the stan-
dard action on F*, and that F(k) & F(k) has exactly two equivalence classes of irreducible
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representations, given by the standard action of each one of the two factors on F*, see [120,
Theorem 5.6].

Moreover, Cl,, is isomorphic either to F(k), when n # 3 mod 4, or to F(k)®F(k), when
n =3 mod 4. As mentioned above, there exists a unique irreducible representation p in
the first case and exactly two irreducible representations p, and p_ in the second case, up
to equivalence. In order to distinguish between p, and p_, we introduce the volume element
of Cl,,. Let us fix an orientation (ej,...,e,) in V. Then we define w =e;---¢, € CI(V) as
the volume element of Cl,. It turns out that p,(w) = Id and p_(w) = —Id, when n = 3
mod 4.

1.4.2 (Generalized Heisenberg algebras

In what follows, we will introduce the basic concepts needed to define generalized Heisen-
berg algebras. See [30] for a nice and complete survey on this topic.

Let us consider two non-zero real vector spaces v and 3, and S: v X v — 3 a skew-
symmetric bilinear map. We define n := v @ 3 and we endow it with an inner product (-, -)
such that v and 3 are orthogonal. Moreover, we introduce a linear map J: Z € 3 — Jy €
End(v) given by

(JLUV)=(BU,V),Z), forallUV €v, Z €3,
and we define a Lie bracket in n by
U+ X,V+Y]|=pUV), forallUV ecv, X|Y €3;.

Then, n is a two-step nilpotent Lie algebra whose center is Z(n) = 3. If, in addition to that,
we have J2 = —(Z,Z)id, for every Z € 3, then n is said to be a generalized Heisenberg
algebra, and the associated simply connected nilpotent Lie group N, endowed with the
induced left-invariant Riemannian metric, is called a generalized Heisenberg group. The
more classical notions of Heisenberg algebras and groups are recovered precisely when 3 is
one-dimensional.

Let U,V € vand X, Y € 3. One has the following well-known properties of generalized
Heisenberg algebras (see [30, Chapter 3)):

JXJY + JYJX = _2<X7 Y> idba [‘]XUa V] - [Ua JXV] = _2<U7 V>X7
<‘]XU7 JXV> = <X7X><U7 V>7 <‘]XU7 JYU> = <X7Y><U7 U>
In particular, for any unit Z € 3, Jz is a complex structure on v. Moreover, the map

J: 3 — End(v) can be extended to the Clifford algebra Cl(3,q), where ¢ is the quadratic
form induced by (-, -), in such a way that v becomes a Clifford module over Cl(3, ).

1.4.3 Symmetric spaces of rank one and non-compact type

Hurwitz’s theorem asserts that any normed real division algebra F is isomorphic to R, C,
H or ©@. The hyperbolic spaces over these algebras constitute the symmetric spaces of non-
compact type and rank one. In other words, if M is a symmetric space of non-compact
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type and rank one, then M is either a real hyperbolic space RH**!, n > 1, a complex
hyperbolic space CH"*!, n > 1, a quaternionic hyperbolic space HH"*!, n > 1, or the
Cayley hyperbolic plane OH?. As a symmetric space, any of these manifolds M can be
identified with a quotient G/K of Lie groups, where G is the connected component of the
identity of the isometry group of M, up to a finite covering, and K is the isotropy subgroup
of G corresponding to a certain point o € M that we fix from now on. Then one can take
G =S0Y,.1, SUint1, SPims1s F22° and K = SOp41, S(Uy x Upni1), Spy X Sp,.q, Sping,
depending on whether F = R, C, H, O, respectively.

We denote by g and £ the Lie algebras of G and K, respectively, by B the Killing form
of g, and by 0 the Cartan involution of g with respect to £. Let g = £ & p be the Cartan
decomposition of g induced by 6. We have that (X,Y) = —B(X,0Y) is an inner product
that restricted to p induces a Riemannian metric on G/K that makes G/K isometric to M,
up to homothety.

RH"+1 CH" ! HH"+! OH?
G Sog,nﬂ SUq 41 SP1nt1 F ™
K SO,41 S(UiUpt1)  SpiSP,is Spin,
Ko SO, S(U1U,,) Sp,Sp,, Spin,
Ja R cr H"™ @)
goa 0 R R3 R7

Table 1.2: Data for each hyperbolic space.

Let a be a maximal abelian subspace of p, which is one-dimensional as M has rank one.
Then, the corresponding root space decomposition of g adopts the form

0=0-20DFg-aDgoD ga D 92a-

Here, the root space g splits as go = £oda, where €, is the Lie algebra of Ko = Nk(a), the
normalizer of a in K, which also normalizes g, and centralizes g,,. Moreover, g = t®abdn,
where n = g,®go., is an Iwasawa decomposition of g. When F = R, we have g_s, = g2 =0
and n is abelian. Otherwise, n is only two-step nilpotent. In fact, n is isomorphic to
the (2n + 1)-dimensional Heisenberg algebra when F = C and to a certain generalized
Heisenberg algebra if F € {H, Q}. Moreover, go,, the center of n, is equal to the derived
algebra of n, and has dimension 1, 3 or 7 for F = C, H or O, respectively.

In addition to this, we can identify g, with R", C*, H", O for F = R, C, H, O,
respectively. Indeed, g, is a Clifford module over Cl,,,, where m = dim g,,, which is the sum
of equivalent Clifford modules if m = 3, and is irreducible if m = 7. The possibilities for
G, K, Ky and the root spaces corresponding to positive roots are summarized in Table 1.2.






Part 1

Homogeneous and isoparametric
hypersurfaces







Chapter 2
A non-isoparametric hypersurface with
constant principal curvatures

This chapter is devoted, on the one hand, to an exposition of the notions of isoparametric
hypersurfaces and hypersurfaces with constant principal curvatures, and their relation-
ship. On the other hand, we exhibit an example of a non-isoparametric hypersurface with
constant principal curvatures in a conformally flat ambient space, which is, up to our
knowledge, the first such example ever described.

This chapter is organized in the following way. In Section §2.1, we recall some well-
known facts about isoparametric hypersurfaces and hypersurfaces with constant principal
curvatures. In Section §2.2, we describe the relationship between these two classes of hy-
persurfaces in symmetric spaces of rank one together with the class of extrinsically homo-
geneous hypersurfaces. Moreover, we review the classification results concerning isopara-
metric hypersurfaces and hypersurfaces with constant principal curvatures in these spaces.
Finally, in Section §2.3, we construct an example of a non-isoparametric hypersurface with
constant principal curvatures. The original result contained in Section §2.3 has given rise
to the publication [159].

2.1 Isoparametricity and constancy of the principal
curvatures

Let (M,g) be a Riemannian manifold. A smooth map f: M — R is an isoparametric

Junction if its gradient does not vanish on any open subset of M and there are real valued
functions ® € C*(M) and ¥ € C°(M) such that

IVF||?=®o f, and Af=Vo f, (2.1)

where V f is the gradient of f and Af is the Laplacian of f. An isoparametric family is the
collection {f~!(c) : ¢ € R} of the level sets of f. The first identity in Equation (2.1) implies
that the level sets of an isoparametric function f are equidistant whereas the second one
means that the level sets of f have constant mean curvature.

Let M be an immersed hypersurface of M and p € M. Then, there exists some
neighborhood U of p in M such that U is an embedded hypersurface with a unit normal
vector field &, and for every sufficiently small » > 0, the equidistant hypersurfaces U" =
{exp,(r&,) : ¢ € U} are embedded in M. We say that a hypersurface M immersed on a

17
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Figure 2.1: Level sets of the isoparametric function fi: R? — R, defined by fi(z1, 22, x3) :=
S a2, for each k € {1,2, 3}, respectively.

Riemannian manifold M is isoparametric if for every p € M there is an open neighborhood
U of p in M such that U and its nearby equidistant hypersurfaces have constant mean
curvature. On the one hand, every regular level set of an isoparametric function is an
isoparametric hypersurface, and conversely, if M is an isoparametric hypersurface of M,
then for each p € M there exists an open neighborhood U of p in M such that U is the
level set of a certain isoparametric function defined on some open neighborhood of p in M.
On the other hand, the singular level sets of an isoparametric function are called focal sets
or focal submanifolds. Every regular level set of an isoparametric function is a tube around
a focal set, and the focal submanifolds are minimal submanifolds of M, see [82], [182].

The study of isoparametric hypersurfaces has been an influential topic of research for
the last century and to the present day. It has revealed multiple connections of the area of
submanifold geometry with other areas of Mathematics such as algebraic topology, alge-
braic geometry, Lie group theory, differential equations or functional analysis. Moreover,
there are other related notions that can be understood as generalizations or extensions of
the notion of isoparametric hypersurface and whose study has been of special importance
in the last decades. For instance: isoparametric submanifolds of arbitrary codimension
[176, 88], equifocal submanifolds [53, 39], Dupin hypersurfaces [46, 167], polar actions and
polar foliations [131, 114, 18|.

Now we will recall the notion of constant principal curvatures. Let & be a unit normal
vector field defined on some open subset U of an immersed hypersurface M of M. We say
that the function \: U C M — R is a principal curvature of M associated with £ if there
exists some vector field X € I'(TU) such that S¢X = AX, where S is the shape operator
of M. If X is a principal curvature, we denote by T)(p) the eigenspace associated with A(p)
and we call it principal curvature space associated with X(p). If X € Ty(p), with X # 0,
we say that X is a principal direction of A at p € M. We define the multiplicity of A in
p € M as dim(Ker(Se, — A(p)Id)). We say that a hypersurface M has constant principal
curvatures if for every open subset U of M with a unit normal vector field £ defined on U,
the eigenvalues (and corresponding multiplicities) of the shape operator of U with respect
to & are constant in U.
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Isoparametric hypersurfaces and hypersurfaces with constant principal curvatures are
related to the notion of extrinsically homogeneous hypersurfaces. We say that a hypersur-
face M in M is extrinsically homogeneous if it is a codimension one orbit of the action of
some closed subgroup H C Isom(M). From now on, we will simply say homogeneous hy-
persurface instead of extrinsically homogeneous hypersurface. It can be easily proved that
a homogeneous hypersurface is isoparametric and has constant principal curvatures. How-
ever, as we will see throughout the thesis, there are multiple examples where the converse
does not hold.

The study of the interplay between the three properties defined above is a fundamental
question in the field of the geometry of hypersurfaces. For instance, if M has constant
sectional curvature, then Cartan [44] proved that a hypersurface M of M is isoparametric
if and only if it has constant principal curvatures.

2.2 Isoparametric hypersurfaces and hypersurfaces
with constant principal curvatures in rank one
symmetric spaces

The Killing-Hopf theorem establishes that the universal cover of a complete Riemannian
manifold of constant sectional curvature is isometric to a round sphere, a hyperbolic space
or the Euclidean space, where its sectional curvature is positive, negative or zero, respec-
tively. These spaces constitute the most basic and fundamental examples of Riemannian
manifolds.

Let M be a simply connected Riemannian manifold of constant sectional curvature.
If the sectional curvature of M is less or equal than zero, we have complete classifica-
tions of isoparametric hypersurfaces or, equivalently, hypersurfaces with constant principal
curvatures.

Thus, in R™ we have the following result proved by Segre [161] in 1938:

Theorem 2.2.1. A hypersurface of R™ is isoparametric if and only if it is an open part of
one of the following hypersurfaces:

i) an affine hyperplane R"™ !,
i) a sphere S"1,
iii) a generalized cylinder S¥ x Rk~ where k € {1,...,n — 2},

In the very same year Cartan [44] classified isoparametric hypersurfaces in real hyper-
bolic spaces RH".

Theorem 2.2.2. A hypersurface in a real hyperbolic space RH™ is isoparametric if and
only if it is an open part of one of the following hypersurfaces:

i) a totally geodesic RH" ™!,
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i) a tube around a totally geodesic RH*, where k € {1,...,n — 1},
iit) a geodesic sphere of RH™,
iv) a horosphere of RH™.

An important consequence of these classifications is that every isoparametric hypersur-
face in R™ or RH" is an open subset of a homogeneous one. Thus, these theorems provide
the classifications of homogeneous hypersurfaces in these spaces. Hence, the relationship
between the three properties defined above in these two ambient spaces is locally the one
outlined in Figure 2.2.

Homogeneous

SN

Isoparametric =~ <€«—— > Constant principal
curvatures

Figure 2.2: Hypersurfaces in R™ and RH".

The problem in round spheres turned out to be much more complicated. Cartan [44]
classified hypersurfaces with g € {1,2,3} constant principal curvatures, and with g = 4
if all the multiplicities are simple. However, he was not able to solve the general case.
Later on, Miinzner developed the theory of Cartan further and proved in [139, 140] that
the number of distinct principal curvatures of an isoparametric hypersurface must be g €
{1,2,3,4,6}. However, there is a main difficulty in the problem of classifiying isoparametric
hypersurfaces in S™: not every isoparametric hypersurface is homogeneous. Surprisingly,
in [153], some inhomogeneous examples with g = 4 were found.

Homogeneous \x\

Isoparametric < > Constant principal
curvatures

Figure 2.3: Hypersurfaces in S™.

In 2007-2008, Cecil, Chi, Jensen [45] and Immervoll [97] made substantial progress in
the classification of isoparametric hypersurfaces with g = 4 distinct principal curvatures.
Later, Chi concluded the case ¢ = 4 in a series of articles [50, 51, 52]. The last case,
g = 6, occurs only in S” and S'3, see [1]. In S7 such hypersurfaces are homogeneous and
they are classified [72, 162]. Miyaoka [134] dealt with the problem in S, but, as it was
explained by Siffert in [162, 163], there seems to be an issue in this article and in the
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posterior erratum that Miyaoka [135] wrote yielding certain controversy. However, it is
believed that every isoparametric hypersurface with g € {1,2,3,6} is homogeneous. We
will describe homogeneous hypersurfaces in spheres in Chapter 3.

Let us describe the inhomogeneous isoparametric hypersurfaces with ¢ = 4 distinct
principal curvatures in round spheres. Let V = R?"*2 be a Euclidean space. We say that
an (m + 1)-tuple (P, ..., P,,) of real self-adjoint endomorphisms of V' is a Clifford system
in End(V) if it satisfies:

P,P; + P, P, = 20;;1d,

for all 4,5 € {0,...,m}, where ¢;; is the Kronecker delta. Let P be the linear span of a
given Clifford system and endow it with the inner product given by (P, P') = mtr(PP’ )
for P, P" € P. Assume that n —m > 0. Then, the FKM foliation Fp associated with the
Clifford system (F, ..., Py) is defined by the level sets of Fis(), where S(V') denotes the

unit sphere of V', and F': V — R is the polynomial:

m

F(z) = (z,2)* = 2) (P, z)”.

1=0

By combining multiple results in [45, 50, 51, 52, 97, 153, 154, 167, 173], we have the
following;:

Theorem 2.2.3. Let M be an isoparametric hypersurface of St C R™ with g = 4 distinct
principal curvatures. Then, M is an open part of a homogeneous hypersurface of S*~! or
of a reqular leaf of an FKM foliation.

For spaces with non-constant sectional curvature, the equivalence between isopara-
metricity and constancy of the principal curvatures is no longer true. In particular, it
makes sense to consider some of the Riemannian manifolds with non-constant sectional
curvature and simplest curvature tensor such as hyperbolic and projective spaces over a
normed division algebra F € {C,H,Q}. In some of these spaces, we know the existence
of isoparametric hypersurfaces that do not have constant principal curvatures. For ex-
ample, in complex projective spaces, Wang [181] proved the following characterization of
isoparametric hypersurfaces with constant principal curvatures:

Theorem 2.2.4. Let M be an isoparametric hypersurface in CP™ with unit normal vector
field € € T'(vM). Then, the following are equivalent:

i) M has constant principal curvatures.
ii) JE is a principal direction, that is, M is a Hopf real hypersurface.
iii) One focal set of M is a complex submanifold.

In order to provide his example of an isoparametric hypersurface with non-constant
principal curvatures, Wang [181] took an inhomogeneous hypersurface in the sphere with
= 4 distinct constant principal curvatures in S®**t7 ¢ C*"*+D_ with n > 1, and proved
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Homogeneous 2

Isoparametric +> Constant principal

curvatures

?

Figure 2.4: Hypersurfaces in CP™ and CH".

that its image under the Hopf fibration 7: S¥*7 — CP*"*3 does not have complex focal
sets.

Furthermore, we know classifications for isoparametric hypersurfaces in CP", with n #
15 [68], in HP”, with n # 7 [69], and CH", see [64]. It is also known that an isoparametric
hypersurface with constant principal curvatures in CP™ or CH" is homogeneous. In the
first case this follows by combining Theorem 2.2.4 with the classification of Hopf real
hypersurfaces with constant principal curvatures in CP™ [106], and in the second case it
follows by the classification in [64].

In HH" or OH? there are examples of inhomogeneous hypersurfaces that are isopara-
metric and have constant principal curvatures, see Section §4.5 and [60], respectively.

Homogeneous
?
?
Isoparametric > Constant principal
curvatures
?

Figure 2.5: Hypersurfaces in HP".

To sum up, the known relations between the three concepts (homogeneity, isopara-
metricity and constancy of the principal curvatures) for hypersurfaces in symmetric spaces
of rank one are explained in Figures 2.2 to 2.6. In OP?, no relation is yet known apart from
the fact that every homogeneous hypersurface is isoparametric and has constant principal
curvatures, which holds for every ambient space.

Furthermore, in Tables 2.1 and 2.2, we summarize the current progress in the classifi-
cation of isoparametric hypersurfaces in symmetric spaces of rank one. The classification
problem for homogeneous hypersurfaces will be discussed in detail in Chapter 3. Finally,
it is worth mentioning that the problem of classifying hypersurfaces with constant prin-
cipal curvatures in symmetric spaces of rank one seems to be really hard, and we only
have classifications if we assume that the number of distinct principal curvatures is g < 3,
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Homogeneous

Isoparametric

X

?

> Constant principal
curvatures

Figure 2.6: Hypersurfaces in HH" and OH?Z.

in CP™ (see [170, 171]) or in CH™ (see [15, 16]), or if we impose some other hypotheses
(see [11, 59, 106, 158]). For the sake of brevity, we will write c.p.c. instead of constant
principal curvatures in the tables below, where the tick (respectively, a condition on n or

g) means that a complete (respectively, partial) classification has been obtained.

St cp» HP™ | OP?
Homogeneous v v v v
c.p.c. n#131g<3 |7 ?
Isoparametric n#13|n#15 | n#7|7
Isoparametric 4+ c.p.c. | n # 13 | V ? ?

Table 2.1: Current progress in the classification of hypersurfaces in symmetric spaces of

compact type and rank one.

RH" | CH™ | HH" | OH?
Homogeneous v v v v
c.p.c. v g<3|7 ?
Isoparametric v v ? ?
Isoparametric + c.p.c. | vV v ? ?

Table 2.2: Current progress in the classification of hypersurfaces in symmetric spaces of

non-compact type and rank one.

2.3 A non-isoparametric hypersurface with constant

principal curvatures

In this section we construct a conformally flat metric in R” that admits a (non-Riemannian)
foliation by totally geodesic, non-isoparametric hyperplanes. Moreover, the metric and the
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foliation descend to the n-dimensional torus T". This provides an example of a non-
isoparametric hypersurface with constant principal curvatures in a Riemannian manifold.
Also, it shows that the equivalence between isoparametricity and constancy of the principal
curvatures in spaces of constant curvature does not hold in the more general setting of
conformally flat spaces.

In order to find such a metric, we need the isometry group to be sufficiently small to
spoil the good behavior of parallel hypersurfaces. Indeed, if a conformally flat space admits
a transitive group of isometries, then it is locally symmetric [172], which would lead us to
the apparently outstanding problem of finding such an example in the context of symmetric
spaces [65, §6]. On the other hand, we construct the metric so that its isometry group is
not too small so as to compute some geodesics explicitly.

2.3.1 The ambient manifold

Let (x1,...,x,) denote the usual coordinates in R™ and (0, ..., d,) the associated coordi-
nate vector fields. For each n > 2 we define a metric

gij(@1, .. wn) o= B2, 00,

where 6;; is the Kronecker’s delta and

n—1
h(xy,...,x,) = H(2 + cos(mx;)) € R, for each (zq,...,2,) € R™.

i=1

Clearly, g is conformally flat. We will denote R” equipped with the metric g by M™.

® @ @ @ @

Figure 2.7: Level sets of h on R2.

Remark 2.3.1. In particular g is invariant under translations of the lattice 2Z". Hence, our
metric g descends to the torus T" = R"/(2Z").
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2.3.2 Christoffel symbols of M"

It is known that Christoffel symbols are given by

1
Ffj = égkl (gjl,i + Gug — gijvl)’

for i,j,k € {1,...,n}, where we are using Einstein summation convention and we have
denoted the partial derivative with respect to z; by ;. Thus,

b = DR Sk — S

Now for n > 2 we have

Ll = (8, — 1) ST Ik =0, (2.2a)

2 + cos(mx;) J

% = (3 — 1)%, Ik =(1- 5kn)%? (2.2b)
for mutually distinct 4, 7,k € {1,...,n}.
2.3.3 Some vertical geodesics of M"
Let us define

Q:={(a1,...,ap_1,2,) ER" 10, €Z, 0<i <n—1}.

Let a = (a1,...,a,-1,7,) € Q and 7, be the unit-speed geodesic starting at a with initial

direction 0,. By the definition of g, the following maps are isometries of M™ for each
1=1,...,n:

[ A,L (a:l,...,:ci,...,xn)E]R”l—)(xl,...,—xi,...,xn)GR”,
o U (xy,..., %4 ...,xp) ER" = (2,...,2;+2,...,2,) € R™.

Now, for each i € {1,...,n — 1}, we consider the isometry V" o A;. Then, we have that
a(t) == U 0 Aj(7,(t)) is another geodesic given by

%(t) = (Vé(t)’ SR _Vé(t) + 2ay, . . -,Y;L(t))‘

But 7,(t) and ~,(t) have the same initial conditions. Hence, by uniqueness we have that
vi(t) = a; for each 1 < i < n — 1. Observe that h(ay,...,a,_1,x) = 3° for any z € R,
where p is the number of even entries of (ay,...,a,_1). Thus, since 7,(t) is parametrized
by arc length we get that

Ya(t) = (a1, ..., apn_1, T, +37°1). (2.3)
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2.3.4 The Jacobi operator

It is clear that {9;}", is an orthogonal global frame for M"™. We will compute Ry, the
Jacobi operator associated with 0,,.

All we have to do is to compute the entries Rmnj of the curvature tensor R for each
i,j €{1,...,n}. If i =n or j =n, then Ry,,; = 0. If i, j # n, then

Rinni = (Vo,V,00,0;) — (V9,V0,0n,0;) — (V5,.0,10n, 0;).
On the one hand
<?8168n8n7 6J> - <?82 (Ffmak’)? 8J> = <F1:m,7,ak + Ffml—‘ikab a]) = hQ(Fim,z + Flrfmrzk)7

and on the other hand

(V9,V0,00,0;) = (Vo,(Ch,0k),0;) = (Tf, .0k + ThTh.00,0;) = b2 (T, + TH T,
Since [0;,0;] = 0, we conclude
(Fo, )is = { 0, in any other case. (24)

2.3.5 The example

Let F = {Fs}ser, where Fy = {(21,...,2,) € R" : x, = s}, for each s € R. Tt is
clear that F is a foliation of codimension one on M™. Let S, H and vF, denote the
shape operator, the mean curvature and the normal bundle of F,, respectively. Then,
each leaf is totally geodesic since 0, € I'(v.F;), and using (2.2a) and (2.2b), we have that
(89n0i, 0;) = —(V5,0,,0;) = —hT, =0, foreach i,j =1,...,n— 1.

Remark 2.3.2. Again, since F is invariant by the action of 2Z", this foliation descends to
the torus T".

Given any s € R, let us consider p € F,, a unit-speed geodesic v: [0,€) — M" with
7(0) = p and %(0) € v,Fs for some ¢ > 0, and M" the parallel hypersurface of M at
distance r > 0 satisfying (r) € M". By the Riccati equation (cf. [86, Equation 3.8]), we
have

d ., - ,
8 = Bsoy + (i) Sio) = Sans

dr 7 v

where S, is the shape operator of M" at y(r) with respect to the normal vector §(r).
Now we take the trace, so

d I Vi~ A . T 2 0

%H’y(r) = Ric(y(r),¥(r)) + IS5 Hi0) = H, (2.5)
where %, denotes the mean curvature of M" at v(r), Ric is the Ricci tensor of M™ and
|| - || the Hilbert-Schmidt norm of an operator.
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Now we prove that no leaf of F is isoparametric. Let us consider a € F; N for some
s € R. First note that 4, = 3779, by (2.3). By (2.2a) and (2.2b), T'};(7a(r)) = 0 and
" =0 . Hence, by (2.4), we have

4
R a a F a 2 1-— S F)
Ric(4a(r Z nni(a(r)) = (1 = n+ 2p)
where we recall that p is the number of even entries of (ay,...,a, 1).
As a consequence, if a = (0,...,0,s) € FsNQand b= (1,...,1,s) € FsNQ,

n—1
3

Ric(54(r), Ya(r)) = ™ >0 and Ric(35(r), % (r)) = (1 —n)7* <0,
for any r € R.

But in our case for r = 0, we have ||Si,)|]* = [|S;, > = 0. Therefore, by (2.5),
we deduce that dr |r— ”HT%(T) > (0 and d%lr 07-1,7" ) <O0. T hlS way we can conclude that, for
small » > 0, the mean curvature of the parallel hypersurface of F, at distance r > 0 is not
constant. Then, Fy is not isoparametric.






Chapter 3

Homogeneous hypersurfaces in symmetric
spaces

In Chapter 2 we recalled the definition of (extrinsically) homogeneous hypersurface and
how these hypersurfaces are related to isoparametric hypersurfaces and hypersurfaces with
constant principal curvatures.

The aim of this chapter is to describe the known classification results of homogeneous
hypersurfaces in symmetric spaces with a special emphasis on those of rank one.

This chapter is organized in the following way. In Section §3.1, we motivate the study
and recall some well-known facts about cohomogeneity one actions. After establishing
the relationship between cohomogeneity one actions and homogeneous hypersurfaces, we
dedicate Section §3.2 to revise the classification of homogeneous hypersurfaces in symmetric
spaces of compact type, specifically focusing on the rank one case. Then, in Section §3.3,
we recall the notion of generalized Kahler angle, which will be of enormous relevance for the
theory of cohomogeneity one actions on symmetric spaces of non-compact type and rank
one. This will be the topic of discussion of Section §3.4. Finally, Section §3.5 is devoted to
explaining the program developed by Berndt and Tamaru to classify cohomogeneity one
actions on symmetric spaces of non-compact type and higher rank.

3.1 Cohomogeneity one actions

The discipline of geometric analysis uses the tools from the theory of partial differential
equations (PDEs) to establish new results in differential geometry. This is due to the
fact that many special kinds of geometric structures on a given smooth manifold M are
controlled by PDEs.

A possible way to construct these structures is to find a Lie group G acting on M in such
a way that the defining PDE is invariant under the action of G. In general the dimension
of our problem will be reduced, and it will suffice to construct a solution on a submanifold
transversal to the orbits of G on M, since this solution will be transported by the action of
G to the rest of M. The simplest scenario happens when G acts transitively on M, and then
the PDE turns into an algebraic equation. However, if G acts with cohomogeneity one on
M, our initial PDE will be reduced to an ordinary differential equation. These symmetry
reduction methods, and particularly cohomogeneity one methods, have been extremely
useful and successful on the search for geometric structures on Riemannian manifolds.

29
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An example of application of these cohomogeneity one methods happens when we are
looking for nearly Kéahler structures. These occur as a distinguished class in the classifi-
cation of almost Hermitian structures into 16 natural classes, by Gray and Hervella [85].
Recall that a nearly Kahler manifold is an almost Hermitian manifold M with an almost
complex structure J such that V.J is a skew-symmetric (2, 1)-tensor. For instance, until
very recently, the only known complete, simply connected, 6-dimensional nearly Kéhler
manifolds were:

S6 = GQ/SUg, 53 X 53 = Sp?/ASpl, (CP3 = SPQ/(Ul X Spl), F; = SU3/T2,

which were constructed in 1968 by Gray and Wolf [190]. All these nearly Kahler structures
are homogeneous. A breakthrough in this topic was the construction of the first examples
of inhomogeneous nearly Kihler structures on S° and S x S3 by Foscolo and Haskins [79]
using cohomogeneity one methods.

Another example of the usefulness of these techniques is the construction of the first
complete Riemannian manifolds with exceptional holonomies. A complete, simply con-
nected and irreducible Riemannian manifold M that is not locally symmetric satisfies that
its holonomy group Hol(M) is equal to a group in Berger’s list:

SO,, U,, SU,, Sp;Sp,, Sp,. Spin;, Ga.

Initially, Berger [10] included Sping in the list, but it was proved by Alekseevsky [3] that a
Riemannian manifold M under the above hypotheses cannot have Hol(M) = Sping. The
reason for this particular list was understood thanks to Simons [164] and Olmos [145]. They
both proved using different methods that for a Riemannian manifold M under the previous
hypotheses, Hol(M) acts transitively on the unit sphere of T,M, for every p € M. Hence,
by the classification of connected Lie groups acting effectively and transitively on sphere,
see [136], Hol(M) is one of the groups appearing in the above list plus possibly U;Sp,, and
Sping, but the first one cannot be the holonomy of a Riemannian manifold. At that point it
was not still clear if one could still remove Spin; and G, from the list. However, Bryant [41]
gave examples of Riemannian manifolds with holonomy equal to G, or Spin;. The examples
were cones over the following homogeneous spaces: the flag manifold F3 = SU3/T? and the
Berger space BT = SO5/S03, respectively. These metrics turn out to be of cohomogeneity
one.

Finally, other contexts where cohomogeneity one actions have appeared are in the study
of Einstein metrics and also when looking for Riemannian metrics of positive curvature.
On the one hand, in relation to Einstein metrics, Bohm [34] constructed the first examples
of inhomogeneous Einstein metrics on spheres. In particular, he endowed S*, where k €
{5,6,7,8,9}, with cohomogeneity one Einstein metrics of positive scalar curvature. On
the other hand, Eschenburg [76] constructed inhomogeneous spaces of positive sectional
curvature. The group SU; x SU3 acts on SU3z by multiplication on the left and right. Let
p € 7Z. Eschenburg considers the quotient E; of SUj induced by the action of a certain
subgroup of SUs x SU3 isomorphic to U; which is embedded via f,: Uy — SU3 x SU3, where

z € Uy = (diag(z, 2, 2F), diag(1, 1, 2/™2)) € SUz x SUs.
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Sosz2 R ~ R2 SOQXR/\,R?’ SOQWSZ
A-v=Av t-v=v+tw (A,t)~v:(‘3 ?)v—i—(?) A~v:<’3 ?)v

i

Figure 3.1: Examples of cohomogeneity one actions.

Now, he considers a metric on EZ induced by the positively curved bi-invariant metric on
SUsz. This metric is invariant by SUy x SUs, which acts on E; with cohomogeneity one,
endowing E; with a metric of positive sectional curvature when p > 1.

Keeping the previous discussion in mind, it makes sense to carry out a systematic
study of cohomogeneity one actions on Riemannian manifolds. Let (M, g) be a connected
Riemannian manifold, and let G be a Lie subgroup of Isom(M) acting with cohomogeneity
one on M. Recall that by a cohomogeneity one action we understand a proper isometric
action with codimension one principal orbits. Then, the space of orbits M /G is one of the
following ones:

i) M/G=R, i) M/G = [0, +00),
ii) M/G =S w) M/G=10,1].

Moreover, it is important to notice that points at the boundary of M /G correspond to non-
principal orbits. Thus, they have at most two non-principal orbits. In the cases i) and iii),
the action of G induces a foliation on M where all the leaves have codimension one. In the
case 1), M is G-equivariantly diffeomorphic to a tubular neighborhood of the non-principal
orbit G-p, or equivalently, to the total space of the disk bundle D, — (G-p) xg, D, = G/G,,
which is the associated bundle to the principal bundle G, - G — G/G, with fiber D,,.
Finally, in case iv), there are two non-principal orbits G - p and G - ¢, and M admits a
decomposition as a union of two disk bundles

= (G Xgp ]Dp) Ug/K (G ng ]Dq),

=

where D, and D, are slices at p and g, respectively, K is the isotropy at a point of a principal
orbit, and the union of the disks is made along a principal orbit G/K. Some examples of
simple cohomogeneity one actions are represented in Figure 3.1.

Our interest in cohomogeneity one actions arises from submanifold geometry. Thus,
the study of the geometry of their principal orbits, i.e. homogeneous hypersurfaces, will
be our main goal. Hence, it makes sense to consider the following equivalence relation.
The actions on M of two subgroups H, H" C Isom (M) are orbit equivalent if there exists a
v € Isom(M) such that p(H-p) = H - ¢(p), for every p € M. Hence, ¢ € Isom(M) maps
H-orbits to H-orbits. Then one can pose the following problem:
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Classify cohomogeneity one actions on a given
Riemannian manifold M up to orbit equivalence.

This problem turns out to be equivalent to classifying homogeneous hypersurfaces in M
up to congruence. As one may expect, the theory of these hypersurfaces will be specially
rich on spaces with a large isometry group such as homogeneous spaces, and particularly,
symmetric spaces.

3.2 Homogeneous hypersurfaces in symmetric
spaces of compact type

In this section, we review the theory of homogeneous hypersurfaces in symmetric spaces
of compact type.

Let M = G/K be a symmetric space of rank(M) = r > 1, where G = Isom”(M). Since
every isometry is uniquely determined by its differential and its image at one point, we
have that K C O(T,M), where O(T,M) denotes the group of linear isometries of T,M,
is a closed subgroup, and it follows that K is compact. Let us consider g = £ @ p the
reductive decomposition of M induced by the geodesic symmetry s, € Isom(M) and fix
a maximal abelian subspace a of p. Recall that rank(M) = dim(a). Moreover, it can be
proved that a meets orthogonally every orbit Ad(K)X, where X € p. Hence, K acts polarly
on T,M with a section of dimension r. We say that a real representation p: G — V is
an s-representation if it is the isotropy representation of a semisimple symmetric space.
Then, s-representations provide examples of polar representations, i.e. polar linear actions
on R™. A converse for this was proved by Dadok [54], and it constitutes a fundamental
result in the area.

Theorem 3.2.1. Fvery polar representation is orbit equivalent to an s-representation.

Observe that there are polar representations that are not s-representations. For in-
stance, the standard action of SU,, on C* = R?" has as orbits concentric spheres and their
common center at 0 € R?" as a fixed point. This action is orbit equivalent to the isotropy
representation of CP™. However, it can be checked by using the classification of symmetric
spaces that it is not an s-representation.

Since K acts polarly on T, M with cohomogeneity r, it follows that it acts with cohomo-
geneity r — 1 on S(T,M), where S(7,M) denotes the unit sphere of T,M. In particular, if
M is of rank two, K acts with cohomogeneity one on S(7T,M). Notice that the isotropy rep-
resentation is preserved under duality, so we do not get new examples by changing to the
compact or non-compact setting. To sum up, the previous discussion provides a method
to construct cohomogeneity one actions on round spheres by considering the isotropy rep-
resentations of symmetric spaces of rank two. Indeed, the next theorem shows that these
representations exhaust all the possible cohomogeneity one actions on spheres, see [94].

Theorem 3.2.2. A hypersurface in S™ is homogeneous if and only if it is a principal orbit
of the isotropy representation of a Riemannian symmetric space of rank two.
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Now let us describe the number of distinct principal curvatures g and their multiplicities
for homogeneous hypersurfaces in spheres. First of all, as a consequence of Takagi and
Takahashi’s work [174], g € {1,2,3,4,6}. As we pointed out in Chapter 2, this result was
improved by Miinzner [139, 140], who proved that the same restriction holds in the more
general setting of isoparametric hypersurfaces in spheres. In addition to this, he proved
that the principal curvatures of an isoparametric hypersurface in S™ can be written as

— 1
A = cot;, where 0, =0, + d

m, andie{l,... g}

Furthermore, if the corresponding multiplicities are my, ..., mg, we have m; = m;;o, where
the subindices are taken modulo g. Hence, if g is odd, all the multiplicities coincide, and
if ¢ is even, it suffices to know m; and msy to determine all the multiplicities.

The next natural step is to classify homogeneous hypersurfaces in symmetric spaces of
compact type and rank one. There have been two different approaches for this problem:
one of them is more geometrical and the other one is more topological.

On the one hand, Takagi [172] classified homogeneous hypersurfaces in CP", and D’ Atri
[56] classified homogeneous hypersurfaces in HP™. In both cases they proved that these
hypersurfaces are what D’Atri called amenable, and they classified these kind of hypersur-
faces. In this setting, this turns out to be equivalent to the notion of curvature-adaptedness.
We say that a hypersurface N of M is curvature adapted if its shape operator S¢, where
¢ is a unit normal vector field to N, commutes with the Jacobi operator R, defined by
Re = R(X, §)E, for every tangent vector field X of N, see [11].

On the other hand, Uchida [179] classified cohomogeneity one actions on CP™ and Iwata
did the same on HP™ [99] and OP? [100]. They classified cohomogeneity one actions up
to essential isomorphism. Two actions G ~ M and G' ~ M’ are essentially isomorphic
if there exist an isomorphism h: G — G’ and a diffeomorphism f: M — M’ such that
flg-x) = h(g) - f(x) for every g € G and x € M. Moreover, they do not only classify
cohomogeneity one actions on these spaces but in any other space with the same rational
cohomology. Their strategy is based on determining the possible rational cohomology of
the singular orbits by using the decomposition of M into a union of two disk bundles. Then,
they determine the pairs (G, M) using known results about the cohomology of homogeneous
spaces and the classification of cohomogeneity one actions on spheres [94].

In what follows, we give an overview of the classification of homogeneous hypersurfaces
in CP", HP™ and QP?.

Let us consider the Hopf projection 7: C"™' \ {0} — CP™ and let J be the complex
structure of CP™ induced by multiplication of i in C"*'. Now, we consider a (possibly
reducible) Hermitian symmetric space G/K of rank two, with dimension dim G/K = 2(n+1).
Then, one can prove that the isotropy representation of G/K maps C-lines of T,(G/K) to
C-lines of T,(G/K), thus inducing a cohomogeneity one action on CP™. Once again, these
isotropy representations induce all the possible cohomogeneity one actions on CP™. The
classification of homogeneous hypersurfaces in CP™ was given by Takagi [169].
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Theorem 3.2.3. A hypersurface in CP™ is homogeneous if and only if it is the image under
the Hopf projection : C"1\ {0} — CP™ of a principal orbit of the isotropy representation
of a 2(n + 1)-dimensional Hermitian symmetric space of rank two.

The symmetric spaces whose isotropy representations give rise to these homogeneous
hypersurfaces via the Hopf projection are:

CP*1 x CP" % G (R"®), Go(C™™), S040/Us, and Eg/U; - Spiny,

where k € {0,...,n— 1}. Here, we denote by Gi(F") the Grassmannian of k-planes in F",
where F € {R,C,H}, and by G, (R") the Grassmannian of oriented k-planes in R".

Let M = H-p C CP" be an orbit of codimension one, where H is some Lie group acting
properly and by isometries on CP". Let £ be a unit normal vector field of M defined around
p € M. Notice that, in this case, M is curvature adapted if and only if J¢ is an eigenvector
for the shape operator of M, see [11]. We now briefly describe the cohomogeneity one
actions on CP" induced (in the way explained above) by the corresponding Hermitian
symmetric space of rank two.

The isotropy representation of the Hermitian symmetric space CP!* x CP™ induces the
isotropy action on CP". The principal orbits of this action are geodesic spheres $?"~! =
U./U,_1, and the singular orbits are a point and a totally geodesic CP"~!. Moreover,
a principal orbit has ¢ = 2 distinct principal curvatures. The eigenspaces of the shape
operator associated with §, are: RJE, and T,M © RJ¢,, which have dimensions 1 and
2n — 2, respectively. By Rv we mean the linear subspace spanned by the vector v, and &
denotes orthogonal complement.

The isotropy representation of the Hermitian symmetric space CP**1 x CP™* induces
the action of H = Uy x U,_; on CP™ which has a totally geodesic CP**! and a totally
geodesic CP"* as singular orbits, and tubes around any of these totally geodesic submani-
folds as principal orbits. These principal orbits are equal to U1 X U,/ (U x U1 X Uy),
up to a quotient by a finite subgroup. In this case, the principal orbit H - p has g = 3
distinct principal curvatures. Let ¢ = (¢1,¢2) = 7 *(p) € S**™! € C*™! and assume that
¢ € V; € C" is not zero, where V; and V5 are the complex subspaces invariant under
the actions of Ui,y and U,,_x, respectively. Then, the eigenspaces of the shape operator
associated with &, are m,,(V;), for ¢ € {1,2}, and the 1-dimensional subspace spanned by
J&,. The dimensions of 7,,(V1) and m,,(V2) are 2k and 2(n — k — 1), respectively.

The isotropy representation of the Hermitian symmetric space G5 (R""3) induces the
action of H = SO,,, 1 on CP" which has a totally geodesic submanifold isometric to RP™ and
a minimal smooth complex quadric G5 (R"1) = SO,,11/(S0,,_1 x SO3) as singular orbits.
The principal orbits are tubes around any of these totally geodesic submanifolds and they
are equal to SO,,4+1/S0,,_1, up to a quotient by a finite subgroup. In this case, any principal
orbit H-p has g = 3 distinct principal curvatures. Let ¢ = (q1,¢2) = 7~ (p) € S c CH!
and assume that ¢; € W; C C"*! is not zero, where W; and W, are two orthogonal totally
real subspaces of maximal dimension n + 1 in C™™! left invariant by the action of H. The
eigenspaces of the shape operator associated with £, are RJE,, and m,,W; for i € {1,2}.
The dimension of m,,W; is n — 1 for each ¢ € {1,2}.
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We have seen that the principal orbits of all the actions above can be understood as
tubes around reflective submanifolds (see Section §5.3 for the definition), hence totally
geodesic submanifolds of CP™. The principal orbits of the following actions can be un-
derstood as tubes around Kahler submanifolds of CP", hence minimal, but not totally
geodesic. They all have g = 5 distinct principal curvatures and their multiplicities and
associated eigenspaces can be found in [47].

The embedding of the singular orbit CP! x CP* of the action induced by Gy(C"*3) on
CP?" 1 (see Table 3.2) is an example of the so-called Segre embedding of CP™ x CP"2 into
CP(m+NM2+1)=1 which is the map given by

([20, - -+, Zny )y [Wo, - - - Why)) > [Zowo, - -+, 20Why, 21W0, -« + s 21Wngs -+ + 5 Zny Wy

where [29, ..., 2, ] € CP™ and [wy, ..., w,,] € CP™.

The embedding of the singular orbit Go(C®) (see Table 3.2) of the action induced by
SO49/Us on CP? is given by a particular instance of the standard Pliicker embedding of
G,(C™) into the projectivization of A"C™. In particular for » = 2 and n = 5, this is given
by span{vy, va} + [v1 A vg], where {v1,v5} is a basis for a 2-plane in C°.

Finally, the embedding of the (complex) singular orbit SOy/Us (see Table 3.2) of the
action induced by Eg/U; - Spiny, on CP' is rather complicated and is a particular case of
the so-called half-spin embedding of SO;/U,; in CP", where n = 2471 — 1, d > 2, which is
a complex embedding. For more details on this embedding, we refer to [47, §7.5].

The classification problem in HP™ was solved by Iwata [99] and D’Atri [56], indepen-
dently. Let us consider the quaternionic Hopf projection 7: H"*! \ {0} — HP" and also
let {Ji, J2, J3} be a local basis around some p € HP™ of the quaternionic structure J of
HP" induced by multiplication of ¢, j and k in H"*!, respectively.

Theorem 3.2.4. A hypersurface in HP™, n > 2, is homogeneous if and only if it is the
image under the Hopf projection m: H"™ \ {0} — HP™ of a principal orbit of the isotropy
representation of one of the following symmetric spaces of rank two:

(1) HP! x HP",
(2) HP* ! x HP" % where k € {1,...,n — 2},

(3) SUp1s/S(Us X Upyr).

Remark 3.2.5. One might expect an analogous statement as in Theorem 3.2.3, substituting
Hermitian symmetric spaces by quaternionic-Kahler symmetric spaces. However, this is not
true since the product of quaternionic projective spaces is clearly not quaternionic-Kéahler
in general.

Let M = H-p C HP™ be an orbit of codimension one of a closed subgroup of isometries
of HP™ acting with cohomogeneity one. Let £ be a unit normal vector field of M defined
around p. Notice that, in this case, M is curvature adapted if and only if D is invariant
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by the shape operator of M, where D is the maximal subbundle of the tangent bundle of
M that is invariant under J, see [12].

Case (1) in Theorem 3.2.4 induces the action of H = Sp,Sp; on HP" given by the
isotropy action of HP™ = Sp,_,/Sp, % Sp;. This action has geodesic spheres $*~3 =
Sp,,Sp1/Sp,,_1Sp; as principal orbits, and a point and a totally geodesic HIP"~! as singular
orbits. Moreover, any principal orbit H - p has ¢ = 2 distinct principal curvatures. The
eigenspaces of the shape operator associated with ¢, are J¢, and T,M © J&,, which have
dimensions 3 and 4n — 4, respectively.

The case (2) induces the action of H = Sp,,; x Sp,,_,, on HP", which has a totally
geodesic HP**! and a totally geodesic HP" % as singular orbits, and tubes around any
of these totally geodesic submanifolds as principal orbits. The principal orbits are equal
to Spyy1 X Sp,_1/(SPy X Sp,_r_1 % Spy), up to a quotient by a finite subgroup. In this
case any principal orbit H - p has g = 3 distinct principal curvatures. Let ¢ = (q1,¢2) =
771 (p) € ST C H"™! and assume that ¢; € V; C H""! is not zero, where V; and V; are
the quaternionic subspaces invariant under the actions of Spy,, and Sp,_,, respectively.
Then, the eigenspaces of the shape operator associated with &, are m,,(V;), for i € {1,2},
and J¢,. The dimensions of 7,,(V1) and m,,(V2) are 4k and 4(n — k — 1), respectively.

Finally, case (3) induces the action of H = U,,;; on HP™, which has as singular orbits
a totally geodesic submanifold isometric to CP™ and a minimal homogeneous space that is
equal to U,41/(U,—1 x SUs), up to a quotient by a finite subgroup. Every principal orbit
is a tube around any of these singular orbits and it is equal to the homogeneous space
Uni1/(Up—1 xS(Up x Uyp)), up to a quotient by a finite subgroup. In this case any principal
orbit H-p has g = 4 distinct principal curvatures. Let ¢ = (g1, q2) = 7 '(p) € S C H" !
and assume that ¢; € W; C H"! is not zero, where W, the subspace invariant under
multiplication by the imaginary unit ¢ induced by H and W5 is its orthogonal complement
in H**'. Observe that H leaves W; invariant for every ¢ € {1,2}. The eigenspaces of S,
are RJ,&,, span{.Js&,, J5&,} and m.,W; for i € {1,2}. The dimension of 7, W; is 2(n — 1).

The classification problem in QP? was solved by Iwata [100].
Theorem 3.2.6. A hypersurface in QP? is homogeneous if and only if it is:
(1) a geodesic sphere, or
(2) a tube around a totally geodesic HP? in QP2.

Firstly, geodesic spheres of @QP? can be regarded as principal orbits of the isotropy action
of Sping on OP? and, as homogeneous spaces, they are isomorphic to S' = Spiny/Spin,
and have g = 2 distinct principal curvatures. The singular orbits of this action are a fixed
point and its cut locus, namely, a totally geodesic OP! = S® = Spin,/Sping.

The second hypersurface can be regarded as a principal orbit of the action of Sp;Sp,
on OP?. Any such principal orbit is isomorphic to the homogeneous space Sp;Sp, /(Sp; X
Sp; x Spy) and has g = 4 distinct principal curvatures (see [141]). The singular orbits of
this action are a totally geodesic HP? and a minimal S = Sp,;Sp, /Sp,Sp; .
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In Table 3.1, we list the homogeneous hypersurfaces of symmetric spaces of compact
type and rank one, and their focal sets, up to a quotient by a finite subgroup. These
were computed in [118]. We denote by py, i, and v, the standard representations of SO,
on R™, SU, (or U,) on C" and Sp, on C?", respectively. Moreover, we denote by Ad
the adjoint representation, by A3 the 14-dimensional irreducible representation of Sp; of
quaternionic type, by A4 the 26-dimensional irreducible representation of Fy, by Af, the
half-spin representation of Spin;, (see [193, Chapter 5]), and we write —f to omit the
1-dimensional trival representation.

In 1998, in a monumental work for the theory of homogeneous hypersurfaces, Koll-
ross [113] classified homogeneous hypersurfaces in irreducible symmetric spaces of com-
pact type. Before stating his result, we will recall some well-known facts about Hermann
actions.

Let G be a compact semisimple Lie group equipped with a bi-invariant metric and H
and K be closed symmetric subgroups of G. This means that H and K are fixed point sets
of involutive automorphisms of G. Therefore, (G,H) and (G, K) are compact symmetric
pairs. Under these conditions, we say that a Hermann action is the action of H x K on G
given by

(h,k)-g=hgk™", heHkecK,geG.

Clearly, this action induces a natural action of H on the compact symmetric space G/K.
In addition to that, it turns out that the slice representation of H x K on G is the same
as the slice representation of the action of H on G/K. Hence, the action H x K on G has
cohomogeneity one if and only if the action of H on G/K has cohomogeneity one. Moreover,
all Hermann actions are hyperpolar and their totally geodesic orbits are reflective, see [143].

The main idea of the work by Kollross is the following. Let M = G/K be an irreducible
symmetric space of compact type. We start from the top of the lattice of subalgebras of g,
the Lie algebra of G, downwards until we get a subalgebra corresponding to a connected
subgroup of G acting with cohomogeneity one. Once we have achieved such a subgroup we
stop going down through that branch and we choose a different branch of the lattice. This
works because if b is properly contained in a subalgebra h’ whose corresponding connected
subgroup H’ of G acts with cohomogeneity k, then H acts with cohomogeneity greater or
equal than k. Furthermore, if H C H and H’ acts with cohomogeneity one, we have that
either H acts with the same orbits as H' or H acts with larger cohomogeneity.

Remark 3.2.7. As an example of the methods used by Kollross, we provide a proof of the
classification of homogeneous hypersurfaces in QP?, which was originally obtained by Iwata
via topological arguments.

Let OP? = G/K, where G = F;, and K = Sping. Let H be a subgroup of G acting
with cohomogeneity one. By [150, Proposition 3, p. 45], the complexification of a maximal
subalgebra h of a simple compact Lie algebra g is maximal in g ® C. Then b, the Lie
algebra of H, is contained in one of the following maximal subalgebras (see [74, Table 12
and Table 39]) of f,:

1 8 156
509, Sp; Dspy, g, Dsu,;, suy



3 Homogeneous hypersurfaces in symmetric spaces

38

"zdO ut sooejinsiodAy snosusSowoy :§'¢ 9[qel,

G'evy) ¥ 1S zdH _ (Tds x Tds x Tdg)/Tdg¥dg el @ £ Tds®dg
(8°2) ¢ 1d0 {*} oS v Suidg
sorgoIdIg N b $91q1Q IR[NSUIg 71q1Q Tedoutlg uoryejuasardoy] Burjoe dnoin

‘wdH ul seoejinsiodAy snoousSowol :g'¢ O[qRL

(t—wzZ) ¥ (Ensx T—"n)/TF*n‘,dd ((*n x Tn)s x T=%n)/T+4%n (T4 I® 2r) (T™n x 2n)s/EF¥ns
(-9 —wy'av'e) € [—y—udH ydH  (Fds x T=7~"dg x dg)/¥~tdg x TT¥dg ATUa 4 TP g —u Sy STy ydH X 4 ydH
(o—upr‘s) ¢ 1—udH {*} e—upS Ya 4 Ta udH X {dH
soryodi iy b s11q1Q Ie[ndurg 11q1Q [edutid uoryejuesarday] ooeds dlIjoWIIAS
*udD Ul seoejinsiodAy snosusJowoy :g'g d[qR],
(8'8'9'9‘1) ¢ ST Tn+uds/Otuds <n/Otudg TnYuds/Otudg 40y 2 1) tnYtuds/93
FT‘vP‘vv1r) g 6 ™n%os/ns‘(8n x 2n)s/Sns (°n x 2n)s/Sns (8 v) £n/0tos
(=72 =ne'sz'n) ¢ 1+9z  (nT=7n)/TFIn",dD X {dD (TnT=7n0)/TF7n x do  E(TH7 Ig &) ¢ <7(T77n x 2n)s/¥Fng
T-721-21) ¢ 7 (20sT=705)/T770s “ 4l T=70s/TF70s 7d dQ &d z <7 (T70s x 0s)/ET70s
(g1 —1—-7z‘1) ¢ 7 [_y_,ddydd  (Inx &%= 7n x ¥n)/T=%—0n x THip ATId T 5 =958 > 1y ,dd X {44dD
(-7z‘1) ¢ 7 1—,d0 >} 1—22S Il + ol 2 <9 5dD X (dO
sa13o1dIy NN b u s11q1Q Ie[ndurg 31q1Q [edroutig uorjyejuesardey] ooeds dl1joWIIAS
‘S Ul seoerjinsiodAy snosusfowloly :1°¢ d[qR],
(z'z) 9 €1 én/%s 7L/% PV [55)
(1'1) 9 L €0s/70s vos  d(er IR Trl Jwks) 70s/%9
(‘1) ¥ ST ©ds‘,5 X 1§ ,S X ,S e H® & (%ds x ©dg)/Vdg
(G—av'v) ¥ 1—48 Edg/Wdg 1S X 55 T dg/dg x g U HQ en € < 4 ‘(dg x Tdg)/TFdg
(e—v2‘s) v 1-—3% e7In/N " _yeS X £S e=In/%n X ¢S A(*ln O Tr) z < 4 '(n x Tn)s/Tins
(z—a%‘1) v 1-4¢ ©7¥0s/%0s " _yS X ;S ©770s/%0s X ;S Ad i ed ¢ 2y ‘(Tos x €0s)/ET0s
(9°6) ¥ 1€ ~uidg/Oluidg “¢ng/Otudg Suids/OTuidg 40w I® 1) TnOtuds/93
(%) ¥ 6T €0s/9ns‘(8ns X @ns)/Sns  (Tns x €ns)/9ns H(ar v) $n/9Tos
(T2 ¥ 6 (20s X 205)/%0S __ (%0S X 20S)/<0S PV ¢dg
s € qg ) Suds /74 Y v4/93
v € €1 -dH -(Tds)/®dg 6 — €1,V £ds/9ns
T € L R -L/€ns PV €ns
1€ v i €05 9 — 8d wig £0S/ens
(c—a—7%) ¢ 1—7 —y—3S ‘4S Z—y—35 X &S T—4—9d + TTid 1—y—3S X 1445
=7 1 1—7 {*} 2—2S t—ad € <7135 XS
(Tw ‘Tw) b u s11q1Q Ie[NSuIg 11q1Q Tedoulig uorjejuesardoy oords o11joWIIAS



3.3 A digression: the generalized Kahler angle 39

where we indicate with a superscript the Dynkin index of the complexified subalgebra,
see Section §7.4. Notice that the subgroups of G corresponding to sog and sp; @ sp,
act with cohomogeneity one, since they correspond to the isotropy action of QP2 and to
the action whose principal orbits are tubes around a totally geodesic submanifold of QP>
isometric to HP?, respectively. Thus, if we proved that the subgroups corresponding to
g2 @ sus and sul®® act with cohomogeneity larger than one, we would be done.

The case of sul® follows easily. Observe that, in general, if H is a subgroup acting on

M, we have

dim(H) > dimH:p = (dimH - p — dim M) + dim M = dim M — cohom(H - p).

Hence, for the case corresponding to a subalgebra su}’® we cannot have cohomogeneity one

actions by dimensional reasons.

Observe that the previous argument does not apply to the case of g, @ su5. A possible
way to tackle this case is to study the slice representation of the action of the H-action on
OP? at the base point 0 € QP?, which coincides with the cohomogeneity of the action of
H on OP?. Notice that the isotropy of this action at the base point is equal to H N K. Let
us assume that h = go @ su3. We know that the factor of b isomorphic to go is maximally
contained in a subalgebra isomorphic to spin, in € = sping. However, gy @ su§ cannot be
contained in sping, since otherwise it would not be a maximal semisimple subalgebra of §,.
Hence, hNt is either equal to g, or to go®du,. However, these subalgebras have dimension 14
and 15, respectively, and we know that the corresponding connected Lie subgroups cannot
act transitively on spheres of dimension dimv,(H - 0) — 1 = dim OP? — dimH/Gy, — 1 = 12
and dim v,(H/(GyU;)) — 1 = 13, respectively. This proves that the subgroup corresponding
to go @ su acts with cohomogeneity larger than one.

The classification theorem obtained by Kollross can be stated as follows.

Theorem 3.2.8. Let M = G/K be an irreducible symmetric space of compact type. A
cohomogeneity one action on M 1is locally orbit equivalent to one of the following actions:

(1) a Hermann action of cohomogeneity one (see Table 3.5), or
(2) the action of {(g,g) : g € SUs} on SUs, or

(3) an action induced by the isotropy representation of a symmetric space of rank two,
or

(4) one of the seven exceptions corresponding to the action of H x K on G, or the action
of H on G/K, where (H,K, G) is a triple appearing in Table 3.6.

