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Resumen

El estudio de las superficies de curvatura media constante (abreviadamente superficies CMC), y
en particular las superficies minimales, es un campo de investigacién muy desarrollado y fructifero,
con origenes ya clasicos, en la Geometria Diferencial que suscita actualmente gran interés. Dicho
estudio se remonta a unos 250 afios cuando Langrange, buscando aplicaciones del método variacional
que estaba desarrollando, analizé las superficies satisfaciendo la propiedad de minimizar el area de

entre todas aquellas superficies resultantes de modificar ligeramente la superficie inicial.

De este modo, las superficies de curvatura media constante aparecen como soluciones de un
problema variacional. Concretamente, las superficies minimales (curvatura media cero) son los
puntos criticos del funcional area mientras que las superficies de curvatura media constante son
también puntos criticos del mismo funcional cuando nos restringimos a variaciones que conservan

el volumen encerrado.

A pesar de ser puntos criticos de un funcional, obviamente no estd garantizado que sean un
minimo para dicho funcional. Una condicién que nos asegura que estamos ante un minimo es que
la segunda variacion del funcional sea estrictamente positiva. Debilitar esta condiciéon a que dicha
variacién sea no negativa nos lleva a la nocién de estabilidad. Asi, una superficie de curvatura

media constante es estable si la segunda variaciéon del area es no negativa.

La férmula de la segunda variacién del funcional drea contiene un operador conocido como
el operador de Jacobi u operador de estabilidad cuyo estudio estd intimamente relacionado con
la estabilidad de la superficie. Para ser mas especificos, el primer valor propio de este operador,
denotado por A1, es no negativo si, y solo si, la superficie es estable. De este modo, dicho valor
propio adquiere una gran importancia en el estudio de las superficies con curvatura media constante.
Ademss, el estudio del espectro del operador de Jacobi, o méas generalmente de los operadores
de Schrédinger, ha sido abordado por diferentes autores puesto que es una importante linea de

investigacién con aplicaciones a la geometria y a la fisica (véase por ejemplo [BB, BGM, SI)).

En cuanto al problema que nos concierne, el cual consiste en la bisqueda de estimaciones
optimas para el primer valor propio del operador de Jacobi para superficies compactas con curvatura
media constante, el primer trabajo data de 1968, en el cual Simons consideré el caso minimal (ver
Lema 6.1.7 en [Si]). A este respecto, el autor encontré una estimacién para dicho valor propio

de cualquier hipersuperficie compacta minimal inmersa en la esfera estandar. En particular, para
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superficies minimales en la 3-esfera probd que A\ = —2 si la superficie es un ecuador totalmente
geodésico y A1 < —4 en caso contrario. Posteriormente, Wu obtuvo una caracterizacién en [Wu]
de los toros de Clifford minimales a través del primer valor propio del operador de estabilidad,
probando que A\; = —4 si, y solo si, ¥ es un toro de Clifford minimal. Mas recientemente, Perdomo
dio una nueva demostracién de la misma caracterizaciéon espectral en [Pe]. Resumiendo, podemos

enunciar el siguiente resultado para hipersuperficies en general.

Sea X" una hipersuperficie compacta, orientable y minimal inmersa en la esfera euclidea

S*t. Si A1 denota el primer valor propio de su operador de Jacobi, entonces

(i) o bien \y = —n y X es un ecuador totalmente geodésico S™ C S"H1,

(ii) o bien A1 < —2n, con igualdad si, y solo si, ¥ es un toro de Clifford minimal

Sk(/k/n) x SPF(/(n — k)/n) C S,

Adicionalmente, para el caso particular de superficies, Perdomo consiguié llegar mads lejos
obteniendo una interesante férmula que relaciona el primer valor propio A; con el género de la
superficie, su drea y cierto invariante simple a. Esta relacion se establece en la