3.3 A digression: the generalized Kahler angle

In this section we recall the notion of generalized Kahler angle of a vector with respect to a
subspace of a Clifford module introduced in [60]. This notion constituted a generalization
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H G K

SO i1 SU,.1 S(U, x Uy)
S(UQ X Ugnfg) SUQn Spn

S(Us x Ugs—3)  SUy, Sp,,

S(Up+q X Ul) SUp+q+1 S(Up X Uq+1)
SO0, SOpiqs1 SO, X SOy41
Sp,, X Spy SPyt1 Upta

Spp+q X Spy Spp+q+1 Spp X Spq+1
502 X SOQn_Q SOQn Un

SOg X SOQn_g SOQn Un

SU6 . SU2 EG F4
5010 : 502 E6 F4
Sps - 5Py F4 Sping

Table 3.5: Actions in item (1) of Theorem 3.2.8.

H G Gy Uz  Sping Sp;Sp,, SUs  SU;
K SOg X SO4 G2 G2 502 X 5014 502 X SO4n_2 SO4 SU3
G SO7 SO; SO; SOq4 SOy4n Gy Gy

Table 3.6: Actions in item (4) of Theorem 3.2.8.

of the notion of Kéhler angle of a vector of a real subspace in C", see [36] or [13]. This
concept will be of great relevance for the study of cohomogeneity one actions on hyperbolic
spaces, see Section §3.4. We will start by recalling this older notion before introducing the
generalized Kahler angle.

Let us endow C" with the inner product given by the real part of its standard Hermitian
inner product. Let V' C C" be a real subspace. Furthermore, let us denote by 7 : C* —
V' the orthogonal projection onto V', and by J: C* — C" the linear map given by the
multiplication by the imaginary unit ¢ € C.

The Kdhler angle of a non-zero vector v € V' with respect to V' is given by £(Jv, V),
the angle between Juv and V. Equivalently, this is the value ¢ € [0, 7/2] such that

[y Jv][* = cos® () [v] .
The real subspace V' C C™ has constant Kéhler angle ¢ € [0,7/2] if
L(Jv, V)= forevery v eV \{0}.

Notice that there are two extreme cases. On the one hand, V' C C™ has constant Kéahler
angle 0 if and only if it is complex, i.e. it is invariant under J. On the other hand, V C C"
has constant Kahler angle 7/2 if and only if it is totally real, i.e. JV C V1t =Cra V.
Thus, the Kahler angle provides a way to measure how a real subspace of C" fails to be
complex.
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Example 3.3.1. Let {e1,es} be the canonical basis of C? and consider the real subspace
V' = span{ey, cos(p)Je; + sin(p)ea} for some ¢ € [0,7/2]. We claim that V' has constant
Kihler angle . Let v = ae; + b(cos(¢)Je; + sin(p)ez), where a? 4+ b* = 1. Now,

Ju = aJde; + b(— cos(p)e; + sin(yp)Jes),
and then 7y Jv = —bcos(p)e; + acos(p)(cos(p)Je; + sin(p)es). Consequently,
[l Jul[* = cos®() (b + a*) = cos*(p),

proving our claim.

Indeed, every real subspace of constant Kéhler angle ¢ € [0, 7/2] is equal to the direct
sum of copies of the subspace V in Example 3.3.1, up to some transformation 7" € U,,.
Even more, every real subspace of C" can be factorized as a direct sum of real subspaces
with constant Kéhler angle as it was shown in [61]. Here we include an alternative proof
of this fact.

Theorem 3.3.2. Let V. C C" be a real subspace. Then, V admits an unique orthogonal
decomposition given by
V= @ Ve,

ped

where
i) Vi, has constant Kdhler angle ¢ € [0,7/2], and
ii) CV,, L CVy, for every distinct o, € ®.

Proof. Let k = dimV and denote by Stfy(V) = SO /SO_o the Stiefel manifold of or-
thonormal 2-frames in V, and consider f: Stfy(V) — R, which maps a 2-orthonormal
frame (u,v) € Stfo(V) to (Ju,v). By compactness, there exists some (uy,v1) € Stfa(V)
such that (Juy,v;) = cos(p1) is a maximum for f. Observe that cos(y;) = 0 if and only
if V is totally real. Assume V is not totally real. Then, since u; and v; are perpen-
dicular, there exists some unique unit vector wy; € V & spang{uy, Juy, Jv; } that satisfies
v = cos(¢1)Juq + sin(¢r)w;. An analogous computation as in Example 3.3.1 shows that
the subspace V) := spang{uy,v;} has constant Kéhler angle ¢, € [0,7/2].

In what follows, we will prove that V' = lel @& Ve V;l) is a C-orthogonal direct sum.
Let w € V&V, and consider the map g,,: [0, 27] = R, given by g,,(6) := (Jus, cos(f)v, +
sin(f)w) for each 6 € [0,27n]. Now, since f attains a maximum at (uq,v1), g, attains a
maximum at § = 0. Hence, (Ju;,w) = 0 and using an analogous argument one proves that
(Jvi,w) = 0. Thus, V =V @ (V &V ) is a C-orthogonal direct sum.

Now we proceed inductively, and since V' is finite dimensional, we end up factorizing
V' as an orthogonal sum V = @._, @;:1 V(gi, where ngi has constant Kahler angle ¢;.
Moreover, CVJ. L CVé; if ¢ # 4" or j # j'. Consequently, if one sets V,,, := @jzl V., for
every i € {1,...,7}, we have the desired orthogonal decomposition for V. Finally, notice
that this decomposition is unique by construction. O
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Proposition 3.3.3. Let V C C" be a real subspace. Then, the following statements are
equivalent:

i) V' has constant Kdhler angle.
it) There is some Lie subgroup H C U,, acting transitively on the unit sphere of V.

Proof. Let us assume that V' has constant Kéhler angle equal to 7/2. Then it has dimension
k < n. Now, if we consider CV, the complex span of V', there is some subgroup isomorphic
to Uy in U, which acts transitively on the unit sphere of CV. However, now there is a
subgroup Oy in Uy acting transitively on the unit sphere of V.

Now assume that V' has constant Kéhler angle ¢ < 7/2. By the proof of Theorem 3.3.2,
V' has even dimension k < 2n. Hence, the map P: V — V given by P(v) = Wlw)ﬂ'vbh}
defines a complex structure on V', which preserves (-, -). Thus, U(V) = {g € GL(V) : gP =
Pg,g'g = Idy } is a group isomorphic to Ug. Any element g € U(V) can be extended to
A € U, by defining A(vy + Jvy) = guy + Jgvy and Aw = w, for every vy, v, € V and
w € C" & CV. This shows that U(V') can be regarded as a subgroup of the normalizer of
V in U,. The group U(V) acts transitively on the unit sphere of V. This proves that i)
implies ii).

Now let us prove that 4i) implies i). Let v,w € V C C" be two unit vectors. Then,
there is T' € H C U,, such that Tv = w and TV C V. Let us assume that v has Ké&hler
angle ¢ with respect to V. Then,

cos?(p) = (myJu, myJv) = (Try Jv, Try Jv) = (myTJv, 7y T Jv)
= <7ijTU,7TvJTU> = <7ijw,7ijw>,

where we have used that T" € U,, and that it preserves V. Then, the Kahler angle of w with
respect to V' is also ¢ € [0,7/2], and V' C C" has constant Kéhler angle ¢ € [0,7/2]. O

Let My, ,, be the moduli space of non-zero real subspaces of real dimension & in C" with
constant Kéhler angle. Then, My, is described in the following table.

Mien 1<k<n n<k<2n
kodd | {m/2} 0
k even | [0,7/2] {0}

Table 3.7: Sets of possible Kahler angles for k-dimensional real subspaces of C".

In the following lines we will recall the notion of generalized Kahler angle introduced
in [60]. Let v be a Clifford module over CI(3,q) and J: 3 — End(v) the restriction to 3 of
the underlying Clifford algebra representation, see Subsection §1.4.1 for some basic facts
about Clifford modules or representations. We equip 3 with the inner product induced by
polarization of —¢, and extend it to an inner product (-,-) on n = v @3, so that v and 3 are
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perpendicular, and Jz is an orthogonal map for each unit Z € 3. Then, n can be naturally
endowed with a generalized Heisenberg algebra structure as defined in Subsection §1.4.2.

Let tv be a subspace of v. We denote by to = v © tv the orthogonal complement of tv
in v. For each Z € 3 and £ € o, we write Jz§ = Pz§ + F4€, where Pz§ and Fz€ denote
the orthogonal projections of Jz£ onto tv and ', respectively.

Then, £ € w, £ # 0, is said to have Kdhler angle ¢ € [0, /2] with respect to the element
Z € 3 (or with respect to Jz) and the subspace w C v if (Pz&, P;€) = cos*()(Z, Z) (&, €).

The following theorem, cf. [60, Theorem 3.1], is fundamental to understand the defini-
tion of generalized Kahler angle which will be introduced inmediately after.

Theorem 3.3.4. Let to be some vector subspace of v and let & € o be a non-zero vector.
Then there exists an orthonormal basis {Z1,...,Zy,} of 3 and a uniquely defined m-tuple
(©1,- -+, @m) such that:

(1) @; is the Kahler angle of & with respect to Jyz., for eachi=1,...,m.
(i) (Pz,§, Pz,€) = (Fz,, Fz,§) = 0 whenever i # j.
(iii) 0 < o1 < g <o < oy < /2.

(iv) @1 is minimal and ¢, is mazimal among the Kdhler angles of & with respect to all
the elements of 3.

Thus, the generalized Kdhler angle of £ with respect to o is the m-tuple (¢1,...,©m)
satisfying properties (i)-(iv) of Theorem 3.3.4.

Remark 3.3.5. Observe that the Kahler angles ¢4, ..., ¢,, depend, not only on the subspace
v of v, but also on the vector £ € w and the basis {Z1,...,Z,,}.

A subspace v of v has constant generalized Kdhler angle (p1, ..., om) if the m-tuple
(@1, .., ¢m) is independent of the unit vector £ € tv.

3.4 Cohomogeneity one actions on hyperbolic
spaces

In this section we explain the general theory of cohomogeneity one actions on hyperbolic
spaces developed by Berndt and Tamaru. Recall that a quick introduction on hyper-
bolic spaces (rank one symmetric spaces of non-compact type) was developed in Subsec-
tion §1.4.3.

We can distinguish three different classes of cohomogeneity one actions on symmetric
spaces of non-compact type and rank one, up to orbit equivalence. It was shown in [13] that
any such action has at most one singular orbit. The extrinsic geometry of these singular
orbits and their tubes, which are homogeneous hypersurfaces, was studied in [60].
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Actions with no singular orbit

Berndt and Tamaru [26] classified actions without singular orbits on hyperbolic spaces
[FH™. They proved that there are exactly two such actions up to orbit equivalence. The
Iwasawa decomposition G = KAN associated with FH™ plays an important role in the
description of these actions (we refer to Section §1.4 for notation).

(i) The action of N on FH™ has cohomogeneity one. The orbits of this action are mutually
congruent horospheres that form a regular Riemannian foliation on FH", called the
horosphere foliation.

(ii) Let S be the connected Lie subgroup of AN with Lie algebra s = a®to®3, where w is a
vector subspace of g, of codimension one. The action of S on FH" has cohomogeneity
one and its orbits form a regular Riemannian foliation on FH", called the solvable
foliation. Different choices of to lead to conjugate actions.

Actions with a totally geodesic singular orbit

Berndt and Briick [13] classified cohomogeneity one actions on FH" with a totally
geodesic singular orbit F'. In order to do so it suffices to classify those totally geodesic
submanifolds F' whose tubes are homogeneous hypersurfaces. Since totally geodesic sub-
manifolds in symmetric spaces of rank one are classified (see Figure 8.1), it suffices to
compute the associated slice representation in order to check when the cohomogeneity of
the corresponding action is one.

The tubes around a totally geodesic submanifold F' of FH" are homogeneous if and
only if F' is one of the totally geodesic submanifolds listed below:

(i) F=R: F € {point, RH' ... RH""'};

(i) F = C: F € {point, CH!, ... CH" RH"*};
(iii) F = H: F € {point, HH!, ... HH" CH"*'};
(iv) F = 0: F € {point, OH!, HH?}.

Actions with a non-totally geodesic singular orbit

Berndt and Tamaru [28] gave a construction method of all cohomogeneity one actions
with a non-totally geodesic singular orbit in hyperbolic spaces. Such actions only appear
if F # R. We recall that K, acts on the root space g, by the adjoint representation, and
hence, if V' is a real subspace of g, N,((]O(V) will denote the connected component of the
identity of the normalizer of V in K.
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Theorem 3.4.1. Let g =t ® adn be an [wasawa decomposition of the Lie algebra of the
isometry group of the hyperbolic space M = FH", F € {C,H, O}.

(i) Let V be a non-zero vector subspace of ga such that NR (V) acts transitively on the
unit sphere of V.. Denote by g, © V' the orthogonal complement of V in g,. Then
the connected subgroup of G with Lie algebra

Ne, (V) a® (8.0 V) D 924

acts on M with cohomogeneity one, and the orbit through o is singular, provided that
dimV > 2. Furthermore, every cohomogeneity one action on M with a non-totally
geodesic singular orbit can be obtained in this way up to orbit equivalence.

(ii) LetV and V' be vector subspaces of g, as in item (i), and assume that the correspond-
ing cohomogeneity one actions have non-totally geodesic singular orbits. Then, these
actions are orbit equivalent if and only if there exists k € Ko such that Ad(k)V =V".

In the case of real hyperbolic spaces, we have already seen that homogeneous hypersur-
faces have constant principal curvatures and these are classified, see Section §2.2. Thus,
we only have to deal with hyperbolic spaces over C,H or O.

Berndt and Tamaru in [28] classified homogeneous hypersurfaces in CH™. Their result
can be stated as follows:

Theorem 3.4.2 (Homogeneous hypersurfaces in complex hyperbolic spaces). A homoge-
neous hypersurface in CH™ is congruent to:

(i) a geodesic sphere, or
(i

) a tube around a totally geodesic CH* in CH", k€ {1,...,n — 1}, or
(i) a tube around a totally geodesic RH™ in CH™, or
)

)

(iv) a horosphere, or

(v) a ruled homogeneous minimal Lohnherr hypersurface Wf;lz_l, or one of its equidistant
hypersurfaces, or

(vi) a tube around a ruled homogeneous minimal Berndt-Briick submanifold Wg”‘k, for
ke{2,...,n—1}, with p € (0,7/2], where k is even if ¢ = 7/2.

The first three examples arise by considering the dual action of the corresponding
cohomogeneity one action in the complex projective space CP", see Section §3.2 for the
classification and [115] for a detailed exposition on dual actions. These are orbits of the
actions of the following subgroups of SUy ,:

S(Ul X Un), S(Ul,k X Un—k), SOO

1,n

where k € {1,...,n — 1}, respectively.
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The homogeneous hypersurfaces in (iv) correspond to the orbits of the action of the
group N, which are isometric to generalized Heisenberg groups, and foliate CH™. Moreover,
the orbits of this action are principal and congruent to each other.

Now we explain the construction of the submanifolds appearing in items (v) and (vi).

Let v be a real subspace of g, = C"!, denote by J the complex structure of g, = C*!
and recall that Ky = U,,_;. By Proposition 3.3.3, it turns out that " has constant Kihler
angle if and only if Nk, () acts transitively on the unit sphere of w®. It was shown
by Berndt and Tamaru [28] that the connected subgroup S of SU;, whose Lie algebra is
5 1= Ng, () © a® 1w @ gy, acts on CH® with cohomogeneity one, where ' C g, has
constant Kahler angle ¢ € [0,7/2]. The idea of the proof is the following. Let NZ(S) be
the connected component of the identity of the normalizer of S in K,

Nk(S) ={k € K:kSk™' c S},

which is formed by elements of K that leave S invariant. Therefore, S is an orbit of the
action of NZ(S)S on CH™. Moreover, N2(S) acts transitively on the unit sphere of the
normal space 1,(S - 0). Let Wj”‘k be the orbit of this group through the origin o & eK,
where £ is its codimension.

e If ¢ = 0, that is, to* is a complex subspace of g,, then W()Q"_k is a totally geodesic
complex hyperbolic subspace CH" ¥ where k = 2k'.

o If ¢ = 7/2, then o is a totally real k-dimensional subspace of g,. If k = 1, the
corresponding hypersurface Wﬁ;‘;l will be denoted by W?2"~! and it is known as the

Lohnherr hypersurface, see [126]. If k > 1, then Wf;‘;k is a submanifold of dimension
2n — k with totally real normal bundle and rank k. We will write W?2"~* in this case.

e If 0 < ¢ < /2, then k is even (see Table 3.3), and W2""* is a (2n — k)-dimensional
submanifold of CH", known as a Berndt-Brick submanifold, such that its normal
bundle has rank k& and constant Kahler angle ¢. It can be verified that the construc-
tion of these submanifolds does not depend on the choice of the Iwasawa decompo-
sition of G, i.e., all possible choices produce submanifolds that are holomorphically
congruent among them.

Finally, it turns out that Wgn_k is a ruled and minimal submanifold of CH". A proof of
this fact can be found in [17]. It is important to mention that W?"~! can be characterized

as the unique hypersurface of CH” that is ruled and has constant principal curvatures, see
[71] and [126].

The classification of homogeneous hypersurfaces in HH" constitutes the main original
contribution of Chapter 4, and will be developed there.

Now let us deal with the classification of homogeneous hypersurfaces in QH?, which
was achieved in [28].

Theorem 3.4.3 (Homogeneous hypersurfaces in the Cayley hyperbolic plane). A homo-
geneous hypersurface in QH? is congruent to:
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(i) a geodesic sphere, or

(ii) a tube around a totally geodesic OH!, or
(iii) a tube around a totally geodesic HH?, or

)

)

)
(iv) a horosphere, or
(V) a minimal homogeneous hypersurface Fy, or one of its equidistant hypersurfaces, or
(vi) a tube around the minimal submanifold Fy of codimension k € {2,3,6,7}, or
(vil) a tube around the minimal submanifold Fy , of codimension 4, for some ¢ € [0, 1].

The first three items correspond to the actions of the following subgroups of F;2%:
Spin, Spin?ys, SP1,2SP1'

The action of the group N, the nilpotent part of the Iwasawa decompostion of F;?°, gives
rise to the horosphere foliation in QH?2.

The group Ky = Spin, acts on g, = O = R® by its irreducible 8-dimensional spin
representation. Let us denote by Fj, the singular orbit of the action on QH? of the connected
subgroup of F;?° with Lie algebra 5 := N, (v) @ a @ 10 @ goq, where k = dimmt =
8 —dimtv and 1o is a subspace that plays the same role as V' in Theorem 3.4.1. When k €
{1,2,3,4,6,7}, there is a subspace to C g, such that Nk, (t0) acts on o, and transitively on
the unit sphere of tot. If k = 5, there is not such a subspace. Also, the spin representation
of dimension 8 induces an action of Spin; on the k-plane Grassmannian Gi(R®). For
ke {1,2,3,6,7} the restriction of such action on G;(R®) to N¥ (w) is transitive, and for
k = 4, it is of cohomogeneity one, and therefore there is a one-parameter family of non-
orbit equivalent cohomogeneity one actions on OH? with a non-totally geodesic singular
orbit of dimension four.

The minimal submanifolds Fj, or Fj,, appearing in items (v), (vi) and (vi) correspond
to the orbit that is obtained via the action of the connected subgroup S of F; | whose Lie
algebra is § = a® v @ gaa, where ! := g, Ot has dimension k € {1,2,3,6,7}. Moreover,
the item (v) corresponds to the solvable foliation.

3.5 Homogeneous hypersurfaces in symmetric
spaces of non-compact type and
arbitrary rank
For completeness, in this section we summarize some of the known results and techniques

for the study of homogeneous hypersurfaces in symmetric spaces of non-compact type of
higher rank.
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As we have seen in Section §3.4, there is a trichotomy when one studies cohomogeneity
one actions on a symmetric space of non-compact type M = G/K. Namely: the action
does not have singular orbits (this case was solved in [26]), the action has a totally geodesic
singular orbit (this case was solved in [27]), or the action has a singular orbit that is not
totally geodesic. This last case is the hardest. In [29], it was proved that a cohomo-
geneity one action with such a property should be constructed from one of the following
two methods: canonical extension or nilpotent construction. The first one allows us to
construct cohomogeneity one actions on symmetric spaces of non-compact type by extend-
ing cohomogeneity one actions from some special class of totally geodesic submanifolds
called boundary components. The second one is much more involved and is related to a
representation theory problem that involves addressing the classification of the so-called
protohomogeneous subspaces, see [165] for a more general overview.

Cohomogeneity one actions without singular orbits.

Let H be a subgroup acting on a symmetric space of non-compact type M = G/K without
singular orbits. Then, the action of H is orbit equivalent to the action of a codimension
one subgroup of AN which can be of two different types. Let IT = {a,...,a,} be the set
of simple roots associated with some root space decomposition of g, the Lie algebra of G.

On the one hand, consider a one-dimensional subspace ¢ in a, and let h, := (a © ) @ n,
where & denotes orthogonal complement. Let H; be the connected subgroup of G with
Lie algebra b,. It turns out that the orbits of this action are congruent to each other
and they produce a foliation of M. The resulting foliation of M is known as a foliation
of horospherical type. Furthermore, the actions of H, and Hj are orbit equivalent if and
only if there exists an isometry of M that induces a symmetry of the Dynkin diagram of
g taking ¢ to ¢'.

On the other hand, consider a one-dimensional subspace ¢ of a root space associated
with a simple root «o; € 11, and let h; := a @ (n© (). Let H; be the connected subgroup of
G with Lie algebra h;. The action of H; induces a foliation of M with exactly one minimal
orbit and is called foliation of solvable type. Furthermore, the actions of H; and H; are
orbit equivalent if and only if there exists an isometry of M that induces a symmetry of
the Dynkin diagram of g taking o; to a;.

Cohomogeneity one actions with totally geodesic singular orbits.

Now we will consider the case when the singular orbit is totally geodesic. This case was
treated in [27], where the following theorem was proved.

Theorem 3.5.1. Let F' be a totally geodesic submanifold of an irreducible symmetric space
of non-compact type M = G/K. Then, F arises as the singular orbit of a cohomogeneity
one action on M if and only if one of the following possibilities holds:

(i) F is a reflective submanifold such that the totally geodesic submanifold given by F+ :=
exp, (v, F), where p € F, is a symmetric space of rank one (see [27, Theorem 3.5] for
the explicit list), or



3.5 Non-compact type and higher rank 49

(ii) F' is one of five possible non-reflective totally geodesic submanifolds:

M S057/SO;s x SO, SO+(C)/SO; GZ/SO, GS/Gs
F  GZ/SO, G5 /G, CHZ, SL3(R)/SO; SLs(C)/SUs

Finally, we focus our attention on those cohomogeneity one actions with a singular
orbit that is not totally geodesic. For this purpose it will be necessary to introduce some
notions related to parabolic subroups and their Lie algebras. We refer to [14, §13.2], [75,
§2.17], or [110, §VIL.7] for more information.

Parabolic subgroups

Recall that the transitive action G ~ M can be extended to the ideal boundary M (oo) of
M = G/K, see Subsection §1.3.3. A Lie subgroup Q of G is a parabolic subgroup if either
Q = G or Q is the stabilizer G, of a point at infinity z € M (0c0). Moreover, a Lie subalgebra
q of g is the Lie algebra of a parabolic subgroup Q of G if it contains a subalgebra of g
conjugate to € @ a @ n, where £, = Ny(a).

We will associate a parabolic subalgebra qe to a subset ® C II of simple roots of g. Let
us consider Ag = A Nspan ®, the root subsystem generated by ®, where A is the set of
roots of g, and let A} = AT N Ag, where we have considered the positivity notion on Ag
induced by the one in A, see Subsection §1.3.3. Now, we define the following subalgebras

of g:
l¢:go@(@ga), ao = [|kera, no= P ga

acte acd aest\x}

The subalgebra [ is invariant by the Cartan involution € of g, and is thus reductive, while
ag and ng are abelian and nilpotent, respectively. Moreover, consider s¢ to be the smallest
subalgebra of g containing €, . Ay Ja- Let us denote by Lg, Ag, Ng, and Sg the connected
subgroups of G with Lie algebras [, ag, ng, and s, respectively.

In what follows, we use the subalgebras defined above to construct the parabolic sub-
algebra qe and we define certain decompositions of it. The subalgebra q¢ = lp  ng is
a subalgebra of g containing €, & a & n. We say that q¢ is the parabolic subalgebra of
g associated with the subset ® C II. The decomposition q¢ = lp & ng is known as the
Chevalley decomposition of q¢. The subalgebra mg = [ © ag is a reductive subalgebra of
g that normalizes ag @ ng. Hence, we have a decomposition q¢ = me & ag @ ne, which is
known as the Langlands decomposition of q¢. It turns out that every parabolic subalgebra
of a real semisimple Lie algebra g is conjugate to one of the subalgebras q¢, for some
¢ C I, see [14, Theorem 13.2.1]. Moreover, maximal proper parabolic subalgebras are the
ones corresponding to subsets of ® with » — 1 elements, where r is the rank of M.

Let €, = projy go = €N (o © g-a) and p, = Proj, go = P N (ga S g-o) for every a € A,
where proj, and proj, denote the orthogonal projection on € and p, respectively. Now
we construct a Lie subgroup of G with Lie algebra mg. Define the possibly disconnected
subgroup K¢ = Zk(ag) of G that has as Lie algebra £ = proj, mg. Then, the subgroup
Me = KsSs is a subgroup of G with Lie algebra me.
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Now, we remark some geometric properties concerning the subgroups related to the
subalgebras that we have defined. It follows from the properties of root spaces that the
following subspaces of p are Lie triple systems (see Section §5.3)

Po=leNp=0a® P pa; bo=menp=a"® P pa,

aEAs a€Ag

where a® := a © ap. Since bg is a Lie triple system, By = S¢ - 0 = Mg /Ko is a totally
geodesic submanifold of M that is known as boundary component associated with the subset
of simple roots ®. It turns out that Bg is intrinsically a symmetric space of non-compact
type and rank |®|. Furthermore, AgNg acts freely and polarly on M, with Bg as a section,
producing minimal orbits that are all congruent. Moreover, the Langlands decomposition
of Qe induces a diffeomorphism at the manifold level, given by

Ag X No X By — M, (a,n,m-o0)+— (anm) - o,

known as the horospherical decomposition of the symmetric space M associated with the
subset ® C II of simple roots.

Canonical extension and nilpotent construction.

It was proved by Berndt and Tamaru in [29] that a cohomogeneity one action with a
singular orbit on a symmetric space of non-compact type is obtained by one of the following
methods: canonical extension or nilpotent construction.

On the one hand, the idea behind the canonical extension method is to consider a
cohomogeneity one action on a boundary component B¢ associated with & C II and then
extend it to the whole symmetric space M = G/K. On the other hand, the nilpotent
construction, which is a much more involved method, is equivalent to solving a particular
representation theory problem.

Let ® be a subset of Il and consider its associated boundary component Bg. Since
Se¢ is equal to the identity component of Isom(Bg), up to some covering, any isometric
action on Bg has the same orbits as some connected Lie subgroup Hg of S¢. Consider the
subgroup HY := HpAgNg of G. Thus, HY acts on M with the same cohomogeneity as the
action of Hp on Bg. We say that HY is the subgroup of G obtained by canonical extension
of Hp. Additionally, if the actions of two connected subgroups of Sg are orbit equivalent on
Bg by an isometry in Sg, then their canonical extensions are orbit equivalent on M by an
element of G, see [29, Proposition 4.2]. Moreover, the composition of canonical extensions
is a canonical extension, see [62, Lemma 4.2].

Let us consider ® = IT\ {«;}, for some «; € II, and consider the dual vector H? € a of
;, defined by «;(H?) = ¢;;. The subalgebra ng admits a natural gradation

g = @ng, where ng = EB Ja-
v>1 a(HI)=v

The equality a(H?) = v holds if and only if « has coefficient v € N in a; when expressed
as a sum of simple roots. Let v be a linear subspace of dimension at least 2. Then,
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g, i= Ng O 0 is a Lie subalgebra of ng. We denote by Ng, the corresponding connected
Lie subgroup of Ng. Let us assume that the following conditions hold:

(NC1) Nm,(ne,) acts transitively on By = Mg - o,
(NC2) Nk, (nep) = Nk, (b) acts transitively on the unit sphere of v.

Then, the group
Hoo = N&) (ne)Ng, = N|9/|¢<n<I’,U)A<I>N<I>,n

acts on M with cohomogeneity one and a singular orbit Hg , - 0. In this case, we say that
the action of Hg , on M has been obtained by nilpotent construction from the choices ® and
v. On the one hand, condition (NC1) implies that the orbit Hg , - 0 contains the boundary
component Bg, and hence its normal space v,(Hg, - 0) can be identified with v. On the
other hand, condition (NC2) means that the slice representation of He , on v,(He,-0) = 0
is of cohomogeneity one on the Euclidean space v,(He, - 0) and the orbits are concentric
spheres. Observe that in the rank one case the condition (NC1) is trivially satisfied, thus
one only has to classify subspaces of nl, satisfying condition (NC2). These subspaces will
give rise to the notion of protohomogeneous subspaces that we will study in the particular
case of quaternionic hyperbolic spaces in Chapter 4. It must be pointed out that only two
examples of cohomogeneity one actions on symmetric spaces of rank higher than one not
arising through any other technique have been constructed by the nilpotent construction
method. They are both related to G,.

This approach has been used to obtain the complete classification of the cohomogeneity
one actions on several symmetric spaces of rank higher than one, see [29], [19], [165].
Namely, up to date, we have complete classifications on the following symmetric spaces of
rank 2:

SL3(R)/SO3, SL3(C)/SU3, SLg(H)/Sp3, SO5(C)/SO5,
G2/SO4, G5 /Gy, Sogm/SOQSOn, SUs.,,/S(UaU,,).

Thus, the remanining symmetric spaces of non-compact type and rank two are:

(3.1)

EGT%/F% (SPZ,n/SPQSpm n > 2>’ E6_14/Spin10U17 SOTO/U5

Recently, a classification in products of rank one symmetric spaces of non-compact type
and in SL,,(R)/SO,,, for every n > 2, has been obtained in [62].






Chapter 4
Homogeneous hypersurfaces in HH™

The aim of this chapter is to present the classification of homogeneous hypersurfaces in
quaternionic hyperbolic spaces, and thus, to conclude the classification of homogeneous
hypersurfaces in rank one symmetric spaces. This had been an open problem for more
than twenty years. As a by-product of our study, we construct for the first time uncount-
ably many inhomogeneous isoparametric families of hypersurfaces with constant principal
curvatures in Riemannian manifolds. These results have been published in [63].

The first main result of this chapter can be stated in terms of quaternionic algebra.
We denote by H the real division algebra of the quaternions, endowed with its standard
complex structures 7, j and k. Let H" be a right quaternionic vector space of dimension n.
The compact symplectic group Sp,, is the group of quaternionic matrices (acting on the left
on H") that preserve the standard quaternionic bilinear form > | v;w;, where v,w € H",
and bar denotes conjugation. This bilinear form naturally induces an inner product in H”
that makes it isometric with the Euclidean space R**. By J we will denote the quaternionic
structure of H™, that is, the subspace of real endomorphisms of H" generated by the right
multiplications by ¢, j and k, which can therefore be seen as the Lie algebra of Sp,.

We also consider the Lie group Sp,Sp,, = Sp; X Sp,,/Zs, which acts on H" as (¢, A) -v =
Avg~!. This is an important group in differential geometry, as it arises in Berger’s holon-
omy list, that is, the list of Lie groups which can be realized as the holonomy of irreducible,
simply connected and non-locally symmetric Riemannian manifolds. Thus, a Riemannian
manifold is called quaternionic Kahler if it has dimension 4n, is not Ricci-flat, and its holon-
omy is isomorphic to a subgroup of Sp,Sp,,, n > 2. The simplest examples of symmetric,
quaternionic Kahler spaces are the quaternionic projective spaces, and their non-compact
duals, the quaternionic hyperbolic spaces. In any case, understanding algebraic properties
linked to holonomy groups is a first fundamental step towards the study of more geometric
questions, such as those related to curvature (e.g. the celebrated LeBrun-Salamon conjec-
ture [121]) or submanifolds (e.g. the theory of calibrations [40]). Similarly, the problem of
submanifold geometry that we address in this chapter relies on a linear algebraic problem
that we describe below.

We say that a real subspace V' of H" is protohomogeneous if there exists a connected Lie
subgroup of Sp,Sp,, that acts transitively on the unit sphere of V. A protohomogeneous
subspace of H"™ has constant quaternionic Kéahler angle, which is a particular instance of the
notion of subspace with constant generalized Kahler angle of a Clifford module, introduced
in Section §3.3. As this concept is central in our study, we shall recall it now in the current
quaternionic setting. Let my denote the orthogonal projection onto a vector subspace V/,
and define

P;=myoJ, where J €.

23
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We say that V has constant quaternionic Kdhler angle (o1, @2, ¢3), with ¢1 < o < 3, if
for any v € V the symmetric bilinear form

Ly:3xJ—=R, L,(J,J)= (P, Ppv),

has eigenvalues cos?(¢;){v,v), i € {1,2,3}. We point out here the fact that the bilinear
forms L,, v € V, described above do not necessarily diagonalize simultaneously (although
we can prove a priori that they do so for protohomogeneous subspaces of dimension greater
than or equal to 5, see Corollary 4.3.2, and by classification results for dimension different
from 3).

The first main result of this chapter is to classify protohomogeneous subspaces of H", up
to congruence by elements in Sp,Sp,,. We present here the moduli space of such subspaces of
dimension k£ in H"™ by exhibiting their possible quaternionic Kéahler angles. In Theorem A,
and in what follows, LI denotes disjoint union.

Theorem A. The moduli space My, ,, of non-zero protohomogeneous subspaces of dimen-
sion k in H", up to congruence in Sp,Sp,,, ts described in the following table:

Min k<n n<k§%” 4?"<I~c§2n k>2n
k=0(mod4) (R} \R;)U(Ry xZy) 6 {00,0,0)}peio,z) {(0,0,0)}
EF=2(modd) {5 Dheon 05D} {0.39) 9

k # 3 odd {(5,3:%)} 0 0 0

k=3 (mgr \mg) U (mi’j X ZQ) 0 {(@7 2 %)}QOE{O,%} {(070’ %)}

where A = {(¢1, P2, 03) € [0,7/2]% : o1 < o < 3}, and

Ny ={(v,0.7/2) €A pe0,7/2]},
={(po,m/2) e A p € [n/3,m/2)},
Ry = {(p1, 92, p3) € A s cos(p1) + cos(gpa) — cos(gpz) < 1},
R, = {(¢1,92,93) € A cos(p1) + cos(pa) + cos(ps) < 1, p3 # 7/2},
S = {(¢1,¥2,p3) € A :cos(pr) + cos(pa) + ecos(ps) =1, fore=+1}.

—_— —

This classification includes typical examples such as totally real subspaces (precisely
those with quaternionic Kéhler angle (w/2,7/2,7/2)), totally complex subspaces (with
quaternionic Kéhler angle (0, 7/2,7/2)), quaternionic subspaces (with quaternionic K&hler
angle (0,0,0)), subspaces of constant Kéhler angle ¢ € (0,7/2) inside a totally complex
vector subspace (with quaternionic Kéhler angle equal to (¢, 7/2,7/2)), complexifications
of subspaces of constant Kéhler angle ¢ € (0,7/2) in a totally complex subspace (with
quaternionic Kéhler angle (0, ¢, )), and Jv, v € H", v # 0 (with quaternionic K&hler angle
(0,0,7/2)). However, there are some other non-classical examples. Some of them were
introduced in [60], but there are some others, which are basically presented and classified
in Section §4.4. A basis of these subspaces can be calculated explicitly, but for &% and R
its expression is rather long. See Proposition 4.4.3 for 9‘% and Propositions 4.4.10 and 4.5.1
for R to get further details. Furthermore, there are non-congruent subspaces of H" with

the same Kihler angles. These correspond precisely to the intersections R4 NNy = Ry
and R NR, = NR,.
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We point out here three main tools that have been essential to obtain this classifi-
cation. First we use the classical generalization of the hairy ball theorem regarding the
possible rank of continuous distributions on spheres [166] in order to reduce the classifica-
tion problem of real subspaces of H" with constant quaternionic Kahler angle to subspaces
of dimensions 3 and multiples of 4 (Section §4.2). Secondly, we provide a Lie theoretic argu-
ment relying on results by Borel [38] and Montgomery and Samelson [136] on groups acting
effectively and transitively on spheres, to prove that, for subspaces of dimension greater or
equal than 5, the maps L, that are used to define quaternionic Kéahler angle diagonalize
simultaneously (Corollary 4.3.2). In third place, using the previous results, we can show
that a protohomogeneous subspace of dimension 4/ is the sum of protohomogeneous sub-
spaces of dimension 4 with the same quaternionic Kéhler angle (Subsection §4.3.2). All this
reduces the classification of protohomogeneous subspaces to dimensions 3 and 4. At this
stage, we actually obtain the more general classification of real subspaces of dimensions 3
and 4 with constant quaternionic Kéhler angle. This is a (hard) problem of linear algebra
that is solved in Section §4.4.

The first consequence of Theorem A is the classification of cohomogeneity one actions on
quaternionic hyperbolic spaces HH"*! up to orbit equivalence. In fact, Berndt and Tamaru
explained in [28] a method to obtain this classification. This method was explained in Sec-
tion §3.4 for the general setting of hyperbolic spaces, but we shall particularize it now in the
current quaternionic setting. Consider the symmetric pair (G,K) = (Sp;,,41,5p; X Sp,.;1)
representing the symmetric space HIH"*!. We denote by g = £ @ p the corresponding Car-
tan decomposition, and let a be a maximal abelian subspace of p, which is one-dimensional
because HH" ! is of rank one. Let g = g_20 @ g—a D 9o © go D gaa be the restricted root
space decomposition of g with respect to a. Then, g, is isomorphic to a quaternionic vector
space H" endowed with the standard quaternionic bilinear form, and Ky = Sp, x Sp,,, the
connected Lie subgroup of G whose Lie algebra is €5 = go N € = N;(a), normalizes g, and
acts on g, in the canonical way. The classification of cohomogeneity one actions on HH"*!
can be obtained if we determine the protohomogeneous subspaces V' of g, = H". If V is
such a protohomogeneous subspace, we define the Lie subalgebra sy = a@® (g, © V) @ g4
of g, and denote by Sy the connected Lie subgroup of G with Lie algebra sy,. We recall
that © denotes orthogonal complement. Then NR (Sv)Sy = N (V)Sy acts on HH"*!
with cohomogeneity one, where N,QO (+) denotes the connected component of the identity of
the normalizer in K,. Knowing all such subspaces V' up to congruence by an element of
Sp,Sp,, determines all cohomogeneity one actions on HIH" ! up to orbit equivalence.

Roughly twenty years after Berndt and Briick [13] announced the first examples of
cohomogeneity one actions using this procedure, we obtain the full classification of co-
homogeneity one actions on quaternionic hyperbolic spaces up to orbit equivalence as a
consequence of Theorem A. Together with the results by Berndt and Tamaru [28], this
finishes the classification of cohomogeneity one actions on non-compact symmetric spaces
of rank one:
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Theorem B. The moduli space of cohomogeneity one actions on HH" up to orbit equiv-
alence 1s given by the disjoint union

an
{Na K7 SUl,n—l—l} U U Mk,n-

k=1
The actions referenced here are:

1) N: the action that produces a horosphere foliation.

2

(1)
(2) K: the action that produces a family of geodesic spheres centered at a point.

(3) SUyq1: the action that produces a family of tubes around a totally geodesic CH™ !,
(4)

4) My the cohomogeneity one actions of the connected Lie subgroups of Spy .1 with
Lie algebras Np, (V) @ a @ (go © V) @ g2a, where V' is a protohomogeneous subspace
of dimension k of g, = H".

We note that, in this classification, the action of Sp, , x Sp,,,; , C Sp; ., which gives
tubes around a totally geodesic lower dimensional quaternionic hyperbolic space HH?,
¢ e {1,...,n}, in HH""' is included in item (4), where in this case V is a quaternionic
subspace of g, = H" (hence, of quaternionic Kéhler angle (0,0,0)) of real dimension
k = 4(n — £+ 1). Moreover, if we take V a line in g, (i.e. k = 1), then N (V) is trivial
and we recover the action that gives rise to the so-called solvable foliation [26].

In our study of protohomogeneous subspaces of H" we have also encountered non-
congruent pairs of subspaces with the same constant quaternionic Kahler angles. Moreover,
we prove in Section §4.5 that an H-orthogonal direct sum of subspaces of dimension 4
with the same constant quaternionic Kahler angle is protohomogeneous if and only if
any two factors are congruent under an element of Sp,. However, even if that direct
sum is not protohomogeneous, it has constant quaternionic Kéahler angle in some cases.
Thus, if we take V' a non-protohomogeneous subspace with constant quaternionic Kéahler
angle as above, and denote by Sy the connected subgroup of G whose Lie algebra is
sy =a® (ga V) @ goa, then: (1) since V has constant quaternionic Kéahler angle, tubes
around Sy - o are isoparametric and have constant principal curvatures by [60, Theorem
4.5], and (2) these tubes are not homogeneous by [28, Theorem 4.1]. Hence, we have the
following remarkable consequence:

Theorem C. There exist uncountably many inhomogeneous isoparametric families of hy-
persurfaces with constant principal curvatures in HH" Y with n > 7, up to congruence.

We recall that the only examples of inhomogeneous isoparametric families of hypersur-
faces with constant principal curvatures known so far in any irreducible Riemannian sym-
metric space are the celebrated examples in spheres by Ferus, Karcher and Miinzner [78§]
and a single example found in the Cayley hyperbolic plane [60]. Thus, this is the first time
an uncountable collection of such examples is produced in some symmetric space.
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This chapter is organized as follows. The fundamental concept of quaternionic Kahler
angle is recalled in Section §4.1 together with some important notation that will be used
throughout this chapter. In Section §4.2 we use a generalization of the hairy ball theorem to
rule out several possibilities for quaternionic Kéahler angles. Then, in Subsection §4.3.1 we
prove a simultaneous diagonalization result for subspaces of constant quaternionic Kéahler
angle. This is used in Subsection §4.3.2 to prove a factorization theorem for protohomo-
geneous subspaces of dimension multiple of 4. Altogether, this reduces our study to di-
mensions 3 (Subsection §4.4.1) and 4 (Subsection §4.4.2). The existence of inhomogeneous
isoparametric hypersurfaces with constant principal curvatures in quaternionic hyperbolic
spaces (Theorem C) is established in Section §4.5. We finally prove Theorems A and B in
Section §4.6.

4.1 Quaternionic Kahler angle

We start this section by introducing the main known results concerning the concept
of quaternionic Kéhler angle, which we recall in this section. Also, we will present some
properties and summarize all the examples of subspaces with constant quaternionic Kéhler
angle known up to the present. The main references for these notions and results are [13],
28], and [60].

The metric and the quaternionic Kahler structure on HH"*! induce a positive definite
inner product (-,-) on g, and a quaternionic structure J on g,, respectively, such that g,
is isomorphic to H" as a (right) quaternionic Euclidean space. Here, by a quaternionic
structure J we understand a 3-dimensional vector subspace of Endg(H"), the space of real
endomorphisms of H" = R*" admitting a basis {.J;, Jo, J3} of orthogonal transformations
of H™ = R* such that J? = —Id and J;Jiy1 = Jiyo = —Ji1J;, for each i € {1,2,3}
(indices modulo 3). Such a basis is called a canonical basis of the quaternionic structure J.
Sometimes it is helpful to regard J as endowed with a positive definite inner product that
makes it isometric to the Euclidean 3-space R?, and such that the elements of J that are
orthogonal complex structures of H" constitute the unit sphere S? C J with respect to such
inner product. Throughout this chapter, if v is a vector in H" and V' is a real subspace of
H™ (i.e. a vector subspace of the real vector space R with the underlying real vector space
structure of H"), we denote by Hv = Ru@ Jv and by HV = V 4+ 3V the quaternionic spans
of v € H" and of V' C H", respectively; sometimes we also write (ImH)v to refer to Ju.

Theorem 3.4.1, due to Berndt and Tamaru, shows the crucial role played by real sub-
spaces V of g, = H" and their behavior with respect to Ky in the classification problem of
cohomogeneity one actions on HH"™!. Note that the effectivization of K, on g, = H"
is the Lie group Sp,Sp, = (Sp; x Sp,))/{%(1,1d)}, which acts in the standard way:
(¢, A) - v = Avg™!, where ¢ € Sp; and A € Sp,. Thus, in this subsection we gather
some important terminology and useful facts to study real subspaces of a quaternionic
Euclidean space, up to congruence by elements of Sp,Sp,,.
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Firstly, motivated by Theorem 3.4.1, we will say that a real subspace V' C H" is proto-
homogeneous if there is a connected subgroup of Sp;Sp,, that acts transitively on the unit
sphere of V. Equivalently, V' is protohomogeneous if the connected Lie group nglspn(V)
acts transitively on the unit sphere of V. Note that protohomogeneous subspaces V' of
go = H" are precisely those inducing cohomogeneity one actions on HH"*! via the con-
struction in Theorem 3.4.1(i). We also say that two real subspaces V and W of H" are
equivalent if there exists an element T' € Sp,Sp,, such that TV = W. Observe that, by
Theorem 3.4.1(ii), V and W are equivalent protohomogeneous subspaces of g, = H" if and
only if they induce orbit equivalent cohomogeneity one actions on HH"*!.

Let us now recall a useful description of the action of Sp;Sp,, on H". Let us consider
{X1,...,X,} and {Y1,...,Y,} two H-orthonormal bases of H", and let {J, Js, J5} and
{J1,J5, J5} be two canonical bases of the quaternionic structure of H". Then, there exists
aunique T' € Sp;Sp,, such that T'(X;) = Y; and T'J; = JiT for alli € {1,...,n} and all j €
{1,2,3}. Conversely, any R-linear endomorphism of H" that maps H-orthonormal bases
of H" to H-orthonormal bases of H"” and intertwines canonical bases of the quaternionic
structure of H" in the above described fashion lies in Sp,Sp,,.

Let V be a real vector subspace of the quaternionic Euclidean space H". The Kdhler
angle of a non-zero vector v € V with respect to a non-zero J € J and V is defined to be the
angle between Jv and V. Equivalently, it is the value ¢ € [0, 7/2] such that (P,v, Pyv) =
cos?(p) (v, v), where Py := myJ and we denote by my the orthogonal projection onto V.

The following lemma was essentially proved by Berndt and Briick [13, Lemma 3]. We
state it in a somewhat different form following Theorem 3.3.4, where it was stated in the
more general context of subspaces of Clifford modules.

Lemma 4.1.1. Let V' be a real subspace of H" and let v € V' be a non-zero vector. Then
there exists a canonical basis {Jy,J2, J3} of I and a uniquely defined triple (1, p2, ¢3),

such that:
(1) s is the Kdihler angle of v with respect to J; for each i € {1,2,3},
(i) (Pwv, Pjv) =0 for every i # j, where P, = my J;.
(iil) 1 < a2 < 3.
)

(iv) 1 is minimal and 3 is mazimal among the Kdhler angles of v with respect to all
non-zero elements of J.

Indeed, {Jy, Ja, J3} is a basis of J with respect to which the symmetric bilinear form
L,: JxJ—=R, L,(J,J") == (Pyv, Pyv),
has a diagonal matriz expression with eigenvalues cos®(p;){v,v), i € {1,2,3}.

The previous lemma allows us to introduce the following definition [13]. If V is a real
subspace of H", the quaternionic Kdhler angle of a non-zero vector v € V with respect to
V is the triple (@1, @2, ¢3) given in Lemma 4.1.1. Sometimes we will also say that v € V
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has quaternionic Kéhler angle (¢1, 9, p3) with respect to V' and to the canonical basis
{J1, Ja, J3} of J, in order to specify that the basis {J;, Jo, J3} is under the conditions of
Lemma 4.1.1. A linear subspace V' of H" is said to have constant quaternionic Kdhler angle
O(V) = (1, g2, p3) if the triple (¢1, 2, ¢3) is independent of the non-zero (or by linearity,
unit) vector v € V. In this chapter, whenever we use the notation ®(V') we will implicitly
assume that V' has constant quaternionic Kahler angle.

Remark 4.1.2. Note that the J; € J defined in Lemma 4.1.1 may depend on v € V. This
is true, even in the case that V' has constant quaternionic Kahler angle. For example
V = ImH C H has constant quaternionic Kéhler angle ®(V') = (0,0, 7/2), but the basis
{J1, Ja, J3} of Lemma 4.1.1 cannot be chosen independently of v € V. However, we will
prove that, under certain hypotheses (see Corollary 4.3.2 or Proposition 4.4.10), the J; can
be chosen independently of v € V. This is one of the crucial results in this chapter.

The following result is known (see [13, p. 229]), but we find it instructive to in-
clude a proof.

Lemma 4.1.3. Let V. C H" be a protohomogeneous subspace. Then, V has constant
quaternionic Kahler angle.

Proof. Let v € V be a unit vector of quaternionic Kéhler angle (¢1, 2, ¢3) with respect
to V and a canonical basis {J, J2, J3} of J. Thus, (P, Pju) = cos®(p;)d;, for i,j €
{1,2,3}, where ¢;; stands for Kronecker delta. Let w € V be a unit vector. Since V' is
protohomogeneous, there exists 7' € Sp,Sp,, that leaves V invariant and satisfies Tv = w.
By the description of the action of Sp,Sp,, on H", there exists a canonical basis {J], J5, J5}
of J such that T'J; = J!T, for i € {1,2,3}. Furthermore, since T leaves V invariant, we
have that T'my = myT. Hence, TP, = P/T for i € {1,2,3}, where P; = P; = myJj.
Finally,

(Plw, Pjw) = (P{Tv, PjTv) = (TP, TP) = (P, Pv) = cos*(:)dy;.

Since w is arbitrary, by the last claim of Lemma 4.1.1 we get ®(V') = (1, ¢2, ¢3). O

We now introduce a matrix map that will be very useful in what follows. Let V' be a
real subspace of H" of dimension k, and let {.J;, J5, J3} be a canonical basis of J. Then,
we define the Kdhler angle map of V' with respect to {J1, Jo, J3} as the map Q) that sends
each unit vector v € S¥71 C V to the symmetric matrix Q(v) of order 3 whose (i, j)-entry
is given by

Qv)y = (P, Pju) = Lu(J;, Jj), (4.1)

where P, = P, i € {1,2,3}. A straightforward but important observation is that V' has
constant quaternionic Kéhler angle if and only if the matrices {2(v) have the same eigen-
values counted with multiplicities, for any v € S¥71. In other words, ®(V) = (1, ©2, 3)
if and only if the eigenvalues of Q(v) are cos?(y;), i € {1,2,3}, for all unit v € V. This
isospectrality property of the Kahler angle map will play a crucial role in this chapter.
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Known examples of subspaces with constant quaternionic Kahler angle

We conclude this section by stating some known partial classifications and examples of
subspaces V' with constant quaternionic Kahler angle in a quaternionic Euclidean space H".

In [28], Berndt and Tamaru listed some triples that can arise as constant quaternionic
Kéhler angles (V') of non-zero real subspaces V' of H", and stated the classification of such
particular types of subspaces. All the subspaces in this list are protohomogeneous [13, 28].
Such triples are the following:

(1)

(2)

(3)

(4)

(5)

O(V) = (n/2,7/2,7/2). These are precisely the totally real subspaces of H". Recall
that a linear subspace V' C H" is totally real if JV C H" &V for every J € J. In
this case dimg V' € {1,2,...,n}.

®(V) = (0,7/2,7/2). These are the totally complex subspaces, that is, the subspaces
V of H" such that 1V C V and JV C H" &V for some complex structure J; € J
and all J € J perpendicular to J;. In this case dimg V' € {2,4,...,2n}.

d(V) = (0,0,7/2). These subspaces are the 3-dimensional subspaces of the form
Jv = (ImH)v for some non-zero v € H".

®(V) = (0,0,0). These are the quaternionic subspaces, that is, the subspaces V' C H"
such that JV C V for every J € J. Hence, dimg V' € {4,8,...,4n}.

O(V) = (p,m/2,7/2), ¢ € (0,7/2). Let W be a totally complex subspace of H",
with J1W C W for some complex structure J; € J. Then, a subspace V of H"
satisfies ®(V') = (p,7/2,7/2) if and only if V is a subspace of some W as before

with constant Kéhler angle ¢ € (0,7/2) as a subspace of the complex vector space
(W, J1). Thus dimg V' € {2,4,...,2[n/2]}.

O(V) = (0,0,9). Let W be a totally complex subspace of H" such that JoWW C W for
some complex structure J, € J, and let V be a real subspace of (W, Jy) with constant
Kahler angle ¢ € (0,7/2). Then, V is a subspace of H" with ®(V) = (0, ¢, ¢) if
and only if it is the complexification V = J;V @& V of some V C W as before with
respect to some complex structure J; € J orthogonal to J;. In this case dimg V' €
{4,8,...,4[n/2]}.

We also recall, as observed in [28, pp. 3434-3435], that:

(i)

(i)
(iii)

for each ¢ € {1,...,n} there exists, up to equivalence, exactly one real subspace V'
of H" with dimg V' equal to ¢, 2¢ or 4¢, for each of the types (1), (2) or (4) above,
respectively;

there exists only one subspace V' of H" of type (3), up to equivalence; and

for each ¢ € {1,...,[n/2]} and each ¢ € (0,7/2) there exists exactly one subspace
V of H" with dimg V' = 2¢ of type (5), and exactly one subspace V of H" with
dimg V' = 44 of type (6), up to equivalence.
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Berndt and Tamaru conjectured in [28] that these were all the possible subspaces with
constant quaternionic Kéhler angle, but in [60] new examples of subspaces V' of dimension
4 such that ®(V') = (o1, @2, ¢3) where cos(py) + cos(ps) < 1+ cos(p3) were given. These
are constructed as follows. Let 0 < ¢ < ¢y < @3 < 7/2 with cos(p1) + cos(pa) <
1 + cos(p3), and consider a 4-dimensional totally real subspace of H" and a basis of unit
vectors {eq, e1, €2, €3} of it, where (eq,e;) =0, for ¢ € {1,2,3}, and

cos(pit2) — cos(p;) cos(pit1)
sin(¢;) sin(pi41)

(€, €it1) = , 1€{1,2,3}.

For the sake of simplicity let us define ¢y = 0 and Jy = Id. Notice that (J;ey,e;) = 0 for
j€41,2,3} and k, I € {0,1,2,3}, because spang{eq, €1, €2, €3} is a totally real subspace
of H". Then we can define

&k = cos(py) ke + sin(pg) Jrer, k€ {0,1,2,3}.

(Note that & = eg.) We consider the subspace V' spanned by these four vectors, for which
{&0,&1,&2,&3} is an orthonormal basis. Then, ®(V) = (p1, p2, p3). It was also observed
in [60] that one can take several copies of these 4-dimensional subspaces to construct
subspaces V' of H" of dimension multiple of 4 with ®(V') = (1, 2, 3), where cos(p1) +
cos(pg) < 1+ cos(ps). This fact will be proved carefully in Section §4.5 for a broader
family of examples that we will provide.

At this point, we find interesting to remark that, unlike the six types of examples known
to Berndt and Tamaru in [28], and as we will see in Proposition 4.4.14, we can prove that,
for any positive integer k multiple of 4, there are triples (¢1, 2, ¢3) for which there are
non-equivalent subspaces V' of H" with ®(V') = (1, ¢2, ¢3) and dimg V' = k.

4.2 Hairy ball method

In this section we use a topological argument to reduce the classification problem of sub-
spaces V with constant quaternionic Kéhler angle in H" to the study of subspaces with
dimensions 3 and multiples of 4. The idea is to construct a distribution on the unit sphere
of the subspace V of H", and then use a generalization of the hairy ball theorem to exclude
several cases.

Let V' be a real subspace of H" of real dimension k£ with constant quaternionic Kahler
angle ®(V) = (o1, 2, 03). Let S¥71 denote the unit sphere of V. For each v € S¥~! and
J € 3 we have (Pyv,v) = 0 and Pyv € V, and thus P;v € T,5*7!. For each v € S*!
consider the subspace of 1,571 given by

A, ={Pw:J e}

Since V' has constant quaternionic Kéahler angle, the dimension of A, is independent of
v € S¥71. Hence, A defines a smooth distribution on the sphere S*~!, and its rank coincides
with the number of elements i € {1, 2,3} such that ¢; # /2.
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Steenrod [166] computed the possible ranks of continuous distributions on spheres. We
summarize these results in the following statement [166, p. 144, Theorem 27.18].

Theorem 4.2.1. The sphere S° does not admit a continuous distribution of rank r if £ is
even and 1 <r </l —1, orif { =1(mod 4) and 2 <r < {—2.

Now we can state and prove the main result of this section.

Proposition 4.2.2. Let V be a real subspace of H" with constant quaternionic Kahler
angle and dimg V = k. Then:

(i) If k > 5 is odd, then V is a totally real subspace of H", that is, it has constant
quaternionic Kahler angle (7/2,7/2,m7/2).

(ii) If k = 2 (mod 4), then V has constant quaternionic Kdihler angle (p,m/2,7/2), for
some @ € [0,7/2].

(i) If k = 3, then V' has constant quaternionic Kdhler angle (v, p,7/2) for some ¢ €
0, 7/2].

Proof. Let us consider the distribution A defined above in this section. Recall that, by
construction, its rank is at most 3.

Let £ > 5 be odd. Then, Theorem 4.2.1 implies that S¥~! does not admit a non-
trivial continuous distribution. Thus, the rank of A is 0. Hence, by definition of A we
have Pjv = 0 for all J € J and v € S¥7', which means that JV is perpendicular to V.
Therefore, V' is totally real. This proves (i).

Let now k = 2 (mod 4). Theorem 4.2.1 guarantees that the rank of A is 0 or 1. If A has
rank 1, then for each v € S¥71 there is, by definition of A, a canonical basis {J}, J¢, J&}
of J such that Pv # 0 and Pyv = Pjv = 0, where P’ = Pj», for i € {1,2,3}. Hence, v
has quaternionic Kéhler angle (¢, 7/2,7/2) with respect to V and {J7, J3, J{}, for some
¢ € [0,7/2). Therefore, (V) = (p,n/2,7/2), ¢ € [0,7/2). If A has rank 0, then V is
totally real, as in the proof of (i). Altogether, we have proved (ii).

Let £k = 3. Then Theorem 4.2.1 implies that the rank of A is 0 or 2. If it is 0, then
V' is totally real. If the rank of A is 2, then ®(V') = (g1, g2, 7/2), for some ¢y, @9 # 7/2.
In this case, let us assume that ¢; # ¢o. Then, for each v € 5S> C V there exist complex
structures J7 and Jj in J, depending continuously on v, such that v has Kéhler angle
@i € [0,7/2) with respect to JY and V, for i € {1,2}. But then v — P}v would define
a non-vanishing continuous vector field on S?, which contradicts Theorem 4.2.1. Hence,
©1 = 2, which proves (iii). O

In view of Proposition 4.2.2 and the previous partial classification results (Section §4.1),
the classification of real subspaces with constant quaternionic Kéahler angle is reduced to
two main cases: subspaces with dimension k£ = 3, and subspaces with dimension k£ multiple
of 4. The case k = 3 (and hence ®(V) = (¢, ¢, 7/2)) will be addressed in Subsection §4.4.1
by a direct study. The other case is much more involved and, indeed, we will content
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ourselves with addressing the subcase k = 4 and, for higher dimensions, restricting our
attention to protohomogeneous subspaces. Thus, in Section §4.3 we will reduce the study
of protohomogeneous subspaces of dimension multiple of 4 to the case of dimension k = 4,
and in Subsection §4.4.2 we will obtain the classification of subspaces of dimension k£ = 4
with constant quaternionic Kahler angle.

4.3 Factorization of subspaces of dimension multiple
of four

In this section we prove that any protohomogeneous subspace of real dimension k£ multiple
of 4 in H"™ can be factorized as an H-orthogonal direct sum of subspaces of dimension
4 with the same constant quaternionic Kéhler angle. The first step (Subsection §4.3.1)
will be to show, using a Lie group theoretical argument, that the canonical basis of J
provided by Lemma 4.1.1 is independent of the vector in the subspace V' of H". Then,
using this, one can induce a Clifford module structure on V', which allows us to conclude
the factorization result by using the classification of Clifford modules by Atiyah, Bott and
Shapiro [7] (Subsection §4.3.2).

4.3.1 Canonical quaternionic structure

Let V be a real subspace of a quaternionic Euclidean space H". Assume that V is
protohomogeneous. Equivalently, H' := nglspn(v)’ the connected component of the iden-
tity of the normalizer of V in Sp,Sp,,, acts transitively on the unit sphere S¥=1 of V. In
particular, V' has constant quaternionic Kéahler angle by Lemma 4.1.3.

Consider the subgroup H” of all elements of H which act trivially on V/,

H" = Zsp sp, (V) ={h e H : hv = v, for allv € V'}.

This is a closed normal subgroup of H'. Hence, H := H'/H” is a compact connected Lie
group. Moreover, the action of H on V' induces an action of H on V', and the latter inherits
the basic properties of the former (it is orthogonal and transitive on the unit sphere S¥~1
of V'), but now the H-action is effective.

The compact connected Lie group H acts effectively and transitively on the unit sphere
Sk=1 of V. Montgomery and Samelson [136], and Borel [38], classified compact connected
Lie groups acting effectively and transitively on spheres (see also [32, p. 179]). In particular
(see [136, Theorem I]), we have that either H is simple or H = (H; x Hy)/N, where H;, Hy
are connected simple Lie groups and N is a finite normal subgroup of H; x Hy; moreover,
the subgroup of H corresponding to H; still acts transitively on S*~1.

Proposition 4.3.1. Let V be a protohomogeneous real subspace of H" of dimension k >
5. Then, there exists a connected Lie subgroup S of the Sp,,-factor of Sp,Sp,, that acts
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transitively on the unit sphere S¥=1 of V.. Moreover, the elements of S commute with any
complex structure J € J.

Proof. Let b’ and h” denote the Lie algebras of H and H”, respectively. Since b’ is compact,

and hence reductive, the ideal h” of §’ admits a complementary ideal h of b’ such that

b’ =bhadbh” and h ~ b’'/h”. Note that the Lie algebra of H = H'/H" is isomorphic to b. If

H denotes the connected subgroup of H' with Lie algebra b, then H' = H - H” and hence
=H/H" = H/(H N H") is a finite quotient of H.

If H is simple, put s := h. If H is not simple, put s := bh;, where b is the ideal of h
whose associated connected Lie subgroup of H still acts transitively on Sk=1. Note that,
in any case, the connected Lie subgroup S of H C H C Sp,Sp,, with Lie algebra s acts
transitively on the unit sphere S*¥~1 of V.

Recall that b’ is a Lie subalgebra of the direct sum Lie algebra sp(1) @ sp(n). Consider
Tep(1): SP(1)@sp(n) — sp(1) the projection map onto the first factor, and ¥ = mgy1)|s: 5 —
sp(1) its restriction to s, which is a Lie algebra homomorphism.

Since KerW is an ideal of s and s is simple, we have Ker = 0 or Ker¥ = s. If
Ker¥ = 0, then s is isomorphic to a subalgebra of sp(1); but dimsp(1) = 3, so S cannot
act transitively on S*~', k > 5. Hence, Ker¥ = s, and thus, Im¥ = 0, that is, s is
contained in the sp(n)-factor of the Lie algebra of Sp,Sp,,. This proves the first part of the
claim.

The connected subgroup S of Sp,, C Sp,Sp,, with Lie algebra s, which acts transitively
on the unit sphere of V, commutes with the elements of the Sp,-factor of Sp,Sp,,. Since
the quaternionic structure J of H™ is induced precisely by the action of the Sp;-factor on
H"™, we obtain that the elements of S commute with any J € J. ]

As a consequence, we have

Corollary 4.3.2. Let V C H" be a protohomogeneous real subspace of dimension k > 5
with constant quaternionic Kdahler angle ®(V') = (1, @2, p3). Then, there exists a canonical
basis {J1, Jo, J3} of J such that the Kdhler angle of any unit vector v € V' with respect to
J; and V' is @;, for each i € {1,2,3}.

Proof. 1t suffices to show that the bilinear form L, given in Lemma 4.1.1 is independent
of v € S¥7!. Indeed, given v,w € S*~!, there exists T € S such that Tv = w. Since T
commutes with all J € J and preserves V', we have

L,(J,J) = (Pyw, Ppw) = (myJTv, my J Tv) = (my T Jv, myT J'v)
= <T7TV<]U,T7ij/U> = <TPJU,TPJ/U> = <PJU,PJ/U> = Lv(J, J/),

forall J, J' €3. O

4.3.2 Factorization Lemma
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Let V' be a real subspace of H" of constant quaternionic Kéhler angle (¢1, 2, 3) with
o # /2. Assume that there exists a canonical basis {Ji, Js, J3} of J such that the Kéhler
angle of any non-zero vector v € V with respect to J; and V is ¢;, for i € {1,2,3}.
Note that, by Corollary 4.3.2, if V' is protohomogeneous of dimension at least 5, then the
previous assumption holds. In view of Proposition 4.2.2 (and leaving the case k = 3 for
later), we will assume that dimg V' = 41 with [ € N.

Let us regard H" as a complex vector space C** with respect to the complex structure
Ji. By [61, p. 1191], we have that P; := P;/ cos(p;) = myJ;/ cos(ip;) leaves V invariant and
defines an orthogonal complex structure in V', for each i € {1, 2}, and also for i = 3 if and
only if 3 # 7/2. Furthermore, we can easily check that P;P; = —P;F;, for i # j. Indeed,
if v,w €V, then Lemma 4.1.1 yields

0= (P(v+w), By(v + w)) = (P, Paw) + (Pyo, Pw) = —(P;Pv,w) — (P.Pyv, w).

Hence, V has a module structure over the Clifford algebra Cls if @3 # 7/2, or over Cly
if o3 = w/2. It is well known that there are exactly two inequivalent irreducible Clifford
modules over Cl3, both of dimension 4 (we will denote them by V? and V'), whereas there is
exactly one irreducible Cly-module up to equivalence, again of dimension 4 (we will denote
it by V). Moreover, Clifford modules are semisimple. This implies that, if o5 # m/2, we
can decompose V' into a direct sum of irreducible Cls-modules as follows

(o) (e)

where [y 4+ I3 = [, whereas if 3 = 7/2 the Cly-module V' can be decomposed as

l
V=

The above decompositions can be assumed to be orthogonal because the complex structures
P, are orthogonal. This also implies that two different summands are H-orthogonal: if
v,w € V belong to two different summands, (J,v,w) = (Pyv,w) = 0 by the Pj-invariance.
Finally, since P; leaves each factor V" (r € {0,1}) invariant, we deduce that each V" has
constant quaternionic Kéhler angle (o1, 2, p3). This leads us to state the following:

Lemma 4.3.3. Let V be a real subspace of H" of dimension 41, with | € N, and con-
stant quaternionic Kdhler angle (1,2, ps3). Assume that there exists a canonical basis
{J1, Ja, J3} of J such that the Kdihler angle of any non-zero v € V' with respect to J; and
V is p;, for each t € {1,2,3}. Then, there is an H-orthogonal decomposition

where each V. has dimension 4 and ®(V,.) = (1, p2, ¢3) as a subspace of H™.
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Conversely, let V' be a real subspace of H" given by an H-orthogonal direct sum V :=
@izl V., where each V, has dimension 4, and ®(V,.) = (@1, 2, v3). Let {J1, Jo, J3} be a
canonical structure of J such that every non-zero vector in 'V, has Kdhler angle @; with re-
spect to J; and V,., for eachi € {1,2,3} and eachr € {1,...,l}. Then, (V) = (p1, p2, ¢3).

Proof. The first assertion has been proved above under the assumption @ # 7/2. If ¢y =
7/2, the first claim follows from the classification of subspaces V with (V') = (¢, 7/2,7/2),
p € [0,7/2] (cf. Section §4.1 and [13, pp. 230-232]).

In order to prove the converse, we first note that 7y (HV,.) = V., for each r € {1,...,}.
Indeed, for every v € V, and w € Vi, r # s, (myJiv,w) = (Jv,w) = 0, where in the
last equality we have used HV, L HVj,. Hence, myJ(V,) C V,, and since my(V;) = V., we
deduce my (HV,.) = V.

Now let v = Zizl v, € V, with v, € V, for each r € {1,...,l}. Denoting as usual
P, = 7wy J;, for each i € {1,2,3}, we have

l l
Lo(Ji, J;) = (P, Pyo) = Y (myJowp, myvJjos) = Y _(my Jio, my Jyv,)
r,s=1 r=1

l l
= S (P o) = 3 cos ()6 2 = cos? () ol
r=1 r=1

where in the third equality we have used my (HV,) =V, and V,. L V; forall r;s € {1,...,1},
and in the fifth one we have used that the quaternionic Kéhler angle of v, with respect to
V. and {Jy, Jo, J3} is (@1, 2, 3). Since v € V is arbitrary, by Lemma 4.1.1 we conclude
that ®(V) = (¢1, 2, ©3)- ]

4.4 Low dimensional subspaces with constant
quaternionic Kahler angle

As a consequence of Proposition 4.2.2, we only have to study subspaces of dimensions 3
and multiples of 4. The latter can be reduced to studying subspaces of dimension 4 by
virtue of Corollary 4.3.2 and Lemma 4.3.3. We devote this section to the classification of
(not necessarily protohomogeneous) real subspaces of dimensions k € {3,4} with constant
quaternionic Kahler angle. The main tool that we will use in this section is the isospec-
trality of the Kéhler angle map €2 introduced in Equation (4.1). We start with a lemma
that provides an appropriate basis of the subspace.

Lemma 4.4.1. Let V be a real subspace of H" of dimension k € {3,4} with ®(V) =
(p1, 02, ¢3). Let e € V' be a unit vector. Then, there exists a canonical basis {.Jy, Jo, J3}
of J and vectors e; € H" © Hey, i € {1,...,k — 1}, such that

cos(p;)Jieq + sin(y;) Jie;, ie{0,...,k—1}, (4.2)
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constitute an R-orthonormal basis of V', where we put Jy :=1Id and pq = 0.
Moreover, for each i € {0,...,k— 1} with @; # 7/2, we have

Pieq = cos(y;)Jieg + sin(;) Jses,

where P; = P;/ cos(p;) = myJ;/ cos(ip;).

Finally, if ¢; = 0 we take e; = 0, whereas if ¢; > 0, then e; is a unit vector.
Proof. Let ¢y € V be a unit vector. By Lemma 4.1.1, there is a canonical basis {Ji, Jo, J3}
of J such that ey has Kéhler angle ¢; with respect to J; for ¢ € {1,2,3}, and (Peq, Pjeg) =
cos®(p;)0;;. In particular, (Pieg, Pieg) = 0 for any i, j € {0,...,k — 1}, ¢ # j, with ¢,
p; £ 7/2.

Fix i € {1,2,3}. If ¢; = 0, then we take ¢; = 0. Let us assume first that ¢; € (0,7/2).
By regarding H" as a complex vector space C*" with respect to the complex structure J;,
[13, Lemma 2] yields the existence of a unit vector e; € H" © spang{eo, Jieg} satisfying

Pieo = COS(QOZ')J,L‘G() + Sln(gpz)Jzel

We have to see that e; € H" © Heg. Observe that H" & spang{eg, Jiep} coincides with the
orthogonal sum (H" & Heg) @ spang{J;11€0, Jir2€0}, where indices are taken modulo 3. Let
a,b € R. Then

<€i, CLJi_He() + bJZ‘+2€0> = — <J1'R€0 + COS(QDZ')(E(), aJiHeo + in+2€0>

sin(e;)
B 1

~ sin(p;) cos(g;)
where in the last equality we have used Lemma 4.1.1. Therefore, e; € H" & Hey,.

Now if po = 7/2, subspaces V with ®(V') = (¢, 7/2,7/2), ¢ € [0,7/2], are classified
(see Section §4.1) and they can be spanned by a basis as in the statement (see [13, p. 232]
and note that the {e;} in the statement do not have to be H-orthonormal).

Thus, we finally have to deal with the case k = 4, ¢y # 7/2, and w3 = w/2. Then, by
the previous argument, there exists a unit vector v € H" such that {e, Piey, Prey, v} is an
R-orthonormal basis of V', where Pieq = cos(g;)Jieo + sin(p;) Jie;, i € {1,2}. Recalling the
definition of the Ké&hler angle map (see Equation (4.1)), we have

(a(Pieo, Piyaeo) — b(Pieo, Piy1eo)) = 0,

3

tr(Q(ep)) = Zmeo, Pieo)

=1
3
= Z ((Pz'€07 eo)’ + (Pieg, Preg)? + (Pieo, Paeo)? + (Pieo, U>2)
i=1
3
= cos”(ip1) + cos*(p2) + > _(Jico, v)?,
i=1
where we have used Lemma 4.1.1 and Pey = Pieg / cos(p;). Since the quaternionic Kéhler
angle of V is ®(V) = (1, o, 7/2), the eigenvalues of Q(ey) are cos?(¢y), cos®(ps) and 0,
and hence we deduce that v € H" & Hey. Thus, taking e3 = —J3v yields the result. O
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Remark 4.4.2. Whenever ¢; > 0, the orthogonality of (4.2) yields (Jse1,e2) = 0, and if
k =4, also (Jieq, e3) = (Jaegz,e1) = 0.

4.4.1 Subspaces of dimension three

In this subsection we classify 3-dimensional real subspaces of H" with constant quater-
nionic Kahler angle.

Proposition 4.4.3. Let V C H" be a real subspace of dimension 3. Then, V has constant
quaternionic Kdhler angle if and only if (V') = (¢, ¢, 7/2), ¢ € [0,7/2], and for any unit
eo €V, there is a canonical basis {J1, Ja, Js} of J such that
{eo, cos(p)Jieg + sin(p) Jier, cos(p) Jaeo + sin(p) Jrea } (4.3)

is an orthonormal basis of V', where, if ¢ # 0, e1,es are unit vectors satisfying e, es €
H"oHeq, eo € H*S(ImH)ey, and either (e, es) = cos(p)/(cos(p)—1) with ¢ € [7/3,7/2],
or (ey, ea) = cos(p)/(cos(p) + 1) with ¢ € (0,7/2].
Proof. By Proposition 4.2.2, we have that ¢; = ps = ¢ € [0,7/2] and p3 = 7/2. Let us
assume that V' is spanned by the basis described in Lemma 4.4.1 with k =3. If p =0 or
¢ = 7/2 the claim follows from the classification of subspaces with constant quaternionic
Kahler angle (0,0,7/2) or (7/2,7/2,7/2); see Section §4.1.

Thus, let us assume ¢ € (0,7/2). Then, for each [ € {1,2} and understanding the
subscript [ + 1 € {1,2} modulo 2,

Q(Pleﬂ)ij = <Pi]51607 P'Pz€0>

2
= <J¢Pl€0,€0> J; Pl€o7€0 Z JP160,P€0 JPlGO,preo),

= <PleO7Pi€0><PleO7Pj€0> <J Pz€0, B+1€0><ijl€07pl+1€0>a

where in the second equality we have calculated the orthogonal projection of vectors onto
V' by using the orthonormal basis {eq, Pieg, Paeo} of V. Hence, for I € {1,2}, using
Lemma 4.4.1 we have

Q(Preg)u = cos®() + (er, Jryrersr)? sin (),
Q(R€O)I+1,l = <€1, J1€2><€1, J2€2> Siﬂ4(<,0),
Q(Preo)is141 = (e, Jier)* sin (),
Q(Pieo)is = (e, Jaer) sin® (i) (cos? (i) + (e1, e2) sin®(p)),
Q(]5160)23 = —(e1, J1e2) SiDZ(W)(COSQ(QO + (e1, €2) Sin2(<ﬂ));
Q(Pieo)ss = (cos® () + (e1, e2) sin’ ().

Now, since Q(Peg) is symmetric with eigenvalues cos?() (of multiplicity 2) and 0, by the
min-max theorem, one obtains

0 < Q(Preg)u < cos?(ip), le{1,2}.
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This implies (e, Jae2) = (ea, Jie1) = 0, which together with Remark 4.4.2 yields e; €
H" & (ImH)e;. Taking again into account the spectrum of 2(Pyey), we have the following
relation for its trace,

2 cos(p)? = tr(Q(Preg)) = (cos®(¢) + (e1, ea) sin®())* + cos?(p).

From this and the fact that e; and ey are unit vectors, we deduce that either (ej,e;) =
cos(p)/(cos(p) — 1) where ¢ € [r/3,7/2) or (e1,es) = cos(p)/(1 + cos(yp)) where ¢ €
(0,7/2). This proves the necessity of the statement.

For the converse we take an arbitrary unit vector v € V' which we write as

v = zoeo + 21 (cos(p) Jreg + sin(p)Jrer) + x2(cos(p) Jaeq + sin(p) Jaes).
Then, if ¢ € {£1} is such that (e, es) = cos(p)/(1 + e cos(p)), we have

xg + a:% XT1To —EXpLo
Qv) = cos®(p) | mmy 22 +22 exom
—exoTy  ETOT] TT+ T3

Since v is a unit vector, zZ + 2% + 3 = 1, and it is now easy to see that (v) has a double
eigenvalue cos®(ip), and a simple eigenvalue 0. O

Remark 4.4.4. We will denote by V¥ and V¥ any real subspace of H" constructed as in
Proposition 4.4.3, depending on whether (ej, es) = cos(p)/(cos(¢) + 1) for ¢ € (0,7/2], or
(€1, e9) = cos(p)/(cos(p) — 1) for ¢ € [r/3,7/2], respectively. Note that the subspaces VY
can be constructed as subspaces of any H" with n > 3. One can easily check that the only
one that fits into an H2 is V™® (but it cannot fit into H).

Proposition 4.4.5. Let V be a subspace of H" with constant quaternionic Kdhler angle
and dimension 3. Then V' is protohomogeneous.

Proof. We know from Proposition 4.4.3 that ®(V) = (¢, ¢, 7/2). We can assume that
¢ € (0,7/2) since, otherwise, V' is known to be protohomogeneous (see Section §4.1).

Let eg € V be an arbitrary unit vector. By Lemma 4.1.1 there is a canonical basis
{J1, Ja, J3} of J such that ey has Kéhler angle ¢ with respect to J; and Jy, and Kéhler
angle /2 with respect to J;. In view of Lemma 4.4.1 and Proposition 4.4.3, let us consider
the unit vectors e; € H" © Hey, i € {1,2}, given by

e; = —(JiPieg + cos(ip)eg)/ sin(¢p), i€{l,2}, (4.5)

where P; := 7y J;/ cos(¢). On the one hand, by (4.5) we have

———(J1Preg + cos(ip)eq, J2Paeg + cos(p)ep)
sin®(yp)
) (4.6)

B sin2(<P) (<J1P1€0, J2P2€0> - COSQ(‘P))'

<61762> =
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On the other hand, again by Proposition 4.4.3, (e, e5) can take two possible values. We
will first see that, given V', (e, e5) is independent of ej.

Let S? denote the unit sphere of V. We define ©: S? — R by O(eg) = (e1, e2). We claim
that © is well defined. Let {J{, J;, J3} be another canonical basis of J such that ey has
Kihler angle ¢ with respect to J!, i € {1,2}, and let €} := —(J!Pley + cos(¢)eq)/ sin(¢p)
where P/ := myJ!/cos(p) for i € {1,2}. Then, there is § € [0,27) such that J/ =

7

cos(0)J; + (—1)" sin(#) J;,; for i € {1,2} and subscripts modulo 2. Thus,

J/ P = (cos(0)J; + (—1)" ' sin(6) Ji1)(cos(0) P + (—1)"*sin(0) Piyy) (47)
= cos?(0)J; P; + sin(0) Ji 11 Py + (=1)" cos(0) sin(0) (J, Py + Jo Py). '

Consequently, using Equation (4.6) twice, and then (4.7), we get, after some calculations,

1

W (<J1P160, J2P260> — <J{P1,60, J£P2,60>) == 0,

{e1, €2) — (€1, €3) =

which implies that © is well-defined.

Now note that the assignment ey € S? — span{Jj, o} € Go(J), where Go(J) is the
Grassmannian of 2-planes of J = R3, is continuous due to the continuous dependence of
the quadratic form J € §J — L,(J,J) = (Pyv, Pjv) € R on v. Hence, the map © is also
continuous. But, as mentioned just after (4.6), ©(S?) has at most two elements. Therefore,
© is constant on S%.

Finally, we prove that V' is protohomogeneous. Let ey, ¢ be arbitrary unit vectors in V.
Let {Ji, J2, J3}, {J1, J5, J4} be canonical bases of J, and ey, ey, €], €5 be unit vectors in V'
such that both (4.3), and (4.3) with €, instead of e; and J! instead of J;, are orthonormal
bases of V. Both sets of vectors {eg, e1,e2} and {ef, e}, e} span a totally real subspace
of H", and since © is constant, (e;,e;) = (e;,¢;) for all 4,5 € {0,1,2}. Tt then follows
that there exists an element 7' € Sp,Sp,, such that Te; = €, for each i € {0,1,2}, and
TJ; = JiT for each j € {1,2,3}. Thus, by (4.5) we get TP,eq = Plej, for i € {0,1,2},
where Py = P} = Id. Therefore, T is an element of Sp,Sp,, such that TV =V and Tey = €.
Since ey, €, are arbitrary, this proves that V' is protohomogeneous. O

Finally we show that the two types of subspaces V¥ and V¥ introduced in Remark 4.4.4
are indeed inequivalent for ¢ # /2. Recall that VY is defined for all ¢ € (0,7/2], but V¥
only for ¢ € [7/3,7/2].

Proposition 4.4.6. Let ¢ € [1/3,m/2]. Then there exists T € Sp,Sp,, such that TV = V¥
if and only if ¢ = /2.

Proof. If ¢ = /2, then VI/ 2 and V™'* are totally real, therefore equivalent. Let us assume
that ¢ # 7/2 and that there is T' € Sp,Sp,, such that TV = V?. By applying an element
of Sp,Sp,, if necessary, we can assume that there is a unit vector ey € V7 NV and that e
has quaternionic Kéhler angle (¢, ¢, 7/2) with respect to both V7 and V¥ and a common
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canonical basis {Ji, /2, J3} of J. Then, by Lemma 4.4.1 and Proposition 4.4.3, VY is
spanned by the basis {eg, P eo, Py eg}, where PF = myrdif cos(p), i € {1,2}. Moreover,

cos(p)

Beg = cos(p) Jieo + sin(p) Jie;, with (e, e5) = cos(p) £ 17

and e € H" © Hey, i € {1,2}.

By Proposition 4.4.5, we can assume that Tey = eo. Let J' = TJsT~! € J. Since
Jseo € H" © V7, we have J'eq = J'Tey = TJsep € H" © V¥, This implies T'J3 = eJ37,
where ¢ € {—1,1}, because +.J5 are the only complex structures in J that send ey to
H" © V¥. Therefore, there exists § € [0, 27) such that

TJ; = &' (cos(0)J; + (=) sin(0) Jyo )T, i€{1,2}, and TJs=¢cJsT.  (4.8)
Using (4.8) and Tey = ey, we have

TPtey =cos(p)T Jyey + sin(p)T Jyef
=¢ cos(p)(cos(f)Jreq + sin(f).Jaep) (4.9)
+ esin(ip)(cos(0)J,Tef + sin(0)JoTef).

By Proposition 4.4.5, V¥ is protohomogeneous, and note that SOz is the only con-
nected subgroup of Sp;Sp,, C SO, that acts transitively and effectively on the unit
sphere of Vf. Thus, we can assume that TP'ey = P e, just by composing T" with
some element in the isotropy of the action of SO3 on V¥ at ;. But inserting (4.9) and
P ey = cos(p)Jieg + sin(p)Jie; into the equality TPfeq = P e, and analyzing the
Hey and H" © Hey components (note that ef € H" © Hey, Tey = eg, and T preserves
H-orthonormality) we get § = 0 and Tef = e]. Moreover, by (4.8) we get T'J; = &' J;T,
i€ {1,2,3).

Since Teg = ey, TP eg = ePeg and TVY = V¥ we must have TPy ey = +£P; eg.
Then, inserting P; eq = cos(p)Jaeg +sin(p)Jrey in the last equality, and using T'Jy = J,T,
we deduce that Te; = e;. But this jointly with Te] = e] yields a contradiction with

the fact that T is an orthogonal transformation of H", because (e, ed) # (e, ey ) for all

© # m/2. O

4.4.2 Subspaces of dimension four

The aim of this subsection is to classify 4-dimensional real subspaces of H"” with constant
quaternionic Kahler angle.
We start by restricting our attention to subspaces with ¢, = 0.

Proposition 4.4.7. Let V C H" be a real subspace of dimension 4 with constant quater-
nionic Kdhler angle (0, s, @3). Then, ps = @3 € [0,7/2].
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Proof. First of all, if ¢5 = 0, then 3 = 0 by a combination of [13, Proposition 9] and the
fact that subspaces with ®(V') = (0,0, 7/2) have dimension 3 (see Section §4.1). Hence,
let us assume that @y # 0. Lemma 4.4.1 yields a basis {eg, Jieg, v2,v3} of V| where
v; = cos(p;)Jieq + sin(yp;)Jie;, for certain unit e; € H" © Hey, i € {2,3}. Therefore, a
computation as in Equations (4.4), for each i € {2,3}, gives

Qv = (cos(pa) cos(ies) + (e2,e5) sin(2) sin(p3))
Q(v;)22 = cos(p;)? + (Jzes, e2)? sin?(p2) sin?(gs3),
Q(v;)33 = cos(p;)* + (Jaeq, e3)? sin?(py) sin?(p3).
Hence, by the isospectrality of €2,
0 = tr(Q(vs)) — tr(Q(v3)) = 2 cos?(ps) — 2 cos?(ps3),
from where we conclude ¢y = 3. ]

In view of Proposition 4.4.7, all real subspaces V' of H" with ®(V') = (0, v9, 3) actually
satisfy ®(V') = (0, ¢, ). Note that such subspaces have been classified (see Section §4.1).

Thus, in the following results we will analyze the case ¢; > 0. We consider the basis
of V given in Lemma 4.4.1.

Lemma 4.4.8. Let V C H" be a real subspace of dimension 4 such that ®(V') = (¢1, @2, ¢3)
with @1 > 0. For each i € {1,3} with ¢; # 7/2, we have (e;, J;e;) =0 for all j € {1,2,3}.

Proof. According to Lemma 4.4.1, ¢y has Kahler angle ¢; with respect to V and J; € J
for each i € {1,2,3}. Let us regard H" as a complex Euclidean space C** whose complex
structure is J;, for i € {1,2,3}. By [61, Theorem 2.7] there is a non-empty finite subset
W C [0,7/2] such that V = P y: V} is a C-orthonormal decomposition of V' and V. C
C?" is a real subspace with constant Kihler angle ¢ € Wi It follows that any non-zero
v E Vé has Kéhler angle ¢ with respect to V' and J;, and the minimum (resp. maximum) of
U’ coincides with the minimum (resp. maximum) Kahler angle of a non-zero vector v € V'
with respect to V and J;.

We claim that ¢, € ¥!. On the one hand, if there existed ¢ € ¥! such that ¢ < ¢y,
then there would be vectors in V' whose Kahler angle with respect to V' and J; € J is
@ < (1, thus contradicting the minimality of ¢; by Lemma 4.1.1. On the other hand, if
© > ¢ for all p € ¥l then we would get a contradiction with the fact that ey has Kéhler
angle ¢; with respect to J;. Analogously, we get that o3 € W3,

Now assume ¢; # 7/2. By [61, p. 1190-1191] and the discussion above, we have a
decomposition V' =V, @V, into real subspaces of constant Kahler angle with respect to
the complex structure J;, where 1, € W! (the possibility 1, = ¢, is allowed). We also have
that Py := my, Ji/ cos(p1) = mvJ1/ cos(p1)|v,, defines a complex structure on V,,,. Aseg €
Vi, we get V,,, = spang{eg, Pieg}. Moreover, CV,,, L CVj,, so Vi, = spang{Pseq, Pseo},
and for j € {2,3}, using Lemma 4.4.1,

0= <P160, Jl.Pj€0> = Sin(gpl) Sin(@j)<61, Jjej>-
Since ¢; > 0, we get (e, Jje;) = 0. A similar argument works for @3, if p3 # 7/2. O
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Before addressing the classification, we state a lemma that refines [60, Lemma 5.1].

Lemma 4.4.9. Assume 0 < o1 < g < @3 < /2, and let e € {—1,1}. Then, there exists
a subset {e1, ez, e3} of unit vectors of R® with inner products

€ cos(pit2) — cos(pi) cos(pir1)
sin(p;) sin(i41)

for each i € {1,2,3}

(61;7 €i+1> =

if and only if cos(p1) + cos(p2) — € cos(p3) < 1.
Furthermore, the subspace spang{ey,es, es} has dimension 2 if and only if cos(¢1) +
cos(pa) + € cos(ps) = 1, and dimension 3 otherwise.

Proof. A subset {e1, ez, e3} of the Euclidean space R? satisfies the inner product relations
in the statement if and only if the associated Gram matrix G = ({e;, €;))1<; j<3 is positive
semi-definite. This happens precisely when all principal minors of G' are non-negative; in
this proof, by G;; we denote the matrix of order 2 resulting from deleting the i-th row
and the j-th column of G. Let z; := cos(yp;) for each i € {1,2,3}. Hence, G is positive
semi-definite if and only if det G;; > 0 for all i € {1,2,3} and det G > 0. We compute

et+ax1—wg—x3)(—e+x1+x0 —x3)(—+ 21 — 22+ x3) (6 + 1 + T2 + X3)

i |
det(G) (1—23)(1 - 23)(1 — a3)

Taking into account that 1 > xy > x9 > x3 > 0, one can check that det G > 0 if and
only if =1 + z1 + x5 — ex3 < 0. Similarly,

1 — 2 2 .2 2
det(Gy) = Lo I_EUQ (19€i+2>5951$2$3)7 i €4{1,2,3}.
Ji Lj
Hence, det(Gy;) > 0 if and only if
1— 2% — 22— x% + 2ex1x923 > 0. (4.10)

Now, if 1 > 1 > x9 > x3 > 0, one can show that (4.10) holds provided that —1 + x; +
ro — ex3 < 0. This completes the proof of the first claim of the lemma.

Assume that we are in the situation of the first assertion of the statement. Then
{e1, eq, €3} spans a 3-dimensional subspace if and only if G is positive definite, which in
this situation amounts to det G > 0. This happens precisely when x; + 2o — cx3 < 1.
Hence, the proof of the lemma will be complete if we show that spang{e;, ez, €3} cannot
have dimension 1. Assume this is the case. Then the rank of GG is 1. Hence 21 = 1—x9+cx3,
and the minor det(G33) vanishes, i.e.

2(1 + exs)

= det = — .
0 et(Gs3) (1+ 29)(—2 + 22 — €x3)

Therefore, x3 = —e, which yields a contradiction. This finishes the proof. ]
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We are now in position to complete the description of 4-dimensional real subspaces of
H™ with constant quaternionic Kahler angle.

Proposition 4.4.10. Let V C H" be a real subspace of dimension 4 and ey € V' a unit
vector. Then V' has constant quaternionic Kdhler angle (V') = (¢1, 2, p3), with ¢1 > 0,
if and only if there is a canonical basis {Jy,J2, J3} of J, € € {—1,1}, and unit vectors
e1, ez, e3 € H" & Hey with e; € H" & (ImH)e;, 4, j € {1,2,3}, such that

(i) 0< 1 <o <yp3<7/2,
(ii) cos(p1) + cos(p2) —ecos(ps) < 1,
(iii) for alli € {1,2,3} and indices modulo 3,

_ £cos(ipira) — cos(i:) cos(pis)
<eia €i+1> - . . )
sin(p;) sin(pi41)

(iv) {cos(pi)Jieq + sin(p;)Jie; = i = 0,1,2,3} is an orthonormal basis of V', where for
simplicity we put ¢o := 0 and Jy := Id.

Moreover, if V' is as above, the Kdhler angle of any non-zero v € V' with respect to J;
and V' is p;, for each i € {1,2,3}.

Proof. In order to prove the necessity, let us assume that V' is spanned by the basis de-
scribed in Lemma 4.4.1 with k£ = 4. Notice that ¢y = 7/2 implies ®(V) = (¢, 7/2,7/2);
such subspaces are classified (see Section §4.1), and [13, p. 232], together with some
straightforward calculations, show that they can be spanned by a basis as above. Thus,
we can suppose @1, s € (0,7/2).

Let us first assume @3 # 7/2. A long but elementary calculation, similar to the one used
to obtain Equations (4.4), using the isospectrality of {2, Remark 4.4.2 and Lemma 4.4.8,
yields

3
H cos®(¢;) = det(Q(Piey))
j=1
3
= cos’ (i) | [(cos(ps) cos(ip;) + (i, ¢5) sin(i) sin(p;))%,
=1
i
for each i € {1,2,3}. This implies for i € {1, 2,3},
cos® (it2) = (cos (9) cos(is1) + (ei, €igr) sin () sin (pir1)) 2. (4.11)
Using (4.11), we can also calculate for i € {1, 3}

> cos®(y;) = tr(UPieo)) = Y cos’(i9;) + (ea, Jies)® sin’(py) sin® (ipa),

j=1 j=1
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which implies (es, Jie;) = 0, ¢ € {1,3}. This, along with Remark 4.4.2 and also with
Lemma 4.4.8, shows that e; € H" © (ImH)e;, 4,5 € {1,2,3}. Furthermore, (4.11) gives
rise to the two possible expressions for (e;, e;.1) in the statement (corresponding to ¢ = 1

or ¢ = —1). Note that such expressions are incompatible for a fixed V', that is, if for some
i €{1,2,3} we have

cos(pit2) — cos(i) cos(Pir1)
sin(; ) sin(@is1)

_ cos(;) + cos(pit1) cos(pis2)
sin(pit1) sin(pit2)

<€i> €z‘+1> = )

<€i+17 €i+2> =

then one can check that det (Q((eg + Pit1€9)/v/2)) = 0, which gives a contradiction with
the assumption ¢3 # 7/2. Finally, the inequality in item (4.4.10) of the statement follows
from Lemma 4.4.9.

Now assume that p3 = 7/2. Let {eq, Pieg, Paeg, Jses} be the orthonormal basis provided
by Lemma 4.4.1. A similar computation as in (4.4), using the isospectrality of 2 and
Lemma 4.4.8, yields

ZCOSQ(%) = tr(QPreg)) + tr(Q(Paeg)) — tr(Q(Jses))
=cos?(¢1) + cos(a) + 2sin’ (1) sin®(p9){Jie1, €2)*

+ 2 (cos(ip1) cos(wa) + sin(ey ) sin(ws) {eq, €2))>.

Then,
(€g, J1e1) = and  (e1,ey) = — cot(py) cot(ps). (4.12)

0
Also, using (4.12), if i € {1,2} we get
0 = det (Q <Leo + iP»eo)> = 1(eg, Jie;)? cos? (1) cos? (pa) sin’ ().
\/§ \/5 (2 4 Y 1= (2

Thus,
<€3, Jzez> = 0, 1€ {1, 2} (413)

Taking into account (4.12) and (4.13), we can calculate
2
Z cos?(ip;) = tr(Q(Preg)) = cos®(y1) + (e1, e3)? sin®(1),
i=1

Z cos®(p;) = tr(Q(Preg)) = cos®(pa) + sin®(p2)({e2, €3)” + (ea, J3e3)?),

whence ‘
(e1,e3) = € cos(p2)/ sin(p1),

cos®(ip1) = sin®(a) ({ea, €3)” + (ea, Jzes)?), (4.14)
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for some € € {—1,1}. Using these relations we compute

2 2
izl cos2(%) =tr <Q <%P160 + %Pz&))) = ZZI COS2(g0i) + s%<e2, Jzes) sin(2¢ps),

from where (note that we are assuming ¢y # 7/2)

(e, J3e3) =0 and (e, e3) =& cos(ipy)/ sin(yz), (4.15)

for some ¢’ € {—1,1}. Remark 4.4.2, Lemma 4.4.8 and Equations (4.12), (4.13), (4.14)
and (4.15) imply e; € H"© (ImH)e;, 7, j € {1,2,3}. Furthermore, if ¢’ = —¢, we have that
0 is an eigenvalue of  ((eo + J3e3)/ \/5) with double multiplicity, yielding a contradiction
with the fact g9 # 7/2. Hence, ¢’ = ¢ which, along with Lemma 4.4.9, concludes the proof
of the necessity in the statement.

The converse implication follows from verifying by direct calculation that the matrix
Q(v) is diagonal with diagonal entries cos?(¢), cos?(¢3), cos?(p3), for any unit v spanned
by the basis of V' given in the statement. This also proves the final claim of the proposition.

O

Remark 4.4.11. In view of Proposition 4.4.10, there can be zero, one or two types of 4-
dimensional real subspaces V of H" with ®(V) = (¢1,¢2,93), ¢1 > 0, depending on
whether the triple (¢1, 2, 3) satisfies cos(p1) + cos(pa) —cos(ps) > 1, cos(p1) + cos(ps) —
cos(ip3) < 1 < cos(p1) + cos(ipa) + cos(gp3), or cos(p1) + cos(pa) +cos(ps) < 1, respectively.
Thus, it will be convenient to denote by V, and V_ the subspaces described in Proposi-
tion 4.4.10 with ¢ = 1 or ¢ = —1, respectively. Note that such subspaces depend on the
triple (1, p2, ¢3), but we do not specify this in the notation for the sake of simplicity.

Observe that, if @3 = 7/2, V4 and V_ are actually equivalent, i.e. there exists T €
Sp,Sp,, such that TV, = V_. Indeed, one can take a T’ € Sp,Sp,, that commutes with .J; for
all i € {1,2,3}, fixes each e; with i € {0, 1,2}, and sends e3 to —e3. For convenience, from
now on we will say that any 4-dimensional real subspace of H™ with constant quaternionic
Kéhler angle (1, o, 7/2) is of type V., and not of type V_.

In order to encompass all examples of 4-dimensional subspaces with constant quater-
nionic Kahler angle into the Vi-notation, we have to consider the case ¢; = 0 analyzed in
Proposition 4.4.7. Thus, we adopt the convention that any 4-dimensional real subspace V'
with ®(V') = (0,0, ¢), ¢ € [0,7/2], is of type V., and not of type V_.

Remark 4.4.12. The choice of the £-notation in Remark 4.4.11 is motivated by certain
important property of these subspaces that we now explain. Assume @3 # 7/2. The last
claim of Proposition 4.4.10 enables us to reproduce the discussion in Section §4.3 applied
to V = V4, and hence, P; = my, J;/ cos(p;), i € {1,2,3}, determine a Clz-module structure
on Vi, which must be irreducible since dimg V.. = 4. By the classification of Clifford
modules, either PP, = P; (and hence PP, = Py, for all i € {1,2,3}) or PL.P, = —P3
(and hence P,P;,; = —P;y for alli € {1,2,3}). One can easily check using the basis of V.
in Proposition 4.4.10 that V. satisfies precisely the former relation, whereas V_ satisfies
the latter.
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Remark 4.4.13. Let V be a real subspace of dimension 4 in H", n > 4, with &(V) =
(o1, P2, ¢3). If o1 = 0, by Proposition 4.4.7 we have (V') = (0, ¢, ¢) for some ¢ € [0, 7/2].
In this case, when ¢ = 0, V' is quaternionic, i.e. V = Huw, for some non-zero vector v € V/,
whereas if ¢ > 0, V cannot fit inside a quaternionic line H, but can be placed in some H?
(see Section §4.1), and thus HV = H?.

Now assume ¢; > 0. By Proposition 4.4.10 and Lemma 4.4.9, V' can be placed in
some H? if and only if V' = V, and cos(p1) + cos(p2) — cos(ps) = 1, or if V. = V_ and
cos(p1) + cos(pa) + cos(ps) = 1; in this case HV = H®. Otherwise we have HV = H*.

We end this section by showing that V., and V_ are not equivalent.
Proposition 4.4.14. There does not exist T € Sp,Sp,, such that TV, =V_.

Proof. We can assume that ®(V,) = ®(V_) since the quaternionic Kéhler angle is pre-
served by transformations in Sp,Sp,,. We also assume @3 # 7/2 in view of Remark 4.4.11.
We consider the bases for Vi given in Proposition 4.4.10, where we use the notation e
accordingly, and assume without loss of generality that the canonical basis {Ji, Ja, J3} of
J used is the same in both cases.

Let us suppose that there is T' € Sp,Sp,, such that TV, = V_. Denote by 7, and
m_ the orthogonal projections onto V, and V_, respectively. By assumption T'm, = n_T.
Let {J;,J5, J5} be the canonical basis of J given by J, = TJ; T~ i € {1,2,3}, and
denote P" = 7w, J; and P/ = w_J!, i € {1,2,3}. Then, for any unit vector w € V_ and
i,7 € {1,2,3}, we have

(Plw, Piw) = (n_TJ;T " w, - TJ; T 'w) = (Tmy J;T 'w, T J; T w)
= (TP T 'w, TP T 'wy = (BT w, T~ w) = cos®(:)dy;,

where in the last equality we have used the last claim of Proposition 4.4.10 applied to V.

Thus, the canonical basis {J], J;, J;} of J diagonalizes the bilinear form L, (given in
Proposition 4.1.1) associated with the subspace V_, for any unit vector w € V_. By the
last claim of Proposition 4.4.10 applied to V_, the basis {.J1, Jo, J3} also has this property.
Hence, there exists an orthogonal matrix A € SO3 such that

(J{7 ‘]év JZ;) = (Jlu J27 J3)A

and A commutes with the diagonal matrix with diagonal entries (¢1, @2, 3). Then V_
coincides with the span of

e cos(pr) Jieq +sin(1)Jier ,cos(pa) Joey +sin(ia)Jaey s cos(wa) Jheg +sin(s)Jhes ),
where in this basis we have just changed J; by J! in the original basis of V_. Since for V_

we had 1_51_?2_ = —P; by Remark 4.4.12, where P~ =n_J;/cos(p;), i € {1,2,3}, we also
have P[P = —Pj, where P/ = P!/ cos(yp;) = m_J!/ cos(y;), i € {1,2,3}.
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_ However, denoting Pt =7 J;/cos(p;), i € {1,2,3}, which by Remark 4.4.12 satisfy
P;"P;" = P;", we obtain:

_ 1 1
PPy = m_Jim_Jy = r TLT 'n_TJ, T
2 cos(pr)cos(pa) T cos(pr) cos(pn) i
1 _ _
= Tr iy doT~ = TPy By T = TP T
cos(ip1) cos(ip2)
1 _
= Tr JsT7! = T TJT! = n_Ji = P,
cos(ps) cos(ps) cos(ps) 77
which leads to a contradiction with PPy = —P}. O

4.5 Inhomogeneous isoparametric hypersurfaces
with constant principal curvatures

In this section we investigate when an H-orthogonal sum of copies of the subspaces V.
introduced in the previous section gives rise to a protohomogeneous real subspace of H".
In particular, we obtain subspaces with constant quaternionic Kahler angle that are not
protohomogeneous. As a consequence of [60, Theorem 4.5] these subspaces give rise to
examples of inhomogeneous isoparametric hypersurfaces with constant principal curvatures
in quaternionic hyperbolic spaces.

Let us consider a real subspace V' of H" such that

Cl) V= @T . Vs, where

C2) dimg V, =4, for each r € {1,...,1},

C4

(C1)
(C2)
(C3) V. and V, are H-orthogonal for every r,s € {1,... 1}, # s,
(C4) (V) = (1, 2, p3), for all r € {1,...,1},

(C5)

C5) {Ji,J2,J3} is a canonical basis of J such that every non-zero vector in V,, r €
{1,...,1}, has Kéhler angle y; with respect to J; for each i € {1,2,3}.

Then, Lemma 4.3.3 guarantees that ®(V) = (¢1, 2, p3). By Proposition 4.4.10, Re-
mark 4.4.11 and Proposition 4.4.14, each factor V, is either equivalent to V. or to V_.
Then, if we define [, and [_ as the number of subspaces in the decomposition of V' equiv-
alent to V, and to V_, respectively, we have [ = [, 4 [_. In this situation we say that the
real subspace V' has type (I4,1_).

We claim that the type of V' is well defined for real subspaces of H" in the conditions
(C1-5) above. If p3 = 7/2, then by Remark 4.4.11 the type of V' is ([,0). Let us assume
that o3 # 7/2. As usual, we let P; = myJ;/ cos(y;), for each i € {1,2, 3}; since HV, L HV,
Pilv. = my.Ji/ cos(p;). Thus, it follows from Remark 4.4.12 that
PRy, = Bs|y. or PPy, = —PBs|y., depending on whether V, is equivalent to V, or V_,
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respectively. Hence, dimg Ker(P, P, — P;) = 41, and dimg Ker(P, P+ Ps) = 41_. Moreover,
the type is independent of the canonical basis of J chosen. Indeed, if {.J{, J5, J5} is another
canonical basis satisfying (C5), then there exists an orthogonal matrix A € SO3 such that
(J1, g5, J5) = (Jh, Ja, J3)A and commuting with the diagonal matrix with diagonal entries
(1, ¥2, p3), and one can easily argue (similarly as in the proof of Proposition 4.4.14) that
Ker(P| Py + P}) = Ker(P,P, = P5). All in all, the type is well defined. More than that, a
slight modification of the previous argument shows that two real subspaces V' and W of
H" in the conditions (C1-5) are equivalent if and only if ®(V) = ®(WW) and their types
coincide.

Proposition 4.5.1. Let V' be a real subspace of H" satisfying conditions (C1-5). Then, V
is protohomogeneous if and only if the type of V is (1,0) or (0,1).

Proof. Assume that V' is protohomogenous. By conditions (C1-5), V = @izl V., where
each factor V. is equivalent either to V, or to V_. If p3 = 7/2, by Remark 4.4.11 each
factor V,. is equivalent to V., whence V has type (I, 0).

Let us suppose that V has type (I7,17) where {*,l~ > 1. In this case, k = 41 > 8. Let
r,s € {1,...,1}, r # s, be such that V, is equivalent to V., and Vj is equivalent to V_. Let
vy and v_ be unit vectors in V, and Vj, respectively. Since V is protohomogeneous, there
is T' € Sp;Sp,, such that TV =V and Tv; = v_. Now, since k > 8, by Proposition 4.3.1
we can assume that 7' is such that T'.J; = J;T for each i € {1,2,3}. Then,

TPvy =TryJivy =nyTJvy =y Tv, = nyJive = P,

for each i € {1,2,3}. Then, T sends the subspace V, = span{v,, Pivy, Pyu;, Psv,} onto
Vs = span{v_, Piv_, Pyu_, Pyv_}. This yields a contradiction with Proposition 4.4.14.

Now we will prove the converse. Let V' be of type ([,0) or (0,/). We can assume
@1 > 0. Otherwise, by Proposition 4.4.7 we have ®(V') = (0, ¢, ¢) with ¢ € [0,7/2], and
then V' is protohomogeneous (see Section §4.1). We can also assume ¢y < m/2. Otherwise,
(V) = (p,7/2,m/2) for ¢ € [0,7/2], and then V would again be protohomogeneous (see
Section §4.1).

As usual, consider the transformations P, = myJ;/ cos(ip;) for each i € {1,2,3} with
©; # /2, and define Py := PP, if p3 = 7/2. By the characterization of type, we have
PP, = ¢Ps, where ¢ = 1 if the type of V is (I,0), and ¢ = —1 if the type of V is
(0,1). Thus, taking into account condition (C5) and the discussion in Subsection §4.3.2 (or
alternatively by the very definition of V), we deduce that { P}, P, eP3} is a canonical basis
of a quaternionic structure on V.

Let vy, w; € V be arbitrary unit vectors. Then, { P, }3_, and { Paw, }2_,, where Py = Id,
are R-orthonormal bases for some 4-dimensional subspaces V,, and V,,, of V', respectively.
By construction, V,, and V,,, are P-invariant for each i € {1,2,3}, and then {P,, P, ePs}
is a canonical basis of a quaternionic structure when restricted to V,, and to V,,,. Moreover,
every non-zero vector in V,, or V,, has Kahler angle ¢; with respect to J;, for each i €
{1,2, 3}, by Proposition 4.4.10. In conclusion, V,, and V,,, are both equivalent either to
Vi or to V_, depending on whether the type of V' is ({,0) or (0,1), respectively.
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Proceeding inductively we can choose unit vectors vo, ws, ..., v;, w; and define decom-
positions V. = @'V, and V = @!_, V., satisfying (C1-5), and such that V, =
span{ P, }?_, and V,, = span{Puw,}}_, for each r € {1,...,1}. Furthermore, all these
subspaces V,, and V,, are equivalent to either V. or to V_, depending on the type of
V. Thus, for each r € {1,...,1} there exist T, € Sp,, C Sp,Sp,, such that T,V,, = V.,
T.(HV,,) = HV,,, T)|amenv,, = 1d, and T,J; = J;T, for each i € {1,2,3}. Now let ey = vy,
e1, €z, ez be the unit vectors given in Proposition 4.4.10 for the subspace V,,, and similarly
fo =wr, f1, fa, f5 the unit vectors associated with the subspace V,,,. Since (e;, ;) = (fi, f;)
for all 4,j € {0,1,2,3}, and both sets of vectors span a totally real subspace of H", there
exists 1] € Sp,, C Sp,Sp,, satisfying, in addition to the properties of the previously con-
structed T4, the relations Tje; = f; for each j € {0,1,2,3} (in particular T{v; = wy),
and T7J; = J/1] for each i € {1,2,3}. Therefore, the composition 7' = 1715 ...T, € Sp,
satisfies TV =V and Tv; = wy, which shows that V' is protohomogeneous. O

Remark 4.5.2. We observe that an H-orthogonal direct sum of real subspaces of dimension 4
with the same constant quaternionic Kéhler angle (i.e. any subspace V satisfying (C1-4))
is protohomogeneous if and only if any two factors are congruent under an element of Sp,,.
The direct implication follows from a combination of the simultaneous diagonalization
result in Corollary 4.3.2 (which implies condition (C5)), Lemma 4.3.3 (which guarantees
that V' has constant quaternionic Kéhler angle) and Proposition 4.5.1 (whose proof implies
that any two factors are congruent under an element of Sp,). The converse follows from
a direct calculation using the fact that condition (C5) is satisfied if any two factors are
congruent under an element of Sp,,, as the elements of Sp,, commute with any J € J.

Remark 4.5.3. 1f we combine Propositions 4.4.10 and 4.5.1, they imply that any 4-dimen-
sional real subspace of H" with constant quaternionic Kéhler angle is protohomogeneous.
Recall that, by Propositions 4.4.3 and 4.4.5, the same happens with any 3-dimensional real
subspace of H" with constant quaternionic Kéhler angle. This, along with Proposition 4.2.2
and the well-known protohomogeneity of subspaces V' with ®(V) = (¢, 7/2,7/2), ¢ €
[0, /2], implies that any real subspace of H" with constant quaternionic Kéhler angle and
dimension k # 4[, for all [ € N, [ > 2, is protohomogeneous.

An immediate consequence of Proposition 4.5.1, along with Lemma 4.3.3, is the exis-
tence of non-protohomogeneous subspaces with constant quaternionic Kéhler angle.

Corollary 4.5.4. A real subspace V' of H", satisfying conditions (C1-5) above in this
section and of type (I4,1_) with I,,1_ > 1, has constant quaternionic Kdhler angle but is
not protohomogeneous.

Apart from the purely linear algebraic relevance of the examples described in Corol-
lary 4.5.4, our interest in them stems from the theory of isoparametric hypersurfaces in
symmetric spaces of non-compact type, which we briefly describe now in the particular
case of the quaternionic hyperbolic space HH"*!; we refer to [60, 65] for more details.

Following the notation in Subsection §1.3.3, let M/ = HH"*! = G/K, where G = Sp, ,, 1,
and K = Sp; x Sp,,; is the isotropy group at some base point o € HH"*!. Let AN be the
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solvable part of the Iwasawa decomposition of G = Sp;,,, and a©n = a® g, © gaq its Lie
algebra, where g, = H".
Given any non-zero real subspace V' of g, = H", we define Sy as the connected subgroup
of AN with Lie algebra
sy =a® (g ©V) D goa-

Then, by [60, Theorem 4.5], the orbit of Sy through the base point o, together with the
distance tubes around it, constitute an isoparametric family of hypersurfaces on HH"*1:

Theorem 4.5.5. The tubes of any radius around the submanifold Sy - o are isoparametric
hypersurfaces of HH" 1. Moreover, they have constant principal curvatures if and only if
V' has constant quaternionic Kahler angle in H™.

As a consequence we get Theorem C.

Proof of Theorem C. The combination of Theorem 3.4.1, Corollary 4.5.4 and Theorem 4.5.5
guarantees the existence of inhomogeneous isoparametric hypersurfaces with constant prin-
cipal curvatures in quaternionic hyperbolic spaces.

We note that this construction does not provide any such example in HH"*! with n < 6,
but it does so for n > 7. This follows from Corollary 4.5.4 along with the fact that, by
Remark 4.4.13, the lowest integer n such that H" admits a real subspace V of type (I4,1_)
with [;,l_ > 1isn = 7. Indeed, we can take V' =V, @ V_ C H" satisfying conditions
(C1-5), for any triple (p1, @2, ¢3), @3 # 7/2, such that cos(¢1) + cos(g2) + cos(ps) = 1 if
n =7, or such that cos(p;) + cos(ps) + cos(p3) < 1if n > 8. O

4.6 Proofs of Theorems A and B

In this section we conclude the proof of the classification of protohomogeneous subspaces
of any dimension £ > 0 in H" by providing their moduli space.

Proof of Theorem A. We recall from the statement of Theorem A the definition of the sets
A ={(1,02,03) €[0,7/2]" 1 o1 < 2 < 3}, and
Ry ={(p,0,7/2) €A [0,7/2]},
Ry ={(ppm/2) e A:pen/3,7/2)},
(
(

R = {(01, 02, 93) € A cos(p1) + cos(ipa) — cos(ps) < 1},
R, = {(p1,92,03) € A:cos(pr) + cos(pa) + cos(ps) < 1, @3 # 7/2},
S = {(p1, P2, p3) € A : cos(pr) + cos(ps) + ecos(ps) =1, for e = £1}.

Note that ¥ (resp. A7) is the set of possible triples that arise as quaternionic Kéhler
angles of the 3-dimensional (resp. 4-dimensional) subspaces VY (resp. V4) introduced in
Remark 4.4.4 (resp. Remark 4.4.11). Notice that R; C Ry, R, C Rf, & C R UNR,, and
R, is precisely the set of triples for which there exist non-protohomogeneous subspaces
with constant quaternionic Kahler angle.
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Let V be a non-zero protohomogeneous subspace of real dimension k£ in H". The proof
of Theorem A follows from the discussion of the following four cases:

(1) Case k =0 (mod 4). By Corollary 4.3.2 and Lemma 4.3.3, V satisfies conditions (C1-
5) in Section §4.5, and by Proposition 4.5.1, V' is of type (k/4,0) or (0,k/4). Put
V = @fg V. as in (C1). Now, by Remark 4.4.13 we have dimg(HV,) € {1,2, 3,4},
depending on the value of the triple ®(V'). Thus, combining this with the fact that
HV, 1L HV,; = 0 for r # s, we can distiguish four subcases of relative sizes of n and
k, and determine the possible triples (V') for each subcase:

(a) If k> 2n, then (V) = (0,0,0).
(b) If 4n/3 < k < 2n, then ®(V) € {(0, ¢, ) € A: ¢ € [0,7/2]}.
(c¢) If n < k <4n/3, then &(V) € 6.

)

(d) Let us assume that k < n. If V is of type (k/4,0), then ®(V) € R}, whereas if
V is of type (0,k/4), then ®(V) € R, . Observe that for each triple (¢1, @2, ©3)
in R, (resp. in K] \ R, ) we have exactly two (resp. one) inequivalent protoho-
mogeneous subspaces V' of dimension k with ®(V) = (1, @2, ¢3).

(2) Case k odd, k # 3. By Proposition 4.2.2 we have ®(V') = (7/2,7/2,7/2). Hence, by
the classification of totally real subspaces, we must have k < n.

(3) Case k = 2(mod 4). By Proposition 4.2.2 we have ®(V) = (¢, 7/2,7/2), for some
¢ € [0,7/2]. These examples are classified (see Section §4.1). Thus, we must have
k < 2n. Furthermore, when n < k < 2n, we have ®(V) = (0,7/2,7/2), whereas
when k < n we have ®(V') = (¢, 7/2,7/2), for some ¢ € [0,7/2].

(4) Case k = 3. By Proposition 4.2.2, &(V') = (¢, ¢, 7/2) for some ¢ € [0,7/2]. If n > 3,
Propositions 4.4.3 and 4.4.6 guarantee that, for each triple (p, p,7/2) in R (resp.
in RT \ M3) we have exactly two (resp. one) inequivalent subspaces with ®(V) =
(¢, p,m/2). By Remark 4.4.4, if n = 2, we have ®(V') € {(0,0,7/2),(w/3,7/3,7/2)},
whereas if n =1, ®(V) = (0,0,7/2). O

Proof of Theorem B. This follows from combining Theorem A with the theory of coho-
mogeneity one actions on symmetric spaces of non-compact type and rank one (cf. Sec-
tion §3.4). We just have to note that the action producing the solvable foliation (resp. the
action with a totally geodesic singular orbit HH¢, £ € {1,...,n}) can be recovered by the
method that yields the actions with a non-totally geodesic singular orbit by taking V' as a
1-dimensional subspace of g, = H" (resp. by taking V as a quaternionic subspace H" !
in g, = H"). O
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Chapter 5
Totally geodesic submanifolds

Intuitively, a submanifold of a Riemannian manifold is totally geodesic if it curves as the
ambient space. If we accept the second fundamental form as a way of measuring how
complicated the extrinsic geometry of a submanifold is, it turns out that totally geodesic
submanifolds are those with the simplest one, i.e. vanishing second fundamental form.

Totally geodesic submanifolds play a fundamental role in Riemannian geometry. To
begin with, apart from their intrinsic interest, their use has had a great impact, not only
on the geometry of submanifolds, but also in areas of geometry closer to topology, such
as the study of spaces with positive curvature, or even in number theory (the study of
arithmetic groups), as we briefly discuss below.

Alexandrov’s Theorem [2] states that an embedded hypersurface in the Euclidean space
has constant mean curvature if and only if it is a round sphere. This theorem was gener-
alized in several directions, see e.g. [92, 93] for some examples in the context of symmetric
spaces. The method that Alexandrov used to prove this theorem was to reflect a given hy-
persurface with constant mean curvature with respect to totally geodesic hyperplanes and
use a maximum principle for elliptic operators. The use of totally geodesic hypersurfaces
in this situation is crucial since it guarantees that the reflection is an isometry.

A map f: N — M between (not necessarily connected) manifolds is said to be ¢-
connected if m;(f): m;(N) — m;(M), the induced map between the i-th homotopy groups, is
an isomorphism for every ¢ < ¢ and a surjection for i = ¢. Let M be a compact Riemannian
manifold with positive curvature and dimension n. A classical result in the area of spaces
with positive curvature is Frankel’s Theorem, see [80], which states that two compact
totally geodesic submanifolds of M with dimensions n; and ny must intersect provided
that ny + ny > n. Moreover, Frankel proved that a smooth compact totally geodesic
embedding f: N — M, where 2dim N > n, must be l-connected, see [81]. In 2003,
Wilking [184] generalized this fact by proving the so-called connectedness principle for
manifolds with positive curvature. This states that if N is a compact embedded totally
geodesic submanifold of M of codimension k, then the inclusion map N < M is (n—2k+1)-
connected. This principle has been shown to constitute a fundamental tool to prove rigidity
results in spaces with positive curvature, see e.g. [104, 185].

In the context of hyperbolic geometry, or more generally, locally symmetric spaces of
non-compact type, totally geodesic submanifolds also appear to be highly significant. Let
M = G/K be a symmetric space of non-compact type. Recall that a discrete subgroup I
of G is said to be a lattice if the quotient '\G has finite volume. This implies that if I acts
freely on M, the space '\ M is a locally symmetric space of non-compact type with finite
volume. An important notion in this context is that of arithmetic subgroup, which leads

85
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to interesting examples of locally symmetric spaces. Intuitively, a subgroup is arithmetic if
all its points have integer coordinates such as SLy(Z) in SLy(R); see [137, Chapter 5] for a
precise definition of arithmetic lattice. Let " be a lattice of SO?m7 M =RRH" = SO(l]’n/SOn,
and let N = '\ M be its associated locally symmetric space, where n > 2. Bader, Fisher,
Miller, and Stover [8] proved that if N contains infinitely many properly immersed closed
maximal totally geodesic submanifolds of dimension at least two, then [ is arithmetic.
They also proved a similar result in the case that M = CH", see [9].

Taking the previous discussion into account, it makes sense to carry out a systematic
study of totally geodesic submanifolds in Riemannian manifolds. As we will see, totally
geodesic submanifolds are naturally linked to the presence of isometries. Hence, the theory
of totally geodesic submanifolds is specially rich on homogeneous spaces, and particularly
on symmetric ones. The study and classification of totally geodesic submanifolds in given
Riemannian manifolds will be the main goal of the rest of this thesis.

This chapter aims to give an overview of the basic concepts related to totally geodesic
submanifolds in Riemannian manifolds. It is structured as follows. In Section §5.1 we re-
call some well-known facts about totally geodesic submanifolds in Riemannian manifolds.
Later, in Section §5.2, we discuss the existence and the uniqueness of totally geodesic sub-
manifolds, and we prove that under certain circumstances a totally geodesic submanifold
can be extended to a complete one. Finally, in Section §5.3 we review some background
related to totally geodesic submanifolds in symmetric spaces and we discuss the most
important results concerning totally geodesic submanifolds in symmetric spaces.

5.1 Totally geodesic submanifolds in Riemannian
manifolds

Let M and M be connected Riemannian manifolds and f: M — M an isometric immersion.

We denote by V and V the Levi-Civita connections of M and M, respectively. Recall

that f: M — M is a totally geodesic immersion in M if its second fundamental form

IT vanishes identically. The following lemma expresses a series of relevant equivalences
(cf. [147, Proposition 13, p. 104]).

Lemma 5.1.1. Let M be a connected immersed submanifold of M. Then, the following
statements are equivalent:

i) M is totally geodesic.

ii) If a is a curve in M and v € Ty0)M, the parallel transport of v along « is the same
for M and M.

iii) Every geodesic of M is a geodesic of M.

i) The geodesic 7y, of M with initial conditions v(0) = p and %,(0) = v € T,M satisfies
that v,(t) € M for every t € (—¢,¢) for some € > 0.
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From now on, unless otherwise stated, totally geodesic submanifolds will be understood
as immersed submanifolds of the ambient space.

Let us denote by exp the exponential map of M. Let us consider two totally geodesic
submanifolds M; and M, of M. Moreover, assume that T,M, = T,M, for some p € M; N
Ms. Then, by Lemma 5.1.1, there exists some open neighborhood U of 0 € T,M; = T, M,
such that exp,(U) C M; N M. Moreover, if M; is complete for each i € {1,2}, we have
that M, = exp,T,M; = exp,T,M, = M, (since every geodesic of M; is a geodesic in M).
This proves the following useful lemma.

Lemma 5.1.2. Let M; be a totally geodesic submanifold of M, where i € {1,2}. If T,M, =
T,M; for some p € My N M,, then My and M,y coincide around a neighborhood of p € M.
Furthermore, if My and My are complete, then

M, = &xp, T, M, = &xp,T,Ms = Ms.

Let us consider two totally geodesic submanifolds M; and M, of M intersecting at
p € My N M,. By Lemma 5.1.1, we can find a small neighborhood U; of 0 in T,M; C T, M
such that exp,(U;) C M;, for each i € {1,2}. Thus,

ﬁpa]l N UQ) C mp(UI) N @p(Ug) C My N M,y

is a chain of inclusions of open subsets of M; N Ms. This shows the following.

Lemma 5.1.3. Let M; be a totally geodesic submanifold of M, where i € {1,2}. Then,
for any p € My N M, there is an open neighborhood of p in My N M,y that is an embedded
totally geodesic submanifold of M. In particular, every connected component of My N M,
is a totally geodesic submanifold of M.

The next result tells us that a way to construct totally geodesic submanifolds is by
using the isometry group of the ambient space M (cf. [112, Chapter II, Theorem 5.1]).

Theorem 5.1.4. Let M be a Riemannian manifold and let S C Isom(M) be a subset.
Then, every connected component of

Fix(S) :={p € M : ¢(p) = p for every ¢ € S}
is a totally geodesic closed submanifold of M.

Proof. Let p € Fix(9) and take V = {v € T,M : ¢,,v = v for every ¢ € S}. Now choose
a normal neighborhood U of M around p. We claim that U N Fix(S) = exp,(exp, ' (U) N
V). Notice that this implies that every connected component of Fix(S) is an embedded
submanifold of M, since V is a linear subspace of T, M.

On the one hand, let us consider a geodesic 7, starting at p = v(0) with 4(0) = v €
€xp, LU)YNV. Thus, since v € V, the uniqueness of geodesics, and the fact that isometries
map geodesics to geodesics imply that ¢ oy = ~ for every ¢ € S. This proves that
&xp,(exp, (U)NV) C U NFix(S), since U is a normal neighborhood.



88 5 Totally geodesic submanifolds

On the other hand, assume that ¢ € U N Fix(S) and that there is not any geodesic 7,
starting at p with initial velocity in exp, L({U)NV reaching q. However, since U is a normal
neighborhood there exists a unique minimizing-length geodesic ~ joining p and ¢. Since 7
cannot have initial velocity in eXp, L({U) NV, there is some isometry ¢ € S such that oo~y
is a geodesic different from v but connecting p and ¢. Then, we get a contradiction with
the uniqueness of v, and U N Fix(S) C &p,(exp, ' (U)NV).

Thus, for every p € Fix(S) there is a neighborhood U of p € M such that UNFix(S) is a
submanifold of M. Hence, every geodesic of M with intial conditions in Fix(S) stays for a
while in Fix(S), proving that Fix(.S) consists of an union of totally geodesic submanifolds.
By definition, Fix(95) is closed. Therefore, every connected component of Fix(.9) is a totally
geodesic closed embedded submanifold of M. ]

Although the above result shows that the existence of totally geodesic submanifolds is
linked to the existence of isometries, there are totally geodesic submanifolds that are not
fixed points of a set of isometries. Furthermore, it is known that “generic” Riemannian
manifolds do not admit totally geodesic submanifolds of dimension greater than 1, see [142].

Theorem 5.1.4 suggests that in a Riemannian manifold with few isometries there are
few totally geodesic submanifolds. This implies that an interesting setting to study totally
geodesic submanifolds is that of homogeneous spaces, which have a large group of isome-
tries. A useful characterization of these spaces in terms of Killing fields is the following.

Lemma 5.1.5. Let M be a connected Riemannian manifold. Then, the following state-
ments are equivalent:

i) M is homogeneous.

ii) There exists some point p € M such that T,M is spanned by Killing vector fields of
M evaluated at p.

iii) For every p € M, T,M is spanned by Killing vector fields of M evaluated at p.

Proof. Let M = G/K be a homogeneous space with reductive decomposition g = £ @ p
corresponding to some point 0 € M. Notice that p is identified with T,M. Thus, the
Killing vector fields induced by elements of p, when evaluated at o, span T,M.

If M is a Riemannian manifold and there is a point p € M such that T,,M is spanned
by the Killing vector fields evaluated at p, then there exists some open neighborhood U of
p such that every point in U lies on an integral curve of a Killing vector field. This implies
that the orbit of p by the action of the isometry group is open. However, since it is also
closed, we have that the isometry group acts transitively on M. O

The next proposition shows that totally geodesic submanifolds of homogeneous spaces
are again homogeneous spaces.

Proposition 5.1.6. Let M be a homogeneous Riemannian manifold and let M be a com-
plete totally geodesic submanifold of M. Then, M is homogeneous.
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Proof. Let X be a Killing vector field of M. Thus, for each p € M, we have the orthogonal
decomposition

X(p) = X()r,m + X(p)o,m for every p € M,

where X (p)r,ar and X (p),,nr denote the orthogonal projections of X (p) to T, M and v, M,
respectively. Since X is a Killing vector field of M, for each Y € I'(T'M), we have

0= <va, Y) = <vYXTM7 Y> + <vYXuM; Y> = <VYXTM7 Y>7

since M is totally geodesic. Thus, the tangential projection of a Killing vector field of
M to M, when restricted to M, is a Killing vector field of M, since M is complete. The
tangent space of M at every point of M is generated by Killing fields of M, implying that
the tangent space of M at every point is generated by projecting these Killing vector fields.
Hence, by Lemma 5.1.5, M is homogeneous. ]

Notice that complete totally geodesic submanifolds of M are intrinsically homogeneous,
but they are not necessarily extrinsically homogeneous. However, the connected compo-
nents of the fix point set of any collection of isometries are extrinsically homogeneous
submanifolds, see [14, Lemma 9.1.1]. This shows once again that the fixed points sets of
isometries provide the most natural and well-behaved examples of totally geodesic sub-
manifolds.

5.2 On the existence and uniqueness of totally
geodesic submanifolds

In this section we discuss the existence and the uniqueness of totally geodesic submanifolds,
and we prove that under certain hypotheses a totally geodesic submanifold can be extended
to a complete one.

The next result was proved by Cartan. A proof of it can be consulted in [14, p. 274].
In this section B.(0) denotes the ball of radius € > 0 around the origin in a tangent space
Tp]\7[ of an ambient manifold M.

Theorem 5.2.1. Let M be a Riemannian manifold, p € M and V be a linear subspace of
T,M. Then, there exists a totally geodesic submanifold M of M withp € M and T,M =V
if and only if there exists some € > 0 such that for every geodesic ~v: [0,1] — M with
7(0) = p and %(0) € V N B.(0), the Riemannian curvature tensor of M at v(1) preserves
the parallel transport of V' along ~ from p to v(1).

Our intention for this subsection is to enhance Theorem 5.2.1 by proving a global version
of it, see Lemma 5.2.5. From now on we assume that M is an analytic Riemannian manifold.
We denote the Grassmann bundle of k-planes of TM by G,(T'M) and the injectivity radius
of M at p by inj(p). We mainly follow [14, §10.3].
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Lemma 5.2.2. Let M be an analytic Riemannian manifold and let M be a totally geodesic
submanifold of M passing through p € M. Then, exp,(Bs(0)NT,M) is an embedded totally
geodesic submanifold of M for every 6 € (0,inj(p)).

Proof. Let V. = T,M. By Theorem 5.2.1, there exists some € > 0 such that for every
geodesic 7,: [0,1] = M with 7,(0) = p and 4,(0) = v € B.(0) N T,M, the Riemannian
curvature tensor of M at (1) preserves the parallel transport of V along « from p to (1).

Now consider the geodesic 7,: [0,1] — M with 7,(0) = p and with initial velocity
v € (Bs(0)\ B-(0)) N T,M. We extend X,Y,Z € V and £ € V+ := T,M 6V to
parallel vector fields along 7,. Thus, the map ®: [0,1] — R, given by t € [0,1] —
(R(X(t),Y(t),Z(t),&(t)) is analytic. However, by the uniqueness of parallel transport,
® restricted to [0, m) is identically zero, which implies that & is identically zero by the
analiticity of ®. Consequently, the result follows by Theorem 5.2.1. ]

Let f;: M; — M, with i € {1,2}, be an isometric immersion. We say that f; and
J2 are equivalent if there exists an isometry ¢: M; — My such that fi = f> 0 . Notice
that every isometric immersion f: M — M induces a smooth map f: M — G.(TM),
given by f(p) = fip(T,M), for every p € M, where k = dim M. The isometric immersion
(M, f) is said to be compatible if M is connected and fis injective. Since totally geodesic
submanifolds are locally determined by its tangent space at some point, see Lemma 5.1.2,
every compatible totally geodesic isometric immersion f is completely determined, up to
equivalence, by the image of f in G(T'M).

Let ¥ be the collection of all the equivalence classes of compatible totally geodesic
immersions into M. We define a partial order < in ¥ in the following way. We write
(M, f1) = (M, fo) if there exists an injective local isometry i: M; — My such that
fi = faoi. If this happens, we say that (M, f3) extends (M, f1). By Lemma 5.1.2, we

have (Ml, f1> = (M27 f2) if and OIlly if fl(M1> C f1<M2>

For each V' € G(T'M), we denote by Fy the set of totally geodesic immersions f: M —
M from a connected Riemannian manifold M into M with V' € f(M). Moreover, we define

Gv = User, f(M) C G(TM).
The following lemma is a technical one, see [14, §10.3] for a proof.

Lemma 5.2.3. Following the notation above, let us assume that Gy # () and consider
a set of compatible totally geodesic isometric immersions {fi: M; — M }icr such that
Gv = Uies fi(M;). Furthermore, let Y = | |
i Y such that

ie1 Mi and consider the equivalence relation ~

pi~Dpj ifpi €M, pje M; and f;(pl) = fj(pj), where 1,7 € 1.
Then, the following statements hold:

i) M= Y/ ~ is a connected smooth manifold.

ii) The map g: M — M, [pi] = fi(pi) is a compatible totally geodesic immersion.
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ii1) (]\7, g) extends (M, f;) for everyi € I.

i) (]/\4\, g) is mazximal for <.

The isometric immersion g: M — M constructed in Lemma 5.2.3 is, up to equivalence,
the unique maximal compatible totally geodesic isometric immersion into M with V €
g(M).

Lemma 5.2.4. Let M be a compatible totally geodesic submanifold of an analytic and
complete Riemannian manifold M. Then, M, the extension of M given by Lemma 5.2.3,
1s complete.

Proof. By Lemma 5.2.3, there exists an extension of (M, f) given by (]\/4\ ,9). We will prove
that (]\/4\, g) is complete.

Let us proceed by contradiction. Thus, we will assume that ~: [0,b) — M is a unit
speed geodesic in M that cannot be further extended beyond b > 0. Now consider the
geodesic g oy in M. Since M is complete, there exists ¢ = lim,_;- g(y(t)) € M. Notice
that q ¢ g(]\? ). Furthermore, there exists a uniformly normal neighborhood U around ¢
in M. Then, there is some £ > 0 such that the injectivity radius satisfies inj(p) > e for
every p € U. Now take ¢y such that b —ty < ¢ and ¢ = go(ty) € U. Since ¢’ € U, by
Lemma 5.2.2, there is a totally geodesic submanifold N of 1\14 passing through ¢’ which also
contains q. However, by Lemma 5.2.3, N is extended by M contradicting the assumption

that g & g(M). O

_ Let k be a non-negative integer. The A-th covariant derivative of the curvature tensor
R denoted by V¥R is a (1, k + 3)-tensor. A subspace V C T, M is invariant under (V*R),
if

(VFRYW1,... . Vi, XY, Z) €V
for every X, Y, Z, V1,...,V, € V.

Theorem 5.2.5. Letf]\7[ be an analytic complete Riemannian manifold, p € M and V' a
linear subspace of TyM. There exists a complele totally geodesic submanifold M of M such
that p € M and &xp, (V') = M if and only if (V*R), leaves V invariant for every k > 0.

Proof. Let us extend X,Y,Z € V and € € V+ :=T,M &V to parallel vector fields along an
arbitrary geodesic v: [0,1] — M starting at p € M. Then, if V is invariant under (V*R),
for every k£ > 0 we have
k
%t OR(X(t),Y(t), Z(t),£&(t)) =0, for every k > 0.

By the analiticity of M, this shows that R(X(¢),Y(t), Z(t),£(t)) = 0 for every t € [0, 1].
Then, by Theorem 5.2.1, there exists a totally geodesic submanifold N of M with T,N =V
defined locally around p € N. Now, this totally geodesic submanifold N can be extended
to a complete totally geodesic submanifold M by Lemma 5.2.3 and Lemma 5.2.4.

Conversely, if M is a totally geodesic submanifold of M, Gauss formula together with
Gauss and Codazzi equations imply that T, M is invariant under (V*R), for every k > 0
and p € M. O
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5.3 Totally geodesic submanifolds in symmetric
spaces

The purpose of this section is to recall some well-known facts and results related to totally
geodesic submanifolds in a very particular case of ambient spaces: symmetric spaces.

Let M = G/K be a connected Riemannian symmetric space, where G = Isom”(M) is
the connected component of the identity of the isometry group of M and the Lie group
K={g€ G:g-o=o0} is the isotropy at some point 0 € M. Let g be the Lie algebra of G.
Let B, be the Killing form of g, which is defined as By(X,Y) = tr(adx ady) for X,Y € g,
where ad stands for the adjoint representation of g.

We consider the geodesic symmetry s, at the base point o € M; it gives rise to an
involutive automorphism o of G defined by o(g) = s,g9s, whose differential at the iden-
tity o, is denoted by 6. The map 6 is a Lie algebra automorphism of g, and g decomposes
as the direct sum of vector spaces g = € & p, where £ is the fixed point set of 8 and p is
the eigenspace of § corresponding to the eigenvalue —1. In case —By(6X,Y") is positive
definite, this splitting is called the Cartan decomposition of g with respect to 6, and the
involution 6 is called a Cartan involution of g.

We recall that for any real semisimple Lie algebra there exists a Cartan involution, and

any two Cartan involutions in a real semisimple Lie algebra differ by an inner automor-
phism.
__ Recall from Subsection §1.3.2 that a symmetric space is irreducible if the universal cover
M of M, which is again a symmetric space, is not isometric to a non-trivial product of
symmetric spaces. Moreover, a symmetric space is said to be of compact type, non-compact
type or Euclidean type if Bg|p><p’ the restriction of the Killing form By to p, is negative
definite, positive definite or identically zero, respectively. When M is of compact type,
then M is compact with non-negative sectional curvature and G is a compact semisimple
Lie group. If M is of non-compact type, then M is diffeomorphic to R", for some n > 2,
and G is a non-compact semisimple Lie group. The universal cover of a symmetric space
splits as a Riemannian product

M:MOXM+><M_,

where My, which is called the flat factor, is isometric to a Euclidean space, and M, and M_
are simply connected symmetric spaces of compact and non-compact type, respectively. It
is said that M is semisimple if M is a point.

Let ¥ be a connected totally geodesic submanifold of a symmetric space M = G/K.
By the homogeneity of M, we can assume without loss of generality that o € 3. By
Theorem 5.2.5 and the fact that symmetric spaces have parallel curvature tensor, a totally
geodesic submanifold ¥ of M with o € ¥ and V = T, C T,M exists if and only if
V C T,M is curvature invariant. This means that R,(V,V)V C V., where R is the
Riemannian curvature tensor of M. Recall that using the identification of p and T,M, we
can write the curvature tensor of M at o as

R,(X,Y)Z = —[[X,Y],Z], for X,Y,Z € T,M.
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Thus, a subspace V' C p is curvature invariant if and only if [[X,Y],Z] € V for every
XY, Z € V. A subspace V of p with this property is called a Lie triple system in p. Hence,
there is a one-to-one correspondence between Lie triple systems V' in p and complete totally
geodesic submanifolds ¥ in M containing o € M. In this chapter we consider only complete
totally geodesic submanifolds since every totally geodesic submanifold of a symmetric space
can be extended to a complete one. Furthermore, if V' is a Lie triple system in p such that
its orthogonal complement in p is also a Lie triple system, we say that V is a reflective
Lie triple system and the corresponding totally geodesic submanifold is called reflective. A
submanifold of M is reflective if and only if it is a connected component of the fixed point
set of an involutive isometry, see [125].

As we saw in Proposition 5.1.6, complete totally geodesic submanifolds of homogeneous
spaces are (intrinsically) homogeneous. However, in the setting of symmetric spaces, we
have that complete totally geodesic submanifolds are extrinsically homogeneous. To obtain
a homogeneous presentation of a totally geodesic submanifold from a Lie triple system we
proceed as follows. Let V' C p be a Lie triple system in p. Define g’ := [V, V]V C td p,
which is clearly a subalgebra of g since V' is a Lie triple system. It turns out that if
we consider G’, the connected Lie subgroup of G with Lie algebra g’, then the G'-orbit
through o € M is a totally geodesic submanifold ¥ C M with T, =V, see [14, Proposition
11.1.2]. This shows that if X C M is a totally geodesic submanifold passing through o,
then py := T, is a Lie triple system in p and we can define

s = [ps, psl, gy =ty @ py.

Then tx;, C ¢ and gy C g are subalgebras and if we consider the connected Lie subgroups
Gy C G with Lie algebra gy and Ky C K with Lie algebra tg, then ¥ = Gyg/Kyg as
homogeneous spaces. Moreover, every totally geodesic submanifold ¥ of M is invariant
under s, for every p € 3. Thus every totally geodesic submanifold ¥ C M is a symmetric
space with respect to its induced Riemannian metric. A totally geodesic submanifold of a
symmetric space is said to be semisimple if it is a semisimple symmetric space. Finally,
observe that if V' is a Lie triple system in p, then ¢V is a Lie triple system in ¢p, where ¢ is the
imaginary unit (see Subsection §1.3.2). This means that a totally geodesic submanifold 3
of G/K containing o corresponds to a totally geodesic submanifold 3* of the dual symmetric
space G*/K*, and ¥* is dual to ¥. Hence, when studying totally geodesic submanifolds it
will not be restrictive to assume that our ambient symmetric space is either of compact
type or of non-compact type.

In the compact setting, the problem of determining the topology of the symmetric
space that corresponds to a particular Lie triple system is, in general, not straightforward:
the Lie triple system determines the symmetric space only up to local isometry. In the
non-compact setting, however, we do not have this difficulty: any complete totally geodesic
submanifold of a symmetric space of non-compact type is simply connected.

The problem of classifying totally geodesic submanifolds in Riemannian symmetric
spaces has been a relevant and outstanding topic of research in submanifold geometry in
the last decades. It was started in 1963 when, in his seminal paper, Wolf [187] classified
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totally geodesic submanifolds in symmetric spaces of rank one. For rank two this problem
has been addressed by Chen and Nagano [48, 49] and Klein [107, 108, 109], who found
some omissions in the works of Chen and Nagano and completed the classification. Up to
now, there are only complete classifications in symmetric spaces of rank less than three.

However, classification results for some special kinds of totally geodesic submanifolds
are known. A complete, totally geodesic, proper submanifold is said to be mazimal if it is
maximal with respect to the inclusion among complete, totally geodesic, proper subman-
ifolds. For example, Tkawa and Tasaki [96] proved that a totally geodesic submanifold in
a simple compact Lie group equipped with a bi-invariant metric is maximal if and only
if it is a maximal subgroup or a Cartan embedding. Moreover, in [96] they also studied
totally geodesic submanifolds of maximal rank. Another special class of totally geodesic
submanifolds is that of reflective submanifolds. They are totally geodesic submanifolds
that arise as connected components of the fixed point set of an involutive isometry. Reflec-
tive submanifolds have been classified by Leung in [123, 124]. Moreover, Lagrangian totally
geodesic submanifolds of Hermitian symmetric spaces were classified by Jaffee [101, 102]
and independently by Leung [125]. More recently, Mashimo [132] classified totally geodesic
surfaces in classical symmetric spaces.

An important invariant of a symmetric space is the index. The index of a symmet-
ric space M, denoted by i(M), is the minimal codimension of a proper totally geodesic
submanifold of M. We will say that a totally geodesic submanifold > of M realizes the
index of M if ¥ has codimension equal to i(M). In a series of papers, Berndt, Olmos
and Rodriguez [20, 21, 22, 23, 24] computed the index of irreducible symmetric spaces. In
particular, they proved the so-called index conjecture, which can be stated as follows. Let
M be an irreducible symmetric space of non-compact type different from G2/SO,. Then,
there is some reflective submanifold > of M whose codimension equals the index of M.



Chapter 6
Totally geodesic submanifolds in products of
rank one symmetric spaces

The classification of totally geodesic submanifolds in symmetric spaces was started in 1963
by Wolf [187], who classified these objects in symmetric spaces of rank one. Throughout
this chapter, we extend Wolf’s result to products of rank one symmetric spaces. The
contents of this chapter have given rise to the paper [160].

We start by studying totally geodesic submanifolds in a product of two symmetric spaces
of rank one. In particular, we classify totally geodesic submanifolds in simply connected
reducible symmetric spaces of rank two. In the non-compact setting these are products of
hyperbolic spaces FH", where F € {R, C, H, O}.

Moreover, we will introduce some slight modification of Young tableaux that we call
adapted Young tableaux (see Section §6.2 for the definition), which will be useful to classify
totally geodesic submanifolds in arbitrary products of symmetric spaces of rank one and to
determine their isometry type via Corollary 6.2.11. Young tableaux have been used to clas-
sify irreducible representations of the symmetric group and they provide an effective way
to gain understanding of a given irreducible representation. We prove a result (Proposition
6.2.12) that gives a correspondence between these adapted Young tableaux and semisimple
totally geodesic submanifolds in products of rank one symmetric spaces. This leads to the
following theorem, which, via duality, gives a classification of totally geodesic submanifolds
in arbitrary products of symmetric spaces of rank one.

Theorem A. Let M = My x --- x M,, where M; is a symmetric space of non-compact
type and rank one for eachi € {1,...,r}.

Then, a submanifold 3 of M 1is totally geodesic if and only if X = Xo X X, where Xp
1s a semisimple totally geodesic submanifold corresponding to a Young tableau T adapted
to Mgy X =+ X My, Xo 15 a flat totally geodesic submanifold of Myt1y X -+ X My,
o is any permutation of {1,...,r}, and k € {1,...,r}.

In 1977, Chen and Nagano [48, 49] gave a classification of maximal totally geodesic
submanifolds in irreducible symmetric spaces of rank two. In this classification there were
some examples missing that were found by Klein in a series of papers [107, 108, 109]. In
view of the known results, Theorem A provides the first classification of (not necessarily
maximal) totally geodesic submanifolds in some symmetric space of rank higher than two.

A special class of symmetric spaces where totally geodesic submanifolds can be studied
is that of Hermitian symmetric spaces. On the one hand, we can use the notion of Kahler
angle (see Section §4.1) to measure how a submanifold fails to be complex in a Hermitian

95
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symmetric space. For example, a totally geodesic submanifold is complex or totally real
if and only if it has constant K&hler angle equal to 0 or to 7/2, respectively. On the
other hand, complex totally geodesic submanifolds in Hermitian symmetric spaces were
classified by Thara in [95], and real forms, which constitute a particular type of totally
real and totally geodesic submanifolds, were studied and classified by Jaffe [101, 102] and
Leung [124, 125].

While in complex projective spaces (the Hermitian symmetric spaces of compact type
and rank one) a totally geodesic submanifold is either complex or totally real, in the rank
two case the situation is more involved. Klein [107, 109] found two examples of irreducible
totally geodesic submanifolds that are neither complex nor totally real, one example in the
complex quadric and another one in the complex 2-plane Grassmannian. These examples
have non-trivial constant Kéahler angle, i.e. they have Kahler angle different from 0 and
7/2, and they have been the only known totally geodesic submanifolds with non-trivial
constant Kahler angle up to the present. In particular, these two examples have constant
Kéhler angle equal to arccos(1/5).

In this chapter, we will also give a method to construct infinitely many examples of irre-
ducible totally geodesic submanifolds with non-trivial constant Kahler angle in irreducible
Hermitian symmetric spaces of higher rank. This method will rely on the construction
of certain totally geodesic submanifolds contained in a product of Hermitian symmetric
spaces. Clearly, C", n > 2, is a Hermitian symmetric space where every ¢ € [0,7/2] can
be realized as the constant Kahler angle of some totally geodesic submanifold. Therefore,
we exclude from our study flat Hermitian symmetric spaces. Let 7. be the set of Kahler
angles of totally geodesic submanifolds in irreducible non-flat Hermitian symmetric spaces
of rank r, and J = |J,~, J; the set of Kéhler angles of totally geodesic submanifolds in
non-flat irreducible Hermitian symmetric spaces. As a consequence of the classification
results in rank one and two, we have

J1=10,7/2},  Jo ={0,arccos(1/5),7/2}.

Consequently, an interesting problem is to compute J or J,. In this chapter, we will prove
the following result.

Theorem B. Let J be the set of Kdhler angles of totally geodesic submanifolds in non-flat
irreducible Hermitian symmetric spaces. Then J contains a dense subset of [0, 7/2].

This chapter is structured as follows. In Section §6.1, we introduce the notion of di-
agonal totally geodesic submanifold. Then, we give a structure result for totally geodesic
submanifolds of maximal rank in reducible symmetric spaces. In Section §6.2, we classify
totally geodesic submanifolds in reducible symmetric spaces of rank two. Furthermore, we
introduce the notion of adapted Young tableau, which is used to classify totally geodesic
submanifolds in products of an arbitrary number of rank one symmetric spaces (Theo-
rem A). Finally, in Section §6.3, we construct totally geodesic submanifolds with non-trivial
constant Kahler angle in complex Grassmannians, and prove Theorem B.
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6.1 Diagonal totally geodesic submanifolds

In what follows, we introduce the notions of k-diagonal linear subspace and of k-diagonal
totally geodesic submanifold.

Let V be a vector space equipped with a positive definite scalar product and let us
choose subspaces V; C V such that V = @;_, V; is an orthogonal decomposition of V. We
say that a subspace W C V is k-diagonal with respect to the above decomposition if there
is a collection of indexes {iy,...,ix} C {1,...,r} such that every non-zero element of W
has non-trivial projection onto V; if and only if [ = ¢; for some j € {1, ..., k}. For instance,
let V := R? and consider V; := span{e;}, where {¢;}2_, is the canonical basis of R?. Then,
we have that W = span{e; + e5} is a 2-diagonal subspace and W’ = span{e; + eq, €1 + e3}
is not k-diagonal for any k € {1,2, 3}.

Let M be a complete connected Riemannian manifold. Then, by the De-Rham Theo-
rem, the universal cover M of M splits as a Riemannian product M = My x My X - -+ x M,,
where M, a Euclidean space and M; is a connected, complete, irreducible, simply connected
and non-flat Riemannian manifold for each i € {1,...,7}. Moreover, this decomposition
is unique up to order. Let p = (po,...,p,) € ]T], >, C M a submanifold, and 7: M= M
the universal covering map such that ¢ = =w(p) € X. Then, TPJT/[/ =@®@._,1,,M;, and
since 7., is a linear isometry, we have an orthogonal decomposition of T, M given by

T,M = P ., T, M. (6.1)
=0

Then, we say that ¥ is k-diagonal at ¢ € ¥ if T,3 C T,M is k-diagonal with respect to
the decomposition in Equation (6.1), and we say that ¥ is diagonal at g if 3 is k-diagonal
at g for some k > 1. Tt is easy to check that this definition does not depend on p € m(q).

If our ambient space is homogeneous and ¥ is extrinsically homogeneous, we say that
> C M is k-diagonal if there is some point ¢ € X satisfying that T, C T, M is k-diagonal
with respect to the decomposition in Equation (6.1). Observe that if the previous property
holds for some point in 3, then it holds for every point in X.

In the present chapter, our interest is on Riemannian symmetric spaces, so let M = G/K
be a simply connected Riemannian symmetric space. Hence, by De-Rham Theorem,
M = My x ---x M,, where M, is isometric to some Euclidean space and M; is a simply
connected, irreducible, semisimple symmetric space for each i € {1,...,r}. Moreover, we

can identify 7, M with
p=Dr (6.2)
i=0

where p; is a Lie triple system in p, which is identified with the tangent space T, M; of the
i-th factor in the decomposition of M. Observe that [p;,p;] = 0, for each i,j € {0,...,r},
1 # j, and that pg is identified with the flat factor in the decomposition of M given by
De-Rham Theorem, so [po, po] = 0. Furthermore, we can define

& = [P, pil, gi =t D p,
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where ¢ = 1,...,r. Then, ¢ and g, are the Lie algebras corresponding to the isotropy and
isometry groups of M;, respectively. On p (and hence, on each p;) we will consider the
inner product (-,-) induced from the metric of M (resp. from the metric of M;) via the
identification p = T, M (resp. p; = T, M;).

Let ¥ C M be a totally geodesic submanifold through the point 0 € ¥ C M. Then,
there is a Lie triple system py, C p corresponding to . Notice that if ay is a maximal
abelian subspace of py, then it is contained in a maximal abelian subspace a of p. By the
discussion above, since totally geodesic submanifolds in symmetric spaces are extrinsically
homogeneous, a totally geodesic submanifold > C M is k-diagonal if and only if py; C p is
k-diagonal with respect to the decomposition in (6.2).

Notice that proj; ps, is a Lie triple system in p;, where proj,: p — p; is the orthogonal
projection onto p;. Indeed, given XY, Z € py, we have

HprojiXa proj; Y]a proj; Z] = proji[[X7 Y], Z] € proj; Ps,

since the projection proj,: g — g; is a Lie algebra homomorphism and py, is a Lie triple
system. Hence, g& := proj, ps @ [proj; s, proj, ps] is a Lie subalgebra of g;. Let Gy and G
be the connected subgroups of G with Lie algebras gs. := px @ [px, ps] and g, respectively.
Therefore, by [14, Proposition 11.1.2], we have that ¥ = Gy -0 and proj; ¥ = proj,(Gx-0) =

§ - 0 are totally geodesic submanifolds in M and M;, respectively, where by proj, we also
denote the projection M — M;. Thus, we obtain the following useful lemma.

Lemma 6.1.1. Let M = My x --- X M, be a product of simply connected symmetric
spaces and X be a totally geodesic submanifold of M. Then, proj; ¥ is a totally geodesic
submanifold of M; for each i € {0,...,r}.

The following result gives a sufficient condition for a totally geodesic submanifold > C
M to be not diagonal, namely rank > = rank M.

Proposition 6.1.2. Let M = My x --- x M, be a product of simply connected irreducible
symmetric spaces and X C M a totally geodesic submanifold with the same rank as M.
Then, ¥ =31 X --- X X, where X; C M; is a totally geodesic submanifold.

Proof. Let py, be the Lie triple system in p corresponding to . We clearly have py, C
@;_ proj; ps. Let X; € proj; ps for some j € {1,...,7}, and X € px such that proj; X =
Xj. Let ay, C py be a maximal abelian subspace containing X. Since ¥ has the same
rank as M, ay is a maximal abelian subspace of p. But every maximal abelian subspace
of p is the sum of maximal abelian subspaces a; of p;. Thus, X = Z;Zl X;, where X; €
a; C ay C py and a; is a maximal abelian subspace of p;. In particular, X; belongs to ps.
Since j € {1,...,r} was arbitrary, we have py, = @;_, proj; ps. By Lemma 6.1.1, we have
¥ =3 X -+ x X,, where each ¥; := proj, ¥ is a totally geodesic submanifold of M;, for
eachi e {1,...,r}. O
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6.2 Totally geodesic submanifolds in products of
symmetric spaces of rank one

In this section, we give a classification of totally geodesic submanifolds in products of
symmetric spaces of rank one.

Let us recall the classification of totally geodesic submanifolds in symmetric spaces of
rank one. Let M be a symmetric space of non-compact type and rank one. Then, M is
either a real hyperbolic space RH", n > 2, a complex hyperbolic space CH", n > 2, a
quaternionic hyperbolic space HH", n > 2, or the Cayley hyperbolic plane OH2. We use
the notation FH", where F € {R,C,H, O} and n = 2 if F = Q. Furthermore, the metric of
[FH™ is such that its sectional curvature is equal to —c in the real case, or pinched between
—c and —c/4 in the other cases, for some ¢ > 0. In this case we will write FH"(¢) and
simply FH™ when the minimal absolute value of the sectional curvatures is equal to 1. Wolf
[187] classified totally geodesic submanifolds in symmetric spaces of rank one and compact
type. Hence, by duality we obtain the list of proper, non-flat, totally geodesic submanifolds
of symmetric spaces of non-compact type and rank one up to congruence (see Table 6.1).

RH"

RHF 1<k<n-1

CH"

CH* 2<k<n-1
RHF* 1<k<n
RH?(4)

HH"

HH* 2<k<n-—1
CH* 2<k<n
RHF 2<k<n
RHA(4) | 1<k <4

OH?

HH?
CH?
RH?
RH*(4) | 1<k <8

Table 6.1: Totally geodesic submanifolds of dimension d > 2 in symmetric spaces of non-
compact type and rank one, up to congruence.
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Notice that in CH? there are two non-congruent totally geodesic submanifolds homo-
thetic to RH?: RH? and RH?(4) (which are totally real and complex in CH?, respectively).
Also, in HH? there are two non-congruent totally geodesic submanifolds homothetic to
RH3: RH? and RH3(4) C RH*(4). Finally, in HH?* there are two non-congruent totally
geodesic submanifolds homothetic to RH*: RH* and RH*(4).

Now, we will set the following notation for the rest of this section. Let M = M; x - - - X
M,, where M; = G;/K; = F;H"(¢;) is a symmetric space of non-compact type and rank
one for each i € {1,...,r}. Let o = (01,...,0,) € M. Hence, we can identify T,M with
a Lie triple system p such that p = @._, p;, where p; is identified with T, F;H"(¢;). This
implies that g; = p; @ [ps, p;] is the Lie algebra of G;.

Lemma 6.2.1. Let M = My x --- X M,, where each M; is a simply connected, irreducible

symmetric space. Let ¥ be an irreducible, non-flat, totally geodesic submanifold of M.
Then:

i) ¥ is k-diagonal for some k € {1,...,r} in M.
Moreover, if M is of non-compact type, the following statements hold:

ii) There is some permutation o of {1,...,1r} such that ¥ is a totally geodesic subman-
ifold of N1y X +++ X Nogy, where Nygjy 1= proj,; %, j € {1,...,7}, is a totally
geodesic submanifold of My for every j € {1,... k}.

ii1) The embedding of ¥ is given by V: ¥ — M, ¥(p) = (Vi(p),...,V.(p)), where
each map W; := proj;: X — Ny s a homothety for every j € {1,...,k}, and
U0 ¥ — Ny is a constant map for everyl € {k+1,...,r}.

Proof. Let X be an irreducible, non-flat, totally geodesic submanifold of M. Let proj,: gs —
g; be the i-th orthogonal projection onto g; for i € {1,...,r}. We will prove that proj; is
either the zero map or injective. Since X is an irreducible symmetric space, its isotropy rep-
resentation is irreducible. Furthermore, since ¥ is semisimple by our assumptions, we have
that £y, := [py, px] is the Lie algebra of the isotropy group of 3. However, Ker Projip, C Ps
is an invariant subspace under the isotropy representation of ¥ since

proj,;[Z, X] = [proj; Z, proj;,.. X] = 0,

ilps
where X € Ker proj,,,, and Z € tx. Thus, Ker proj; = 0 or Kerproj;,,. = ps. This implies
ps C Po) @ -+ - B o for some k € {1,...,r} and some permutation o of {1,...,r} such
that Ker proj, ), = 0 for j € {1,...,k} and Kerproj,,, = px for L € {k+1,...,7}.
For a non-zero X € pyx, we have proj,;y X # 0 if and only if j € {1,...,k}. Hence,
every non-zero element X in py can be written as X = 25:1 X, where each X € pyj) is
non-zero. Thus, ¥ is k-diagonal and we have proved i).

Furthermore, py; C proj,py ps @ - -+ @ proj,) Ps, where each proj, ;) ps is a Lie triple
system of py by Lemma 6.1.1. Moreover, Kerproj,; is an ideal of gs. For every j €

{1,...,k} we have Ker proj,;p, = 0, which implies that Ker proj,;y = 0, since gy is
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simple as X is an irreducible symmetric space of non-compact type. Thus, proj,; : gs —
Proj,(;) gs is a Lie algebra isomorphism for each j € {1,...,k}. Hence, proj,; gs =
DIOjy(;) Pz @ [PT0jy(;) P POy () pg] is the Lie algebra of the isometry group of N ;), the
totally geodesic submanifold of M,(;) associated with the Lie triple system proj, ps
in p,(;). Additionally, taking into account that Kerproj, . = ps if and only if | €
{k+1,...,r}, we have that X projects onto a point in My if and onlyifl € {k+1,...,r}.
Therefore, we have that ¥ C Ny )X - - X No(r), where Ny ;) is a totally geodesic submanifold
of My(j), which proves ).

Finally, we will prove that proj, is a homothety between ¥ and N,(;. Let us fix
some i € {1,...,k} and let us consider the inner product in py given by (X,Y); =
(Proj, ;) X, Proj,( )Y) for X,Y € py, where (-,-) is the inner product in p induced by its
identification Wlth T,M. Let g € Ky, where Ky, is the connected Lie subgroup of Gy with
Lie algebra ¢s5;. Then, g = Hle Jo(i) for some g,;) € mKy, where m;: Gy x -+ X G, — G;
is the projection onto the i-th factor. Thus, for any X,Y € py,

(Ad(g)X, Ad(g)Y); = (proj, ;) Ad(g) X, proj,; Ad(g)Y)

(
<p1"0JU (4) Ad(QG(z )X, prOJU (@) Ad(g, z))Y>
= (Ad(go(s)) Pr0jy(s) Xs Ad(go(i)) PTOJo(s) Y)
(pIOJU()X Proj,;) Y) = (X, Y)s,

where we have used that Ad(g,() is a linear isometry for (-,-) which leaves proj, ps
invariant, since g, belongs to the isotropy of N, for each ¢ € {1,...,k}. Hence,
(+,+)i is a Kg-invariant inner product in py. Moreover, since the isotropy representation
of ¥ is irreducible by assumption, Schur Lemma implies that proja(z) is a homothety be-
tween the Lie triple systems py and proj, ps for each i € {1,...,k}. In addition to
that, proj,;): ps — proj,(; px preserves the sectional curvature since it preserves the Lie
bracket. Thus, by [189, Theorem 1.9.2] we have that proj, : X — proj, ) ¥ is an affine
diffeomorphism since 3 and proj, ;) & are simply connected. Now let p € X, v be a path
in ¥ joining o and p and 7 := proj,; 7. Let P, and P5 be the parallel transports along
to v and 7, respectively. Since proj,; is affine, we have proja(i)*p = P50 proj,g; on_l
for every p € M. However, P, and Py are isometries and Projy(;), Is a homothety since
Proj,(;): P — Proj,q) ps is a homothety. Thus, proja(i)*p is also a homothety for every
p € M and it turns out that proj,: ¥ — proj,; X is a homothety. Consequently, we have
proved iii). O

Remark 6.2.2. Observe that this lemma admits a converse. Let M = M; x --- X M,, where
each M; is an irreducible symmetric space of non-compact type. Let ¥ be a Riemannian
manifold and consider the embedding V: ¥ — M, ¥(p) = (¥4(p),..., ¥, (p)), where each
map V;: X — N; is either a homothety or a constant map, and N; is any totally geodesic
submanifold of M;, j € {1,...,r}. Then, ¥(X) is a totally geodesic submanifold of N; X

- X N, since homotheties carry geodesics into geodesics. Therefore, W(X) is a totally
geodesic submanifold of M.
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Remark 6.2.3. One important consequence of the previous result that deserves to be high-
lighted is the following. Let X be an irreducible, non-flat, r-diagonal totally geodesic
submanifold of M = M; x --- x M,, where M, is an irreducible symmetric space of non-
compact type for each i € {1,...,r}. Then, with the usual notation, py C p1 & --- B p,
is an r-diagonal Lie triple system, and we can define a Lie algebra isomorphism ®; :=
proj,: gs — proj; gs, which sends py, onto the Lie triple system proj, ps in p;. Therefore,
pe = {D_, ;X : X € proj; ps}, where p; := ®;®": proj; gz — proj; gs is a Lie algebra
isomorphism sending proj, ps onto proj, ps; for each i € {1,...,r}. Let s € {1,...,r}. No-
tice that pys = {>°7 | ;X : X € proj, px} is an s-diagonal Lie triple system in p such that
gss is isomorphic to gy, and then ¥°, the totally geodesic submanifold of M corresponding
to pys, is homothetic to X.

Proposition 6.2.4. Let ¥1,Y5 be r-diagonal, non-flat, irreducible, totally geodesic sub-
manifolds in M = My X --- x M,, where each M; is an irreducible symmetric space of
non-compact type homothetic to both ¥y and ¥5. Then, there is g € Isom(M;) X « -+ X
Isom(M,) C Isom(M) such that g¥; = 3.

Proof. Let py, = {> 019X : X € pi}, py, = {0, :X : X € pi} and gy, = py, @
[ps,. px,], for j € {1,2}, where ¢;,4;: g1 — g; are Lie algebra isomorphisms sending p,
onto p; fori € {2,...,r}, and ¢ = ¢; = Id,, where Id,, is the identity map of g;. Here we
are using Remark 6.2.3 along with the assumption that each M; is an irreducible symmetric
space of non-compact type homothetic to ¥; and X,.

Let o; := ¢, Le Aut(g;). First of all, observe that oi,, Is a linear isometry of p; since
o; € Aut(g;) and the inner product on p; is the restriction of the Killing form of g;, up to
scaling. Furthermore, oy, preserves the curvature tensor of M; at o; since this is given by
Lie brackets. Hence, 0y, is a linear isometry of p; that preserves sectional curvature at
0;. Thus, by [189, Corollary 2.3.14], 0y, extends to an isometry g; € Isom(M;) that fixes
0; € M;, since it leaves p; invariant. Then, o; = Ad(g;) and if g := []'_, g;, where g, is the
identity element of Isom(M;), we obtain

Ad(g)'es, = HAd<gi)7lgEz = {ZAd(gi)lwiX 1 X € 91}
=1 =1

:{Z@iX:X€gl}:gE1>

i=1

where we have used o; = 9;0; ' and Ad(gi))g, = Idg, for i # j. Therefore, there is a
g € Isom(M;) x -+ x Isom(M,) C Isom(M) such that gGy, = Gy,¢9. Consequently,
921 = ¢Gy, -0 = Gy,g-0= Gy, - 0 = X, since g fixes o. O

Lemma 6.2.5. Let X be a totally geodesic submanifold of M = My x --- x M,, where M;
is a symmetric space of non-compact type and rank one, for eachi € {1,...,r}. Moreover,
let 33 = Xy X Yo, where 3y is irreducible and not flat. Then, if proj; 31 and proj; Xa have
positive dimension, we have that i # j.
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Proof. Let ¥ = 1 x Y5 be a totally geodesic submanifold of M, where >.; is irreducible
and not flat. Let py = px, ® py, C p = @,_, p; be the corresponding Lie triple system.
Fix some ¢ € {1,...,7}. Let us suppose that p; := proj; px, has positive dimension for
both j = 1 and j = 2. By Lemma 6.2.1, we have that dimp; > 1, since ¥, is irreducible
and not flat. Thus, we can choose X € p; and Y € p, spanning a 2-plane in p;. Moreover,
the sectional curvature sec of M; is given by

(X, Y], Y], X)
<X7X><Y7Y> - <X’Y>2‘

sec(X,Y) = —

In particular, [py,pa] # 0, since M; has negative sectional curvature. However, we have

[p1, p2] = [proj, ps,, proj; ps,] = proj;[px,, px,] = 0, since X is a Riemannian product of the
symmetric spaces Y7 and Y,. Therefore, we obtain a contradiction with the assumption
that both p; and py have positive dimension. ]

Remark 6.2.6. It is important to notice that the previous lemma is not true when the
ambient space is a product of irreducible symmetric spaces of rank greater than one. For
instance, one can find a totally geodesic submanifold ¥ homothetic to RH? x RH? in
M = M,y x My, with M; = SO4,4/(SO3 x SO4) for each i € {1,2}, such that both factors of
¥ have non-trivial projection onto each factor of M. Thus, applying [107, Theorem 4.1 and
§5] and duality, there is a totally geodesic submanifold X} x ¥ C M;, where ¥} and ¥? are
mutually isometric real hyperbolic planes, for each i € {1,2}. Now we can consider SV a
2-diagonal totally geodesic submanifold in ¥/ x % for each j € {1,2}. Thus, ¥ := Slx 52
is a totally geodesic submanifold homothetic to RH? x RH? in M such that both factors of
3 have non-trivial projection onto each factor of M.

Proposition 6.2.7. Let My and M, be irreducible symmetric spaces of compact and non-
compact type, respectively. If ¥ C My x Ms is a diagonal totally geodesic submanifold, then
Y is flat.

Proof. Let X be a totally geodesic submanifold of M; x M. By De-Rham Theorem, we
have that the universal covering of ¥ is ¥ = ¥ X X1 X -+ X X, where ¥ is flat and
each ¥; is an irreducible semisimple symmetric space. Moreover, py, = @;_, px,, where
Py, C py C p1 @ ps is a Lie triple system corresponding to the irreducible symmetric space
Y, for each i € {0,..., s}, and py, ps are the Lie triple systems corresponding to M; and
M, respectively.

Let us fix some ¢ € {1,...,s}. Then ¥; is semisimple, and we have that t5, := [px,, ps,]
is the Lie algebra of the isotropy of ¥;, and gy, := €5, ®py, is the Lie algebra of the isometry
group of ¥;. Now, we define ¢;;: g, — @;, where ¢;; X = proj; X for each i € {1,...,s}
and j € {1,2}, g; is the Lie algebra of the isometry group of M;, and proj,: g1 © g2 — g; is
the projection map. Notice that Ker ¢;j,,, C pyx, is an invariant subspace for the isotropy
representation of ;. Since Y; is irreducik;le, we have Ker Pijlps, = 0 or Ker Dijlps, = Px;-
Moreover, as py, is diagonal by assumption, Ker ¢;;,,, = 0 for every j € {1,2}. On the
one hand, if ¥; is a compact simple Lie group, £y, is simple, and hence, Ker Pijles, = 0
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or Ker Pijles, = £y, since Ker Pijles, is an ideal of x,. In any other case, gy, is simple.
Then, we have Ker p;; = 0 or Ker ¢;; = gx,. However, Ker ¢;j,;, = 0 and this implies that
Ker Pij = 0. '

To sum up, for each j € {1,2}, we have Ker p;; = 0 or Ker ¢;; = £5,. Let us assume
that Kerg;; = €y, for some j € {1,2}. In this case ¢;;gn, = ¢i;jpy, is an abelian Lie
algebra. Since gy, is semisimple and gs, C ¢;;05, ® Yir0s,, where k € {1,2}\ {j}, we have

gs, = 0=, 95 C [pi0s, © Qirds,, 0ij0s, © Qids,| C [0z, Pirds,] C vids, C Gr-

Therefore, we obtain a contradiction with the assumption that py is diagonal. Now let
us assume that Kerg;; = 0 for every j € {1,2}. This implies that gy, and ¢;;gs, are
isomorphic for every j € {1,2}. In particular, ¢;;gy, is simple for every i € {1,...,s} and
Jj € {1,2}, and ;1 gy, is isomorphic to @egs,. Now, as @10y, is a subalgebra of g;, we have
that p;19s, is a compact Lie algebra. Moreover, @@y, = @iPs, @ [piPs,, @iPs,|, where
YioPy, 1s a Lie triple system, is not a compact Lie algebra since it is simple and then it is
the Lie algebra of the isometry group of an irreducible symmetric space of non-compact
type (see discussion above Lemma 6.2.1).

Consequently, we obtain a contradiction with the existence of (non-trivial) irreducible
semisimple factors of X, which yields our result. ]

We now introduce a notation that will be useful in what follows. Let M and > be two
symmetric spaces. We will write (X) < M if M contains a totally geodesic submanifold
isometric to X.

A simply connected, reducible symmetric space M of rank 2 is a product of two simply
connected irreducible symmetric spaces of rank one, M; and M,. Let 3 be a totally geodesic
submanifold in M = M; x M. Notice that if ¥ is reducible, then it has maximal rank and
Proposition 6.1.2 implies that ¥ = ¥; x Y5, where Y; is a totally geodesic submanifold of
M; for each ¢ € {1,2}. Now, if ¥ is irreducible, it must be either a geodesic or a semisimple
totally geodesic submanifold. Let us assume that 3 is an irreducible semisimple totally
geodesic submanifold of M. Then, by Lemma 6.2.1 i), ¥ is either 1-diagonal or 2-diagonal.
If ¥ is 1-diagonal, clearly ¥ = ¥; x {p;}, where ¥; is a totally geodesic submanifold of M;
and p; € M; for distinct 4, j € {1,2}.

Let us assume that M; is of compact type and M, is of non-compact type. By Propo-
sition 6.2.7, M = M; x M, has no diagonal totally geodesic submanifolds of dimension
greater than one. Hence, a 2-diagonal totally geodesic submanifold is a geodesic.

Let us assume that M; is flat and M, is of non-compact type. We can suppose that >
is an irreducible semisimple 2-diagonal totally geodesic submanifold. Thus, every non-zero
vector in py is of the form X = X; + Xy, where X; € p; is a non-zero vector in p; for
each i € {1,2}. However, since ¥ is semisimple, then py has dimension greater than one.
Moreover, dim proj, ps = 1. Hence, there exists a non-zero vector X’ in px N proj, px,
contradicting the assumption that ¥ is 2-diagonal.

To sum up the above discussion: if M; and Ms have opposite types or one of them is
flat, then every totally geodesic submanifold > in M = M; x M, is either a geodesic or
equal to 3y x X9, where ¥; C M; is a totally geodesic submanifold for each ¢ € {1,2}. In
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view of the argumentation above, by duality we will assume that both factors in M are of
non-compact type. In this case, we have the following result.

Theorem 6.2.8. Let M; := F;H"(¢;) be a symmetric space of non-compact type and rank

. . .. ;. . _
one for i = 1,2. Given positive numbers cy,cy, we define the quantity ¢ = T Then,

¥ C My x My is a totally geodesic submanifold if and only if it is equal to one in the list
below:

i) A geodesic in My x Ms.
ii) A product ¥ X Xy, where X; C M; is a totally geodesic submanifold for i € {1,2}.

iii) A totally geodesic diagonal FH™(¢), with F # R and ¢, = ¢;, whenever (FH"(¢;)) < M;
for every i € {1,2}.

i) A totally geodesic diagonal RH"(c), with ¢; € {c;, G}, whenever (RH"(c})) < M; for
every i € {1,2}.

Remark 6.2.9. The diagonal embeddings in items i) and iv) are the ones described in
Lemma 6.2.1 4ii). These are of the form W: ¥ — M; X My, p € ¥ +— (VU1(p), ¥2(p)), where
U, is a homothety between Y and some totally geodesic submanifold N; of M; for each
i € {1,2} (see Remark 6.2.2).

Proof. Let us assume that > has rank two. Then, by Proposition 6.1.2, ¥ = ¥; x X,
where 3; C M; is totally geodesic for each ¢ = 1,2, which corresponds to item 4i) in the
statement.

Now assume that > has rank one. Then it is either a geodesic, which corresponds to
item ), or it is semisimple. In this latter case, 3 must be isometric to FH"(¢) for some
F e {R,C,H, O} and ¢ > 0. If ¥ is not diagonal, it is 1-diagonal by Lemma 6.2.1 and it
must be congruent to X; X {p2} or to {p1} x 3y, where ¥; C F;H"(¢;) is a totally geodesic
submanifold and p; € M; for @ = 1,2. This corresponds to item i) in the statement.
Moreover, if it is diagonal, it is 2-diagonal. Then, by Lemma 6.2.1 and the classification of
totally geodesic submanifolds in the rank one symmetric spaces (see Table 6.1), we have
that ¥ C FH"(¢}) x FH"(c}), for some positive numbers ¢} and ¢,. Let us further assume
that F # R. Hence, by the classification in rank one, ¢, = ¢; for i = 1,2. We will prove
that the sectional curvature of ¥ satisfies

C1C2 C1C2

sec(X,Y) e |— ,—
( ) C1 + Co 4(01 + Cg)

for any X,Y € py spanning a 2-plane. Let p} := proj, ps be a Lie triple system associated
with T,,FH"(¢;), where o; € FH"(¢;). Moreover, consider the Lie algebra of the isometry
group of FH"(¢;), which is ¢, := p; ® [p},pi]. Then, the Lie triple system corresponding
to X is py = {X1 + ¢Xi: Xy € p}} for some Lie algebra isomorphism ¢: g} — g5 that
sends p) onto p, (see Remark 6.2.3). Now let (-,-); be the metric of FH™(1), and sec; (-, -)



106 6 Totally geodesic submanifolds in products of rank one symmetric spaces

its sectional curvature. We can regard the induced metric of FH"(¢;) on p} as a positive
multiple of (-,-);. Hence, we can write the metric of ¥ at (01, 09) as

<" > = /\1(pr0j1 " projl '>1 + )\2<p1"0j2 " pr0j2 '>1a

for some A, Ap > 0. Let X = X7 + X3, = Y] + ¢Y; € py, where X;,Y] € p] satisfy
(X1, X1)1 = (Y1, Y1) =1 and (X;,Y7); = 0. Moreover, we have

(X, Y], Y], X) = M ([ X0, ], Yl X+ Ae([le X, 0], o], o X
= M ([[X1, Y1, Y1), Xu)1 + Ao (o[ X1, Y], Y], o X0 )a
= —(A1 + o) secy (X1, Y1),
(X, X) = M (X1, X)1 + X X1, 0X1)1 = A+ Ag,
(YY) = A (Y1, Yi)1 + A (Y1, 9Y1)1 = A+ Ao,
(X,Y) = M(X0, V)1 + X X1, oY1)1 = 0,

where we have used that ¢ preserves (-, -); since ¢ preserves the Killing form. Thus, the
sectional curvature at (o1, 09) € 3 of the 2-plane spanned by {X,Y} is given by

sect (X1,Y1)  ce C102 C102
sec(X,Y) = = seci(X1,Y7) € |— ,—
( ) )\1 + )\2 Cc1 + Co 1( ! 1) c1 + ¢ 4(01 -+ Cg)

since \; = 1/¢; for each i € {1,2}, because Ag has sectional curvature %sec, when ¢ is a

Riemannian metric, sec its sectional curvature and A a positive number. Hence, > must
be isometric to a diagonal FH"(;22) whenever (FH"(c;)) < M; for every i € {1,2} and
F # R. This corresponds to item #4i) in the statement.

Now let us assume that F = R. Again, by Lemma 6.2.1 and the classification of
totally geodesic submanifolds in symmetric spaces of non-compact type and rank one (see
Table 6.1), we have ¥ C RH"(c}) x RH"(c}), where ¢; € {¢;, ¢;/4} is such that (RH™(¢})) <

M, for every i € {1,2}. A similar computation as above yields that the sectional curvature

VN VN
of ¥ is equal to —cflfi, . Then, ¥ is isometric to RH”(;fﬁ, ), which corresponds to item 7v)
1 2 1 2

in the statement. O

Remark 6.2.10. Notice that unlike in the irreducible rank one case, if M is a reducible space
of rank two then we can find mutually isometric diagonal totally geodesic submanifolds
3, and ¥y which are not congruent in M. This implies that the hypothesis of M; being
homothetic to ¥; and 3 for each ¢ € {1,2} in Proposition 6.2.4 is crucial. Let us consider
M = M, x M,, where M; = CH? and M, = CH3. Let us assume that there is some
¢ € Isom(M) such that ¢¥; = 35 where

%y :=RH?*(4/5) C Ly := RH*(4) x RH> C CH? x CH*> C M; x M,
Y, := RH?*(4/5) C Ly := RH? x RH?(4) C CH? x CH? C My x M,.

Clearly, each isometry of M; x My must preserve both factors since M; and M; are not
isometric. Then, we have ¥y C ¢@L; N Ly. However, since RH?(4) and RH? are complex and
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totally real submanifolds in CH?, respectively, we have ¢L; N Ly, C R x R, where R x R is
a maximal totally geodesic flat submanifold of M; x M,. Moreover, since the intersection
of totally geodesic submanifolds is totally geodesic, this implies that X5 C @L; N Ly C
R x R C My x M, which contradicts the fact that Y5 is not flat and proves that such ¢
cannot exist.

Let us recall that the elementary symmetric polynomial ej of order k € {0,...,n} inn
variables is defined as ey(Xy,...,X,) = Zl§i1<...<ik§n X, -+ X;,. Then, we have the fol-
lowing generalization of Theorem 6.2.8 to the case of diagonal totally geodesic submanifolds
in arbitrary products of symmetric spaces of rank one.

Corollary 6.2.11. Let M = M; X --- x M,, where each M; = F;H"(¢;) is a symmetric
space of non-compact type and rank one fori € {1,...,r}. Given positive numbers {c;}7_,,
we define the quantity

| J U

er1(cy, ..., )
where e,_1 is the elementary symmetric polynomaial of degree r — 1 in r variables.

If ¥ is a non-flat, irreducible, r-diagonal, totally geodesic submanifold in M, then it is
1sometric to one in the list below:

C =

i) RH"(c), with c; € {c;, %}, whenever (RH"(c})) < M; for everyi € {1,...,r}.
ii) FH"(c), with F # R and c; = ¢;, whenever (FH"(¢;)) < M;, for every i € {1,...,r}.

Proof. Let ¥ C M be a non-flat, r-diagonal, irreducible, totally geodesic submanifold. We
will proceed by induction on r. The statement is true for »r = 1 by the classification of
totally geodesic submanifolds in symmetric spaces of non-compact type and rank one (see
Table 6.1). Let us assume that it is true for » — 1 factors and we will prove it for . Observe
that ¥ is contained in & x 3/ where 3 is the projection of ¥ onto My x - -+ x M,_; and S s
the projection of ¥ onto M,. By Lemma 6.1.1, we have that S and & are totally geodesic
submanifolds of M. Furthermore, by Lemma 6 2.1 i11) and Remark 6.2.3, we have that 5
and 3’ are homothetic to X. Moreover, S s (r — 1)-diagonal in M, since ¥ is r-diagonal
in M, and by induction hypothesis, 3 is isometric to FH"(¢) for F € {R,C,H, O}, where

_ |

C g
era(ch, ... c_y)

with ¢, € {¢;,¢;/4} for each i € {1,...,7 — 1}. Let us assume that F = R, since the
result follows similarly in the other cases. Then by Theorem 6.2.8, since X is 2-diagonal in
5 x E’ and 3 and 3 are of rank one, the sectional curvature of ¥ is equal to the opposite
of

_cq I[ioic
‘T e a(d,....c)

where we have used e, 1(X1,...,X,) = e,1(X1, ..., Xo1) + 6,2(X4, ..., X,21) X, for
arbitrary variables Xi,..., X,. O]
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Now we will provide the classification of totally geodesic submanifolds in products of
symmetric spaces of rank one by introducing a combinatorial object that we call adapted
Young tableau.

We first recall the well-known notions of partition of a positive integer and of Young dia-
gram. Let r > 1 be a positive integer. Then, a partition of r is a vector A = (Aq, ..., \g) €
7ZF such that r = 2?21 Ajand Ay > ... > A\ > 1. For each partition A we associate
a Young diagram. This is a collection of boxes with A; boxes in the j-th row, for each
jed{l,....k}

Now we will introduce the notion of Young tableau adapted to a product M of sym-
metric spaces of non-compact type and rank one. Let us consider M = F{H" (¢;) x -+ X
F,.H"(¢,), where n; > 2, ¢; > 0 and F; € {R,C,H, O} for each i € {1,...,r}. Let A =
(A1, ..., Ax) be a partition of r and let us consider its Young diagram. We will add to the
ij.m Hm (Cij,m>:
for every j € {1,...,k} and m € {1,...,\;}, where Ule{ij,l, cooiia b =141, 1} Fur-
thermore, we require all totally geodesic submanifolds appearing in the j-th row to be
mutually homothetic. A Young diagram with this information will be called Young tableau
adapted to M. See Figure 6.1 for various examples of this.

m-th box in the j-th row a totally geodesic inclusion F, H"m(c, ) CTF
J,m 7,m

RH3(c1) € RH3(cy) | RH3(ca/4) C CH3(c2) | RH3(cs) € HH3(c) | RH3 (7)

cica+4cicz+cacs

CH2(cy) C CH3(c3) | CH2(c3) € HH3(c3) | CH? (T)
RHQ(Cl) C RHS(Cl) RHQ(Cl)

RHS(Cl) C ]RH?)(Cl) RH3(01)
RH3(02/4) C (CH?’(CQ) RH3(02/4>
RH4(03) C HH3(63) RH4(63)

Figure 6.1: Three examples of Young tableaux adapted to the product M = RH3(c;) x
CH3(cy) x HH3(c3), along with the irreducible factors of the corresponding totally geodesic
submanifolds presented at the end of each row (see Proposition 6.2.12). Notice that
the isometry type of these totally geodesic submanifolds can be computed using Corol-
lary 6.2.11.

Proposition 6.2.12. Let M = M; x --- x M,, where M; is a symmetric space of non-
compact type and rank one for each i € {1,...,r}. Then, the following statements hold:

i) For each Young tableau T adapted to M we can attach a set S(T) of semisimple
totally geodesic submanifolds X of M that have non-trivial projection onto each
factor of M.

it) If X and ET belong to S(T'), then Xr is isometric to ET.

ii1) If X is a semisimple totally geodesic submanifold of M that has non-trivial projection
onto each factor of M, then it is equal to some Lr € S(T) for some Young tableau
T adapted to M.
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Proof. First of all, we will see how to construct a totally geodesic submanifold of M from a
Young tableau adapted to M. Let T be a Young tableau adapted to M and let us assume
that it has k rows. Let us further assume that it has A; boxes in the j-th row. Namely,

]F H Jl( )CIF‘lemJl(cz 1) FZMH “(zM)CFiijij**j(cij,kj)
are the labels in the boxes in the j-th row, where we have |_|§:1{ij71, condia =11, )
Let p;,,, be a Lie triple system corresponding to M;, ,, = IF;, H"im(c;, ), for each m €

{1,...,A;}. Then, for each m € {1,...,\;}, there is some Lie triple system p; ~C p;;,,
that corresponds to the totally geodesm embeddlng in the m-th box of the j- _th row of T.
Notice that, by construction of T, these totally geodesic submanifolds are mutually homo-
thetic. Let us define géjm = p;j’m ® [p;j’m, pgj’m]. Clearly, for any fixed j € {1,...,k}, all
these Lie algebras g;j,m, m € {1,...,\;}, are mutually isomorphic because they are the Lie
algebras of the isometry groups of mutually homothetic semisimple symmetric spaces. Let
go{,m: g;,, — 0i,,, be a Lie algebra isomorphism sending p; | into p; = form € {2,..., \;},

and 90]1'71 be the identity map of g; . Now, we define pj = {Zf‘njzl go{',mX X € p;jyl} for
each j € {1,...,k}. Then, p; is a Lie triple system in p that is \;-diagonal.
We perform this process for each row j € {1,...,k} to define pr := @?:l/ﬁj. By

construction, we have that [p;,p;] = 0 for j # j/ in {1,...,k}. Hence, pr is a Lie
triple system in p and we will denote by Xp = i X -+ X ¥ its corresponding totally

geodesic submanifold, where Y; is the totally geodesic submanifold corresponding to p;.
Consequently, for a Young tableau T adapted to M, we have constructed a semisimple
totally geodesic submanifold > of M, that has non-trivial projection onto each factor of
M. However, notice that this construction depends on the Lie triple system p;j’m in the

subspace p;,,, and on the Lie algebra isomorphism go{jm that we chose, and if we choose
different Lie triple systems and isomorphisms, we get different semisimple totally geodesic
submanifolds with non-trivial projection onto each factor of M. Hence, for each Young
tableau T adapted to M we can attach a set S(7") which is equal to the set of all the totally
geodesic submanifolds that can be constructed from 7' through the process described above.
This proves i).

Now we will check that all totally geodesic submanifolds in §(7") are mutually isometric.
First of all, observe that two totally geodesic submanifolds of a symmetric space of rank
one are congruent if and only if they are isometric. Hence, the totally geodesic embedding

beddings in M;, ,, = F;, H"m(c;, ). Let Ny . and Nij,m be congruent totally geodesic
submanifolds in M, corresponding to the inclusion in the m-th box of the j-th row for
eachm e {1,...,\;} and j € {1,...,r}. Then, there is a isometry ¢; . of M; . such that
s Nis o = Nz’j,m- Following the above procedure, we obtain two different \;-diagonal
totally geodesic submanifolds, namely,

/
/ iim (A ) i .
F, Hom(c, ) CF;, H"%m(c;, ) represents a congruence class of totally geodesic em-

Zj C Nij,l - X NZJA - X Ni]',/\j’

and Z C N,

Z]l
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such that ¥, and f]j are homothetic to N;, . ~and Nim for every m € {1,...,\;} and for
each j € {1,...,k}. Now let

X o x M,

g1

pj = ((pij,w ... 7SOZ']',)\],): MijJ X oo X Mij,)\j — M;

A"

Then, @; is an isometry of M;, , x --- X M'L‘j)\j for every j € {1,...,k}. Moreover, ¢;3; is
iy By

Proposition 7.3.1, there is v; € Isom(]v,-jyl) X - X Isom(ﬁi].}j) such that ¢,;p;X; = ij.
Consequently, ¥ = ¥y x - -+ X ¥, is isometric to N =3 XX END;C This proves ii).

Let ¥ C M be a semisimple totally geodesic submanifold that has non-trivial projection
onto each factor of M. Let k < r be the rank of ¥. By combining De-Rham Theorem,
Lemma 6.2.1 and Lemma 6.2.5, we can ensure the existence of a partition {{i;1,...,i;,} :
jge{l,....k}} of {1,...,r} satisfying:

a non-flat, irreducible, \;-diagonal totally geodesic submanifold in ]T/'ij,l X oo X N;

o ¥ =13 X - x X, where 3, has rank one for every j € {1,...,k}.
e X, C M is \j-diagonal for every j € {1,...,k}.

e = Z?:l )\]

® X CNj:=N;, x---X Nij,kj7 where N;, .~ C M;, . is a totally geodesic submanifold
homothetic to ¥; for each j € {1,...,k} and m € {1,..., \;}.

,m

Then, up to some reordering, we can assume that (Ay,..., Ag) is a partition of r. Let T be
the Young diagram associated with (Ay,...,A;). Then, ¥; projects non-trivially exactly
onto A; factors of M. We fill the \; boxes of the j-th row of T" with the data corresponding
to the totally geodesic inclusion resulting from projecting ¥; in each of these factors.
Therefore, we can find a Young tableau T" adapted to M such that ¥ = 3y x -+ x Y is
equal to some X7 in S(T"). This proves ). O

We are now ready to prove the first main theorem of this chapter.

Proof of Theorem A. By Proposition 6.2.12, it follows that ¥y x Y7 is a totally geodesic
submanifold of M, where Y7 is a semisimple totally geodesic submanifold corresponding to
a Young tableau T" adapted to M) X - - - X My, Xo is a flat totally geodesic submanifold
of My(gy1) X -+ X My, 0 is any permutation of {1,...,r}, and k € {1,...,7}.

Let ¥ be a totally geodesic submanifold of M. By De-Rham Theorem we have ¥ =
Yo X X1, where ¥ is flat and >; is semisimple. Then, »; projects non-trivially onto
M,y X -+ X My for some k € {1,...,7} and some permutation o of {1,...,r}. Thus,
by Lemma 6.2.5, we have ¥ C My41) X -+ - X My(,). Now, by Proposition 6.2.12, there
is a Young tableau T" adapted to M) X - -+ X My such that ¥; is equal to some Y7 in
S(T). Therefore, ¥ is equal to ¥ X L as submanifolds in M. ]
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6.3 Totally geodesic submanifolds in Hermitian
symmetric spaces

In this section we construct infinitely many examples of totally geodesic submanifolds in
Hermitian symmetric spaces that have constant Kéhler angle different from 0 or 7 /2.

We start by recalling the notion of Kéhler angle (see Section §4.1). Let us equip
the complex vector space C™ with (-, ), the scalar product given by considering the real
part of its standard Hermitian scalar product, and denote the complex structure of C”
by J (multiplication by the imaginary unit). Furthermore, let us consider a real vector
subspace V' C C" and the orthogonal projection my: C* — V onto V. The Kéahler angle
of a non-zero v € V with respect to V is defined as the value ¢ € [0,7/2] such that
(my Ju, myJv) = cos?(p){v,v). We say that a real subspace V' C C" has constant Kdhler
angle ¢ € [0,7/2] if the Kahler angle of every non-zero vector v € V' is . In particular,
V' C C" has constant Kahler angle equal to 0 if and only if it is a complex subspace,
and it has constant Kéhler angle equal to 7/2 if and only if it is totally real. Also, a
submanifold ¥ in a Kéhler manifold M is said to have constant Kéhler angle ¢ € [0, 7/2]
if the tangent space of ¥ at each point is a subspace with constant Kahler angle ¢ in
the corresponding tangent space of M. In the setting of Hermitian symmetric spaces,
since totally geodesic submanifolds are homogeneous and the isometries that belong to
the connected component of the identity of the isometry group are holomorphic (see [90,
Chapter VIII, §4]), the previous property needs to be checked only at one point.

Now we will recall some known facts about complex Grassmannians that will be useful
in this section. Let M = Gi(C"**) be the Grassmannian of complex k-planes in C"**.
Then, we have M = G/K, with G = SU,,; and K = S(U; x U,,). We can decompose $u,,
as su, 1 = €@ p where

Ez{(él g):AEuk,BEun,trA—i-trB:O},
(6.3)

P={<_g(* )(]():XEMk,n(C)}.

Furthermore, M = G/K is a Hermitian symmetric space. Then, p inherits a complex
structure J which is given by ady, for some Z € Z(€) (see [110, Theorem 7.117]). Hence,
we can identify p with the complex vector space C* @ C" by the usual isomorphism with
matrices with complex entries.

For k = 1, we have G;(C"™), which is the complex projective space CP". In this
case the Lie algebra of the isometry group is su,.;. Let ©: su,; — su,,; be such that
X € su,,; is mapped to X € su,,q, the complex conjugate of X. Clearly, © is a Lie

algebra automorphism of su,,; and preserves p. Furthermore, let {ej,...,e,} be the
canonical C-orthonormal basis for p = C™. Observe that we have
Oe¢; = ¢, OJe; = —Je;, (6.4)

forevery i =1,...,n.
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k
Theorem 6.3.1. Let M = CP"x . XCP™, n > 1. Then, for each s € {0,...,k}, there
s a k-diagonal totally geodesic submanifold homothetic to CP™ in M with constant Kahler
angle ¢ € [0,7/2] satisfying

2s — k
cos(p) = ’ ' :
Proof. First of all, let p; be the Lie triple system corresponding to the i-th factor of M.
Then, g; = p; ® & ~ su, 1, where & := [p;, p;]. Moreover, consider the complex structure
J=(J1,...,Jx) of @le p;, where J; is the complex structure induced by some element

in Z(¢). Let 0;: g1 — g; be a Lie algebra isomorphism for ¢ € {2,...,k}, and oy := Id,,.
Furthermore, let us assume that o; restricted to #; induces an isomorphism between £,
and €. Thus, we have o;ady X = ad,,z0;X, for each X € p; and Z € Z(¢). In
particular, by the discussion above and taking into account that dim Z(¢;) = 1, we have
o; 1 X = +xJ,0,X, for every X € p;, where we denote by J; and J; the complex structures
of both p; and p;, respectively. We will declare o; = o;", when o;J:(0;)"! = J;, and

70

o; = o; , when 0;J;(0;)"! = —J;. Additionally, notice that o; = o;" 0 ©. Let us consider
s k
pzs:{ZUjX+ZU;XX€p1},
i—1 i=s+1

for each s € {0,...,k}. Clearly, this is a Lie triple system and it must correspond to
some totally geodesic submanifold 3¢ of M that is homothetic to CP™ by Corollary 6.2.11
via duality (see also Remark 6.2.3). Let us choose a C-orthonormal basis {e;}! ; for p;
satisfying Equation (6.4). Then, taking into account that o} restricted to & gives an
isomorphism onto ¢;, and Equation (6.4), we can express pys as spang{v;, w; }!,, where

k s k

1 1 1
) + . - +
V; .:—Zajei, Ww; .:—ZO']- Jlei—— Z Uj Jlei
vk j=1 vk j=1 \/Ejszrl
constitute an orthonormal basis of pys. Let v € pys be a unit vector. Then, we can
write v = Y (a;v; + bw;), where {a;}7, and {b;}}, are real numbers satisfying that
Sor ., (af +b7) = 1. Now we have

Tpss Jv = Tpss (Z(aszl -+ bZle)) = Z(CLZ’WPES JUZ' + b’iﬂ-pzs JUJZ),

j=1 i=1

where 7, denotes the orthogonal projection onto pss. Moreover,

Tpss JV; = Z((Jvi,vj>vj + (Jvi, wj)w;) = (Jv;, wi)w;
j=1
Tpss le = Z(<J’UJ“ ’Uj)'Uj + <sz, w]')’LUj) = <le, UZ'>UZ',

j=1
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foreachi € {1,...,n}, where we have used that U;F is a linear isometry, since all the factors
in M are mutually isometric. Furthermore, using again that a;f is a linear isometry that
commutes with J;, we get

s k
1 2s — k
(Jvi,w;) = z (Z(Jja;“ei,ajhei) — Z <Jj0';_ei70-;_t]lei>> =%

j=1 j=s+1
Consequently, combining these equations, we conclude

n n

<7TP28 JU> Tpss JU> = Z(azz(‘]via ’LU1'>2 + b?(le, Ui>2) = Z(a? + b12><‘]vl’ wi>2

i=1 i=1
(25— k 2
= 3 _
Since v is an arbitrary unit vector in pys, we have that >* has constant Kahler angle equal
to ¢ € [0,7/2], where cos(y) = |2E|. O

Thus, Theorem 6.3.1 gives a method to construct totally geodesic submanifolds with
constant Kahler angle in Hermitian symmetric spaces. We only need to find a product
of complex projective spaces embedded in a totally geodesic way and use Theorem 6.3.1.
In particular, in the complex Grassmannians these products are very abundant as the
following lemma shows.

Lemma 6.3.2. Let (nq,...,ng) be a partition of n. Then, there is a complex totally
geodesic submanifold homothetic to CP™ x - .- x CP™ in G(C"*).

Proof. Let ¥ = CP™ x --- x CP™ and (ni,...,n;) a partition of n. This means that
ny > ...>n, and Zle n; = n. Now, for each i € {1,...,k}, we define the subspace

p; = spanc{e; ® Cliyyizings 2 6@ €Z§-:1ng~}’

where {e; ® e, };"_, is the canonical basis of C* ® C".

Let us define py, := @le p;. We will see that py is a Lie triple system corresponding
to ¥. Using the Lie bracket of su, ., and the description of p in Equation (6.3), it can be
checked that €; := [p;, p;] >~ s(u; X u,,) and that p; is a ¢;-module. Furthermore, it can be
seen that g, = € @ p; is isomorphic to su,, 1. This implies that p; is a Lie triple system
corresponding to CP™. Moreover, it is clear that [p;,p;] = 0 for i # j. Observe that p; is
invariant under ady, where Z € Z(£), and hence every p; is invariant under the complex
structure of Gi(C"**). Furthermore, it is easy to check that there is some k € K such
that Ad(k) interchanges the rows of p, see Equation (6.3). Consequently, pyx, is also a Lie
triple system whose associated totally geodesic submanifold of G,(C"**) is homothetic to
CP™ x ... x CP™ and invariant under the complex structure of G, (C"**). O

We are now ready to prove the second main theorem of this chapter.
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Proof of Theorem B. Using Lemma 6.3.2 and Theorem 6.3.1, given any ¢ € [0,1] N Q and
m € N, there exist k,n € N such that there is a totally geodesic submanifold homothetic
to CP™ with constant Kihler angle arccos(q) € [0,7/2] in Gi(C"**). This implies our
result. [



Chapter 7
Totally geodesic submanifolds in exceptional
symmetric spaces

In the present chapter, we classify maximal totally geodesic submanifolds in exceptional
symmetric spaces. The contents of this chapter have given rise to the paper [116].

A complete, totally geodesic, proper submanifold is said to be maximal if it is maxi-
mal with respect to the inclusion among complete, totally geodesic, proper submanifolds.
Recall that every totally geodesic submanifold in a symmetric space can be extended to a
complete totally geodesic submanifold. Since duality preserves totally geodesic submani-
folds, it suffices to obtain the classification in the non-compact setting. According to the
classification by Cartan [90], the irreducible symmetric spaces of non-compact type consist
of several infinite families and the 17 exceptional spaces given in Table 7.1.

Go-type | G3/SO4 G2(C) /Gy

Fitype | Fi/SpsSpy  Fi*/Sping  F4(C)/Fy

Es-type | ES/Sp, E2/SUsSp, Eg'*/Spin, Ui Eg?°/F,  Eg(C)/Eg
Es-type | E;°/S01,Sp;, E-?°/EgU;  EL/SUg E;(C)/E;

Es-type | Eg?*/E;Sp;  ES/SOy6 Es(C)/Esg

Table 7.1: Exceptional symmetric spaces of non-compact type.

Theorem A. Let M = G/K be an irreducible exceptional symmetric space of non-compact
type. Let ¥ be a mazimal totally geodesic submanifold of M. Then ¥ is isometric to one
of the spaces listed in Tables 7.5, 7.6, 7.7, 7.8, 7.9 at the end of this chapter. Conversely,
every space listed in these tables can be isometrically embedded as a mazrimal totally geodesic
submanifold of M.

Since non-semisimple maximal totally geodesic submanifolds of irreducible symmetric
spaces have been classified by Berndt, Olmos [20], it suffices to study semisimple maximal
totally geodesic submanifolds. The proof of Theorem A uses a correspondence between
maximal semisimple totally geodesic submanifolds and certain subalgebras of the Lie alge-
bra of the isometry group. Note that a maximal semisimple totally geodesic submanifold
needs not be maximal, since it might be contained in a non-semisimple maximal totally
geodesic submanifold. While there is no classification of the relevant subalgebras, we con-
struct a set which contains all of them. Then it remains to decide which of these subalgebras
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give rise to maximal totally geodesic submanifolds. In order to do so, we develop some
criteria for maximality.

We would like to remark that our methods can be used to classify maximal totally
geodesic submanifolds in symmetric spaces whose isometry group has rank less or equal
than eight. Therefore, one could list all maximal totally geodesic submanifolds up to isom-
etry in symmetric spaces with isometry group of rank less or equal than eight. However, in
this thesis, we content ourselves with listing the classification in the exceptional symmetric
spaces.

Onishchik [148] introduced an invariant of symmetric spaces concerning totally geodesic
submanifolds called index, which is defined as the minimal codimension of a totally geodesic
proper submanifold. Berndt, Olmos and Rodriguez [20, 21, 22, 23, 24] have computed the
index i(M) of every irreducible symmetric space M. In particular, they proved what they
called the Index Conjecture [20]. This conjecture states that in an irreducible symmetric
space of non-compact type M # G3/SOy, there is some reflective submanifold ¥ of M
whose codimension equals the index of M.

Generalizing a notion introduced by Dynkin [74], in this chapter we define the Dynkin
index of certain semisimple subalgebras of simple real Lie algebras, see Definition 7.4.2. We
use this to characterize the isometry types of totally geodesic embeddings of semisimple
symmetric spaces into irreducible symmetric spaces. This characterization allows us to
derive a result analogous to the Index Conjecture:

Theorem B. Let M be an irreducible symmetric space of non-compact type. Then, there
is some totally geodesic submanifold ¥ in M with i(M) = codim(X) such that the Dynkin
index of the semisimple part of the Lie algebra of the isometry group of ¥ equals (1,1,...,1).

This chapter is organized as follows. We revisit different formulations of the Karpelevich-
Mostow theorem in Section §7.1. Some useful facts about the complexification of Lie sub-
algebras of a real Lie algebra are recalled in Section §7.2. In Section §7.3, we prove a
correspondence between maximal semisimple totally geodesic submanifolds in symmetric
spaces of non-compact type and certain subalgebras of the isometry algebra of the ambient
space. Then we specialize our study of totally geodesic submanifolds of symmetric spaces
to the setting of exceptional symmetric spaces. In Section §7.4, we introduce an invariant
for certain semisimple totally geodesic submanifolds in symmetric spaces of non-compact
type that we call Dynkin index, which characterizes these submanifolds up to isometries.
In Section §7.5, we classify maximal totally geodesic submanifolds in exceptional symmet-
ric spaces whose isometry group is absolutely simple, and in Section §7.6 we deal with the
case when the isometry group is not absolutely simple. Section §7.7 contains the proofs of
the two main results (Theorem A and B above).

7.1 Karpelevich-Mostow Theorem

A fundamental result in the study of totally geodesic submanifolds in symmetric spaces of
non-compact type is known as the Karpelevich Theorem [103], see also [138] and [66].
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Theorem 7.1.1. Let M = G/K be a symmetric space of non-compact type. Then any
connected semisimple subgroup H C G acts on M with a totally geodesic orbit.

An equivalent, more algebraic formulation, see [150, Corollary 1, p. 46], is the following,.

Theorem 7.1.2. Let f: h — g be a homomorphism of real semisimple Lie algebras and
let a Cartan decomposition b =¥ &y’ be given. Then there exists a Cartan decomposition

g="EtDp such that f(¥) C € and f(p') C p.

A subalgebra h of a real semisimple Lie algebra g is called canonically embedded in g
with respect to some Cartan decomposition g = ¢ @ pif h = (hNe€) ® (hNp). This is
equivalent to h being #-invariant, where 6 is the Cartan involution associated with the
decomposition g = £ & p.

An algebraic group over K € {R,C} is an affine algebraic variety G over K endowed
with a group structure for which the map Gx G — G, (z,y) — xy ' is polynomial. It turns
out that an algebraic group over K € {R,C} is a Lie group over K € {R, C}. An algebraic
subgroup of an algebraic group G is a closed subgroup of G (in the Zariski topology). An
algebraic subgroup is itself an algebraic group. A Lie algebra g is algebraic if it is the
Lie algebra of some irreducible algebraic subgroup G of GL,(K), with K € {R,C}. In
particular, semisimple Lie algebras are algebraic, see [151, p. 138]. Let G be an algebraic
group over K € {R,C} with Lie algebra g. A Lie subalgebra b of g is called algebraic if
there exists an algebraic subgroup H of G with Lie algebra . For any Lie subalgebra h of g
there is a smallest algebraic subalgebra h* of g containing b, called the algebraic closure
of h in g. An algebraic subalgebra b of a complex semisimple Lie algebra g is said to be
reductive if it is a reductive Lie algebra and its center consists of semisimple elements, i.e.
of elements X € b for which the linear map ady is a diagonalizable endomorphism of the
vector space 0.

Remark 7.1.3. Let g be a semisimple Lie algebra. By [152, Chapter 1, §6.2, Theorem 6.2,
if b is a subalgebra of g, then [h, ] = [, h?]. Let [ be a maximal proper Lie subalgebra
of g. Then [I°1*] = [,I] # g. Hence [* # g, and thus by maximality [* = [. Hence a
maximal proper Lie subalgebra of a semisimple Lie algebra is algebraic.

A more general version of Theorem 7.1.2 can be formulated as follows, see [152, Theorem
3.6, Chapter 6].

Theorem 7.1.4 (Karpelevich-Mostow). An algebraic subalgebra of a real semisimple Lie
algebra g is reductive if and only if it is canonically embedded in g with respect to some
Cartan decomposition of g.

7.2 Complexification of subalgebras

Let g be a real Lie algebra. Recall that its complezification is defined by gc = g ®r C.
Conversely, the realification hg of a complex Lie algebra b is defined as the real Lie algebra
obtained from b by restricting the scalars to the reals. Furthermore, if g is a complex Lie
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algebra, then a subalgebra gg of ggr is called a real form of g if g = go+igo and goNigy = 0,
where ¢ is the imaginary unit. We say that a Lie algebra is of non-compact type if it
is semisimple and all of its simple ideals are non-compact Lie algebras. We say that a
subalgebra of a Lie algebra g is maximal of non-compact type if it is maximal among all
proper subalgebras of non-compact type of g.

A real Lie algebra g is called absolutely simple if it is simple and its complexification
gc is a simple complex Lie algebra. In case g is an absolutely simple real Lie algebra, g is
a real form of the simple complex Lie algebra gc. In case g is a simple, but not absolutely
simple, real Lie algebra, g is the realification of a simple complex Lie algebra.

Remark 7.2.1. In later sections of this chapter, we do not sometimes distinguish in our
notation between a complex Lie algebra and its realification when it is clear from the
context which Lie algebra structure we consider.

Remark 7.2.2. Recall from the classification of Riemannian symmetric spaces that there
are two classes of irreducible Riemannian symmetric spaces of non-compact type. If G
is the connected component of the isometry group of such a M = G/K, we distinguish
between the following two cases:

e Symmetric spaces of type III: g is absolutely simple.
e Symmetric spaces of type I'V: g is simple, but not absolutely simple.

Lemma 7.2.3. Let g be a simple real Lie algebra and let ) C g be a subalgebra. Then the
following statements hold:

i) If bc C gc is a mazimal reductive algebraic subalgebra, then b C g is a mazximal
reductive algebraic subalgebra.

ii) If be C gc is a mazximal semisimple subalgebra, then b C g is a mazimal semisimple
subalgebra.

Proof. By [150, §2, Proposition 2(i)], hc is a semisimple Lie algebra if and only if § is a
semisimple Lie algebra. Thus, [h, b] is semisimple if and only if [h, b]c is semisimple. Since
[5,blc®Z(B)c = [be, be] B Z(he), b is a reductive Lie algebra if and only if ¢ is a reductive
Lie algebra. Moreover, ady) consists of semisimple elements if and only if adz.) does.
Consequently, we have proved that h C g is a reductive algebraic subalgebra if and only if
be C ge is a reductive algebraic subalgebra.

Let us assume that h¢ is a maximal reductive algebraic (resp. semisimple) subalgebra
of gc, and that there is some reductive algebraic (resp. semisimple) subalgebra [ C g such
that h C [ C g. Then he C Ic C gc and [¢ is reductive (resp. semisimple). Since h¢ is a
maximal reductive algebraic (resp. maximal semisimple) subalgebra, we have that hc = Ic.
Therefore, b and [ have the same dimension and we conclude that h = . ]

We say that a subalgebra h C g of a complex semisimple Lie algebra g is a regular
subalgebra if b is normalized by some Cartan subalgebra a C g. Following Dynkin [74],
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we say that a subalgebra ) C g is an R-subalgebra if it is contained in a regular proper
subalgebra, and we say that it is an S-subalgebra if it is not contained in a regular proper
subalgebra. If g is not absolutely simple, its maximal subalgebras of non-compact type are
described by Lemma 7.2.4, which is similar to [73, Appendix to Chapter 1, Theorem 1.6].

Lemma 7.2.4. Let g be a simple complex Lie algebra and ) C gr be a subalgebra that
1s mazimal among the subalgebras of non-compact type. Then § coincides with one of the
following:

i) a mazimal semisimple reqular subalgebra of g,
ii) a mazximal S-subalgebra of g,

iii) a non-compact real form of g.

Conversely, all of the above are maximal subalgebras of non-compact type of gr.

Proof. Let b be a subalgebra that is maximal among the subalgebras of non-compact type
of gr. For all subalgebras of gr we have that h + ih is a complex subalgebra of g and
ho = {X € h: AX € hforall A € C} = hnNibhis an ideal of h + ih, see [73, Appendix
to Chapter 1]. If h + i = g, then it follows that by is an ideal of g. Since g is simple, it
follows that hy = 0 and hence that § is a real form of g. Obviously, b is not a compact real
form.

Now we may assume that h+ih # g. Then h+ib is contained in some maximal subalge-
bra b of g. Consider first the case where there is a maximal regular reductive subalgebra b
containing b + if. If the subalgebra b of the complex Lie algebra g is semisimple, then
it is automatically a subalgebra of non-compact type of gr. Hence, in this case we have
h = b and b is one of the subalgebras given in [74, Table 12]. On the other hand, if the
subalgebra H of g is non-semisimple, then h + i) is contained in one of the subalgebras
in [74, Table 12a] and since these are maximal semisimple regular subalgebras and also
subalgebras of non-compact type in gg, by maximality, § is conjugate to one of them.

It remains the case when b+ b is not contained in a regular subalgebra of g. Then it is
contained in a maximal S-subalgebra of g. It follows from [74, Theorem 7.3|, that every non-
semisimple subalgebra of a complex semisimple Lie algebra is an R-subalgebra. Therefore
we know that S-subalgebras of g are semisimple and hence they are also subalgebras of
non-compact type in gg. By maximality, it follows now that b is a maximal S-subalgebra
of g in this case.

Let us now show that the converse holds. Since the real forms of g are simple, they
are either compact or of non-compact type. The subalgebras in ¢) and, by [74, No. 24,
Theorem 7.3], in 4i) are maximal semisimple subalgebras of g and they are of non-compact
type, hence maximal subalgebras of non-compact type. ]
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7.3 Maximal semisimple totally geodesic submanifolds

We prove below a theorem that establishes a one-to-one correspondence between maximal
semisimple totally geodesic submanifolds in symmetric spaces of non-compact type and
certain subalgebras of the Lie algebra of the isometry group of the ambient space.

A result of Alekseevsky and Di Scala [4, Proposition 5.5] states that in a symmetric
space of non-compact type M = G/K, if the action of a subgroup of G has two totally
geodesic orbits, they are isomorphic as homogeneous spaces. Improving on this result, we
prove the following statement which provides uniqueness up to congruence for the existence
statement in Theorem 7.1.1. However, we note that, in this result, the group acting upon
is not assumed to be semisimple.

Proposition 7.3.1. Let M = G/K be a symmetric space of non-compact type and H C G
be a connected Lie subgroup. Then all totally geodesic H-orbits are congruent in M.

Proof. Let H-p and H - ¢ be two totally geodesic orbits of the action of H on M. By [4,
Proposition 5.5], we have that H - p and H - ¢ have the same dimension.

Let us suppose that H-p is a point. Then, by the homogeneity of M, we have that H-p
and H - ¢ are congruent.

Now, let us assume that dim(H - p) > 0. By [4, Proposition 5.5] there exists an H-
invariant totally geodesic submanifold N of M isometric to a Riemannian product N =
H-p xR such that H-p,H-q C N. Moreover, let v be the geodesic of N starting at p € H-p
whose initial velocity 4(0) lies in the orthogonal complement of T,(H - p) in 7,N. This is
also a geodesic in M since N is totally geodesic. Furthermore, v hits H - ¢ at some point
q¢ € M, since exp: v(H - p) — M is a diffeomorphism, see [115, Proposition 3.5 i)]. We
may assume ¢’ = ¥(1). Let z = 7(3) € N. Then s,, the geodesic reflection of M at z,
maps p € N to ¢’ € H- ¢ and preserves N since N is a totally geodesic submanifold in M
containing x. Also, its differential sends v € T,,(H - p) to sz.v € Ty N and

0= (v,5(0)) = (saxv, 5:7(0)) = = (5240, 7(1)).

This implies that s,(H - p) is a totally geodesic submanifold of N passing through ¢ € N
and orthogonal to 7. The tangent space to any orbit of H is generated by Killing vector
fields induced by H. Let X be a Killing vector field induced by the action of H. Then
VX is skew-symmetric, where V stands for the Levi-Civita connection of N (recall that
N is H-invariant). Thus (V;X,5) = 0, which implies that (X, ) is constant. Since 7 is
orthogonal to H - p at p, it follows that ~ is also orthogonal to H - ¢ at ¢’. Now we have
shown that s,(H - p) and H- ¢, which both have codimension one in N, are totally geodesic
submanifolds of N passing through ¢’ with the same tangent space. This shows that H-p
and H - ¢ are congruent in M via s,. ]

Remark 7.3.2. Notice that the above result works only for symmetric spaces of non-compact
type. For instance, the standard action of SO, on S? has two different isometry classes of
totally geodesic orbits, namely, the equator and the poles.
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Let M = G/K be an irreducible symmetric space of non-compact type, where G is the
connected component of the identity of the isometry group of M and K is the isotropy
subgroup G, at o € M. Let ¥ be a (complete) totally geodesic submanifold of M passing
through o € M.

As it can be deduced from the discussion in [22, §2], if ¥ is semisimple, then the Lie
algebra gs := [px,ps] ® px, where py = T,%, is isomorphic to the Lie algebra of the
isometry group of X, and gy is a semisimple Lie algebra in this case. Recall that we say
that a semisimple Lie algebra is of non-compact type if each of its simple ideals is non-
compact. If b is a Lie algebra of non-compact type, then there is some symmetric space X
of non-compact type such that the Lie algebra of its isometry group is h. In particular, if
we consider a Cartan decomposition h = €&, @ py, we have & = [py, py].

Our ultimate aim would be to to classify maximal totally geodesic submanifolds in M.
Note that Berndt and Olmos classified in [20] the maximal totally geodesic submanifolds
of M that are non-semisimple. So it remains to find those maximal totally geodesic sub-
manifolds of M that are semisimple.

Our approach will consist in classifying first maximal semisimple totally geodesic sub-
manifolds (i.e. the totally geodesic submanifolds that are maximal among the semisimple
ones) and then discarding those that are contained in a non-semisimple totally geodesic
submanifold. As announced, we will be able to carry out these tasks for the exceptional
symmetric spaces, although many of the results in this chapter hold in more generality.

We now prove a theorem that establishes a correspondence between maximal semisimple
totally geodesic submanifolds of M and subalgebras that are maximal among subalgebras
of non-compact type of g.

Theorem 7.3.3 (Correspondence Theorem). Let M = G/K be an irreducible symmetric
space of non-compact type and b C g a subalgebra that s maximal among the subalgebras
of non-compact type of g. Then there is some p € M such that > = H - p is a maximal
semisimple totally geodesic submanifold of M, where H C G s the connected subgroup of G
with Lie algebra b.

Conversely, if ¥ is a maximal semisimple totally geodesic submanifold of M, then there
1s a subalgebra gs of g that is mazimal among subalgebras of non-compact type of g such
that Gy - p = % for some p € M, where Gy is the connected subgroup of G with Lie
algebra gy .

Proof. Let b be a maximal subalgebra of non-compact type of g and H be the connected Lie
subgroup of G with Lie algebra . By Theorem 7.1.2, we may assume that b is canonically
embedded with respect to the Cartan decomposition g = €@ p. Clearly, > := H - 0 is then
a semisimple totally geodesic submanifold of M and we claim that it is maximal among
semisimple totally geodesic submanifolds. Let us assume that there is a semisimple totally
geodesic submanifold ¥ such that ¥ C S C M. We may assume o € Y. Then ¥ is of
non-compact type. Let h = € @ py be the Cartan decomposition of b, where & = £Nh and
py = pNbh. It follows from our assumption that there is a Lie triple system pg such that
py C ps C p. Thus, & = [py, ps] C [ps, ps| =: & and b C gg = &5 @ ps. However, gg is of
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non-compact type, since S is of non-compact type, and b is maximal among subalgebras
of g of non-compact type. It follows that h = g and ¥ = .

Let ¥ be a maximal semisimple totally geodesic submanifold passing through o € M
and let py be the tangent space to X at o. Consider gs := [px, ps] ® px. Clearly, gy is
of non-compact type since it is isomorphic to the Lie algebra of the isometry group of X.
We will prove that gy is maximal among subalgebras of non-compact type of g. Let h be
a subalgebra of g of non-compact type such that gz C h C g. We prove that g, = h. We
apply Theorem 7.1.2 to g5 C b to find a Cartan decomposition for § such that

h = Eh 2, Py satisfying by = [pg, pg] C Eh? px C Py

Applying Theorem 7.1.2 once more to h C g, we find a Cartan decomposition for g such
that
g=tap  satisfying s Ct C¥, ps Cpy C P

Now since any two Cartan involutions in a real semisimple Lie algebra differ by an inner
automorphism, there is some g € G such that p’ = Ad(g)p. Thus Ad(g~")py and Ad(g~!)py
are Lie triple systems in p since Ad(g) € Aut(g) and Ad(g~')ps C Ad(g~')py C p. Let H
and Gy be the Lie subgroups of G with Lie algebras h and gy, respectively. If we consider
p:=g-o0¢€ M, we have that Gy - p and H - p are totally geodesic submanifolds in M, since
g 'Gygg -0 and g 'Hg - o are totally geodesic (as Ad(g~!)px and Ad(g')p, are Lie triple
systems in p). Furthermore, Gy - p is contained in H - p. However, ¥ = Gy, - 0 is maximal
among the semisimple totally geodesic submanifolds passing through o € M. Hence, by
Proposition 7.3.1, Gy, - p is maximal among the semisimple totally geodesic submanifolds
passing through p € M. Then Gy, -p = H - p. Therefore, py = py, and consequently gs, = b,
since gy, and h are of non-compact type. O

7.4 Dynkin index and totally geodesic submanifolds

In this section, we extend the definition of the Dynkin index of a simple subalgebra of a
simple complex Lie algebra to certain classes of semisimple subalgebras of simple real Lie
algebras, and we use it to characterize isometry classes of totally geodesic submanifolds.

Recall that we denote by B, the Killing form of a Lie algebra g. Let g be a simple
complex Lie algebra and let a be a Cartan subalgebra of g. Let A be the set of roots with
respect to a. It is shown in [90, Chapter III, Theorem 4.2] that the restriction of B, to a is
non-degenerate, and that we hence may identify each root a € A with a vector H, € g such
that a(H) = By(H, H,) for all H € a. It follows from [90, Chapter III, Theorem 4.4(i)]
that the numbers ¢, := By(Ha, H,) are positive for all o« € A. Let ¢ := max{q, : « € A}
and define the bilinear form ¢); on g by

2
Qq = 5897

i.e. @)y is the multiple of the Killing form normalized so that the square of the length
of the longest root equals 2. Let us recall from [74, §2] Dynkin’s definition of the index
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of a simple subalgebra of a simple complex Lie algebra. Let h and g be simple complex
Lie algebras and let f: h — g be a Lie algebra monomorphism. By Schur’s Lemma, the
number indp(f), given by

indp(f) - Qp(X,Y) = Qq(f(X), f(Y)) forall X,Y" €, (7.1)

is well defined. Tt is called the Dynkin index of the subalgebra f(h) in g. Dynkin proved
in [74, Theorem 2.2] that it is a positive integer. If h C g is a complex subalgebra of the
complex Lie algebra g, we will write indp(bh, g), or indp(h) when the embedding is clear
from the context, for the Dynkin index of the inclusion map.

Now let us mention the multiplicative property of the Dynkin index, see [74, §2, No. 7].
Observe that given the inclusions b; C hy C g of complex simple Lie algebras, then

indp (b1, g) = indp(h1, be) - indp(hs, g).

We would like to extend the definition of the Dynkin index to (semi)simple subalgebras
of simple real Lie algebras.

Let h = b1 - - Db, be a semisimple complex subalgebra of the simple complex Lie
algebra g, where by is a simple complex ideal for every s € {1,...,n}. We define

indp(h) == (indp(hy),. .., indp(h,)).

For an absolutely simple real Lie algebra g, we define the Dynkin index of a semisimple
subalgebra b as the Dynkin index of h¢ in ge. This is well defined since b is semisimple, see
the proof of Lemma 7.2.3. In order to define also the Dynkin index for a semisimple subal-
gebra of a simple real Lie algebra that is not absolutely simple, i.e. whose complexification
is not simple, we prove the following.

Lemma 7.4.1. Let g be a simple complex Lie algebra and let by be a semisimple subalgebra
of the realification gr of g. Then b + ib is a semisimple subalgebra of g.

Proof. Notice that b + ib is a subalgebra of g and h Nibh is an ideal of b + b, see [73,
Appendix to Chapter 1, Lemma 1.1]. Hence h Nib is also an ideal of the subalgebra b
of gr. Let h = b @ --- @ b, where the b, are the simple ideals of h. Since b; is simple,
we have either h; Nibh; = b;, and then b; 4 7h; = b; is simple, or h N ih = 0, in which case
b; is a simple real form of the complex Lie algebra b; + ih;. Note also that ib; Nh, = 0
for j # k. Indeed, we have [ih; N by, bi] C i[h;, bx] = 0 for j # k. Thus we may assume,
by renumbering the b, if necessary, that there is a k£ € {0,...,n} such that multiplication
by ¢ maps b; to itself if and only if j < k. It follows that

h+ih =01 D - D bp1 D (b +ibr) ©--- D (by +iby).
Hence b + ih is semisimple. ]

Definition 7.4.2. Let g be a simple real Lie algebra and let by be a semisimple subalgebra
of g.
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i) If g is absolutely simple, then we define
inD<b7 g) = indD(h(C) g(C)

ii) If g = g is the realification of a simple complex Lie algebra | and b is a complex
subalgebra or a real form of |, then we define

indp(h,g) :=indp(h + i, [).

Furthermore, let b and b’ be two semisimple subalgebras of g for which the Dynkin index is
defined. We say that ) and b are isometric if there is a Lie algebra isomorphism @: h — b’
such that each simple ideal of b is mapped onto a simple ideal of b of the same Dynkin
indez.

Remark 7.4.3. Note that, with this definition, for a simple subalgebra h of an absolutely
simple real Lie algebra g the Dynkin index of the subalgebra h¢ of gc¢ is either a natural
number (in case b is absolutely simple) or, by the following lemma, a pair of natural
numbers (in case b is not absolutely simple).

Lemma 7.4.4. Let g be an absolutely simple real Lie algebra and let b be a simple, but not
absolutely simple subalgebra of g. Then hc = b1 @ bo, where by and by are two isomorphic
simple subalgebras of gc of equal Dynkin index.

Proof. We may assume that b is canonically embedded with respect to a Cartan decompo-
sition g = €@ p by Theorem 7.1.2. Let € be the corresponding Cartan involution. Since b is
simple, but not absolutely simple, it is isomorphic to the realification of a simple complex
Lie algebra and since b is canonically embedded with respect to the above Cartan decom-
position, it follows that h N € is a compact real form of this simple complex Lie algebra. In
particular, 6, restricted to b, is a non-trivial involutive automorphism of §.

It is well known that the complexification of fr, where § is a complex Lie algebra, is
isomorphic to f@§, where f denotes the complex conjugate Lie algebra of f, see e.g. [150, §2,
Proposition 3]. Note that the complex Lie algebras that have a real form are isomorphic
to their complex conjugates via an antilinear map. This shows that he = b1 @ b, where
b1 and by are isomorphic.

Let 7: gc — gc be the map defined by 7(X +1iY) = X — Y for XY € g. It is
straightforward to check that 7 is an automorphism of gg. The map 7 obviously leaves h¢
invariant and it acts on h¢ as an automorphism of the real Lie algebra (hc)g. Since by
and by are isomorphic simple ideals of (hc)r, we have either 7(h;) = by or 7(h1) = bs.
Assume we are in the former case. Then we also have 7(h2) = ho. The fixed point set of
the involution 7 on h¢ is the direct sum €; @ €5, where £; is a proper subalgebra of b; for
j = 1,2. However, the fixed point set of the action of 7 on h¢ coincides with the simple
Lie algebra b and we have arrived at a contradiction.

We have shown that 7(h;) = ho. Since b, is simple, there are vectors X,Y € b; such
that By, (X,Y) # 0 and we have by [150, § 2, Proposition 2(ii)]

_ QB(X7Y) _ QQ(T<X)aT<Y)) — mdn )
—th(X?Y) B Q%(T(X),T(Y)) B dD(b%g).

indp (b1, g)
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Since indp(ha, g) is a natural number, it follows that the subalgebras h; and hs have the
same Dynkin index. O

Hence, we have defined the Dynkin index for every semisimple subalgebra b of an
absolutely simple real Lie algebra g. Also, we have defined the Dynkin index for every
semisimple complex subalgebra b of the realification of a complex simple Lie algebra g
and for its real forms. In both cases we denote it by indp(h, g), or indp(h), when the
embedding is clear from the context. It immediately follows from this definition that the
Dynkin index is one if b is a real form of the simple complex Lie algebra g. Indeed, the
following result shows that isometric real forms of g induce congruent, and hence isometric,
totally geodesic submanifolds of M.

Lemma 7.4.5. Let M = G/K be a symmetric space, where G is a simple complex Lie
group. Let b and b’ be isomorphic real forms of a complex simple Lie algebra g. Then, the
totally geodesic orbits of H and H' in M are all congruent in M, where H and H' are the
connected subgroups of G with Lie algebras b and b, respectively.

Proof. Let b and b’ be isomorphic real forms in g. Then, there is a Lie algebra isomorphism
f: b —b'. By complexifying, this map extends to a Lie algebra automorphism f of g. Let
us fix some Cartan decomposition g = € @ p. We can assume without loss of generality
that H - o is a totally geodesic submanifold in M. This implies that there is a Cartan
decomposition h = py @ € such that p, C p and & C €. By Theorem 7.1.2, there is a

Cartan decomposition py @ € = b’ such that f(py) = py and (&) = &y .

Furthermore, two Cartan decompositions of g are conjugate in Int(g). Hence there is
some g € G such that ¢ := Ad(g) o fe Aut(g), p(p) =p and p(h) C g is a real form of g
conjugate to b’ in g. Furthermore, ¢ preserves the curvature tensor of M at o since this is
given by Lie brackets. Hence, ¢ is a linear isometry of p that preserves sectional curvature
at o. Thus, by [189, Corollary 2.3.14], ¢ extends to an isometry k € Isom(M) that fixes
0o € M, since it leaves p invariant. Thus, we have that k(H - 0) = gH'g™! - ¢, for certain
q € M, which implies that there is a totally geodesic orbit of H which is congruent to a
totally geodesic orbit of H'. Consequently, by Proposition 7.3.1, the totally geodesic orbits
of H and H’ are all congruent in M. [

We have defined the Dynkin indices of certain semisimple subalgebras of simple real Lie
algebras in such a way that isometry classes of subalgebras of the isometry algebra of an
irreducible symmetric space of non-compact type correspond to isometry classes of totally
geodesic submanifolds. This is the content of the following theorem.

Theorem 7.4.6. Let M = G/K be an irreducible symmetric space of non-compact type.
Let 331,39 be two semisimple totally geodesic submanifolds containing o € M. For j = 1,2
let p; = T,%; and let gs; = [p;,p;] @ p; C g. Assume that one of the following holds:

i) g is absolutely simple.

i) g is compler and gs; is a complex subalgebra or a real form of g for each j € {1,2}.
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Then X1 and ¥y are isometric if and only if gs, and gx, are isometric subalgebras of g.

Proof. Tt suffices to prove the statement in the case when the g, j = 1,2, are simple. Let
us consider the Cartan decomposition g = € @ p. Since any two Cartan involutions of g
differ by an inner automorphism of g, we may assume by Theorem 7.1.2 that gy, and gy,
are both canonically embedded into g with respect to the Cartan decomposition g = €& p.
Then we have X; = exp,(gs, N p), where exp, denotes the Riemannian exponential map
of M at the point o.

If we assume that >»; and Y, are isometric, it follows that there is an isomorphism
©: gy, — gy,. Conversely, if gy, and gy, are isometric subalgebras of g, they are isomorphic
by definition.

Since M, ¥; and 3, are irreducible symmetric spaces, their invariant Riemannian
metrics are unique up to scaling by a constant factor. Therefore, we may assume that M
is endowed with the G-invariant metric induced by the Killing form of g and we know that
the invariant Riemannian metrics induced on 3J; are obtained from the metrics induced
by the Killing form of g, by applying a constant scaling factor ¢; to this metric. Thus
it remains to show that ¢; = ¢y if and only if the Dynkin indices of the subalgebras gy,
and gy, of g are equal. To prove this, we consider separately the two cases where the
Lie algebra g is absolutely simple and where it is not absolutely simple, since the Dynkin
indices of subalgebras are defined differently in these two cases. Note that the Killing
form of a real form of a complex Lie algebra is given by restricting the Killing form of its
complexification, see [150, §2, Proposition 2]. On the other hand, the Killing form of the
realification hg of a complex Lie algebra b is given by

By (X,Y) = 2 Re(By(X,Y)).

First assume that g is absolutely simple; then the Dynkin index of gy, is defined as the
Dynkin index of the subalgebra (gs;)c in gc. In this case, the Lie algebras g, gs,, gz, are
real forms of the Lie algebras gc, (gs,)c, (8s,)c and hence their Killing forms are given
by restricting the Killing forms of their complexifications. When gy, and gs, have simple
complexifications, it is immediately clear that indp(gs,) = indp(gs,) if and only if ¢; = cs.
In case the complexifications are not simple, we know by Lemma 7.4.4 that they both are
a direct sum of two isometric subalgebras of gc, and it follows that ¢; = ¢, if and only if
their Dynkin indices agree.

Now assume that g is not absolutely simple, i.e. it is the realification of a simple complex
Lie algebra. In this case, the Dynkin index of gz, is defined as the Dynkin index of the
subalgebra gs . +igy; of g, viewed as a complex Lie algebra. Now, by hypothesis, the Lie
algebra gz, ~ gx, is either a complex subalgebra or a real form. In the first case, gs,
is a simple subalgebra of g, viewed as a complex Lie algebra and we conclude again that
¢1 = ¢y if and only the indp(gs,) = indp(gs,). In the second case, the result follows from
Lemma 7.4.5. [

Definition 7.4.7. Let g be the Lie algebra of the isometry group of an irreducible symmetric
space of non-compact type. We define L(g) as the set of isometry classes of maximal
subalgebras of non-compact type of g.
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Notice that this set is well defined since maximal subalgebras of non-compact type of g,
when g is complex, are either complex subalgebras or real forms of g by Lemma 7.2.4. We
denote the isometry classes of subalgebras by the pairs (h,indp(h)), where the first entry
denotes the isomorphism class of the subalgebra and the second entry is its Dynkin index.

Corollary 7.4.8. Let g be the Lie algebra of the isometry group of an wrreducible symmetric
space of non-compact type M. The set L(g) is in one-to-one correspondence with the set
of isometry classes of mazximal semisimple totally geodesic submanifolds in M.

Proof. This follows by combining the Correspondence Theorem 7.3.3 and Proposition 7.4.6.
O

7.5 Totally geodesic submanifolds in
exceptional symmetric spaces of type III

In this section we achieve the classification of maximal totally geodesic submanifolds in
M = G/K when g is the Lie algebra of the isometry group of an exceptional symmetric
space M of type III.

To the best of our knowledge, no complete classification of maximal subalgebras of
non-compact type is available in the literature so far. The articles of Komrakov [117] and
de Graaf and Marrani [57] give lists that, when combined, provide all maximal subalgebras
of non-compact type of a real semisimple exceptional Lie algebra g. On the one hand, the
more recent paper of de Graaf and Marrani [57] gives complete lists of maximal reductive
subalgebras h whose complexification h¢ is a maximal reductive subalgebra of g¢ for ab-
solutely simple real Lie algebras g of rank less or equal than 8. On the other hand, in
the article of Komrakov [117], all maximal subalgebras b of non-compact simple real Lie
algebras whose complexification ¢ is not a maximal subalgebra of gc are given.

We consider L£(g), the result of joining these two lists, deleting the compact ideals of
each subalgebra in the union of these lists, and adding the Dynkin index of the resulting
subalgebras, which we take from [74, Tables 16, 17, 18, 19, 20, 25]. For the absolutely

simple exceptional real Lie algebras, the set E(g) is given by Table 7.2.

Proposition 7.5.1. Let g be the Lie algebra of the isometry group of an irreducible excep-
tional symmetric space of non-compact type. Then, if g is absolutely simple, L(g) C L(g).

Proof. Let h C g be a maximal subalgebra of non-compact type. Then, since § is semisim-
ple, b is a reductive algebraic subalgebra by Theorem 7.1.2 and Theorem 7.1.4. Hence,
there exists a maximal reductive algebraic subalgebra f) C g such that h C b Observe that
b = fh &) bg, where f]l is a subalgebra of non-compact type and hg is a compact subalgebra.
Let us show that h C b;. Let f] be a simple ideal of h and consider f: h — by, the
natural projection of h on h,. Then, f restricted to h is injective or zero. If it is injective,
hg has a subalgebra of non-compact type, which leads to a contradiction. Hence, h C b;.
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By definition, (h)c C gc is a reductive algebraic subalgebra. On the one hand, if
(h)c C gc is not a maximal reductive subalgebra, in particular it is not maximal and it

is given in [117, Theorem 1]. On the other hand, if (h)¢ C g¢ is a maximal reductive

subalgebra, it is given in [57]. This shows L£(g) C L(g). O
We prove a criterion that ensures the non-maximality of certain totally geodesic orbits.

Lemma 7.5.2. Let M = G/K be an irreducible symmetric space of non-compact type. Let
h =& & g1 be a semisimple subalgebra of g, which is the direct sum of the ideals €, and
g1, where € is compact and g1 is of non-compact type. Assume § is canonically embedded
into g with respect to the Cartan decomposition g =€ @ p. Then the following holds:

i) The linear subspace £ :=HNp of p is a Lie triple system and L := exp,({) is a totally
geodesic orbit of the H-action on M, where exp, denotes the Riemannian exponential
map of M at the point o.

ii) The connected Lie subgroup K; of K corresponding to & acts effectively on the normal
space No(H - 0) to the H-orbit at o and trivially on £.

iii) If Ky contains a subgroup Q and there are vectors v,w € N,(H-0) such that Ky -v # v,
Q-v=w, Q-w# w, then L is not a mazximal totally geodesic submanifold of M.

i) If Ky is of rank greater than one or if the action of Ky on N,(H - 0) is effectively
an SOsz-representation, then L is not a mazximal totally geodesic submanifold of M.

Proof. Since b is canonically embedded into g, we have that h = (h N ¢) @ £ is a Cartan
decomposition of h. This shows that ¢ is a Lie triple system in p and hence its exponential
image is a totally geodesic submanifold of M. This proves i).

Observe that K acts effectively on M since it is a subgroup of the isometry group of
M. Every isometry f of M is uniquely defined by the image f(p) and the differential f,,
for one arbitrary point p € M. In particular, the action of an element in the isotropy
group K = G, on M is uniquely determined by the action of its differential on p = T, M.
Therefore, if £ € K acts trivially on p, then & = e. Since b is canonically embedded, it
is invariant under 6. Thus the restriction of 8 to § is a Lie algebra automorphism and it
follows that 6 leaves invariant €, and gy, since £, is compact and g; is of non-compact type.
Hence ¢, and g; are canonically embedded in g with respect to the Cartan decomposition
g =t®p and it follows that hNt =€ & (g1 NE) and hNp = g; Np = £. In particular, the
subspaces €; and ¢ of g commute. Hence, the connected subgroup K; acts trivially on ¢ and
effectively on N,(H-0), since K; is a subgroup of the isometry group of M. This proves ii).

Assume there is a subgroup Q C Ky as described in part i) of the assertion. Let N be
the connected component of the fixed point set of the Q-action on M containing o. Then
N is a totally geodesic submanifold of M containing o and N = exp,(F'), where F' is the
set of fixed points under the action of Q on p. It follows that F'is a Lie triple system in p,
which contains ¢, since K; acts trivially on ¢ by 7). Since there are vectors v, w € N,(H-0)
such that Ky v # v, Q-v = v, Q- w # w, it follows that the dimension of F' is strictly
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greater than the dimension of ¢ and that F' # p. Hence N is a proper totally geodesic
submanifold containing L and N # M. This proves iii).

If the action of Ky on N,(H - 0) is effectively an SOjs-representation then it is a direct
sum of odd-dimensional irreducible real representations of K; and a trivial module. Since
non-trivial real representations of the abelian group SO, are even-dimensional, it follows
that if we choose Q = SO,, then there are vectors v,w € N,(H - 0) as in item i) of the
statement.

Let us now assume that the rank of K; is greater than one. First note that for the
existence of a subgroup Q as described in i), it suffices that the action of K; on p has a
singular orbit that is not a fixed point of the K;j-action on p. Indeed, let v € p be contained
in such a singular orbit and let Q be the isotropy subgroup (K;),. Then K; - v # v and
Q- v = v. If there is no vector w € N,(H - 0) such that Q - w # w, then all isotropy groups
contain Q, which implies that Q is a principal isotropy group, a contradiction.

We may now assume that all singular orbits of the action of K; on p are fixed points.
This implies that, as a K;-module, p = V& V; is a direct sum of a trivial module Vj
and a module V] on which K; acts in such a fashion that each non-zero vector lies in a
principal orbit. Then K; acts on the unit sphere in V; in such a way that all orbits are of
the same dimension. In particular, the orbits comprise a regular homogeneous foliation of
the unit sphere in V;. It follows from [130, Theorem 1.1] that if this foliation is non-trivial
(i.e. the action is not transitive on the unit sphere), the orbits are either one-dimensional
or three-dimensional and that K, which acts effectively on p, is isomorphic to U; or SUs.
Since we have excluded these cases by our hypotheses, we may from now on assume that
the action is transitive on the unit sphere.

Hence K; is a connected Lie group acting effectively and transitively on a unit sphere.
The corresponding presentations of spheres are, by [136],

S" = 50,11/SOn, S = Uyt /Uy = SUpt1/SU,,

S**% = Sp, ,1SP1/SP,SP1 = SPyy1U1/Sp, U1 = Sp,.11/SPn,
S% = G,/SUs, S” = Spin;/Gy, S' = Spiny/Spin,.

By inspection of this list, we see that if the rank of Ky is two or greater, we may choose Q
as the isotropy subgroup of any non-zero vector v € p; then K; -v # v and Q-v = v and Q
acts non-trivially on the orthogonal complement of v in p, showing there is a vector w € p
such that Q - w # w. We have completed the proof of iv). ]

Observe that while many subalgebras of E( g) are obtained by removing a compact ideal
£, of rank greater than one, hence satisfying the hypotheses of Lemma 7.5.2 iv), there are
still some subalgebras of E(g) that cannot be directly treated using this lemma. In order
to deal with these cases, we prove the next results.

Lemma 7.5.3. Let g be an exceptional absolutely simple non-compact real Lie algebra.
We consider the following mazimal subalgebras § of real Lie algebras g which are the non-
compact parts of some subalgebras of g with a rank one simple compact factor appearing
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sl3(R), 1), (su1,2, 1), (s2(R) @ sl2(R), ( ; )),(5[2( ), 28)

(R)
sl3(R) @ sl3(R), (1, 2)),(5141,2 @ suy 9, (1, ),(5u1269;u3/ 2),
E )@5133( ), (1,1)), (spy o @ sug, 1), (5045, 1), (sI2(R), 156),

) D 927 (8 1)) (g% @%7 1)

suy 2 @ sug, 2), (5py o D sus, 1), (5018, 1), (sk(R) & g7, 8)

5055@R’ 1), (sl3(R) @ sl3(R) @ sl3(R), (1,1,1)), (sug 2 @ sl3(C), (1,1, 1)),
slh(R) @ sl6(R), (1,1)), (suf © sus, 1), (sI3(R) @ g3, (2, 1)), (5p2,2, 1),
sps(R), 1), (71, 1)

(su1,2 @ sug © sug, 1),
(sug 4 @ sug, 1), (su12,9),

5046 DX, 1), (s0]) DK, 1), (sl3(C) @ sl3(R), (1,1,1)),
1)),
), (sp13.1), (sp4(R), 1), (73, 1)

suy 9 @ sup o B sy o, (1,1,1)), (sla(R) @ suz 3, (1,1)
s13(R),9), (g3 © sug, 1), (92, 3), (su12 ® g3, (2,1)

505, B R 1), (s028 DR, 1), (sur 2 @ suj 2 @ sug, (1,1)), (slo(R) & suy 5, (1,1)),
5U2 4 @/u'j ]-) (5u1,2 @M7 2)5 (5p2 2 1)7 (fZZOa ]-)

5019 O K, )(5[3(<C)@%7(1,1))7(51%@%71)7(5[3(]1%)@%2)7
5131 3 1), (Fx 71)

e R, 1), (e6 B R, 1), (sl2(R) @ sogp, (1,1)), (505, @ sug, 1), (sls
sug 4, 1), (sug, 1), (sl3(R) @ slg(R), (1,1)), (su1,2 @ sus 3, (1, 1)) (
sly(R), 231), (sla(R), 399), (s15(R), 21), (sla(R) @ sl (R), (15, 24)

(R), 1),
S 5 D sug, 1),
)

s 0 DR ), (e PO 1), (s(R) @ 509,10, (1, 1)), (505, EB/’*? 1), (sug, 1),
sig g, 1), (5u33®/u§ 1), (su12 @ suy 5, (1,1)), (sp3(R) @ gs, 1), (sla(R) & #4, 3),
sh(R) ®,%,(3,1))

2 DR, 1), (eg T DR, 1), (sla(R) @ 507, (1, 1)), (04,8 ® su5, 1), (s114,4, 1),
Sl 6, ) (5[3(R) b 5u6, (1 1)), (5u1 2 D sug 4, (1, 1)), (5u274 @ sug, 1),
SU1.2 @/uﬁa 1) (5111 25 21) ( ( ) @%’ 24)7 (g% @%v 2)> (g% @%’ 1):
P12 @/gé? ) (5]31 2 D 92) (1 1))7 (f4 @%7 1)7 (f4_20 @%7 1)

suy 4 & sus, 1), (su4 ® su g, (1,1)), (sug3 @ sug 3, (1,1)), (sl3(R) @ e, (1, 1)),
5[5( ) @ sl5(R), (1,1)),(508,8,1)7(50%71)7(5u1,8;1);(5u4,5’1)7(5[9(R)71)7

¢ @/ug 1) (5u12 @26’ (171))’ (Q;S @Mal)v(ﬁ[Q(R) @ 2;7(171))7(502,3’12)7
501.4,12), (su1 2 @ sug, 6), (sl2(R) ® sug, 16), (slo(R) @ suy 9, (16, 6)),

so(R) @ sl3(R), (16,6)), (7, @ g2.1), (71 @ g3, (1, 1)),

sla(R), 520), (sl2(R), 760), (sl2(R), 1240), (g2(C) @ sk(R), (1, 1,8))

5u14695u23,(1 1)), (5u2,3 @ sug, 1), (50412, 1), (5074, 1), (suse, 1), (suz 7, 1),
e3 @ sug, 1), (s 2 @ eg 4, (1, 1)), (su12 B g6, 1), (sls(R) @ ¢ %, (1, 1)),
&% suz, 1), (sha(R) & 5, (1, 1)), (sly(R) ® 345, 6), (14 © 95, 1)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(e
E
Eslz( ) B 97.7), (sb(R) @ g3, (7,2)), (sp3(R) @ g3, (1, 1)), (so(R) & 1, (3,1))
(
(
(
(
(
(
(
(
(e
(
(
(
(
E
(92@V 1 f420@92’(1 1)) (QQ(C) @%7(171))

Table 7.2: Z(g) for each exceptional absolutely simple real Lie algebra g. We include the
deleted compact ideals for the convenience of the reader.
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in L(g):
g5 C i sh(R), g3, fi. 1,7 C e 92(C), sl3(R) Ceg?;  suin Ceg.

Let G be the simply connected Lie group with Lie algebra g and let K be a maximal compact
subgroup of G. Assume the Lie algebra § is canonically embedded into g with respect to
the Cartan decomposition g =€ @ p. Let H be the connected closed subgroup of G with Lie
algebra b. Then a totally geodesic orbit of the H-action on the symmetric space M = G/K
s not mazximal.

Proof. The complexifications of all the subalgebras b in the statement of the lemma can
be found in [74, Table 39, p. 233|, where we can also read off the Dynkin indices (given
as superscripts in the table) of (the complexifications of) their compact ideals (which are
all isomorphic to sus). The so-called characteristic representations of the su,-summands,
i.e. the representations ady © adsy, are given in [74, Table 21, p. 186-187]. It follows from
this table that they all are direct sums of odd-dimensional irreducible sus-representations
and a trivial module. Hence, on the level of Lie groups, the corresponding representations
are effectively SOjs-representations. Thus the subgroup K; as described in Lemma 7.5.2
effectively acts as SOz on p and it follows from Lemma 7.5.2 iv) that a totally geodesic
orbit of the H-action on M is not maximal. ]

Lemma 7.5.4. Consider the following subalgebras by of real Lie algebras g which are the
semisimple parts of some subalgebras of g with one dimensional center appearing in L(g):

5055 C ¢, 5091 C ¢5 20,
¢b C el e5 20 C e,
Let G be the simply connected Lie group with Lie algebra g and let K be a maximal compact
subgroup of G. Assume the Lie algebra § is canonically embedded into g with respect to
the Cartan decomposition g =€ @ p. Let H be the connected closed subgroup of G with Lie
algebra b. Then a totally geodesic orbit of the H-action on the symmetric space M = G/K
s not mazximal.

Proof. First note that any subalgebra of the form h®s, where s is an abelian 1-dimensional
subalgebra of g is a reductive algebraic subalgebra. This is because their complexifications
are maximal subalgebras of maximal rank of gc. Hence, they are algebraic by Remark 7.1.3.
By observing that the root spaces of a simple complex Lie algebra are equal to the complex-
ification of the root spaces of certain compact real form, and by using the Borel-de Sieben-
thal theorem, see [37], we deduce that they are regular subalgebras of gc. However, regular
subalgebras are clearly canonically embedded with respect to some Cartan decomposition
of gc and then these are reductive algebraic by Theorem 7.1.4.

Now, notice that s is either contained in p or in €. Indeed, 6, the Cartan involution of
g, when restricted to h @ s, is a Lie algebra automorphism. Hence, it maps s onto s, since
s is the center of h @& s. However, a one-dimensional subspace invariant under § must be
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contained either in p or in €. Let us prove that s is contained in p in all four cases. We
will argue by contradiction, so we assume that s C €.

Let g = ¢S, then € ~ sp,. If h ~ 5055, then h N € =~ sp, & sp,. However, sp, does not
contain a subalgebra isomorphic to sp, @ sp, & R, contradicting the assumption s C €.

Let g = eg%, then € ~ §,. If h >~ so0g;, then h N ¢ >~ so0q. However, , does not contain
a subalgebra isomorphic to sog @ R, which contradicts the assumption s C &.

Let g = el then € ~ sug. If h ~ ¢, then h N € ~ sp,. However, sug does not contain a
subalgebra isomorphic to sp, @ R, again contradicting s C €.

Finally, let g = ¢;2°, then € ~ ¢ @ R. Now, if h ~ ¢5%, then h N € ~ f,. In addition to
that, observe that §, is maximal in eg, therefore we have that s is equal to the abelian factor
of &. Moreover, the abelian ideal s of h & s acts trivially on h Np. However, s corresponds
to the abelian factor of the isotropy of a Hermitian symmetric space. Therefore it cannot
act trivially on any non-trivial subspace of p.

In all these cases we obtain a contradiction with our assumption s C €. Thus, s C p.
Therefore, by Proposition 7.3.1, we have that every totally geodesic orbit induced by b is
properly contained in a totally geodesic orbit induced by § & s. O

Theorem 7.5.5. Let M = G/K be a symmetric space of non-compact type where G is an
exceptional Lie group whose Lie algebra is absolutely simple. Let > C M be a mazimal
totally geodesic submanifold. Then X is isometric to one of the spaces listed in Tables 7.5,
7.6, 1.7, 7.8, 7.9. Conversely, every space ¥ listed in these tables can be isometrically
embedded as a maximal totally geodesic submanifold of M.

Proof. Let ¥ C M be a maximal totally geodesic submanifold. If ¥ is a non-semisimple
totally geodesic submanifold, it is one of the examples found by Berndt and Olmos [20],
which we include in our tables.

Now assume that X is semisimple. Then, by Corollary 7.4.8, there is a corresponding Lie
subalgebra gs, given by £(g) and, by Proposition 7.5.1, gy is isometric to some subalgebra
appearing in £(g).

We have to decide which elements in E(g) actually give rise to maximal totally geodesic
submanifolds. Let us define

L(g) :={(b,indp(h)) € L(g) : he is a maximal reductive subalgebra of gc}.

By Lemma 7.2.3 and the definition of Z(g), the subalgebras given by Z(g) are exactly those
of non-compact type in [57] and [117], i.e. not containing compact ideals. Note that since
subalgebras in L (g) are semisimple, it follows that they are maximal semisimple subalgebras
by Lemma 7.2.3 7i). By Corollary 7.4.8, every subalgebra given by Z(g) induces a maximal
semisimple totally geodesic submanifold of M. Let us assume that (gs,indp(gs)) € Z(g)
does not induce a maximal totally geodesic submanifold. Then gy must be contained in
a reductive non-semisimple subalgebra. However, gy is a maximal reductive subalgebra
by Lemma 7.2.3 i), contradicting our assumption. We have shown that every subalgebra
in Z(g) induces a maximal totally geodesic submanifold and we include those submanifolds
in our tables.
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As a consequence, it now remains to deal with the subalgebras in the complement

C(g) == L(g) \ L(g).

We consider each case separately. Note that every subalgebra in C(g) is obtained from a
larger subalgebra of g that contains a compact ideal, see Table 7.2.

Let g = g% and M = G2/S0O,. In this case we are done since C(g) = 0.

Let g = f; and M = F}/SpsSp,. In this case C(g) = {(g3,1), (su1,2,2), (5p; 5, 1)}.
Moreover, observe that every subalgebra isomorphic to sp; 5 is a maximal non-compact
type subalgebra of 1. Indeed, if h ~ sP o, then he ~ sp3(C). We can deduce by [74, Table
25, p. 199] that sly(C) @ sps(C) is the only proper semisimple subalgebra of f,(C) where
be is properly contained. However, according to Table 7.2, the only real forms in g for
the embedding sly(C) @ sp3(C) C f4(C) are sly(R) @ sp3(R) and suy @ sp, 5. Thus, sp, , is
a maximal non-compact type subalgebra of f;. Then, the corresponding totally geodesic
orbit is a maximal semisimple totally geodesic submanifold, which is maximal, since M
does not have non-semisimple maximal totally geodesic submanifolds by [20]. Furthermore,
by Table 7.2, a subalgebra isometric to (su 2, 2) is contained in suz @ su;y o or s11y 5 B Sl 9.
Then in the former case, by Lemma 7.5.2 i), the corresponding totally geodesic orbit is
not maximal, since rank(sus) = 2, and in the latter case it is obviously not maximal. The
totally geodesic orbit corresponding to (g3,1) is not maximal by Lemma 7.5.3.

Let g = ;% and M = F;*°/Spingy. In this case

C(g) = {(5}3172, 1)7 (511172, 2)7 (5[2(R)7 8)}

Consider a subalgebra isometric to (sp; 5,1). Now, since its complexification cannot be

embedded as a subalgebra of the complexification of any other subalgebra in Z(g), we have
that (sp;,,1) € L(g). Furthermore, by [20], there are no non-semisimple maximal totally
geodesic submanifolds in M, so (sp; 5, 1) induces a maximal totally geodesic submanifold.
On the other hand, by Table 7.2, every subalgebra isometric to (su 2,2) or (slx(R),8) is
such that it can be embedded in the following subalgebras of g:

suUy 2 C SU3 D SUy 2, SIQ(R) - SIQ(R) D go.

Thus, by Lemma 7.5.2 iv), the corresponding totally geodesic orbits to these subalgebras
are not maximal totally geodesic submanifolds.

Let g = ¢ and M = E¢/Sp,. In this case C(g) := {(s055, 1), (suf, 1)}. Every subalgebra
isometric to (sug, 1) is a maximal non-compact type subalgebra of g since its complexifi-
cation is not contained in the complexification of any other subalgebra of E(g) except
for slg(R), which clearly does not contain suf. Thus, (sug, 1) induces a maximal totally
geodesic submanifold since the corresponding totally geodesic orbit is not contained in a
non-semisimple totally geodesic submanifold in the list given by [20]. By Lemma 7.5.4, the
totally geodesic orbits corresponding to so5 5 are not maximal totally geodesic submanifolds
in M.
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Let g = ¢2 and M = E2/SU¢Sp,. In this case
C(g) := {(s045,1), (5079, 1), (5111 2, 1), (S1124, 1), (g5, 1) }.
By Table 7.2, we have the following embeddings into subalgebras of g:
sUy o C SU3 D sUg O Sl o, g C SUiz D gs.

Thus, by Lemma 7.5.2 v), we have that (su;9,1),(g3,1) do not induce maximal totally
geodesic submanifolds. Moreover, the complexification of su, 4 cannot be contained in the
complexification of any other subalgebra in £(g) except for (sly(R) @ suss, (1,1)), which
clearly does not contain suy 4. Therefore, it induces a maximal totally geodesic submanifold
since there are no non-semisimple maximal totally geodesic submanifolds in M according
to [20]. It follows from Table 7.2 that (so46,1) and (so3,, 1) can be properly contained in
just one proper reductive subalgebra of g. Namely,

s046 C 5046 PR s0], C s0j, D R.

Thus, both subalgebras induce maximal totally geodesic submanifolds since there are no
non-semisimple maximal totally geodesic submanifolds in M.
Let g = ¢;'* and M = E;**/Spin,,U;. In this case

C(g) = {(s019, 1), (50,8, 1), (8115 ® 5141, (1, 1)), (stU,4, 1), (81412, 2) }-

Moreover, (sus4,1) is such that its complexification cannot be embedded as a subalgebra

of the complexification of any other subalgebra in E(g) Thus, (sug4,1) induces a maximal
totally geodesic submanifold, since there are no non-semisimple maximal totally geodesic
submanifolds in M according to [20]. Furthermore, by Lemma 7.5.2 iv), we have that
(suyo @ suy 9, (1,1)) and (su;9,2) do not induce maximal totally geodesic submanifolds
since by Table 7.2, we have the following inclusions into subalgebras of g:

55Uy 9 D SUp o C SUz D SUy 2 D SUy o 5U1 0 C SUp o D go.

Furthermore, by Table 7.2, (s055,1) and (s0},, 1) can be properly contained in just one
proper reductive subalgebra of g. Namely,

s5008 C 5028 PR s0j, C soj, D R.

However, according to [20], there are no non-semisimple maximal totally geodesic subman-
ifolds in M. Thus, both subalgebras induce maximal totally geodesic submanifolds.

Let g = eg% and M = EG_ZG/F4. In this case

C(g) = {(501,9’ 1)’ (5[3<C)7 (1v 1))’ (5’“%7 1)7 (5[3(R)’ 2)}

Note that (sug, 1) is such that its complexification cannot be embedded as a subalgebra

of the complexification of any other subalgebra in £(g). Thus, (sug, 1) induces a maxi-
mal totally geodesic submanifold, since there is just one non-semisimple maximal totally
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geodesic submanifold in the list given by [20], which is R x 50(1)79 /SOy, and it clearly does
not contain a totally geodesic SU;/Sps. Furthermore, by Lemma 7.5.2 iv), we have that
(s13(C), (1,1)) and (sl3(R),2) do not induce maximal totally geodesic submanifolds, since
by Table 7.2, we have the following inclusions into subalgebras of g:

5[3(@) C 5[3(@) @ sus, 5[3(R) C 5[3(R) D ga.

Now by Lemma 7.5.4, (5019, 1) does not induce maximal totally geodesic submanifolds.
Let g = ¢l and M = EZ/SUs. In this case

C(Q) - {(227 1)7 (e%, ]-)7 (50127 ]-)7 (51(175, ]-)7 (5[2<]R)7 7)}
By Table 7.2, we have the following inclusions into subalgebras of g:
suy 5 C Sug @ suy 5, sla(R) C slh(R) @ go.

Thus, by Lemma 7.5.2 iv), we have that (su;5,1) and (slx(R),7) do not induce maximal
totally geodesic submanifolds. Furthermore, (e, 1) is such that its complexification is not
contained in the complexification of any other subalgebra in Z(g) except for ¢S, which
clearly does not contain e¢2. Thus, (eZ,1) gives a maximal totally geodesic submanifold,
since by [20], the only non-semisimple maximal totally geodesic submanifold is R x E$/Sp,,
which cannot contain a totally geodesic EZ/SUgSp;. In addition to that, (s03,,1) is such
that its complexification is not contained in the complexification of any other subalge-
bra in £(g) except for sly(R) @ s06, which clearly does not contain soj,. Consequently,
(5075, 1) induces a maximal totally geodesic submanifold in M, since its corresponding to-
tally geodesic submanifold cannot be totally geodesically embedded in R x ES/Sp,. Finally,
by Lemma 7.5.4, we have that ¢ does not induce a maximal totally geodesic submanifold.
Let g = ¢; % and M = E;**/EgU,. In this case, we have that

C(g) = {(6626, 1)7 (28147 1)7 (50T27 1)7 (5113,3, 1)7 (5]33(R), 1)? (S[Q(R)v 3)}

Notice that eg ™ is such that its complexification is not contained in the complexification of
any other subalgebra in E(g) but e;® and it is clearly not contained in this one. Moreover,
by [20], the only non-semisimple maximal totally geodesic submanifold in M is R x E; % /F,,
which cannot contain a totally geodesic E;**/Spin,oU;. This implies that (e;*, 1) induces a
maximal totally geodesic submanifold of M. Furthermore, by Lemma 7.5.4, (e, 1) cannot
induce a maximal totally geodesic submanifold of M. In addition to that, (so},, 1) is such
that its complexification is not contained in the complexification of any other subalgebra
in £(g) except for sly(R) @ s05 19, which clearly does not contain (s07,,1). Thus, (s03,, 1)
induces a maximal totally geodesic submanifold, since it is not totally geodesic embedded in
R x E;?°/F,. Now, we have by Lemma 7.5.2 iv) that (suz3,1), (sp3(R), 1) and (sly(R), 3)
cannot give totally geodesic submanifolds since by Table 7.2 they are contained in the
following subalgebras of g:

slh(R) Csl(R) &4, suzs Csusdsugs, spg(R) Csps(R) B go.
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Let g = e;” and M = E;°/SO15Sp,. In this case we have

C(g) = {(eé, 1)7 (8&14, 1)7 (504,87 1)7 (5112,4, 1)7 (5111,2, 1)7 (E[Q(R)v 24)7 (g%, 2)> (g%, 1)7
(5]31 )29 1) (fi? 1) (me» 1)}

Note that (¢2,1) and (eg'*,1) are such that their complexifications are not contained in
the complexification of any other subalgebra in E(g) except for each other. However, e2
cannot be contained in ¢;'* and viceversa. By [20], there are no non-semisimple maxi-
mal totally geodesic submanifolds in M. Then (e2,1) and (eg'*, 1) induce maximal totally
geodesic submanifolds in M. In addition to that, (so4g,1) is such that its complexifica-
tion is not contained in the complexification of any other subalgebra in Z(g) except for
sly(R) @ so},, which clearly cannot contain so4g. Thus, (s045, 1) induces a maximal totally
geodesic submanifold in M. Furthermore, by Table 7.2, we have the following inclusions
into subalgebras of g:

2 2
Sugy C Uz D SUgy, Suyp C sUy o DU, G5 CSP3 D gy, SPy o C 6Py o D Go.

Therefore, by Lemma 7.5.2 ), we have that (sus4, 1), (suy2,1), (g3,1) and (sp;,,1) do
not induce maximal totally geodesic submanifolds. Now by Lemma 7.5.3, we have that
(sly(R),24), (g2,2), (f4,1) and (§;%°,1) do not induce maximal totally geodesic submani-
folds.

Let g = ¢§ and M = E§/SO¢. In this case

C(Q) = {(5111’4, 1)> (96_147 1) (97 ) 1) (5111’2, 6)? (fZ%a 1)> (5[2(R)7 16>}

Notice that ¢z cannot be contained in any other subalgebra in £(g). However, by [20],
there is no non-semisimple maximal totally geodesic submanifold in M, which implies that
(¢7°,1) induces a maximal totally geodesic submanifold. Now, by Lemma 7.5.3, we have
that (su; 2,6) does not induce a maximal totally geodesic submanifold in M. Furthermore,
by Table 7.2, we have the following inclusions into subalgebras of g:

suy 4 C 5uy 4 D Sus, tCeg@sus, 10 CiP@gr, sh(R) Cslhy(R) D sus.

Thus, by Lemma 7.5.2 w), we have that (suy4, 1), (g% 1), (7;2°,1) and (sly(R), 16) do
not induce maximal totally geodesic submanifolds in M.
Let g = ¢g>* and M = Eg*'/E;Sp,. In this case

C(g) :{(5142,3,1),(8%,1),(511172,1),(67_ ) ) (5[3( ) ) (f4’ ) (927 ) (g2<(c)7(171))}'

Notice that ¢-® cannot be contained in any other subalgebra in £(g). However, by [20],
there is no non-semisimple maximal totally geodesic submanifold in M, which implies that
(e 5 1) induces a maximal totally geodesic submanifold. Now by Lemma 7.5.3, we have
that (sl3(R),6) and (g2(C),(1,1)) do not induce maximal totally geodesic submanifolds.
Furthermore, by Table 7.2, we have the following embeddings into subalgebras of g

2 2 4 4 2 2
Sy 3 C SUs D SUy3, e CsuzDeg, Siio CSuioDes, f, CfiDge, 95 C 1D gs.

Thus, by Lemma 7.5.2 iv), we have that (sus3,1), (e,1), (su19,1), (fi,1) and (g3,1) do
not induce maximal totally geodesic submanifolds. This concludes the proof. O
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7.6 Totally geodesic submanifolds in
exceptional symmetric spaces of type IV

In this section we classify maximal totally geodesic submanifolds in exceptional symmetric
spaces with complex isometry group. By duality this is equivalent to classifying maximal
totally geodesic submanifolds in exceptional compact Lie groups.

Let G/K be a symmetric space of compact type and o € Aut(G) be an involutive
automorphism of G such that Fix’(c) C K C Fix(o), where Fix(o) is the subset of G that
is fixed by ¢ and Fix’(¢) is its identity component. The Cartan embedding of G/K into G
is the smooth map f given by

f: G/K—= G, gK—a(g)g.

It was shown in [96] that a totally geodesic submanifold in a compact Lie group is
maximal if and only if it is a maximal subgroup or a Cartan embedding. However, in this
section we give an explicit list of all maximal totally geodesic submanifolds in exceptional
symmetric spaces with complex isometry group.

Maximal semisimple regular subalgebras of g and maximal S-subalgebras can be found
in [74] as mentioned above. Real forms are well known, see e.g. [90]. Therefore, by
Lemma 7.2.4, one can obtain the set L£(g) for g a realification of a exceptional simple
complex Lie algebra (see Table 7.3 for the explicit list and Definition 7.4.7).

Lemma 7.6.1. Let g be equal to ¢g(C) or ¢ez(C) and let b be one of the following two

subalgebras of g:
5010(@) C QG(C), QG(C) C 27(@).

Let G be the simply connected Lie group with Lie algebra g and let K be a maximal compact
subgroup of G. Assume the Lie algebra § is canonically embedded into g with respect to
the Cartan decomposition g =€ @ p. Let H be the connected closed subgroup of G with Lie
algebra b. Then a totally geodesic orbit of the H-action on the symmetric space M = G/K
s not mazximal.

Proof. By [74], there is a reductive subalgebra isomorphic to h & s, where s is a 1-
dimensional complex subalgebra of g, that is canonically embedded with respect to the
Cartan decomposition of g = €@ p by the same kind of argument as in the first paragraph
of the proof of Lemma 7.5.4. Let X be the totally geodesic orbit H - 0, where H is the
connected subgroup of G with Lie algebra . Moreover, 6 leaves h & s invariant and maps
s onto itself, since it is the center of h & s and 6 is a Lie algebra automorphism. Thus s is
canonically embedded in g with respect to g = € @ p, implying that s = (ENs) @ (p N s).
If dimg (pNs) # 0, then X is properly contained in a proper totally geodesic submanifold
of M. If dimg(p Ns) = 0, then s has dimension two and the rank of (s @ h) N ¢ is bigger
than the rank of €, which leads to a contradiction in both cases. Indeed, if h ~ s01(C),
then h N € ~ 5019 and € ~ eg. If h ~ ¢4(C), then h N € ~ ¢ and € =~ e7. [l
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92(C)  (s(C) @ sl,(C), (3,1)), (s12(C), 28), (s1(C), 1), (g3, 1)
14(C) (s12(C) @ sp3(C), (1,1)), (sl3(C) @ sl3(C), (1,2)), (s [ (C), 156), (s09(C), 1),
! (s12(C) @ g2(C), (8, 1)), (1, 1), (4, 1)
(s13(C),9), (92(C), 3), (sl3(C) @ g2(C), (2, 1)), (sp4(C), 1), (f4(C), 1),
¢6(C)  (5010(C), 1), (s15(C )695[( )@5[3( ), (1,1,1)), ( [(C) & sl6(C), (1,1)),
(2271)7@671) ( 2671)7( ) )
(s15(C), 231, 399), (s13(C), 21), (slo(C) & sl5(C), (15, 24)),
er(C) (5[2((3)@92( ), (7,2)), (sp3(C) @ g2(C), (1, 1)), (e6(C), 1),
! (s12(C) @ 5012(C), 171))( ;5(C), 1), (sI3(C) @ s16(C), (1,1)),
(s12(C) @ fa(C), (3,1)), (e7°, 1), (e, 1), (7%, 1)
(sl(C), 520, 760, 1240), (s05(C), 12), (sl2(C) & sl3(C), (16,6)),
¢s(C)  (f4(C) & 92(C), (1,1)), (s015(C), 1), (s19(C), 1), (s15(C) & s15(C), (1, 1)),
(s13(C) @ e6(C )(,1)), sy (C) @ ¢7(C), (1, 1)), (¢§, 1), (e, 1)

Table 7.3: L(g) for each exceptional simple complex Lie algebra g. Notice that we indicate
the different isometry classes for a given isomorphism class of a subalgebra by writing all
their possible Dynkin indices separated by commas.

Theorem 7.6.2. Let M = G/K be a symmetric space with G an exceptional simple complex
Lie group. Let X3 be a maximal totally geodesic submanifold of M. Then ¥ is isometric to
one of the spaces listed in Tables 7.5, 7.6, 7.7, 7.8, 7.9. Conversely, every space listed in
these tables can be isometrically embedded as a maximal totally geodesic submanifold of M.

Proof. Let ¥ be a maximal totally geodesic submanifold in M. If ¥ is a non-semisimple
totally geodesic submanifold, it is one of the examples found by Berndt and Olmos [20],
which we include in our tables. Let us now assume that ¥ is semisimple. Then, by
Corollary 7.4.8, there is some Lie subalgebra gs, of g that is isometric to some subalgebra
in L(g).

Let M be equal to Go(C)/Gg, Fo(C)/F4 or Eg(C)/Es. By [20, Corollary 4.3], we have that
every maximal totally geodesic submanifold of M is semisimple and therefore £(g) is in one-
to-one correspondence with the isometry classes of maximal totally geodesic submanifolds
of M by Corollary 7.4.8.

Now let M = Eg(C)/Eg and g = ¢(C). Let (gx,indp(gs)) € L(g) \ {(s010(C),1)}.
Let ¥ be the corresponding maximal semisimple totally geodesic submanifold. If ¥ is not
maximal, then it must be contained in R x SO1¢(C) /SO0, which is the only non-semisimple
maximal totally geodesic submanifold in M according to Berndt and Olmos [20]. However,
if this is the case, since gy is semisimple, gy is contained in s019(C), contradicting the
fact that gy is a maximal non-compact type subalgebra in g. Hence Y is a maximal
totally geodesic submanifold. By Lemma 7.6.1, we have that (s010(C), 1) does not induce
a maximal totally geodesic orbit.

Finally, let M = E;(C)/E; and g = ¢;(C). By a similar argument as above every
subalgebra in £(g) \ {(es(C),1)} induces a maximal totally geodesic submanifold. By
Lemma 7.6.1, we have that (eg(C), 1) does not induce a maximal totally geodesic orbit. [
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7.7 Proofs of the main theorems

The aim of this section is to provide the proofs for the main theorems.
Proof of Theorem A. 1t follows by combining Theorems 7.5.5 and 7.6.2. ]

Remark 7.7.1. Notice that in Tables 7.5-7.9 we indicate the different isometry classes for a
given homothety class of a totally geodesic embedding by writing all the possible Dynkin
indices separated by commas.

Lemma 7.7.2. Consider the following subalgebras W C g, k > 1, given by the embed-
dings h < g, A — (4,): 1) $0,(C) C $0,.4(C),n > 5; ii) sl,(C) C sl,.1(C),n > 2;
iii) sp,(C) C sp,,1(C),n > 1. Then, the Dynkin index of these subalgebras is 1. More-
over, the Dynkin indez of the subalgebra s04(C) C s05(C) is (1,1).

Proof. Assume b is a regular subalgebra of g. Then a root system of b is a subset of a root
system of g and we can apply the following simple observation. If fj contains a root space
of g corresponding to a longest root with respect to some Cartan subalgebra a of g, then the
length of the longest root of h and the length of the longest root of g agree, and the Dynkin
index of h in g is one. This holds in particular if the root systems of both h and g contain
roots of different lengths, which shows that the subalgebras iii) and s0,,(C) C s0,2(C), for
n > 5 odd, have Dynkin index one. Using the multiplicative property of the Dynkin index
and the chain of inclusions s0,,(C) C §0,,41(C) C s0,,42(C), it now follows inductively that
all the subalgebras i) have Dynkin index one. The above observation also applies if g is
of type A,, or D,,, n > 4, and b is a maximal semisimple regular subalgebra, since then all
roots of the extended Dynkin diagram are of the same length, see [149, Ch. 1, §3, Table 4].
Using induction and the multiplicative property of the Dynkin index this shows that the
subalgebras i) all have Dynkin index one. ]

Proof of Theorem B. Examples of totally geodesic submanifolds ¥ in irreducible symmetric
spaces M with i(M) = codim(3) are given in [24, Table 1]. For the exceptional symmetric
spaces M, these pairs (M, ) are the following:

e (G3/504,SL5(R)/S03), (G2(C)/Gs, G3/S04), (G2(C)/Gs, SL3(C)/SUs),

F4/SpsSpy, SOY5/S04 x SO5), (F;*°/Sping, SO¢ 4/SOs),
Fi*/Sping, Spy2/SPy X Spy), (F4(C)/F4,504(C)/S0y),

(
(
(
(Eg/szp Fﬁ/SP:&SPl) (Eg/SUGSPb F3/5p35p1), (E6_14/Spi”10U1a SO/ Us),
(Es*/Fa, F1*/Sping), (Es(C)/Es, Fa(C)/Fa),
(E
(E
(E
(E

7°/S012Spy, E2/SUgSpy ), (E7*°/EUy, Eg'*/SpinyoUs), (E7/SUs, R x E/Spy),
7(C)/E7, R x E4(C)/Eq),

24/E7S|I)1, _5/50125[)1), (ES/SOlG,SLQ(R)/SOQ X E;/SU8),
s(C)/Es, SL2(C)/SUz x E7(C)/Er).
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Hence, the theorem can be proved in these cases by looking up the Dynkin indices in our
Tables 7.5, 7.6, 7.7, 7.8, 7.9.

It remains to show the assertion of the theorem for the classical spaces. We have to
consider the pairs of spaces (M, X), where i(M) = codim(X), given in Table 7.4, where we
have partially reproduced the contents of [24, Table 1].

M )Y i(M)  Conditions
SUm«+k/S(Ur X Ur+k) SUT7T+k,1/S(Ur X Ur+k71) 2r r> 1, k >1
SU,.,./S(U, x U,) SU,—1,/S(U,—1 x U,) 2r r>3

SO, +/SOr X SOy SO, 4_1/SO0; x SOy s r r>1,k>1
S0Y /SO, x SO, SQY ,,/SO,_; x SO, T r>4
Spg2/SpPs X Spy Sp,(C)/Sp, 6

SPrrik/SPr X SPrgk SPrrii—1/5Pr X SPryp1 4r r>1lk=>1
Sp,../Sp, x Sp, SPy—1./SPr—15P, 4r r>3
SL,4+1(R)/SO, 11 R x SL,(R)/SO, r r>2
SUg/Sps SL3(C)/SUs 6

SUg/Sp, SP2,2/SP2SP; 11

SU3142/SPr1 R x SU3,/Sp, ar r=>4
Sp,(R)/U, Spi(R)/Us xSp, 1 (R)/U,y  2r—2 r=>3

SO}, /Ua, SO, 5/Usq dr—2 r>3
SOZT+2/UQT+1 SOZT/U% 4r T Z 2
SL3(C)/SU; SL;(R)/SO4 3

SL4(C)/SUy4 Sp,(C)/Sp, 5

SL,+1(C)/SU, 44 R x SL,(C)/SU. 2r r>4
SOQT+1 (C)/SOQT+1 SOQT(C)/SOQT 2r T Z 2
Sp,(C)/Sp, Spi(C)/Spy x Sp,_4(C)/Sp,—y 4r—4 r=>3
SO,,.(C)/SOs, SOs,-1(C)/S0g,_1 2r—1 r>4

Table 7.4: Examples of totally geodesic submanifolds X in classical symmetric spaces M
with codim(X) = i(M).

Among the pairs of spaces given in the table, there are some infinite series and also some
isolated examples in low dimensions. For the infinite series, the assertion of the theorem
follows in all cases from Lemma 7.7.2 and the multiplicative property of the Dynkin index.

We will treat the remaining isolated examples individually. First note that the Dynkin
index of sp,(C) in sp,, is (1,1), as follows from Lemma 7.7.2 since the corresponding
complexifications are sp,(C) @ sp,(C) and sp,(C). The Dynkin index of sl3(C) in su is
(1,1), as the complexifications are sl3(C) @ sl3(C) and slg(C). The subalgebra sl3(R) is a
real form of sl3(C) and therefore has Dynkin index one. The subalgebra sp,(C) of sl4(C) has
Dynkin index one by Lemma 7.7.2, since it corresponds to the subalgebra so5(C) C s04(C)
under the isomorphism s04(C) ~ sl,(C). Finally, it remains to determine the Dynkin
index of the subalgebra sp,, in su3. Since the Dynkin indices of sp,(C) C sp,(C) and
sl4(C) C slg(C) are one by Lemma 7.7.2, and we know from the previous case that the
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Dynkin index of sp,(C) C sly(C) is one, using the multiplicative property of the Dynkin
index, we conclude from the following diagram

sp,(C) — sl,(C)
1 1
sp,(C) — slg(C)

that the Dynkin index of sp,(C) in slg(C) is also one. O
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Table 7.5: Maximal totally geodesic submanifolds of symmetric spaces of Go-type.

M by Dynkin index Reflective? dim X
2 SLQ(R)/SOQ X SLQ(R)/SOZ (3, 1) Yes 4
G2/S0,
SL3(R)/SO5 1 No 5
SULQ/S(U]_ X Uz) 1 No 4
SLQ(R)/SOQ 28 No 2
GQ(C)/GQ SLQ((C)/SUQ X SLQ(C)/SUQ (3, 1) Yes 6
SLQ(C)/SUQ 28 No 3
SL3(C)/SUs 1 No 8
G2/S04 1 Yes 8

Table 7.6: Maximal totally geodesic submanifolds of symmetric spaces of F4-type.

M by Dynkin index Reflective? dim 3
4 SLg(R)/SOg X SLg(R)/SO;g (1, 2) No 10
Fi1/SpsSpy
SU1,2/S(U1><U2)><SU1,2/S(U1><U2) (1,2) No 8
SL2(R)/SO2 x Sp3(R)/Us (1,1) Yes 14
Spy.2/Sp1 % Spy 1 Yes 8
S0Y./S04 x SO; 1 Yes 20
SL2(R)/SOq 156 No 2
SL2(R)/SO2 x G2/S0O4 (8,1) No 10
0
Sp1.2/Sp1 % Spy 1 Yes 8
SL2(C)/SUz x Sp3(C)/Sps (1,1) Yes 24
Fa(C)/F4
SL3((C)/SU3 X SL3((C)/SU3 (1,2) No 16
SLy(C)/SUq 156 No 3
SOy(C)/SOg 1 Yes 36
SLQ((C)/SUQ X GQ(C)/GQ (8, 1) No 17
F1/SpsSpy 1 Yes 28
F,2°/Sping 1 Yes 16
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Table 7.7: Maximal totally geodesic submanifolds of symmetric spaces of Eg-type.

M )y Dynkin index Reflective? dim ¥
ES /Sp, (SL3(R)/SO3)3 (1,1,1) No 15
SU; 2/S(Uz x Ug) x SL3(C)/SUs  (1,1,1) No 12
SL2(R)/SO3 x SLg(R)/SO¢ (1,1) Yes 22
SUg/Sps 1 Yes 14
SL3(R)/SO3 x G3/S04 (2,1) No 13
Spa.2/SPa X Spy 1 Yes 16
Spy(R)/Uy 1 Yes 20
F1/SpsSp; 1 Yes 28
R x SOY - /SO5 x SO 1 Yes 26
£2/SUsSp, S0Y 4/S04 x SO 1 Yes 24
SO7,/Us 1 Yes 20
SL3(C)/SU; x SL3(R)/SO3 (1,1,1) No 13
(SU1’2/S(U1 X UQ))‘3 (1, ]., ].) No 12
SL2(R)/SO2 x SU3.3/S(Us x Uz)  (1,1) Yes 20
SU274/S(U2 X U4) 1 Yes 16
SU; 2/S(U1 x Uy) 9 No 4
SL3(R)/SOs3 9 No 5
G2/S04 3 No 8
SU1.2/S(U1 x Uy) x G3/S04 (2,1) No 12
Sp1.3/Sp; X Sps 1 Yes 12
Spy(R)/Uy 1 Yes 20
F1/SpsSp; 1 Yes 28
14 e SO70/Us 1 Yes 20
Bo 7 /Spimolt 550 750, % 50% 1 Yes 16
SL2(R)/SO2 x SU; 5/S(U; x Us)  (1,1) Yes 12
Sps 5/Spy X Spsy 1 Yes 16
F12°/Sping 1 Yes 16
SU3.4/S(Uz x Uy) 1 Yes 16
£-26 /F, R x S0Y ,/S0g 1 Yes 10
SUg/Sps 1 Yes 14
Spy.3/Spy X Sps 1 Yes 12
F,2°/Sping 1 Yes 16
Es(C)/E SL3(C)/SUs 9 No 8
GQ(C)/GQ 3 No 14
SL3(C)/SU3 x Go(C)/Ga (2,1) No 22
Sp,(C)/Sp, 1 Yes 36
Fi(C)/F4 1 Yes 52
R x SO1(C)/S0qp 1 Yes 46
(SL3(C)/SU3)? (1,1,1) No 24
SL2(C)/SUz x SLg(C)/SUg (1,1) Yes 38
ES/Spy 1 Yes 42
EZ/SUsSp, 1 Yes 40
E; 20 /F, 1 Yes 26
Eg **/Spin;oU; 1 Yes 32
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Table 7.8: Maximal totally geodesic submanifolds of symmetric spaces of E;-type.

M X Dynkin index Reflective? dim 3
_5 E2/SUsSp 1 Yes 40
E77/3015p, EzT/M/Spinlel 1 Yes 32
SL2(R)/SO2 x SO75/Ug (1,1) Yes 32
S09 /S04 x SO 1 Yes 32
SU4,4/S(Usa x Uy) 1 Yes 32
SU276/S(U2 X U6) 1 Yes 24
SL3(R)/SO3 x SUg/Sps (1,1) No 19
SU1,2/S(U1 X Uz) X SU274/S(U2 X U4) (1, 1) No 20
SU; 2/S(U1 x Uy) 21 No 4
Spy 5/Sp; X Spy x G3/S04 (1,1) No 16
E-25 /EqUs Rj;Egzé /F4 1 Yes 27
Eg */Spin;oU1 1 Yes 32
SUZ/Spy 1 Yes 27
SU276/S(U2 X U6) 1 Yes 24
SU;2/S(Us x Ug) x SUy5/S(Up x Us)  (1,1) No 14
SL5(R)/SO5 x F;2°/Sping (3,1) No 18
SLy(R)/SO2 x SOY 1,/S02 x SO1g (1,1) Yes 22
SO75/Ug 1 Yes 30
ET/SUs R x ES/Sp, 1 Yes 43
EZ/SUsSp, 1 Yes 40
SLy(R)/SO2 x SO 4/SO6 x SO (1,1) Yes 38
SO75/Ug 1 Yes 30
SLg(R)/SOs 1 Yes 35
SU4.4/S(Us x Uy) 1 Yes 32
SUZ/Spy 1 Yes 27
SL3(R)/SO3 x SLg(R)/SO¢ (1,1) No 25
SU;2/S(Us x Ug) x SU35/S(Us x Us)  (1,1) No 22
SL2(R)/SO4 231,399 No
SL3(R)/SOs3 21 No 5
SL2(R)/SO3 x SL2(R)/SO4 (15,24) No
SLy(R)/SO5 x G3/S04 (7,2) No 10
Sp;(R)/Us x G3/S0,4 (1,1) No 20
SLy(R)/SO2 x F4/SpsSp, (3,1) No 30
E+(C)/Es SL2(C)/SUs 231,399 No 3
SL3(C)/SU; 21 No 8
SLQ((C)/SUQ X SLQ(C)/SUQ (15, 24) No 6
SL2(C)/SUs x G2(C)/Gz (7,2) No 17
Sps(C)/Sps % Ga(C)/G (1,1) No 35
R x E¢(C)/Eg 1 Yes 79
SL2(C)/SUz x SO12(C)/SO12 (1,1) Yes 69
SLg(C)/SUs 1 Yes 63
SL3(C)/SUs x SLg(C)/SUg (1,1) No 43
SL2(C)/SUs x F4(C)/F4 (3,1) No 55
E-°/S012Sp, 1 Yes 64
ET/SUs 1 Yes 70
E-?°/EgU, 1 Yes 54
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Table 7.9: Maximal totally geodesic submanifolds of symmetric spaces of Eg-type.

M X Dynkin index Reflective? dim X
£ (SU1.4/S(Ug x Uy))2 (1,1) No 16
5/5016 5
(SU2’3/S(U2 X U3)) (].7 ].) No 24
SL5(RR)/SO5 x SL5(RR)/SOs (1,1) No 28
SOg ¢/SOg x SOg 1 Yes 64
SO74/Us 1 Yes 56
SU178/S(U1 X Ug) 1 No 16
SU45/S(Uq x Us) 1 No 40
SLo(R)/SOq 1 No 44
SL3(R)/SO3 x E§/Spy (1,1) No 47
SU172/S(U1 X U2) X Eg/SUf;Spl (1, 1) No 44
E-°/S012Sp; 1 Yes 64
SL2(R)/SO, x EZ/SUg (1,1) Yes 72
SO3 5/S02 x SO3 12 No 6
S0Y, /S0, 12 No 4
SL(R)/SOq 520,760,1240 No 2
SLy(R)/SOy x SU; 5/S(U; x Up) (16, 6) No 6
SLy(R)/SO; x SLs(RR)/SOs (16,6) No 7
F1/SpsSpy x G3/S04 (1,1) No 36
G2(C)/Gy x SLy(R)/SO, (1,1,8) No 16
Eg24/E7Sp1 SU%)A/S(Ul X U4) X SU2,3/S(U2 X U3) (].7 ].) No 20
SO} 15/S04 x SO1, 1 Yes 48
SO76/Us 1 Yes 56
SUs.6/S(Us x Ug) 1 No 36
SU277/S(U2 X U7) 1 No 28
SU;2/S(U; x Uy) x Eg**/Sping U, (1,1) No 36
SL3(R)/SO3 x E5 ¢ /F, (1,1) No 31
E-°/SO12Sp, 1 Yes 64
E;%°/EgU; x SLy(R)/SOs (1,1) Yes 56
F,2°/Sping x G2/S0, (1,1) No 24
E+(C)/Es SL2(C)/SUq 520, 760,1240 No 3
S05(C)/SOs5 12 No 10
SLy(C)/SUy x SL3(C)/SUs (16,6) No 11
F4(C)/F4 x G3(C) /Gy (1,1) No 66
S044(C)/S016 1 Yes 120
SLo(C)/SUg 1 No 80
SL5(C)/SUs x SL5(C)/SUs (1,1) No 48
SL3(C)/SUs x Eg(C)/Eg (1,1) No 86
SLy(C)/SUy x E7(C)/E7 (1,1) Yes 136
ES/SO16 1 Yes 128
ES/E-Sp, 1 Yes 112







Chapter 8
Hopt fibrations and totally geodesic
submanifolds

In this chapter, we give a classification of totally geodesic submanifolds in Hopf-Berger
spheres, which constitute a special family of homogeneous spaces diffeomorphic to spheres.

It is well-known that any homogeneous metric on the even-dimensional sphere S*" is
isometric to a round metric, while homogeneous metrics on odd-dimensional spheres S?7+!
of dimension bigger than three are homothetic to a metric lying in one of the following
families, see [192]:

It turns out that metrics in (2) lie in (4). Moreover, metrics in (1), (2) and (3) can be
obtained by rescaling the round metric of the total space of a Hopf fibration in the direction
of the fibers. We recall that Hopf fibrations are as follows:

St — gl Cpn,
S35 SISy HP”,
S7T — S 5 S8

where n > 1. We will refer to these fibrations as the complex, quaternionic, or octonionic
Hopf fibrations, respectively.

Let us equip the base and the total spaces of the Hopf fibrations with the corresponding
symmetric metrics of diameter 7/2, and sectional curvature equal to 1, respectively. Under
these conditions Hopf fibrations become Riemannian submersions with totally geodesic
fibers. These fibrations constitute the fundamental examples of Riemannian submersions
with a round sphere as the total space, as the following theorem implies. Let 7: S* — M be
a Riemannian submersion from a round sphere with connected fibers of positive dimension.
Then, Gromoll, Grove and Wilking [87, 183] proved that 7: S™ — M is metrically congruent
to a Hopf fibration.

Let us consider, for each 7 > 0, the total space of the complex, quaternionic, or oc-
tonionic Hopf fibration endowed with the Riemannian metric obtained from rescaling the
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metric tensor of the round sphere by a factor 7 in the vertical directions. Such homo-
geneous spaces are denoted by SZ'H, Sf‘;ﬂj °, and SP,, depending on whether the Hopf
fibration considered is the complex, the quaternionic, or the octonionic one, respectively.
We refer to such spaces as the Hopf-Berger spheres. Every Hopf-Berger sphere with 7 # 1
is homothetic to a geodesic sphere of a rank one symmetric space M, see [192]. The simply
connected symmetric spaces of rank one are: S*, CP™, HP", OP?; and their non-compact
duals: RH?, CH®, HH", OH2. We consider the metrics of these symmetric spaces rescaled in
such a way that the minimal absolute value of their sectional curvatures is equal to 1. No-
tice that two geodesic spheres of M of the same radius are congruent. Furthermore, it can
be proved that every geodesic sphere S(r) of radius r in a symmetric space of rank one M
can be obtained by performing a homothety (cf. [33]) of ratio « to Sg ., with F € {C, H, O}
and 7 € (0, +00), where the values of r,« and 7 are related by:

{r = arccos(y/7), a=+1—-7, for0<7 < 1,when M is compact, (8.1)

r = arccosh(y/7), a=+7—1, for1l< 7 < +oo,when M is not compact.

As we pointed out in Chapter 5, the problem of classifying totally geodesic submanifolds
in a given Riemannian manifold is a classical topic in the field of submanifold geometry.
In the setting of Riemannian symmetric spaces, we recall that this problem has been
extensively studied. However, despite all the efforts toward a general classification of totally
geodesic submanifolds in symmetric spaces, we only have classifications for symmetric
spaces of rank one [187], symmetric spaces of rank two [48, 49, 107, 108, 109], and special
classes of totally geodesic submanifolds such as reflective ones [123, 124, 125] or non-
semisimple maximal ones [20], apart from the classifications derived in Chapters 6 and 7
of this thesis.

In the context of symmetric spaces, since the curvature tensor of a symmetric space is
parallel under the Levi-Civita connection and can be expressed by means of an easy formula
in terms of Lie brackets, the problem of classifying totally geodesic submanifolds turns out
to be equivalent to classifying subspaces of the tangent spaces that satisfy the harmless-
looking but extremely complicated condition of being a Lie triple system, see Section §5.3.

In the more general setting of Riemannian homogeneous spaces, the classification of
totally geodesic submanifolds is a harder problem for a number of reasons. Firstly, in
the setting of symmetric spaces, in order to classify totally geodesic submanifolds, we
have to characterize those subspaces of the tangent space that are invariant under the
curvature tensor, or equivalently, that satisfy the “simple” property of being Lie triple
systems. However, in the setting of homogeneous spaces, we need to look for subspaces of
the tangent space that are not only invariant by the curvature tensor, which has a much
more involved expression, see Equation (1.4), but also by all its covariant derivatives,
see Theorem 5.2.5.

Secondly, although complete totally geodesic submanifolds are intrinsically homoge-
neous (see Proposition 5.1.6), they are not necessarily extrinsically homogeneous, i.e. or-
bits of a subgroup of the isometry group of the ambient space, see for instance [105]. This
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suggests the necessity of developing new tools to study totally geodesic submanifolds in
homogeneous spaces.

Moreover, the utilization of totally geodesic submanifolds has been of capital impor-
tance when studying homogeneous spaces. For example, in the investigation of pinching
constants for homogeneous spaces of positive curvature, see [157], they have played a crucial
role since every critical point for the sectional curvature of a totally geodesic submanifold
is a critical point for the sectional curvature of the ambient space. Indeed, the setting of
homogeneous spaces of positive curvature turns out to be an interesting context where to
study totally geodesic submanifolds since every totally geodesic submanifold of dimension
d > 2 is again a homogeneous space of positive curvature.

In this chapter, we classify totally geodesic submanifolds in Hopf-Berger spheres with
T > 1/2. Hopf-Berger spheres provide some of the easiest examples of non-symmetric
homogeneous metrics with positive sectional curvature. Indeed, they have positive sectional
curvature if and only if 7 € (0,4/3), see [180].

Recall that, on the one hand, the round sphere S™ can be seen as a geodesic sphere
of R™ of radius 1. On the other hand, every complete totally geodesic submanifold of
S™ is the intersection of a complete totally geodesic submanifold of R"*! passing through
the origin (a linear subspace) with S™. The following theorem generalizes this well-known
geometric fact to the setting of 2-point homogeneous spaces and provides the classification
of totally geodesic submanifolds in Hopf-Berger spheres.

Theorem A. Let Sg ., with 7 # 1 and F € {C,H, O}, be a Hopf-Berger sphere, and M the
symmetric space of rank one where Si  is realized as a geodesic sphere. Then, if T > 1/2,
the following statements are equivalent:

i) ¥ is a complete totally geodesic submanifold of Sg of dimension d > 2.

ii) ¥ is the intersection of SF~ (reganjed as a geodesic sphere of M) with a complete
totally geodesic submanifold M of M of dimension d > 3 and containing the center
of the geodesic sphere.

Every pair (X,Sg ) satisfying the above equivalent conditions is listed in Table 8.1. Con-
versely, each pair listed in Table 8.1 corresponds to a congruence class of totally geodesic
submanifolds of Sg ..

Remark 8.0.1. Notice that for 7 = 1 the sphere Sg_ is round. If 7 # 1, we have to
assume that ¥ has dimension d > 2, since there always are non-closed geodesics in Sg _,
see Lemma 8.4.10, and a non-closed geodesic in Sg - cannot arise as the intersection with
a totally geodesic submanifold of M.

Let us denote by S the round sphere with constant sectional curvature equal to £ > 0.
As a consequence of Theorem A and Remark 8.3.4, maximal totally geodesic submanifolds
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s
S l1<k<n-—1
Sk 2<k<n
St
Sy’ |1<k<n-—1
S 1<k<n
Sk 2<k<n
St, |2<k<3
&,
S
2.,
St 12<k<T

Table 8.1: Totally geodesic submanifolds of dimension d > 2 in Hopf-Berger spheres with
T > 1/2, up to congruence.

of S%J are geodesics, and for the other Hopf-Berger spheres with 7 > 1/2 they are:

S?C’ffl : S(Qc’f;l, Y, where n > 2,
Sgts S%I’?T_l, S?C’?Ll, where n > 2,
S]ELT : S(?:,T’ Sil))/ra
S%}iT . S’HY']LT’ SI/T

Furthermore, every totally geodesic submanifold of a Hopf-Berger sphere with 7 > 1/2 is
extrinsically homogeneous, see Remark 8.3.3.

As we have already seen, Hopf-Berger spheres maintain a close relationship with sym-
metric spaces of rank one, but they fail to be symmetric. A way to measure the extend to
which a homogeneous space fails to be symmetric is by employing the index of symmetry,
see [25] or [146]. Recall that a homogeneous space M = G/K is symmetric if and only if
for every point p € M and every v € T,M, there is a Killing vector field X on M with
X, =v and (VX), =0. For every p € M, the symmetric subspace of T, M is defined as

s, ={X, e ,M: X € M) and (VX), = 0},

where R(M) denotes the set of Killing vector fields on M. It turns out that the symmetric
subspaces of M = G/K form a G-invariant distribution on M called the distribution of
symmetry of M. This distribution is integrable and its leaves are symmetric spaces that
are totally geodesically embedded in M. The index of symmetry of a homogeneous manifold
M is the rank of its distribution of symmetry. We denote it by indg(M). In this chapter,
we also compute the index of symmetry of Hopf-Berger spheres.
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Theorem B. Let Sg_, 7 # 1, be a Hopf-Berger sphere. Then, its index of symmetry is
given by

if F=Hor O and 7 # 1/2,
if F=C,

ifF=Hand 7=1/2,
ifF=0andT=1/2.

indg(Sg ;) =

~N W = O

This chapter is organized as follows. In Section §8.1, some tools that will be used in
later sections are developed. Of particular relevance for the chapter is Lemma 8.1.3, which
states that the totally geodesic property is preserved under rescalings in the direction
of the fibers of the metric of the total space of a Riemannian submersion for a certain
class of totally geodesic submanifolds (these submanifolds will be called well-positioned in
Subsection §8.4.1). The purpose of Section §8.2 is to recall some well-known facts about
totally geodesic submanifolds in rank one symmetric spaces.

In Section §8.3 we introduce the reductive decomposition of Hopf-Berger spheres that
we use in this chapter. This allows us to compute the curvature tensor and to provide
examples of totally geodesic submanifolds in Subsections §8.3.1 and §8.3.2.

Section §8.4 is devoted to the classification of totally geodesic submanifolds of Hopf-
Berger spheres. In Subsection §8.4.1 we define and study well-positioned totally geodesic
submanifolds of Si . It is important to highlight Proposition 8.4.2, which asserts that every
complete well-positioned totally geodesic submanifold is characterized as the intersection of

7 - regarded as a geodesic sphere of M with a totally geodesic submanifold M of a rank one
symmetric space M, with M containing the center of the geodesic sphere S¥ .. Moreover,
by performing certain involved computations, we prove that every totally geodesic surface
of Sk, 7 > 1/2, is well-positioned. In Subsection §8.4.3, we prove that every totally
geodesic submanifold of dimension d > 2 in a Hopf-Berger sphere with 7 > 1/2 is well-
positioned, thus obtaining Theorem A. The idea is to show that every not well-positioned
totally geodesic submanifold contains a not well-positioned totally geodesic surface, see
Proposition 8.4.11, which gives a contradiction with the fact that every totally geodesic
surface in Sg _ is well-positioned. Some ingredients used in this section are: the polarity of
the isotropy representation of Sg _, certain algebraic properties of bounded Killing vector
fields, and the fact that a homogeneous space all whose geodesics are closed and of the
same length is a symmetric space of rank one and compact type.

Finally, in Section §8.5, we compute the index of Hopf-Berger spheres by noticing
that every symmetry of a Hopf-Berger sphere (see the beginning of Section §8.5 for the
definition) is an isometry, and by using the techniques to compute this invariant developed
in [146].
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8.1 Totally geodesic submanifolds, geodesic spheres
and Riemannian submersions

Let (M, {-,-)) be a complete Riemannian manifold. We recall that we denote by V its
Levi-Civita connection, by R its curvature tensor defined by the convention R(X,Y) =
[Vx,Vy] = Vix.y], and by inj(p) its injectivity radius at p € M.

Let M be an immersed submanifold of M. We denote its induced Levi-Civita connection
by V and its second fundamental form by II. Recall that a connected submanifold M is
totally geodesic if every geodesic of M is also a geodesic of M. Equivalently, a connected
submanifold M of M is totally geodesic if and only if I = 0. Moreover, every totally
geodesic submanifold M of M can be extended to a complete totally geodesic submanifold
of M, see Theorem 5.2.5. Given a complete totally geodesic submanifold M of M passing
through p € M, we have %p(‘/) = M, for some linear subspace V' of T,M, where exp,
denotes the Riemannian exponential map of M at p € M.

In what follows, we give an overview of some well-known facts about the extrinsic
geometry of geodesic spheres in Riemannian manifolds. Let v(s), s € (—¢, ), be a smooth
curve in the unit tangent sphere S(7,M) and let us consider the geodesic variation I'(s, t) :=
Yo(s)(t) = exp,(tv(s)). Let us denote by - and £- the partial covariant derivatives. Then,
if 0 < t < inj(p), the field along 7, (t) given by 4 (t) = %%(s)(t) is the outer unit
normal at 7,(s)(t) to the geodesic sphere S;(p) := exp,(tS(T,M)) of radius ¢ > 0. Since

| ¥u(s) (1) || = 1, we have that %b:o%(S) () and 4y (s (t) are orthogonal. Thus,

Be1smo Tt (1) = =S"J (1),

where S' denotes the shape operator of the geodesic sphere Si(p) in the outer direction

and J(t) = %|S:0F(s,t) is a Jacobi field along vy (t) with initial conditions J(0) = 0
and %\t:o‘](t) = ©(0). Now using that %|S:0%(s)(t) = L.J(t), we obtain the following

expression for the shape operator of the geodesic sphere
S'Jt) = -2 J(t).

Lemma 8.1.1. Let M be a Riemannian manifold and let be an embedded totally geodesic
submanifold of M. Let M be an embedded submanifold of M satisfying the following con-
ditions:

i) XN M is non-empty.
i) T,% contains the normal space v M of M for every g € XN M.

Then, any connected component of > N M s an embedded totally geodesic submanifold of
M and T,(X N M) is invariant under the shape operator S¢ of M, for every £ € v,M and
qgeEXNM.
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Proof. By i) and i), ¥ and M are transverse at every ¢ € ¥ N M. Then, it follows that
YN M is an embedded submanifold of M. Moreover, T,(X N M) = (T,3) N (T,M) and
T,X2=T,(XNM)®v,M, for every g € XN M.

We may assume that dim(X N M) > 0. Let X,Y be tangent fields of ¥ N M defined
around ¢. Thus (VxY), € T, = T,(X N M) & v,M. Hence, the tangent projection of
(VxY), to M belongs to T,(3NM). This shows that XNM is a totally geodesic submanifold
of M. Let £ be a unit normal vector field of M defined around ¢ € ¥NM and v € T,(XNM).
Since Y is a totally geodesic submanifold of M, (V,€), € T,X = T,(S N M) ® v,M.
Consequently, the projection of (V,£), to T,M belongs to T,(X N M) and this shows that
Se, T,(ENM) CcT,(ENM). O

As a consequence of Lemma 8.1.1 and the previous discussion, we obtain the following
result.

Corollary 8.1.2. Let M be a Riemannian manifold, p € M and S,(p) the geodesic sphere
of radius t € (0,inj(p)). Let V. C T,M be a vector subspace and consider the set V, =
{fve V|l <r}, wherer € (t,inj(p)). Assume that X = exp,(V;) is a totally geodesic
submanifold of M. Then, Sy(p) NX is a totally geodesic submanifold of S;(p) whose tangent
space is invariant under the shape operator S8 of Sy(p).

The following lemma shows that there is a certain class of totally geodesic submanifolds
of the total space of a given Riemannian submersion that remain totally geodesic when we
rescale the metric on the vertical distribution.

Lemma 8.1.3. Let m: M — B be a Riemannian submersion with totally geodesic fibers
and denote by H and V the horizontal and vertical distributions, respectively. Consider
the family of Riemannian metrics (-,-)" of M obtained by rescaling the metric tensor (-, -)
of M by a factor T > 0 in the vertical distribution. Moreover, let 3 be a totally geodesic
submanifold of M, with respect to the original metric, such that

T, = Wi(q) ® Wa(q), forallqe X,

where Wi(q) C Hy and Wa(q) CV,. Then, ¥ is a totally geodesic submanifold of M with
respect to any metric (-,-)7.

Proof. Let us assume that B has dimension m and M has dimension m + n. By the
continuity of the vertical and horizontal projections, we have that ¢ € ¥ — dim(W;(q)) is
an upper semicontinuous function for each ¢ € {1,2}. Thus, since T,X = W;(q) & Wa(q)
for every ¢ € 3, we deduce that dim(W;(q)) is constant for every ¢ € {1,2}. From now on,
we will assume that r = dim(W;(q)) and s = dim(Ws(q)) for every g € 3.

We work locally, since the property of being totally geodesic is local. From the assump-
tions, it follows that 7(X) is a submanifold of B of dimension r, since m has constant rank
m. Moreover, () is totally geodesic in B. Indeed, let v be a geodesic of B with initial
velocity tangent to 7(X). Observe that horizontal geodesics do not depend on 7. Then,
~ lifts to a horizontal geodesic 7 in M. Now, since ¥ is totally geodesic in (M, (-,-)), the
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geodesic 7 is contained in ¥ and 7 is contained in 7(X), thus proving that 7(X) is totally
geodesic in B.

Let (Ey,---,E,,---, E,) be an orthonormal frame around 7(q) where the first r fields
are tangent to m(X) when restricted to m(3). Since the fibers of 7 are totally geodesic, we
have that ¥ N7~!(7(q)) is a totally geodesic submanifold around ¢. Let (Ey,--- , E,,) be
the horizontal lift of this frame around ¢. Notice that FEi, ..., E, restricted to ¥ around
q are tangent to X. Let (&1,---,&,) be an orthonormal vertical frame, with respect to
(-,-) = (-,-)!, such that the first s fields are tangent to ¥ N 7 !(7(¢)) when restricted to
5 A (x(g))

Notice that (Hy + Uy, Hy+Us)™ = (Hy, Ho)' +7(Uy, Us)t = (Hy, Hy) +7(Uy, Us), where
H; is a horizontal vector field and U; is a vertical vector field, ¢ € {1,2}. Then, the
frame (Fy,- - En,, &1, -+, &) is orthogonal with respect to any (-,-)™ and each one of its
elements has constant length. Let V7 be the Levi-Civita connection associated with (-, )7
and denote by V the Levi-Civita connection of M when 7 = 1. By the Koszul formula, we
get

2<VTXY7 Z>T = <[X7 Y]7Z>T - <[X7 Z]7Y>T - <[Y7 ZLXY

forall XY, Z € {Ey,--- ,En, &1, 60}

Let X,)Y € {FEy, - E. &, -, &Yand Z € {Erqq,++ , By &sqt, o0 ,&n ). Since X is
totally geodesic when 7 = 1, we have (VxY, Z), = 0. This combined with the fact that
the vertical distribution is integrable, and the bracket of a projectable vector field with a
vertical vector field is vertical, implies that (V%Y, Z)7 = 0. This proves that 3 is a totally
geodesic submanifold of (M, (-, -)7) for every 7 > 0. ]

Notice that homogeneous spaces are real analytic, see [35, Lemma 1.1]. Let M =
G/K be a Riemannian homogeneous space. See Subsection §1.3.1 for a quick introduction
to homogeneous spaces. Since every G-invariant tensor is parallel under the canonical
connection V¢ we have V’R = 0 and V°D = 0, where R and D denote the curvature
tensor and the difference tensor of M = G/K, respectively. Thus, by Equations (1.2) and
(1.3), the covariant derivatives of the curvature tensor can be expressed in terms of D
and R (see Remark 1.3.1). Hence, every subspace py of p invariant under D and R is
invariant under every covariant derivative of R, which implies by Theorem 5.2.5 that py is
the tangent space of some totally geodesic submanifold of M and ¥ = exp, py; is a complete
totally geodesic submanifold of M, where exp, denotes the Riemannian exponential map
of M at o. Hence, we obtain the following result.

Lemma 8.1.4. Let M = G/K be a Riemannian homogeneous space with base point o € M
and reductive decomposition g = €@ p. Let py be a subspace of p invariant under D and
R. Then, there is a complete totally geodesic submanifold ¥ of M such that T,> = px.

We remark that Lemma 8.1.4 provides a sufficient condition to obtain totally geodesic
submanifolds in homogeneous spaces in terms of a linear algebraic property. However, this
condition does not need to be necessary.
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cpr CH"
CPF|2<k<n-1 CH* 2<k<n-—1
RP* | 2<k<n RHF 2<k<n
Si |1<k<2 RH*(4) | 1<k <2
HP" HH"
HP* [2<k<n-1 HH* 2<k<n-—1
CP* | 2<k<n CH* |2<k<n
RPF | 2<k<n RH* 2<k<n
Si |1<k<4 RHF(4) | 1<k <4
OoP? OH?
HP? HH?
Cp? CH?
RP? RH?
S; | 1<k<8 RH*(4) | 1<k <8

Figure 8.1: Totally geodesic submanifolds in symmetric spaces of rank one and non-
constant sectional curvature, up to congruence.

8.2 Rank one symmetric spaces and their totally
geodesic submanifolds

In this section we discuss some facts that will be useful later about totally geodesic sub-
manifolds in symmetric spaces of rank one.

Let M = G/K be a connected Riemannian symmetric space, where G is up to some
finite quotient equal to IsomO(M ), the connected component of the identity of the isometry
group of M, and K is the isotropy at some fixed point p € M. Let s, be the geodesic
reflection of M at ¢ € M. It turns out that a submanifold ¥ of M is a complete totally
geodesic submanifold of M if and only if 5,3 = X for every ¢ € . Recall that the rank of a
symmetric space is defined as the dimension of a maximal flat totally geodesic submanifold.

The complete Riemannian manifolds with non-zero constant sectional curvature are:
real hyperbolic spaces, round spheres and real projective spaces. These are symmetric
spaces of rank one. Furthermore, the remaining symmetric spaces of rank one are hy-
perbolic and projective spaces over C, H and O. The totally geodesic submanifolds in
symmetric spaces of rank one were classified by Wolf in [187], see Figure 8.1.

Let k € (0,00). We denote by S”, RP"(x) and RH"(x) the round sphere of sectional
curvature k, the real projective space of sectional curvature x and the real hyperbolic space
with sectional curvature —k, respectively. In the case that kK = 1 or Kk = —1, we write S”,
RP™ or RH", respectively.

Now we assume that M = G/K has rank one and that the minimal absolute value
of its sectional curvature is equal to 1. One has that K, via the isotropy representation,
acts transitively on S(TpM ), the unit sphere of 7, pM . Moreover, K acts transitively on
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the geodesic sphere S;(p) of radius t centered at p € M, for each t € (0,inj(p)). This
implies that geodesic spheres are K-homogeneous spaces. Recall that the Jacobi operator
R, associated with v € T,M is defined by R,(X) = R(X,v,v) for every X € T,M. In this
case, the Jacobi operators {R, : v € T,M, |[v|| =t} are all conjugate by elements of K.

Let us assume that M does not have constant sectional curvature. It is well known that,
for any non-zero v € TpM , the Jacobi operator R, restricted to T p]\7[ © Rv has only two
different eigenvalues A\; and \y. Let v € Tp]\7[ be of unit length. Then, \; = £4, \y = +1,
where the signs are positive if M is of the compact type, and negative if M is of non-
compact type. Observe that R, has exactly one more eigenvalue that is equal to zero and
has associated eigenspace Rv. Let V;(v) be the eigenspace of R, associated with ); for each
i € {1,2}. When M is of compact type, inj(M) = 7/2. However, if M is of non-compact
type, then it follows by the Cartan-Hadamard Theorem that inj(M) = +oc.

Fix p € M. For each i € {1,2} we define Vi(v) to be the parallel transport of V;(v)
along the unit speed geodesic v,: [0,inj(M)) — M with initial conditions p € M and
v € T,M. The equation VR = 0 implies that V!(v) is the eigenspace of R s, ()
associated with \;, for each i € {1,2}. Moreover, Vi(v) L 4,(t) and then we have the
following orthogonal decomposition

T,,05:(p) = Vi(v) © V(v).

Let K, be the isotropy of K at v. Since K preserves the curvature tensor R of M at p,
then K, commutes with the Jacobi operator R, and therefore leaves V;(v) invariant. Notice
that K, coincides with the isotropy K%(t) of the action of K on the geodesic sphere S;(p)
at 7,(t) for every ¢ € (0,inj(M)). Moreover, K., () leaves invariant Vi(v) since K., and
R, )¥(t) commute. Hence, for any fixed ¢ € (0,inj(M)), the subspace Vi(v) extends to
a K-invariant distribution D! on the geodesic sphere S;(p). Thus,

The distributions D; and D, coincide with the vertical and horizontal distributions, re-
spectively, defined by the Hopf fibrations.

Remark 8.2.1. Using Jacobi field theory, one can prove that Vi(v) and Vj(v) are the
eigenspaces of the shape operator S* of Sy(p) in M with corresponding eigenvalues 8: and
(L, respectively. These eigenvalues are given by the following expressions (see e.g. [33,

p. 16]).

gt — —2cot(2t) if ]\:4 is of the compact type, (8.2)
L7 —2coth(2t) if M is of the non-compact type. '
g - cot(t) if ]\:4 is of the compact type, (8.3)

27| —coth(t) if M is of the non-compact type. ’

Notice that 8t # % for every t € (0,inj(M)). Moreover, since the connected group K
acts isometrically on S;(p), the shape operator S* is a K-invariant tensor. Then, D! is an
S'-invariant distribution of S¢(p) and S5, = B Idpy, for each i € {1,2}.
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Remark 8.2.2. If M is of compact type, it is well known that V,(v) ® Rv C T,,M is the
tangent space of a totally geodesic sphere of M isometric to S7""', which we denote by
S™*1(v), where m = rk(D%). This is a so-called Helgason sphere, see [89] and [144].

This implies that DY is an integrable distribution of S;(p) whose integral submanifold
through ~,,(t) = exp(tw), where w € T, M is of unit length, is the intersection of S™*!(w)
with S;(p). Moreover, by Corollary 8.1.2, D! is an autoparallel distribution of S;(p). The
same is true when M is of non-compact type. But in this case Vi(v) @ Ro is the tangent
space at p of a totally geodesic hyperbolic space of M that is isometric to RH™*1(4).

We finish this section with a remark that will be useful in Section §8.4.

Remark 8.2.3. Let M = G/K be a simply connected compact symmetric space with non-
constant sectional curvature and minimal sectional curvature 1. Recall that inj(M) is 7/2.
Let p € M and let M be a complete totally geodesic submanifold of M that contains p.
Then, M is a rank one symmetric space of compact type with inj(M) = 7/2 or a closed
geodesic of length 7.

Let Bf/Q(O) be the Euclidean open ball of T,M of radius 7/2 centered at the origin.
Hence, exp,, : Bf/Q(O) — Br/2(p) is a diffeomorphism, where By s(p) is the open ball of M
with center p and radius 7/2. Now, since inj(M) = 7/2, the points x of M that are in the
complement of mp(Bf/z(O) N T,M) must be at a distance of 7/2 from p in M. Indeed,
if v: [0,7/2] = M is a minimizing unit speed geodesic in M from p to x, we have that =
restricted to [0,7/2) is a minimizing geodesic of M, since M is totally geodesic. Thus, the

distance in M from p to x is /2. This implies that M N Bya(p) = &Xp,(BL,(0) N T,M)
and then M N'S(p) = &P, (BL,(0) N T,M) NSy(p), where ¢ € (0,7/2).

8.3 Reductive decomposition of Hopf-Berger
spheres

In this section we describe a reductive decomposition for each Hopf-Berger sphere.

Recall that {SE{T}»O denotes the family of complex, quaternionic or octonionic Hopf-
Berger spheres of dimension n, according to the value of F € {C,H, OQ}. These are geodesic
orbit spaces, see [175]. This means that every geodesic of Sk, is the orbit of a 1-parameter
subgroup of Isom(Sg ). Furthermore, according to [191], Si admits, for each 7 > 0,
a naturally reductive decomposition when F € {C,H}. However, 565’7 does not admit a
naturally reductive decomposition for most 7 € (0, +00), see [192].

The complex and quaternionic Hopf fibrations are invariant under the action of U,
and Sp,;Sp;, respectively. The complex and quaternionic Hopf-Berger spheres can be
expressed as S?C’fj '=U,;1/U, and S%fj % =Sp,.11/Sp,- Now we will describe the reductive
decomposition for Sg - = G/K, for F € {C, H}, where the Lie groups G and K are as above.
We refer the reader to Section §1.3 for more details on homogeneous spaces and reductive
decompositions. Let g be the Lie algebra of G for F € {C,H}. We denote by Im(x) the
imaginary part of an element x € F and by A* the conjugate transpose of a matrix A with
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entries in F € {C,H}. Then, we consider the following subspaces of g:

EI(%)’ p1:<8 Im%)’ ‘“2:(—?}* 8>’

where z € F, v € F" and Z belongs to u,, or sp,, when F = C or F = H, respectively.
Observe that ¢ is the Lie algebra of K and [€,p;] = 0. On the one hand, p; is spanned by
{X; ?infR =1 Where each X is the matrix filled with zeroes except the last entry, which is
equal to one of the imaginary units 4, j or k, for X, X5 or X3, respectively. On the other
hand, p; is identified with ", and thus, we can consider the set {Y;}7_; of po where Y} is
identified with the j-th element of the canonical basis of F" for F € {C,H}. Furthermore,
the adjoint representation of G restricted to K acts on ps as the standard representation of
U, or Sp,,, depending on whether F is equal to C or H.

Now let F = @. The octonionic Hopf fibration is invariant under the action of Sping
and Sg, = Sping/Spin,. For positive integers i, j, such that i < j < 9, let E;; € sping be
the matrix filled with zeroes except for the entries (4, 7) and (j,7) which are equal to 1 and
—1, respectively. We define the following elements in g = spin,.

Xo = (Ei7 + Eos — Es5 — Eug)
Xy = (Eig — Eos — Ess + Ey7) ,

X1 = (Ei5 + By + E3r + Eug),

X3 = (B3 — Fyy — Es7 + Egg),
)
)

X5 = (Eig — Ey + E3s — Eys), Xo = (B2 + B3y — Ese — Erg)
X7 = (B4 + Eys — Esg — Egr), Y1 = 2E,,

Yy = 2Ey, Y3 = 2E3,

Yy = 2Ey,, Y5 = 2E5,

Ys = 2Ee0, Y7 = 2Er,

Ys = 2FEg

Then, we consider p; and p, as the subspaces of g spanned by {X;}_, and {Y;}5_,, respec-
tively. We define £ as the orthogonal complement of p; ®p, with respect to the Killing form
of g = sping. It turns out that £ = spin, is the Lie algebra of the isotropy K = Spin, for
the action of G = Sping in S&T (cf. [180, p. 476]). Moreover, ¢ acts on p; as the standard
representation of so; = spin; and on p, as the irreducible spin representation of dimension
eight.

To sum up, for each Hopf-Berger sphere S _, it can be checked that (£, p1Dpa] C p1Dps.
Thus, g = €@ p, with p := p; © pa, defines a reductive decomposition for Sz = G/K.

Notice that for each X; € py, the map J: po — py given by Jx,Y := [V, X;] defines
a complex structure in p,. In the following, we simply write J; to denote Jx,, for each
i € {1,...,dimF — 1}. Let m := dimpy/dimF. We consider the unique K-invariant
inner product (-,-) in p such that {Xi/\/F,Y},JiY}}ilij*l’m and {Xi/(Q\/F),Y}}ilij*l’S
are orthonormal bases for p when F € {C,H} and F = O, respectively. Thus, the tangent
space of Si  at a base point o is identified with p as inner product spaces. Furthermore,
p1 and po can be identified with the vertical and horizontal spaces at o € Sg . defined by
the corresponding Hopf fibration, respectively.
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It can be checked that J; is a skew-symmetric endomorphism of p, with respect to
the inner product (-,-), hence J; is an orthogonal complex structure for each subindex
i€{l,...,dimF —1}. On the one hand, if F = H, we have the relations J;.J; = Ji, where
(,7,k) is a cyclic permutation of (1,2,3). On the other hand, if F = O, the relations
among the complex structures {.J;}7_, are given by the labeling of the Fano plane indicated
in Figure 8.2. The Fano plane has 7 points and 7 lines. Each line I contains exactly three
points, and each of these triples has a cyclic ordering shown by the arrows in such a way
that if (7,7, k) are cyclically ordered, and in this case we have J;J;u,y, = Jim,v,, Where
H; Y1 := span{Y1, ;Y1}} .

Remark 8.3.1. Let vy € p; and vy € ps be non-zero elements of lengths r and s, respectively.
Moreover, denote by S;(r) the sphere of radius r of p;, and by Sy(s) the sphere of radius
s of po. If F = O, then K acts polarly on p and its orbits are given by

K- (v1 +v9) = Sq(r) x Sa(s).

When F = H, we can extend the group G = Sp,,; acting transitively on S%{‘j % to the Lie
group G = Sp,,+15Sp; which also acts transitively and isometrically on Sfﬁfj 3. The isotropy
of the action of G at o € S%}?;L?’ is K = Sp,,Sp;- Then K acts polarly on p and its orbits are
given by
K- (Ul + UQ) = 51(7”) X SQ(S).

Now, let F = C and consider K, the disconnected Lie group generated by K and o,
where ¢ is the isometry lying in the isotropy of S%}T_ Uinduced by the standard conjugation
in C". Then, K and K act polarly in p and their orbits are given by

K- (v1 4 v2) = {1} x Sa(s), K- (v1 +v3) = S1(r) x Sa(s).

Figure 8.2: Fano plane with the appropiate labeling.

8.3.1 The curvature tensor of Hopf-Berger spheres

Now we compute the curvature tensor R and the difference tensor D of Sg_ when F €
{C,H}. Notice that D restricted to p; is zero and satisfies DxY = —DyX for every
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X,Y € po. Let Y, Z, W € psy spanning a totally real subspace of po and let (7,7, k) be a
cyclic permutation of (1,2,3). Then, we have

DyX;=7JY, DxY =(r—1)JY, DyJY =-X; D,yJ;¥ =X,

8.4
DyZ =0. (8.4)
By using Equation (1.4), we have for a cyclic permutation (¢, j, k) of (1,2, 3),
R(X;, X; ) =21(1—-7)JkY, R(X;,X;)X;=-X;
R(X;,Y)X; = —7%, R(X;, Y)Y = (1—7)Xy,
RX,Y)X; =7(1-1)JY,  R(X,Y)Y =7X,, @5
R(Y, JY) = (=4 +37)JY, R(Y,JY)Z=2(-1+1)JZ, '
RY,JY)X; =2(1-1)Xs, RY,JLY)JY =(4—-37)Y,
RY,Z)Y = -2Z, R(Y,Z)JY = (=1 +1)J,Z
R(X;, X;)) Xy = R(X;,Y)J,Y = R(X,,Y)Z = R(YY, ;Y)X, = R(Y, J;Y)J;Y (3.6)

= R(Y,Z)X; = R(Y, Z)W =0.

Let us consider Ry : p — p, the Jacobi operator associated with a vector X € p, which is
given by Rx(Y) = R(Y, X)X.

Let X € p; be of unit length. By Equations (8.5) and (8.6), we deduce that Ry
leaves p; and py invariant. Moreover, Rxp,, = 71d,,, and the eigenvalues of Ry, are
1/7 and 0, with multiplicity dimF — 2 and 1, respectively. Let Y € ps be a unit vector.
By Equations (8.5) and (8.6), we deduce that Ry leaves p; and py invariant. Moreover,
Ry|p, = 71d,,, and the eigenvalues of Ry, are 4 — 37, 1 and 0 of multiplicities dimF — 1,
n—2dimF + 1 and 1, respectively.

Now we compute the curvature tensor R and the difference tensor D of Sg,. We have
again that D restricted to p; is zero and satisfies DxY = —Dy X for every X, Y € psy. Let
(,7,k) be an ordered triple contained in a line of the Fano plane, see Figure 8.2. Then,
we have

Dy, X; =21J;Y1, Dx,Y1= (271 -1)J;Y1, Dy, JiY1=-X,/2,

8.7
Dy J;Yi = —X./2. 8.7)
Moreover, by using Equation (1.4), we get
R(X;, X;)X; = s R(X;, X;)Y1 = 871(1 — 7)Ji Y1,
R(X;, Y1)Y1 = R(X3, Y1) X = 47(1 — 7)Jp Y71,
(Xl, Yi)Xl = —47'2}/1, R(XZ, Yl)JJYi = (1 - T)Xk, (88)

R(Y1, JY)X; =2(1 = 1) X, R(YV1,JiY1)Yi = (—4+ 37)J,Y4,
R(Y1, JiY1) Y = (4 — 37)Y,.

R(X;, X;) Xy, = R(X;, Y1) JiY1 = R(Y1, JiY1)X; = R(Y1, JiY1)J;Y1 = 0. (8.9)
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Let X € p; be of unit length. By Equations (8.8) and (8.9), we deduce that Rx leaves
p1 and p, invariant. Moreover, Ry, = 71d,, and the eigenvalues of Rx|,, are 1/7 and 0,
with multiplicity 6 and 1, respectively. Let Y € py be a unit vector. By Equations (8.8)
and (8.9), we have that, Ry leaves p; and p, invariant. Moreover, Ry, = 71d,, and the
eigenvalues of Ry, are 4 — 37 and 0 with multiplicities 7 and 1, respectively.

In Table 8.2 we summarize the pairs (A, m,) of eigenvalues and multiplicities for the
Jacobi operator.

RX RY
(0,1) (1, dim(F) — 1)
(1/7,dim(F) — 2)

(1,n —dim(F) + 1) | (0,1)

P2 (4 — 37, dim(F) — 1)
(1,n —2dim(F) + 1)

P1

Table 8.2: Eigenvalues and multiplicities of the Jacobi operator of Si | associated with unit
vectors X and Y in p; and ps, respectively.

8.3.2 Examples of totally geodesic submanifolds in Hopf-Berger
spheres

In what follows, we provide examples of totally geodesic submanifolds in Hopf-Berger
spheres.

Lemma 8.3.2. Let 3 be a totally geodesic submanifold of Si ., with T # 1. Let ps, C p be
identified with the tangent space of ¥ at o € Sg . Then, if ps Np; # 0 for some i € {1,2},
we have ps; = (ps N p1) © (px N p2).

Proof. Let us identify px C p with the tangent space at o € Sg . of a totally geodesic
submanifold ¥ in SET. If X € pyNp; is a non-zero vector, we have Rxpsy, C py. The
sets of eigenvalues of Ry, and Rxp, have non-trivial intersection if and only if 7 = 1,
see Table 8.2. If Y € py N ps is a non-zero vector, we have Rypy C px. The sets of
eigenvalues of Ry, and Ry, have non-trivial intersection if and only if 7 = 1, see Ta-
ble 8.2. Hence, if there is some non-zero vector X € py N p;, for some i € {1,2}, we have

ps = (ps N p1) ® (ps N p2) when 7 # 1. H

Remark 8.3.3. Now we will discuss some examples of totally geodesic submanifolds of Sg .
Consider the following subspaces (1)r and (2)g of p, where F € {C, H, O}.

(1)c ps =V, where V is a totally real subspace of ps.

(2)c ps =p1 ®V, where V' C ps is totally complex.
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(D px =RX @V, where X € p; and V is a totally complex subspace of py with respect
to Jx, see Section §4.1.

(2)m ps =p1 @V, where V is invariant under Jx for every X € p;.

(1)o ps = span{ X, };er @ H;Y), where I is a line of the Fano plane (see Figure 8.2).
(2)o ps=p1.

It is clear from Equations (8.4-8.9) that these subspaces are invariant under the difference
and curvature tensors. Hence, by Lemma 8.1.4, they induce totally geodesic submanifolds
in Si . Additionally, it can be checked that these subspaces are invariant under U, see
Subsection §1.3.1 for the definition of U.

On the one hand, if we consider Example (1), for each F € {C,H, O}, we have that
ts := [py, px]e is iSomorphic to soy, iy, or sp,Bsp,, where k is the real or complex dimension
of V', respectively. The Lie algebra generated by pyx is gx = €5 @ px, which is isomorphic
t0 §0k11, Ugr1 OF 6Py D sp,, respectively. On the other hand, if we consider Example (2)p,
we have that €y is isomorphic to uy, sp,, or so7, where k is the complex or quaternionic
dimension of V| respectively, and the Lie algebra generated by py is gx = €5 @ py, which is
isomorphic to uy 1, §p;, 1, or s0g. Let Gy, be the connected subgroup of G with Lie algebra
gs. Observe that py is identified with 7,(Gy - 0), and the connected component of the
isotropy of Gy, at 0 € Sg | is Ky, which is the connected Lie subgroup of G with Lie algebra
tx. Now, using Equations (1.2) and (1.3) and the fact that py is invariant under D and
U, we have that the second fundamental form of ¥ = Gy - 0 vanishes at 0. Thus, since X is
an orbit, ¥ is a totally geodesic submanifold of S, and ¥ = exp,(px) by the uniqueness
of complete totally geodesic submanifolds. Hence, these totally geodesic submanifolds are
extrinsically homogeneous submanifolds.

Moreover, by using the Gauss equation, one can compute the curvature of these ex-
amples using Equations (8.4), (8.5), (8.6) and (8.7), (8.8), (8.9), and it turns out that
Example (1)g is isometric, for each F € {C,H, 0}, to S¥, S?C’f;q, or S ., respectively.
Furthermore, Example (2)r is isometric, for each F € {C,H, 0}, to S?c’f: 1 S%{ff&, or ST P
respectively.

Remark 8.3.4. Notice that for 7 # 1 and n > 1, we have the totally geodesic inclusions
57 C s c sy
s, s, s,

for the totally geodesic submanifolds constructed in Remark 8.3.3.

8.4 Totally geodesic submanifolds of Hopf-Berger
spheres

In this section, we will carry out the main efforts toward the classification of totally geodesic
submanifolds of Hopf-Berger spheres.
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8.4.1 Well-positioned totally geodesic submanifolds of
Hopf-Berger spheres

The goal of this subsection is to give a characterization of well-positioned totally geodesic
submanifolds in Hopf-Berger spheres.

Motivated by Lemma 8.1.3, we say that a totally geodesic submanifold ¥ of a Hopf-
Berger sphere Si is well-positioned if T,X = (T, NH,) @ (T, NV,) for every p € M,
where H and V denote the horizontal and vertical distributions of the corresponding Hopf
fibration, respectively.

Remark 8.4.1. Let M be a symmetric space of rank one with minimal absolute value of
its sectional curvature equal to one, and consider for each ¢ € (0,inj(p)) the natural map
h': S(T,M) — Si(p) given by hf(q) := exp,(tq) = 7,(t), where S;(p) is endowed with the
Riemannian metric induced by M. We compute the pull-back metric (-, -)! induced by h
on S(T,,M) at a point ¢ € S(T,M).

Let w € T,S(T,M) and let ¢(s) be a curve in S(7,M) with initial conditions ¢(0) = ¢
and ¢(0) = w. Then h'(c(s)) = ve(s)(t) is a variation of radial geodesics starting at p. Then

RGO = 5 al®) = Jult)

where .J,,(t) is the Jacobi field along ~,(¢) with initial conditions J(0) = 0 and J,,(0) = w.
Hence,

(w,w)" = (Ju(t), Ju(t))-

There are two complementary distributions F; and F, = Fi- (with respect to (-,-)!) on
S(T,M) defined by the eigenspaces associated with the eigenvalues \; = +4 and \; = +1
of the Jacobi operator R,qq of M at p (the plus sign is for the compact case and the minus
sign for the non-compact case). One has that (h').(F;) = Di, for each i € {1,2} (see
Section §8.2 for the definition of D!). Let w; be the parallel vector field along ~, with
initial condition w;(0) = w;. If w; € Fi(q), then J, () = ﬁsin(\/)\_it)ﬁ)i(t) if M is of
compact type, or J,,. (1) = \/+T sinh(y/—\; t)w;(t) if M is of non-compact type. In addition
to that, (Fi, F2)' = 0 and

(wi,wi)t = §sin®(2t) wn]]?,
(wa, wa)" = sin® (t)||wa|?,

if M is of compact type, or

{(wl,wl)t — Lsinh®(2t)|Jur |1?,

(wa, ws)" = sinh? (t)Jwa |,

if M is of non-compact type. Recall that Sk, is a round sphere of constant sectional
curvature equal to 1. Thus, Sg | is homothetic to the geodesic sphere Si(p) via a homothety
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of ratio @ = sin(t) or a = sinh(¢), depending on whether M is of compact or non-compact
type, respectively. Notice that this proves that the radius ¢ of the geodesic sphere and 7
are related by t = arccos(y/7) in the compact setting, as we pointed out in Equation (8.1),
sin?(2t)
4sin?(t)
obtained analogously.

since 7 = = cos?(t); the relation ¢ = arccosh(,/7) in the non-compact setting is

Proposition 8.4.2. Let ¥ be a totally geodesic submanifold of Sg ., 7 # 1, and let M be
the corresponding rank one symmetric space such that Sg . arises as a geodesic sphere of
M centered at p € M. Then, the following statements are equivalent:

i) X is a well-positioned totally geodesic submanifold of Sg .
i) T,% has a vertical or a horizontal non-zero vector for every q € X.
i) T,% is invariant under the shape operator of Si . in M for every q € 2.

iv) X is the intersection of a totally geodesic submanifold M of M containing p € M with
Sk, regarded as a geodesic sphere of M.

Proof. First of all, let us identify Si_ with the geodesic sphere Si(p) of the appropiate
symmetric space M of rank one centered at p € M and t = arccos(y/7), in the compact
case; or t = arccosh(y/7), in the non-compact case, see Equation (8.1).

Now, observe that i) and i) are equivalent by Lemma 8.3.2. Moreover, let us recall
that ¢) and 4ii) are equivalent since the only eigenvalue of the shape operator S* of S;(p)
restricted to the horizontal distribution is different to the only eigenvalue of the shape
operator restricted to the vertical distribution, for every ¢ € (0, inj(p)), see Equations (8.2),
(8.3) and the paragraph below them.

Now, by Corollary 8.1.2 and Remark 8.2.3 the intersection of a totally geodesic sub-
manifold of M that contains p with S;(p) is totally geodesic in S;(p) and its tangent space
is invariant under S*. Hence, iv) implies ).

Let us prove that 4ii) implies ). Let 0 < s,t < inj(p) and consider the map f; :
Si(p) — Ss(p) given by f,(exp,(tv)) = &xp,(sv), for all v € T, M of unit length. Then the
pull-back by fs of the Riemannian metric of S,(p), if M is of the compact type, is given

2.2} on the distribution Df and by the

by modifying the metric on S;(p) by the factor
sin?(s)
sin?(t)
have to be replaced by the corresponding hyperbolic functions). By Remark 8.2.1, if we
sin?(t)
sin?(s)

8.1.3. This shows that X is also totally geodesic with respect to the pull-back metric for
every s € (0,inj(p)). Or equivalently, fs(X) is a totally geodesic submanifold of S,(p).
Furthermore, using that 73, is invariant under the shape operator for every ¢ and that the
integral curves of the outer unit normal vector field to the geodesic spheres are geodesics,
it is standard to show that 3 := Uo<s<injp) f5(X) 1s a totally geodesic submanifold of the
open ball By, (p) which contains a piece of the radial geodesic 7, (t) = exp,(tv). Since a
totally geodesic submanifold of a symmetric space extends to a complete totally geodesic

factor on the distribution D} (in the non-compact case the trigonometric functions

rescale this pull-back metric by a factor of , we are under the assumptions of Lemma
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submanifold, the complete extension 3 of ¥ contains p. By making use of Remark 8.2.3,
we have ¥ = ¥ N S;(p), and it follows that i) implies iv). O

Notice that if dim(¥) > dimF, then 7,¥ has a horizontal non-zero vector for every
p € X. Thus, Proposition 8.4.2 implies the following:

Corollary 8.4.3. Let X be a totally geodesic submanifold of Si . If dim ¥ > dimF, then
Y2 is well-positioned.

Remark 8.4.4. Notice that the intersection of a complete totally geodesic submanifold M
of M passing through p with a geodesic sphere S;(p) of M is a geodesic sphere of M of
radius ¢ > 0. Indeed, let us denote by Sj(p) the geodesic sphere of M of radius ¢t > 0
centered at p. Let us denote by dj; and dj; the distances on M and M induced by the
respective Riemannian metrics. Then,

Sip) "M ={qe M :dy(p,q) =t} ={q€ M :dy(p,q) =t} =Si(p),

where we have used that M is a complete totally geodesic submanifold of M.

Thus, as a consequence of Proposition 8.4.2 and Corollary 8.4.3, we obtain the classi-
fication of totally geodesic submanifolds of S¢. ., for every 7 € (0,00). The classification
when 7 < 1 and F = C was already obtained in [177].

8.4.2 Totally geodesic surfaces of Hopf-Berger spheres

The aim of this subsection is to prove that every totally geodesic surface of a Hopf-Berger
sphere is well-positioned when 7 > 1/2.

Lemma 8.4.5. Let V' be a curvature invariant 2-plane in S&T with 7 # 1. Then, V s

contained in the tangent space of a totally geodesic Sy, in S,

Proof. First of all, using the isotropy of Sg’. (see [180]), we can assume that the 2-plane
V is spanned by X,Y € p, where

X = G1X1/<2\/F) + a2X2/(2\/F) + (13X3/<2\/F> + CL4Y1,
Y =01 X1/ (2V7T) + b2 Xa/(2V7T) + b3 X3/(2v/T) + 04 X4/ (2V/T) + bsY1 + b6 1 Y1,

where we are using the notation of Section §8.3. Let us proceed by contradiction. Then,
we can assume that by # 0, since otherwise, V' is contained in the tangent space of some
totally geodesic submanifold Sg . of S§_, see Remark 8.3.3. Now,

1
_ ﬁm(x, Y)Y, Xg) = —3asbsbs(—1+ 1), (8.10)

0= <R(X, Y)Y, Yé> = 3a1b4b6(—1 + T),

0

since V' is curvature invariant. Thus we either have that bg = 0 or a; = a4 = 0.
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Let us assume that bg = 0. Thus,

0= (R(X,Y)Y,Ys) = 3asbsbs(—1+ 1),
0= <R(X, Y)K Y;O = 3(12()4[)5(-1 + 7'),
0= (R(X,Y)Y,Y2) = —3aibsbs(—1 + 7),

since V' is curvature invariant. Hence, a; = ay = a3 = 0 or b5 = 0. However, in the first
case, V' is contained in the tangent space of some totally geodesic submanifold 51731,7 of 565:7.
Thus, b5 = 0. Observe that we can assume that a4 # 0, since otherwise V' is contained in
the tangent space of some totally geodesic submanifold S]ELT of 55}. Then,

<R(Y, X)X, Yé> = —3a3a4b4(—1 + 7'),
<R(Y, X)X, }/4> = —3a2a4b4(—1 + T),
<R(Y,X)X,Yé> = 3a1a4b4(—1 + 7'),

0
0
0

since V' is curvature invariant. Hence, a; = as = a3 = 0 and V' is contained in the tangent
space of some totally geodesic submanifold Sf . of Sg...
Let us assume that bg # 0. Then, by Equation (8.10), a; = a4 = 0. Moreover,

= <R(X, Y)K Yé) = 364(&3[)5 + a2b6)(—1 + ’7'),
<R<X, Y)K Y4> = 3b4(a2b5 — agb(j)(—l -+ T),

0
0
since V' is curvature invariant. Hence, as = a3 = 0, implying that V' is contained in the
tangent space of some totally geodesic submanifold S . of S, O

Remark 8.4.6. Let V be a 2-plane that is a minimum or a maximum for the sectional
curvature of Sg. at o € S§’.. Hence, by [178, Theorem 4.1], V' is curvature invariant.
Thus, by Lemma 8.4.5, V' is contained in the tangent space of a totally geodesic SIELT in
Sg,- Consequently, Si, has the same pinching as Sf .

Lemma 8.4.7. Let X be a totally geodesic surface in S%f;’g with 7 # 1. Then, if T > 1/2,
we have that Y is well-positioned.

Proof. Let X be a totally geodesic submanifold of dimension two in Sf‘gﬂj 3 and py, its tangent
space at o € ¥ identified with a subspace of p. Using the isotropy of Sﬁlﬂj % (see [180]), we
can assume that py is spanned by the basis {X, Y} given by

X = a1 X1 /VT+ axXo/VT + a3 X3 /T + asYh,
Y =0 X1 /VT+ b2 Xo /T + b3 X3/V/T + biY1 + bs 1 Y1 + bsYa,

where a;,b; € Rfori e {1,...,4} and j € {1,...,6}.

Let us suppose that py; does not contain horizontal or vertical vectors and let us derive
a contradiction. Then, a4 # 0. Moreover, we can assume without loss of generality that
by = 0. If not, {X,Y — by/as X} is also a basis for py, where the second vector projects
trivially over Y;.
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Since py is curvature invariant, and assuming n > 2, we have:

(R(X,Y)Y, J1Ys) = 3(agby — azbs + asbs)(—1 4+ 7)bg,
<R(X, Y)Y, J2Y'2> = 3(&3[)1 — a1b3>(1 — T)b6, (811)
<R(X’ Y)Y" J3Y'2> = 3(a2b1 — albg)(—l + T)b@.

0
0
0

By Proposition 5.1.6 every totally geodesic submanifold of a homogeneous space is intrinsi-
cally homogeneous and every homogeneous space of dimension two has constant sectional
curvature. Then, every covariant derivative of the curvature tensor R restricted to pyx
vanishes. Thus,

0= ((VxR)(Y, X)X, Y1) = —dayajbs/7(—1+ 7).

This implies that a; = 0 or b5 = 0. In the latter case, bg # 0, since otherwise there would
be a vertical vector in py. Thus, n > 2 and by Equation (8.11)

a3b2 — agbg = a3b1 - a1b3 = a2b1 - albg = 0.
Hence, (a1, as,a3) and (by, b, bs) are proportional and there would be a horizontal vector
in Ps.

Now assume that b; # 0 and thus a; = 0. Then,

0= <R(X, Y)YV, JQ}/l> = 3&2()1[95(1 — T),
0= <R(X, Y)Y, J3Yi> = 3@3[)1()5(1 - T).

Thus, by = 0 or as = a3 = 0, but the latter cannot happen because it would imply the
existence of a horizontal vector. Hence, b; = 0. Moreover, we have

0= <<VXR)(Y,X)Y, X1> = 4@4(@2[)2 + CL3b3)b5(—1 + 7')(—1 + 27')
This yields 7 = 1/2 or agbs + asbs = 0. Let us assume that 7 = 1/2. Then,

0= ((VxR)(Y, X)X, Y1) = —V/2aibs,
0= ((VxR)(Y, X)X, J5Y;) = —v2a3bs.

Hence, by = b3 = 0 and we obtain a contradiction due to the existence of a horizontal
vector in py. Now, let us assume that asby + azbs = 0. Then, there exist ;s € R and
¢ € [0,27] such that

as =rcos(p), az=rsin(p), by = —ssin(y), bz = scos(yp).
Thus, we have
0= ((VxR)(Y, X)X, X;) = dasbs(—1 + 7)(ai™ + r*(—=1 + 27)).

Hence, since b5 # 0 and 7 > 1/2, we get a contradiction. O
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Proposition 8.4.8. Let ¥ be a totally geodesic surface in Sg . with T # 1. Then, if F = C,
Y is well-positioned. Moreover, if T > 1/2 and F € {H, O}, ¥ is well-positioned.

Proof. Let us assume that F = C. Then, for dimensional reasons, py has a vertical or
horizontal vector. Hence, the conclusion follows from Proposition 8.4.2.

Let F = H. Then, the result follows from Lemma 8.4.7.

Finally, let F = Q. By Lemma 8.4.5, every totally geodesic surface of S can be totally
geodesic embedded in a totally geodesic Sf; . of Si., which again by Lemma 8.4.7 proves
our result. O

8.4.3 Totally geodesic submanifolds of Hopf-Berger spheres

The purpose of this section is to provide the proof of Theorem A.

Lemma 8.4.9. Let 7 # 1 and v be a geodesic in Sg, = G/K. Then, there exists a totally
geodesic submanifold X of Sg . satisfying that:

i) X is well-positioned.
i) X is isometric to SE. .
iii) ¥ = Gy /Ky, where Gy C G and Ky C K are connected subgroups.

iv) Ks acts non-trivially on ¥ and thus RE = U; and 62 = Uy, where Rg and 62 denote
the quotients of the groups Gy, and Ky by the kernel of their corresponding actions on
>3, respectively.

v) v is contained in X.

Proof. Let us consider the presentation of the Hopf-Berger sphere Si = = G/K given in
Section §8.3 for F € {C,H}. If F = H, we consider the presentation S%ff?’ = G/K given in
Remark 8.3.1. For the sake of simplicity, we write K instead of K along this proof.

Recall that K- (vg + v1) is a principal orbit if vy € p; and vy € ps are both non-zero,
see Section §8.3. Hence, K, 1., fixes the normal space vy, (K- (v9 + v1)). Thus, the set
of vectors fixed by Kyg1., in T,Sg . has dimension 3. Namely, it is generated by v, v and
a vector, let us say wy, in po. Then, the connected component ¥ containing o of the set
of points fixed by K, 1, in Si  is a three-dimensional totally geodesic submanifold of Sg
such that vy € p1NT,YX. Thus, by Lemma 8.3.2, we have that 1,5 = (T,XNp1) D (T,XNps).

Since ¥ is a set of fixed points of a set of isometries, by [14, Lemma 9.1.1], ¥ = Gy /Ky,
where Gy, C G is connected and Ky C K. Then, T;,X = 51 @ 55, where 51 has dimension 1
and is tangent to the vertical subspace V, of the Hopf fibration, and s, has dimension 2 and
is perpendicular to V,. This proves i). Hence, by Proposition 8.4.2, ¥ is the intersection
of a 4-dimensional totally geodesic submanifold M of the appropriate rank one symmetric
space M in which Sg_ is identified with a geodesic sphere of M of radius r € (0, inj(M)).
Then, ¥ is isometric to S(%J since it can be identified with a geodesic sphere of M of
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radius 7, and then Ky, must be connected since ¥ is simply connected and Gy is connected.
This proves ) and ii1).

Now we prove that Ky acts non-trivially. Let Y* be a Killing field induced by an element
Y in the Lie algebra € of the isotropy K of Si  at o. Since the projection of Y|§ coincides
with the restriction to X of another Killing field induced by G which is always tangent to X
(see the proof of [14, Lemma 9.1.1]), we have that Ky, acts trivially on 7,X if and only if Y5,
is orthogonal to Y for every Y € €. Assume that Ky acts trivially and let v € T,3. Then
the Jacobi field given by J(t) = Y7 ) must be always perpendicular to 75, )3, where 7,
denotes the geodesic with initial conditions v,(0) = o € Sg, and 4,(0) = v € T,Si ;. Since
J(0) = 0, we have that J'(0) = V,Y* must be perpendicular to 7,5, where V denotes
the Levi-Civita connection of Sg . Let p be the isotropy representation of K at o. Since
Y € ¢, we have p(Y)v = V, Y™, (see for instance [67, §2.1]). Thus, p(Y)v is perpendicular
to 1,3, for every v € T, and Y € €. Since K acts polarly on 7,5g , we have that
T,> must be contained in the tangent space of a section. However, the sections of the
isotropy representation of Sg_ have dimension two, yielding a contradiction. Then, Ky
acts non-trivially, and since 3 is isometric to S%’T, it follows that 4v) holds.

Since K acts polarly on TOS{F‘J, for any w € TOSg’T there exists k € K such that k,,w €
Voro (K- (vo+v1)) C T,2. Then ko, = Yk, 18 a geodesic contained in . Equivalently,
Y is contained in a totally geodesic S _ in Sg . This proves v). O

We define the slope of a geodesic v in Sg . to be the quotient between the lengths of
the vertical and horizontal projections of the velocity of . This quantity is well defined
for every geodesic since Hopf-Berger spheres are geodesic orbit spaces, see [175]. Moreover,
using the full isotropy representation of Si  described in Remark 8.3.1, it is easy to see
that two geodesics are congruent in Sg - if and only if they have the same slope.

Lemma 8.4.10. Let Sg ., with 7 # 1, and let y be a closed geodesic in Sg .. Then, the set
of possible slopes for v is countable.

Proof. First of all, by Lemma 8.4.9, we can assume that ~ is a closed geodesic of S%’T with
7 # 1. Let us define a naturally reductive decomposition for S%J = Uy /U;. Keeping the
notation in Section §8.3 applied to S%T, we define p] as the one-dimensional subspace of
g = uy spanned by the unit vector

v |0

1
X" =— X1+ (1-271)72), where Z:(O 0

\/F
Hence, it can be checked that g = € ® p™, where p” := p] @ p,, is a naturally reductive
decomposition of S ., for each 7 € (0,00). In particular, every geodesic of S _ is of the
form Exp(sX) - o, for some X € p”. For our purposes, we can assume that o = (0,1) €
S%. C C% Let X := a1Y1 + ap 1Yy + a3 X", where o; € R for every i € {1,2,3} satisfy
S a? =1, and consider the geodesic yx(s) = Exp(sX) - 0. We define the quantities

(2

)Eulcug.

67%(Pﬁ+(7'71)a3)

2P

P::\/a%+a§+7'a§, Q =
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A direct computation shows that
() = QU=1 + €¥P*)(=iay + @), (1+ 3PP + (=1 + €%7%) /o).

If X is vertical, a3 = £1, @y = ay = 0, and we have yx(s) = (O,ejE
horizontal, ag = 0, a2 + a3 = 1 and we have
e—is

vx(s) = 5 (=14 e**)(ag —iay), 1 + ).

Now, let us assume that X has non-trivial projection onto p7 and ps. Then, if vx is
closed,
—14€* =0, and 2PQ =1, forsomes€cR,s#D0.

i v/ (1—a2)+1a2/7(j . :
Hence, ay = DYTULR) ks “ﬂﬁ%), where j € Z\ {0} and k € Z. Since

J(1—-7) J(1=7)
the slope of vx is given by 4/ %, we deduce that the set of possible slopes for vyx is
3
countable. ]

Proposition 8.4.11. Let Sg_, with 7 # 1, and let ¥ be a not well-positioned totally
geodesic submanifold of Sg . with dimension greater or equal than 2. Then there exists
a 2-dimensional totally geodesic submanifold ' of Si . contained in % that is also not
well-positioned.

Proof. Let us assume that 3 is a totally geodesic submanifold of Sg = that is not well-
positioned. We may assume without loss of generality that ¥ is complete, see Theo-
rem 5.2.5. Then, there is some ¢ € ¥ such that 7,2 # (T, X NV,) & (T, N H,). This is
equivalent, by Lemma 8.3.2, to the fact that T,X NV, = {0} = T, X NH,.

Let us assume that ¥ is compact. We prove that every geodesic of ¥ is closed. Let
w € T,;3 and let 7, be a geodesic in Si . that is not closed. Then, by Proposition 8.4.9,
there exists a totally geodesic submanifold N of S, which is the orbit of a subroup Gy
of G, isometric to S such that v, C ¥ N N. Since N is a g.o. space (see [175]), one
has that v, (t) = Exp(tz) - ¢ for some z in the Lie algebra of Gy C G. Since the rank of
the (compact) effectivized presentation group Gy is two and the orbit Exp(tz) - ¢ = Yy (t)
is not compact, the closure of the one-parameter group Exp(¢z) in G N is a 2-dimensional
torus T2. Observe that T?.¢ must be 2-dimensional. Otherwise the 1-dimensional compact
submanifold T2 - ¢ would coincide with the image of 7, and it would be compact. Since
¥ NN must contain T?-¢, we conclude that this intersection is at least 2-dimensional. But
N, by construction, contains a two-dimensional horizontal subspace, that must therefore
intersect non-trivially with 7,(T?- g). Then, T,% contains a non-trivial horizontal vector.
However, by Lemma 8.3.2, this contradicts our assumptions. Then every geodesic of ¥ is
closed since X is intrinsically homogeneous by Proposition 5.1.6. Moreover, every geodesic
of ¥ has the same length. Otherwise, there would be two closed geodesics of > with
different slopes. Notice that these geodesics cannot be vertical, as this would contradict
our assumptions by Lemma 8.3.2. However, by using the continuity of the map that assigns
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to every non-vertical geodesic its slope, and Lemma 8.4.10, we deduce the existence of a
non-closed geodesic in . This yields a contradiction. Thus, all the geodesics of ¥ have
the same length. Since ¥ is intrinsically homogeneous, by [31, Theorem 7.55, p. 196], ¥
is a symmetric space of compact type and rank one. Hence, > admits a totally geodesic
surface ¥’ that cannot be well-positioned, as follows from the assumption that X is not
well-positioned and Lemma 8.3.2. This concludes the proof when ¥ is compact.

Let us assume that 3 is not compact. Then, the projection of a Killing field of Sg . to
Y is a Killing field of X (see the proof of Proposition 5.1.6), which is bounded as Sg  is
compact. Since there is a projected Killing field in any direction tangent to X, we conclude
that b- ¢ =T,%, where b denotes the ideal of bounded intrinsic Killing fields of . Let B
be the (transitive) Lie subgroup of isometries of ¥ associated with b. By making use of
[133, Theorem 1.3|, one has that B = HA (almost direct product) where H, if non-trivial,
is compact semisimple and A is abelian.

Let us prove that A is closed in Isom(X). Let a be the Lie algebra of the closure of A
in Isom(X) and ¢ € ¥. Then, since [b, a] = 0, we have

X 11 = 1lg-X gl = [I(Ad(9) X ) gq) Il = 1| X g

for every g € B and X € a. Hence, X* is a Killing vector field of constant length and thus
bounded since B acts transitively on .

If the normal subgroup H is non-trivial, then the orbits of H in 3 define a B-invariant
foliation. Since Sg, is a g.o. space, then X is a g.o0. space with respect to the presentation
B/B,, where B, is the isotropy of B at q.

Let us prove that H-q is a totally geodesic submanifold of >. Notice that X € b induces
a Killing vector field of ¥ that projects to a vector field X in the quotient H \ ¥ given by
the orbits of the action of H on ¥. Then, if X, € T,(H - ¢), we have

W*h(q)Xh(q) = Xﬂ'(h(q)) = Xﬁ(q) = W*qu =0 for every h e H,

where 7: ¥ — H\ ¥ denotes the quotient map. Then the restriction of X to H- ¢ is always
tangent to H - g. Hence, Exp(tX - q) € H- g for every ¢t € R. This implies that H - ¢ is a
totally geodesic submanifold of ¥ since ¥ is g.o. with respect to the presentation B/B,.
We claim that H - ¢ is a totally geodesic compact submanifold of ¥ of dimension at
least 2. Indeed, H - ¢ cannot have dimension zero since a normal subgroup of B cannot
be contained in B, because . If H - ¢ has dimension one, then H, has codimension one in
H, and then it is a normal subgroup of H since H, is compact semisimple. This yields a
contradiction with the fact that H is semisimple since then H would have a 1-dimensional
abelian normal subgroup. Then, since we have already tackled the compact case, we are
done. So we may assume that H is trivial. Then A-q = X, and X is flat with dimension at
least 2. Then X has a totally geodesic flat submanifold ¥ of dimension 2 passing through
q that is not well-positioned. This completes the proof. ]

We are now in a position to prove Theorem A.
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Proof of Theorem A. First of all, notice that every totally geodesic submanifold ¥ of di-
mension d > 2 of a Hopf-Berger sphere Sg , where 7 > 1/2, is well-positioned. Otherwise,
by Proposition 8.4.11, 3 would contain a totally geodesic surface that is not well-positioned,
and this cannot happen by Proposition 8.4.8. Let us identify S{F‘J with a geodesic sphere
S(p) centered at some point p of a rank one symmetric space M. The intersection of a
geodesic sphere S(p) of a symmetric space of rank one M with a complete totally geodesic
submanifold M passing through p € M is a geodesic sphere of M (see Remark 8.4.4).
Hence, the intersection of S(p) with a complete totally geodesic submanifold M of M of
dimension d’ > 3 containing p has dimension d’ — 1. Thus, it follows by Proposition 8.4.2
that i) and i) are equivalent.

Furthermore, two totally geodesic submanifolds ¥; and ¥ of S(p) of dimension d > 2
are congruent if and only if they are the intersection of S(p) with congruent totally geodesic
submanifolds M; and M, of M, since the isotropy of M at p is equal to Isom(Sg ) (see
Corollary 8.5.2 and the paragraph just above it). Hence, by using the classification of
totally geodesic submanifolds (up to congruence) in symmetric spaces of rank one (see
Figure 1) we obtain the classification in Table 8.1. [

8.5 The index of symmetry of Hopf-Berger spheres

In this section we compute the index of symmetry of Hopf-Berger spheres. In [84], a
symmetry of Sg - was defined as an isometry of Sg; that maps fibers to fibers of the Hopf
fibration corresponding to Si . According to [84] the groups of symmetries for S%”f Y S4"Jr3
and S, are

Un+1 X Z?a Sanrl XZs Sp17 and Spin97 (812)

respectively.
Notice that every symmetry of Si  is an isometry of Sg_. The next lemma proves the
converse.

Lemma 8.5.1. Every isometry of Sg ., where T # 1, is a symmetry.

Proof. Since the group G of symmetries of Sg _ acts transitively on Sg _, it suffices to show
that the full isotropy group Isom(Sg,),, at certain p € Sg ., leaves the leaf F(p) of the
Hopf foliation at p invariant.
Let (+)° denote the connected component containing the identity of a Lie group. Since
%, is simply connected, the stabilizers of G° and Isom(Sg,)? at p € S are connected.
Assume that (G°), is properly contained in (Isom(Sg )°),. Then, either (Isom( 2)%), has
the same orbits as (G°),, or it is transitive on the unit sphere of T,Sg _, since (G%), acts with
codimension 2 on T,,S¢ _. In the first case, (Isom(Sg .)?), leaves invariant V, = T,F (p ) and
hence also the totally geodesic fiber F'(p) of the Hopf fibration. In the second case, Sg . is a
two-point homogeneous space and therefore Sg  is a rank-one symmetric space, yleldmg a
contradiction with the fact that there are non-closed geodesics in Si . (see Lemma 8.4.10).
This proves that (Isom(Sg,)%), leaves invariant the leaf F'(p) of the Hopf foliation at p.
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Now let us prove that the same happens for Isom( ﬁ}T)p. The isotropy representa-
tion of (Isom(Sg ;)°),, which is equal to (G°),, has two inequivalent irreducible modules
(see Remark 8.3.1), any of which must be preserved by Isom(Sg )y, since (Isom(Sg )°), is
a normal subgroup of Isom(Sg ,),. Then, T),F(p) is invariant under the action Isom(Sg ,),,
and thus F'(p) is invariant by Isom(Sg ). O

As a consequence of Lemma 8.5.1, since the symmetry group of Sg _ is isomorphic to the
isotropy of the symmetric space of rank one where Sg  is embedded as a geodesic sphere
(see Equation (8.12)), we obtain the following:

Corollary 8.5.2. The isometry groups for the Hopf-Berger spheres Si ., when T # 1, are:
Isom(S%}TH) = Upq1 X Zo, Isom(ngfj?)) > Sp,1 Xz, Spy, Isom(Sg.) = Sping.

Proof Theorem B. Let ngj ' = U,41/U,, which is a naturally reductive space for every
7 > 0, see [191]. The group G of transvections with respect to the canonical connection
V¢ is a transitive normal connected subgroup of U, 1, see [119, Theorem I1.25]. Then,
it must be either G = U,;; or G = SU,,;1. In any case, the dimension of the subspace
of vectors fixed by the isotropy group is one-dimensional. Then, by [146, Theorem B,
indg(SEH) = 1.

Let S%’:‘f’ = 5p,,.+15p1/Sp,Sp;, which is a naturally reductive space, see [191]. The
group G of transvections with respect to V¢, being a transitive normal connected subgroup
of Sp,,,Sp;, must be either G = Sp,,.,Sp; or G = Sp,,;. In the first case, the isotropy
does not fix any non-zero vector, and thus inds(S%{L: %) = 0. In the latter case, the space
is also naturally reductive with respect to the presentation Sp,,,/Sp,. But in this case,
the only naturally reductive metric is the normal homogeneous metric, up to rescaling,
since Sp,, is simple and there are no isotypical components in the isotropy representation.
This normal homogeneous metric corresponds to 7 = 1/2 since the tensor U associated
with this presentation vanishes if and only if 7 = 1/2, see Section §1.3 and Section §8.3.
Observe that, in this case, the dimension of the space of vectors fixed by the isotropy Sp,,
is 3. Thus, by [146, Theorem B], we have indg(S%[’?j?’) =3if 7 =1/2; and indS(Sf‘;f;FS) =0,
otherwise.

Let 55?7 = Sping/Spin;. By Corollary 8.5.2, the isometry group of this space is Spin,.
The symmetry subspace s, at the base point o is a Spin;-invariant subspace. So, if non-
trivial, it must be either p; or p,. Since the symmetry distribution is integrable, one has
that s, = p; if 5, # {0}. Then the leaf of symmetry at o must be Sping - 0 = Sping/Spin,.
Observe that sping = spin.@p; is the Cartan decomposition of a leaf of symmetry at o. Let
X € sping = R(Sg,) be a non-zero transvection with respect to the Levi-Civita connection
V of S§, at 0. Then, X restricted to the leaf of symmetry Sping - 0 must be an intrinsic
transvection of Sping -0 at 0. This implies that X € p;. But, using Equation (1.2), we have
(VX), =0 if and only if 7 = 1/2. Hence, 5, = {0} if 7 # 1/2, and s, = p; when 7 = 1/2.
Consequently, indg(Sg’,) = 0 for every 7 # 1/2, and indg(SElp) =7. O






Conclusions

The first contribution of this thesis is the construction of an example of a non-isoparametric
hypersurface with constant principal curvatures. This is presented in Chapter 2. In par-
ticular, we have deduced the following:

e There exist conformally flat Riemannian metrics on compact and non-compact mani-
folds that admit non-isoparametric hypersurfaces with constant principal curvatures.

The second contribution of this thesis is the classification of cohomogeneity one actions
on quaternionic hyperbolic spaces. This is presented in Chapter 4. In particular, we have
obtained the following results:

e The classification of protohomogeneous subspaces of quaternionic Euclidean vector
spaces H".

e The classification of homogeneous hypersurfaces in HH™, up to isometric congruence.

e The existence of uncountable families of inhomogeneous isoparametric hypersurfaces
with constant principal curvatures in HH" with n > 8. To our knowledge, these
isoparametric families constitute the only such examples known in Riemannian mani-
folds, apart from the celebrated Ferus, Karcher and Miinzner hypersurfaces in spheres
and an example in the Cayley hyperbolic plane.

The third contribution of this thesis deals with the classification of totally geodesic
submanifolds in products of rank one symmetric spaces. This is presented in Chapter 6.
In particular, we have obtained the following:

e A correspondence between semisimple totally geodesic submanifolds in products of
rank one symmetric spaces and adapted Young tableaux.

The fourth contribution of this thesis is the construction of infinitely many examples
of totally geodesic submanifolds with non-trivial constant Kahler angle in complex Grass-
mannians. This is presented also in Chapter 6. In particular, this implies the following:

e Every rational number in [0, 1] can be realized as the cosine of the Kéhler angle of
a totally geodesic submanifold in an irreducible Hermitian symmetric space for a
sufficiently large rank.
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The fifth contribution of this thesis deals with the classification of maximal totally
geodesic submanifolds in exceptional symmetric spaces. This is presented in Chapter 7. In
particular, we have achieved the following:

e The classification of maximal totally geodesic submanifolds in exceptional symmetric
spaces.

e We have introduced the notion of Dynkin index, which allows us to distinguish the
isometry type of totally geodesic embeddings of semisimple symmetric spaces.

e We have proved that every irreducible semisimple symmetric space admits a totally
geodesic submanifold realizing the index and whose irreducible factors have Dynkin
index equal to one.

e We have listed 168 isometric classes of maximal totally geodesic submanifolds in
exceptional symmetric spaces. There are 80 that are reflective and 88 that are not.

The sixth contribution of this thesis deals with the classification of totally geodesic
submanifolds in Hopf-Berger spheres. This is presented in Chapter 8. In particular, we
have proved the following:

e Every complete totally geodesic submanifold with dimension d > 2 of a Hopf-Berger
sphere Sy, 7 > 1/2, is obtained as the intersection of the Hopf-Berger sphere re-
garded as a geodesic sphere of the corresponding rank one symmetric space M and
a totally geodesic submanifold M of M passing through the center of SF .

e Two totally geodesic submanifolds of dimension d > 2 in Sg _, 7 > 1/2, are congruent
if and only if they are isometric.

e The index of symmetry of Sy with 7 # 1 is given by:

if F=Hor O and 7 # 1/2,
if F=C,

if F=H and 7 = 1/2,

if F =0 and 7 =1/2.

inds(Sg ) =

~N W = O
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There are still many open problems and questions in view of the above conclusions.
Some of these questions are directly related to the above commented results.

Open problems:

(1)

The known classification results and examples of isoparametric hypersurfaces or hy-
persurfaces with constant principal curvatures occur in spaces with a lot of sym-
metries. Do isoparametric hypersurfaces or hypersurfaces with constant principal
curvatures exist for generic metrics?

The existence of non-isoparametric hypersurfaces with constant principal curvatures
in Riemannian manifolds was addressed in Chapter 2. Are there such examples in
symmetric spaces?

A problem that seems to be completely out of scope of the current techniques available
in the area would be to complete Tables 2.1 and 2.2. The easiest case seems to be
the classification of isoparametric hypersurfaces with constant principal curvatures in
HP™. We conjecture that these hypersurfaces should be open parts of homogeneous
hypersurfaces.

Despite all the efforts in Chapter 4, we have not achieved a complete classification
of subspaces with constant quaternionic Kahler angle. We conjecture that there are
no more examples of non-protohomogeneous subspaces with constant quaternionic
Kahler angle than the ones described in Section §4.5. In order to show this, one
should prove a version of Corollary 4.3.2 where the hypothesis of protohomogeneity
is substituted by the weaker assumption of constant quaternionic Kahler angle.

Continue the classification of cohomogeneity one actions in symmetric spaces of non-
compact type and higher rank. This looks like a really hard problem. One should
derive new ideas to get a better understanding of the nilpotent construction. A more
systematic approach using representation theory and the classification of connected
groups acting effectively and transitively on the spheres (see [136]) could give new
insights into this problem.

In Section §6.3 it was proved that every rational number in [0, 1] can be realized as
the cosine of the Kahler angle of a totally geodesic submanifold in an irreducible
Hermitian symmetric space. Are there examples of totally geodesic submanifolds
with constant Kahler angle in an irreducible Hermitian symmetric space such that
the cosine of its Kahler angle is not rational?

Wolf spaces are symmetric spaces that are quaternionic Kéahler. It makes sense to
study the quaternionic Kahler angle of totally geodesic submanifolds in Wolf spaces
with constant quaternionic Kahler angle. It is worth noticing that totally geodesic
submanifolds in Wolf spaces with constant quaternionic Kéahler angle (0,7/2,7/2)
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(10)

were classified in [188]. Is there a totally geodesic submanifold with non-trivial con-
stant quaternionic Kahler angle in a Wolf space? By non-trivial here we mean dif-
ferent from the triples:

(0,p,0) or (p,7/2,7/2), with ¢ € [0,7/2].

In Chapter 7 we introduce the Dynkin index as an invariant for totally geodesic
embeddings of semisimple symmetric spaces in irreducible symmetric spaces. This
invariant measures when two totally geodesic embeddings are isometric. Is it possible
to define an invariant that determines when two totally geodesic submanifolds are
congruent?

Derive sufficient conditions for a homogeneous space to satisfy that all its totally
geodesic submanifolds are orbits of some subgroup of the isometry group.

In Chapter 8 we compute the index of symmetry of Hopf-Berger spheres, which
provides nice examples of non-symmetric homogeneous spaces of positive curvature.
We pose the problem of computing the index of symmetry of homogeneous spaces
with positive curvature.



Bibliography

[1] U. Abresch, Isoparametric hypersurfaces with four or six distinct principal curva-
tures. Necessary conditions on the multiplicities, Math. Ann. 264 (1983), no. 3,
283-302.

[2] A. D. Aleksandrov, Uniqueness theorems for surfaces in the large. V, Amer. Math.
Soc. Transl. (2) 21 (1962), 412-416.

[3] D. V. Alekseevsky, Riemannian spaces with unusual holonomy groups, Funkcional.
Anal. i Prilozen 2 (1968) no. 2, 1-10.

[4] D. V. Alekseevsky, A. J. Di Scala, Minimal homogeneous submanifolds of symmetric
spaces, Lie groups and symmetric spaces. Amer. Math. Soc. Transl. Ser. 2 210
(2003), 11-25.

[5] M. Alexandrino, R. Bettiol, Lie Groups and Geometric Aspects of Isometric Actions.
Springer-Verlag, Berlin, 2015.

[6] A. Arvanitoyeorgos, An introduction to Lie groups and the geometry of homoge-
neous spaces. Student Mathematical Library, 22. American Mathematical Society,
Providence, RI, 2003.

[7] M. F. Atiyah, R. Bott, A. Shapiro, Clifford modules, Topology 3 (1964) suppl. 1,
3-38.

[8] U. Bader, D. Fisher, N. Miller, M. Stover, Arithmeticity, superrigidity, and totally
geodesic submanifolds, Ann. of Math. (2) 193 (2021), no. 3, 837-861.

[9] U. Bader, D. Fisher, N. Miller, M. Stover, Arithmeticity, superrigidity and totally
geodesic submanifolds of complex hyperbolic manifolds, arXiv:2006.03008v1.

[10] M. Berger, Sur les groupes d’holonomie homogene des variétés a connexion affine
et des variétés riemanniennes, Bull. Soc. Math. France 83 (1955), 279-330.

[11] J. Berndt, Real hypersurfaces with constant principal curvatures in complex hyper-
bolic space, J. Reine Angew. Math. 395 (1989), 132-141.

[12] J. Berndt, Real hypersurfaces in quaternionic space forms, J. Reine Angew. Math.
419 (1991), 9-26.

179



180

Bibliography

[13]

[14]

[15]

[16]

[17]

[18]

[25]

[26]

[27]

J. Berndt, M. Briick, Cohomogeneity one actions on hyperbolic spaces, J. Reine
Angew. Math. 541 (2001), 209-235.

J. Berndt, S. Console, C. Olmos, Submanifolds and holonomy. Second edition,
Monographs and Research Notes in Mathematics, CRC Press, Boca Raton, FL,
2016.

J. Berndt, J. C. Diaz-Ramos, Real hypersurfaces with constant principal curvatures
in complex hyperbolic spaces, J. London Math. Soc. (2) 74 (2006), no. 3, 778-798.

J. Berndt, J. C. Diaz-Ramos, Real hypersurfaces with constant principal curvatures
in the complex hyperbolic plane, Proc. Amer. Math. Soc. 135 (2007), no. 10, 3349—
3357.

J. Berndt, J. C. Diaz-Ramos, Homogeneous hypersurfaces in complex hyperbolic
spaces, Geom. Dedicata 138 (2009), 129-150.

J. Berndt, J. C. Diaz-Ramos, H. Tamaru, Hyperpolar homogeneous foliations on
symmetric spaces of noncompact type, J. Differential Geom. 86 (2010), no. 2, 191—
235.

J. Berndt, M. Dominguez-Véazquez, Cohomogeneity one actions on some noncom-
pact symmetric spaces of rank two, Transform. Groups 20 (2015), no. 4, 921-938.

J. Berndt, C. Olmos, Maximal totally geodesic submanifolds and index of symmetric
spaces, J. Differential Geom. 104 (2) (2016), 187-217.

J. Berndt, C. Olmos, The index of compact simple Lie groups, Bull. Lond. Math.
Soc. 49 (2017), 903-907.

J. Berndt, C. Olmos, On the index of symmetric spaces, J. Reine Angew. Math.
737 (2018), 33-48.

J. Berndt, C. Olmos, J. S. Rodriguez, The index of exceptional symmetric spaces,
Rev. Mat. Iberoam. 37 (4) (2020) 1599-1627.

J. Berndt, C. Olmos, The index conjecture for symmetric spaces, J. Reine Angew.
Math. 2021 (772) (2021), 187-222.

J. Berndt, C. Olmos, S. Reggiani, Compact homogeneous Riemannian manifolds
with low coindex of symmetry, J. Fur. Math. Soc. 19 (2017), no. 1, 221-254.

J. Berndt, H. Tamaru, Homogeneous codimension one foliations on non-compact
symmetric spaces, J. Differential Geom. 63 (2003), no. 1, 1-40.

J. Berndt, H. Tamaru, Cohomogeneity one actions on noncompact symmetric spaces
with a totally geodesic singular orbit, Tohoku Math. J. (2) 56 (2004), no. 2, 163-177.



Bibliography 181

28]

[29]

[30]

[31]

32]

33]

[34]

[35]

[36]

[37]

[40]

[41]

[42]

[43]

J. Berndt, H. Tamaru, Cohomogeneity one actions on non-compact symmetric
spaces of rank one, Trans. Amer. Math. Soc. 359 (2007), no. 7, 3425-3438.

J. Berndt, H. Tamaru, Cohomogeneity one actions on symmetric spaces of noncom-
pact type, J. Reine Angew. Math. 683 (2013), 129-159.

J. Berndt, F. Tricerri, L. Vanhecke, Generalized Heisenberg groups and Damek-
Ricci harmonic spaces. Lecture Notes in Mathematics 1598, Springer-Verlag, Berlin,
1995.

A. L. Besse, Manifolds all of whose geodesics are closed. Springer-Verlag, Berlin-New
York, 1978.

A. L. Besse, Finstein manifolds. Reprint of the 1987 edition, Classics in Mathemat-
ics, Springer-Verlag, Berlin, 2008.

R. Bettiol, E. Lauret, P. Piccione, Full Laplace spectrum of distance spheres in sym-
metric spaces of rank one. To appear in Bull. Lond. Math. Soc, arXiv:2012.02349.

C. Bohm, Inhomogeneous Einstein metrics on low-dimensional spheres and other
low-dimensional spaces, Invent. Math. 134 (1998), no. 1, 145-176.

C. Bohm, R. Lafuente, M. Simon, Optimal curvature estimates for homogeneous
Ricci flows, Int. Math. Res. Not. 2019 (2019), 4431-4468.

J. Bolton, G. R. Jensen, M. Rigoli, L. M. Woodward, On conformal minimal im-
mersions of S? into CP™, Math. Ann. 279 (1988), no. 4, 599-620.

A. Borel, J. de Siebenthal, Les sous-groupes fermés de rang maximum des groupes
de Lie clos, Comment. Math. Helv. 23 (1949), 200-221.

A. Borel, Le plan projectif des octaves et les spheéres comme espaces homogenes,
C. R. Acad. Sc. Paris 230 (1950), 1378-1380.

M. Briick, Equifocal families in symmetric spaces of compact type, J. Reine Angew.
Math. 515 (1999), 73-95.

R. L. Bryant, R. Harvey, Submanifolds in hyper-Kahler geometry, J. Amer. Math.
Soc. 2 (1989), no. 1, 1-31.

R. L. Bryant, Metrics with exceptional holonomy, Ann. of Math. (2) 126 (1987),
no. 3, 525-576.

G. Calvaruso, M. Castrillon-Loépez, Pseudo-Riemannian homogeneous structures.
Developments in Mathematics, 59. Springer, Cham, 2019.

E. Cartan, Sur une classe remarquable d’espaces de Riemann, Bull. Soc. Math.
France, 54 (1926), 214-264.



182

Bibliography

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

E. Cartan, Familles de surfaces isoparamétriques dans les espaces a courbure con-
stante, Ann. Mat. Pura Appl. IV.s. 17 (1938), 177-191.

T. E. Cecil, Q.-S. Chi, G. R. Jensen, [soparametric hypersurfaces with four principal
curvatures, Ann. of Math. (2) 166 (2007), no. 1, 1-76.

T. E. Cecil, G. R. Jensen, Dupin hypersurfaces with three principal curvatures,
Invent. Math. 132 (1998), no. 1, 121-178.

T. E. Cecil, P. J. Ryan, Geometry of hypersurfaces. Springer Monographs in Math-
ematics. Springer, New York, 2015.

B. Chen, T. Nagano, Totally geodesic submanifolds of symmetric spaces, 1, Duke
Math. J. 44 (4) (1977), 745-755.

B. Chen, T. Nagano, Totally geodesic submanifolds of symmetric spaces, II, Duke
Math. J. 45 (2) (1978), 405-425.

Q.-S. Chi, Isoparametric hypersurfaces with four principal curvatures, 11, Nagoya
Math. J. 204, (2011), 1-18.

Q.-S. Chi, Isoparametric hypersurfaces with four principal curvatures, III, J. Dif-
ferential Geom. 94 (2013), no. 3, 469-504.

Q.-S. Chi, Isoparametric hypersurfaces with four principal curvatures, IV, J. Dif-
ferential Geom. 115 (2020), no. 2, 225-301.

U. Christ, Homogeneity of equifocal submanifolds, J. Differential Geom. 62 (2002),
no. 1, 1-15.

J. Dadok, Polar coordinates induced by actions of compact Lie groups, Trans. Amer.
Math. Soc. 288 (1985), no. 1, 125-137.

M. Dajczer, R. Tojeiro, Submanifold theory. Beyond an introduction. Universitext.
Springer, New York, 2019.

J. E. D’Atri, Certain isoparametric families of hypersurfaces in symmetric spaces,
J. Differential Geometry 14 (1979), no. 1, 21-40.

W. A. de Graaf, A. Marrani, Real forms of embeddings of maximal reductive sub-
algebras of the complex simple Lie algebras of rank up to 8, J. Phys. A 53 (2020),
no. 15 13 pp.

J. C. Diaz-Ramos, Proper isometric actions, arXiv:0811.0547v1.

J. C. Diaz-Ramos, M. Dominguez-Vazquez, Non-Hopf real hypersurfaces with con-
stant principal curvatures in complex space forms, Indiana Univ. Math. J. 60 (2011),
no. 3, 859-882.



Bibliography 183

[60]

[61]

[62]

[63]

[68]

[69]

[70]

[71]

[72]

73]

J. C. Diaz-Ramos, M. Dominguez-Vazquez, Isoparametric hypersurfaces in Damek-
Ricci spaces, Adv. Math. 239 (2013), 1-17.

J. C. Diaz-Ramos, M. Dominguez-Vazquez, A. Kollross, Polar actions on complex
hyperbolic spaces, Math. Z. 287 (2017), no. 3-4, 1183-1213.

J. C. Diaz-Ramos, M. Dominguez-Vazquez, T. Otero, Cohomogeneity one actions
on symmetric spaces of noncompact type and higher rank, arXiv:2202.05138.

J. C. Diaz-Ramos, M. Dominguez-Vazquez, A. Rodriguez-Vazquez, Homogeneous
and inhomogeneous isoparametric hypersurfaces in rank one symmetric spaces, J.

Reine Angew. Math. 779 (2021), 189-222.

J. C. Diaz-Ramos, M. Dominguez-Véazquez, V. Sanmartin-Loépez, Isoparametric hy-
persurfaces in complex hyperbolic spaces, Adv. Math. 314 (2017), 756-805.

J. C. Diaz-Ramos, M. Dominguez-Vazquez, V. Sanmartin-Lépez, Submanifold ge-
ometry in symmetric spaces of noncompact type, Sao Paulo J. Math. Sci., Special
Volume, 2019, 1-36.

A. J. Di Scala, C. Olmos, A geometric proof of the Karpelevich-Mostow the-
orem, Bull. Lond. Math. Soc. 41 (4) (2009), 634-638. Corrigendum, 2011:
arXiv:1104.0892.

A. J. Di Scala, C. Olmos, F. Vittone, Homogeneous Riemannian manifolds with
non-trivial nullity, Transform. Groups 27 (2022), no. 1, 31-72.

M. Dominguez-Vazquez, Isoparametric foliations on complex projective spaces,
Trans. Amer. Math. Soc. 368 (2016), no. 2, 1211-1249.

M. Dominguez-Vazquez, C. Gorodski, Polar foliations on quaternionic projective
spaces, Tohoku Math. J. (2) 70 (2018), no. 3, 353-375.

M. Dominguez-Vazquez, V. Sanmartin-Lopez, H. Tamaru, Codimension one Ricci
soliton subgroups of solvable Iwasawa groups, J. Math. Pures Appl. 152 (2021),
69-93.

M. Dominguez-Vazquez, O. Pérez-Barral, Ruled hypersurfaces with constant mean
curvature in complex space forms, J. Geom. Phys. 144 (2019), 121-125.

J. Dorfmeister, E. Neher, [soparametric hypersurfaces, case g = 6, m = 1, Commun.
Algebra 13 (1985), 2299-2368.

E. B. Dynkin, The maximal subgroups of the classical groups (Russian), Tr. Mosk.
Mat. Obs 1 (1952), 39-166; English translation: Amer. Math. Soc. Transl. Ser. 2,
6 (1957), 245-378.



184

Bibliography

[74]

[75]

[76]

[77]

78]

E. B. Dynkin, Semisimple subalgebras of semisimple Lie algebras (Russian), Mat.
Sb. 72 (2) (1952), 349-462; English translation: Amer. Math. Soc. Transl. Ser. 2,
6 (1957), 111-244.

P. B. Eberlein, Geometry of nonpositively curved manifolds. Chicago Lectures in
Mathematics, University of Chicago Press, Chicago, IL, 1996.

J. Eschenburg, New examples of manifolds with strictly positive curvature, Invent.
Math. 66 (1982), no. 3, 469-480.

J. Eschenburg, Lectures notes on symmetric spaces. Available online at
https://myweb.rz.uni-augsburg.de/ eschenbu/symspace.pdf (June 2022).

D. Ferus, H. Karcher, H. F. Miinzner, Cliffordalgebren und neue isoparametrische
Hyperflichen, Math. Z. 177 (1981), no. 4, 479-502.

L. Foscolo, M. Haskins, New Gy-holonomy cones and exotic nearly Kahler structures
on S% and S* x S3, Ann. of Math. (2) 185 (2017), no. 1, 59-130.

T. Frankel, Manifolds with positive curvature, Pacific J. Math. 11 (1961), 165-174.

T. Frankel, On the fundamental group of a compact minimal submanifold, Ann. of

Math. (2) 83 (1966), 68-73.

J. Ge, Z. Tang, Geometry of isoparametric hypersurfaces in Riemannian manifolds,
Asian J. Math. 18 (2014), no. 1, 117-125.

J. Ge, Z. Tang, W. Yan, A filtration for isoparametric hypersurfaces in Riemannian
manifolds, J. Math. Soc. Japan, 67 (2015), no. 3, 1179-1212.

H. Gliick, F. Warner, W. Ziller, The geometry of the Hopf fibrations, Enseign. Math.
(2) 32 (1986), no. 3-4, 173-198.

A. Gray, L. M. Hervella, The sixteen classes of almost Hermitian manifolds and
their linear invariants, Ann. Mat. Pura Appl. (4) 123 (1980), 35-58.

A. Gray, Tubes. Progress in Mathematics 221, Birkhduser Basel, Boston, (2004).

D. Gromoll, K. Grove, The low-dimensional metric foliations of Euclidean spheres,
J. Differential Geom. 28 (1988), 143-156

E. Heintze, X. Liu, Homogeneity of infinite-dimensional isoparametric submanifolds,
Ann. of Math. (2) 149 (1999), no. 1, 149-181.

S. Helgason, Totally geodesic spheres in compact symmetric spaces, Math. Ann.
165 (1966), 309-317.



Bibliography 185

[90]

[91]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

S. Helgason, Differential geometry, Lie groups, and symmetric spaces. Corrected
reprint of the 1978 original. Graduate Studies in Mathematics, 34, American Math-
ematical Society, Providence, RI, 2001.

S. Helgason, Geometric analysis on symmetric spaces. Second edition. Mathemati-
cal Surveys and Monographs, 39. American Mathematical Society, Providence, RI,
2008.

W. Y. Hsiang, On soap bubbles and isoperimetric regions in noncompact symmetric
spaces, I, Tohoku Math. J. (2) 44 (1992), no. 2, 151-175.

W. T. Hsiang, W. Y. Hsiang, On the uniqueness of isoperimetric solutions and
imbedded soap bubbles in noncompact symmetric spaces, I, Invent. Math. 98 (1989),
no. 1, 39-58.

W.-Y. Hsiang, H. B. Lawson Jr., Minimal submanifolds of low cohomogeneity, J.
Differential Geom. 5 (1971), 1-38.

S. Thara, Holomorphic imbeddings of symmetric domains, J. Math. Soc. Japan 19
(1967), 261-302.

O. Ikawa, H. Tasaki, Totally geodesic submanifolds of maximal rank in symmetric
spaces, Jpn. J. Math. New series 26 (1) (2000), 1-29.

S. Immervoll, On the classification of isoparametric hypersurfaces with four distinct
principal curvatures in spheres, Ann. of Math. (2) 168 (2008), no. 3, 1011-1024.

K. Iwasawa, On Some Types of Topological Groups, Ann. of Math. (2) 50 (1949),
507-558.

K. Iwata, Classification of compact transformation groups on cohomology quater-
nion projective spaces with codimension one orbits, Osaka J. Math. 15 (1978),
475-508.

K. Iwata, Compact transformation groups on rational cohomology Cayley projective
planes, Tohoku Math. J. (2) 33 (1981), 429-442.

H. A. Jaffee, Real forms of hermitian symmetric spaces, Bull. Amer. Math. Soc. 81
(1975) 456-458.

H. A. Jaffee, Anti-holomorphic automorphisms of the exceptional symmetric do-
mains, J. Differential Geom. 13 (1978), no. 1, 79-86.

F. I. Karpelevich, Surfaces of transitivity of semisimple group of motions of a sym-
metric space, Dokl. Akad. Nauk 93 (1953), 401-404.

L. Kennard, On the Hopf conjecture with symmetry, Geom. Topol. 17 (2013), no.
1, 563-593.



186

Bibliography

[105]

[106]

107]

[108]

[109]

[110]

[111]

[112]

113]

[114]

[115]

[116]

[117)

18]

[119]

S. Kim, Y. Nikolayevsky, K. Park, Totally geodesic submanifolds of Damek-Ricci
spaces, Rev. Mat. Iberoam. 37 (2021), no. 4, 1321-1332.

M. Kimura, Real hypersurfaces and complex submanifolds in complex projective
space, Trans. Amer. Math. Soc. 296 (1986), no. 1, 137-149.

S. Klein, Totally geodesic submanifolds of the complex quadric, Differential Geom.
Appl. 26 (1) (2008), 79-96.

S. Klein, Totally geodesic submanifolds of the complex and the quaternionic 2-
Grassmannians, Trans. Amer. Math. Soc. 361 (2009), no. 9, 4927-4967.

S. Klein, Totally geodesic submanifolds of the exceptional Riemannian symmetric
spaces of rank 2, Osaka J. Math. 47 (4) (2010), 1077-1157.

A. W. Knapp, Lie groups beyond an introduction. Second edition. Progress in Math-
ematics, 140. Birkhauser Boston, Inc., Boston, MA, 2002.

S. Kobayashi, K. Nomizu, Foundations of differential geometry. Vol. II. Interscience
Tracts in Pure and Applied Mathematics, No. 15 Vol. II Interscience Publishers John
Wiley & Sons, Inc., New York-London-Sydney (1969).

S. Kobayashi, Transformation groups in differential geometry. Ergebnisse der Math-
ematik und ihrer Grenzgebiete, Band 70. Springer-Verlag, New York-Heidelberg,
1972.

A. Kollross, A classification of hyperpolar and cohomogeneity one actions, Trans.
Amer. Math. Soc. 354 (2002), 571-612.

A. Kollross, Polar actions on symmetric spaces, J. Differential Geom. 77 (2007),
no. 3, 425-482.

A. Kollross, Duality of symmetric spaces and polar actions, J. Lie Theory 21 (4)
(2011), 961--986

A. Kollross, A. Rodriguez-Vazquez, Totally geodesic submanifolds in exceptional
symmetric spaces, Adv. in Math. 418(2023), 108949. 37pp.

B. P. Komrakov, Maximal Subalgebras of Real Lie Algebras and a Problem of
Sophus Lie (Russian), Dokl. Akad. Nauk 311 (1990), 528-532. English transl.: Dokl.
Math. 41 (1990), 269-273.

K. Kondo, Local orbit types of S-representations of symmetric R-spaces, Tokyo J.
Math. 26 (2003), no. 1, 67-81.

O. Kowalski, Generalized symmetric spaces. Lecture Notes in Mathematics, 805.
Springer-Verlag, Berlin-New York, 1980.



Bibliography 187

[120]

[121]

[122]

123]

[124]

[125]

126

[127)

[128]

[129]
[130]

[131]

[132]

[133]

[134]

[135]

H. B. Lawson, M. L. Michelsohn, Spin geometry. Princeton Mathematical Series,
38. Princeton University Press, Princeton, NJ, 1989.

C. LeBrun, S. Salamon, Strong rigidity of positive quaternion-Kahler manifolds,
Invent. Math. 118 (1994), 109-132.

J. M. Lee, Riemannian geometry. An introduction to curvature. Graduate Texts in
Mathematics, 176. Springer-Verlag, New York, 1997.

D. S. P. Leung, On the classification of reflective submanifolds of Riemannian sym-
metric spaces, Indiana Univ. Math. J. 24 (4) (1974), 327-39; errata: Indiana Univ.
Math. J. 24 (12) (1975), 1199,

D. S. P. Leung, Reflective submanifolds, III, Congruency of isometric reflective
submanifolds and corrigenda to the classification of reflective submanifolds, J. Dif-
ferential Geom. 14 (2) (1979), 167-177.

D. S. P. Leung, Reflective submanifolds, IV, Classification of real forms of Hermitian
symmetric spaces, J. Differential Geom. 14 (2) (1979), 179-185.

M. Lohnherr, H. Reckziegel, On ruled real hypersurfaces in complex space forms,
Geom. Dedicata T4 (1999), no. 3, 267-286.

O. Loos, Symmetric spaces. I: General theory. W. A. Benjamin, Inc., New York-
Amsterdam, 1969.

0. Loos, Symmetric spaces. II: Compact spaces and classification. W. A. Benjamin,
Inc., New York-Amsterdam, 1969.

J. M. Lorenzo-Naveiro, 1. Solonenko, Sections of polar actions, arXiv:2111.05280.

D. Lu, Homogeneous foliations of spheres, Trans. Amer. Math. Soc. 340 (1) (1993),
95-102.

A. Lytchak, Polar foliations of symmetric spaces, Geom. Funct. Anal. 24 (2014),
no. 4, 1298-1315.

K. Mashimo, Totally geodesic surfaces in symmetric spaces of classical type, Osaka
J. Math. 56 (2019), 1-32.

X. Ming, Y. Nikonorov, Algebraic properties of bounded killing vector fields, Asian
J. Math. 25 (2021), no. 2, 229-242.

R. Miyaoka, Isoparametric hypersurfaces with (g, m) = (6,2), Ann. of Math. (2)
177 (2013), no. 1, 53-110.

R. Miyaoka, Errata of “Isoparametric hypersurfaces with (g, m) = (6,2)”, Ann. of
Math. (2) 183 (2016), no. 3, 1057-1071.



188

Bibliography

[136]

[137]
[138]

[139]

[140]

[141]

142]

[143]

[144]

145

[146]

[147]

[148]

[149]

[150]

[151]

D. Montgomery, H. Samelson, Transformation groups of spheres, Ann. of Math. 44
(1943), no. 3, 454-470.

D. V. Morris, Introduction to arithmetic groups. Deductive Press, 2015.

G. Mostow, Some new decomposition theorems for semi-simple groups, Mem. Amer.
Math. Soc., 14 (1955), 31-54.

H. F. Miinzner, Isoparametrische Hyperflachen in Sphéren, (German) Math. Ann.
251 (1980), no. 1, 57-71.

H. F. Miinzner, Isoparametrische Hyperflichen in Sphéren, II, Uber die Zerlegung
der Sphére in Ballbiindel, (German) Math. Ann. 256 (1981), no. 2, 215-232.

T. Murphy, Curvature-adapted submanifolds of symmetric spaces, Indiana Univ.
Math. J. 61 (2012), no. 2, 831-847.

T. Murphy, F. Wilhelm, Random manifolds have no totally geodesic submanifolds,
Michigan Math. J. 68 (2019), no. 2, 323-335.

S. Ohno, A sufficient condition for orbits of Hermann actions to be weakly reflective,
Tokyo J. Math. 39 (2016), no. 2, 537-564.

Y. Ohnita, On stability of minimal submanifolds in compact symmetric spaces,
Compositio Math. 64 (1987), no. 2, 157-189.

C. Olmos, A geometric proof of the Berger holonomy theorem, Ann. of Math. (2)
161 (2005), no. 1, 579-588.

C. Olmos, S. Reggiani, H. Tamaru, The index of symmetry of compact naturally
reductive spaces, Math. Z. 277 (2014), no. 3-4, 611-628.

B. O’Neill, Semi-Riemannian geometry with applications to relativity. Academic
Press, 1983.

A. L. Onishchik, Totally geodesic submanifolds of symmetric spaces (Russian),
Geom. Methods Probl. Algebr. Anal. 44 (1980), 64-85.

A. L. Onishchik, Topology of transitive transformation groups. Johann Ambrosius
Barth Verlag GmbH, Leipzig, 1994.

A. L. Onishchik, Lectures on real semisimple Lie algebras and their representations.
EST Lectures in Mathematics and Physics. European Mathematical Society (EMS),
Ziirich, 2004.

A. L. Onishchik, E. B. Vinberg, Lie groups and algebraic groups. Springer Series in
Soviet Mathematics. Springer-Verlag, Berlin, 1990.



Bibliography 189

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

A. L. Onishchik, E. B. Vinberg (Eds.), Lie groups and Lie algebras II1. Structure of
Lie groups and Lie algebras, Encyclopaedia of Mathematical Sciences, 41, Springer-
Verlag, Berlin, 1994.

H. Ozeki, M. Takeuchi, On some types of isoparametric hypersurfaces in spheres I,
Tohoku Math. J. 27 (1975), 515-559.

H. Ozeki, M. Takeuchi, On some types of isoparametric hypersurfaces in spheres II,
Tohoku Math. J. 28, 1976, 7-55.

R. S. Palais, On the existence of slices for actions of non-compact Lie groups, Ann.
of Math. (2) 73 no. 2 (1961), 295-323.

P. Petersen, Riemannian geometry. Graduate Texts in Mathematics, 171. Springer-
Verlag, New York, 1998.

L. Pittmann, Optimal pinching constants of odd-dimensional homogeneous spaces,
Invent. Math. 138 (1999), no. 3, 631-684.

A. Rodriguez-Vazquez, Hipersuperficies con curvaturas principais constantes en var-
iedades Kdihler con curvatura seccional holomorfa constante (Galician). Publications
of the Department of Geometry and Topology 140, University of Santiago de Com-
postela, 2019.

A. Rodriguez-Vazquez, A nonisoparametric hypersurface with constant principal
curvatures, Proc. Amer. Math. Soc. 147 (2019), 5417-5420.

A. Rodriguez-Vazquez, Totally geodesic submanifolds in products of rank one sym-
metric spaces, arXiv:2205.14720.

B. Segre, Famiglie di ipersuperficie isoparametriche negli spazi euclidei ad un
qualunque numero di dimensioni, Atti Accad. Naz. Lincei Rend. Cl. Sci. Fis. Mat.
Natur. (6) 27 (1938), 203-207.

A. Siffert, Classification of isoparametric hypersurfaces in spheres with (g, m) =
(6,1), Proc. Amer. Math. Soc. 144 (2016), 2217-2230.

A. Siffert, A new structural approach to isoparametric hypersurfaces in spheres,
Ann. Global Anal. Geom. 52 (2017), no. 4, 425-456.

J. Simons, On the transitivity of holonomy systems, Ann. of Math. (2) 76 (1962),
213-234.

I. Solonenko, Classification of homogeneous hypersurfaces in some noncompact sym-
metric spaces of rank two, arXiv:2109.14399.

N. Steenrod, The topology of fibre bundles. Princeton Mathematical Series. vol. 14,
Princeton University Press, Princeton, N. J., 1951.



190

Bibliography

[167]

[168]

[169)]

[170]

[171]

[172]

[173]

[174]

175]

[176]

[177]

178

[179]

[180]

[181]

S. Stolz, Multiplicities of Dupin hypersurfaces, Invent. Math. 138 (1999), no. 2,
253-279.

Z. 1. Szabé, A short topological proof for the symmetry of 2 point homogeneous
spaces, Invent. Math. 106 (1991), no. 1, 61-64.

R. Takagi, On homogeneous real hypersurfaces in a complex projective space, Osaka
J. Math. 10 (1973), 495-506.

R. Takagi, Real hypersurfaces in a complex projective space with constant principal
curvatures, J. Math. Soc. Japan 27 (1975), 43-53.

R. Takagi, Real hypersurfaces in a complex projective space with constant principal
curvatures 11, J. Math. Soc. Japan 27 (1975), 507-516.

H. Takagi, Conformally flat Riemannian manifolds admitting a transitive group of
isometries II, Tohoku Math. J. 27 (1975), 445-451.

R. Takagi, A class of hypersurfaces with constant principal curvatures in a sphere,
J. Differential. Geom. 11, (1976), 225-233.

R. Takagi, T. Takahashi, On the principal curvatures of homogeneous hypersur-
faces in a sphere. Differential geometry (in honor of Kentaro Yano), pp. 469-481.
Kinokuniya, Tokyo, 1972.

H. Tamaru, Riemannian G.O. spaces fibered over irreducible symmetric spaces,
Osaka J. Math. 36 (1999), no. 4, 835-851.

G. Thorbergsson, Isoparametric foliations and their buildings, Ann. of Math. (2)
133 (1991), no. 2, 429-446.

F. Torralbo, F. Urbano, Index of compact minimal submanifolds of the Berger
spheres, Calc. Var. Partial Differential Equations 61 (2022), no. 3, Paper No. 104,

35 pp.

K. Tsukada, Totally geodesic submanifolds of Riemannian manifolds and curvature-
invariant subspaces, Kodai Math. J. 19 (1996), no. 3, 395-437.

F. Uchida, Classification of compact transformation groups on cohomology complex
projective spaces with codimension one orbits, Japan. J. Math. (N.S.) 3 (1977), no.
1, 141-189.

L. Verdiani, W. Ziller, Positively curved homogeneous metrics on spheres, Math. Z.
261 (2009), no. 3, 473-488.

Q. M. Wang, Isoparametric hypersurfaces in complex projective spaces. Proceedings
of the 1980 Beijing Symposium on Differential Geometry and Differential Equations,
Vol. 1, 2, 3 (Beijing, 1980), 1509-1523, Sci. Press Beijing, Beijing, 1982.



Bibliography 191

[182]

[183)

184]

[185]

[186]

[187]

[188]

[189)]

[190]

[191]

[192]

193]

Q. M. Wang, Isoparametric functions on Riemannian manifolds, I, Math. Ann. 277
(1987), no. 4, 639-646.

B. Wilking, Index parity of closed geodesics and rigidity of Hopf fibrations, Invent.
Math. 144 (2001), 281-295.

B. Wilking, Torus actions on manifolds of positive sectional curvature, Acta Math.
191 (2003), no. 2, 259-297.

B. Wilking, Positively curved manifolds with symmetry, Ann. of Math. (2) 163
(2006), no. 2, 607-668.

B. Wilking, W. Ziller, Revisiting homogeneous spaces with positive curvature, J.
Reine Angew. Math. 738 (2018), 313-328.

J. A. Wolf, Elliptic spaces in Grassmann manifolds, Illinois J. Math. 7 (1963),
447-462.

J. A. Wolf, Complex forms of quaternionic symmetric spaces: Complex, contact and
symmetric manifolds. Progr. Math., 234, Birkhduser Boston, Boston, MA, (2005),
265-277.

J. A. Wolf, Spaces of constant curvature. Sixth edition. AMS Chelsea Publishing,
Providence, RI, (2011).

J. A. Wolf, A. Gray, Homogeneous spaces defined by Lie group automorphisms, II,
J. Differential Geom. 2 (1968), 115-159.

W. Ziller, The Jacobi equation on naturally reductive compact Riemannian homo-
geneous spaces, Comment. Math. Helv. 52 (1977), 573-590.

W. Ziller, Homogeneous Einstein metrics on spheres and projective spaces, Math.
Ann. 259 (1982), no. 3, 351-358.

W. Ziller, Lie groups, representation theory and symmetric spaces. Available online
at math.upenn.edu/~wziller/math650/LieGroupsReps.pdf (June 2022).






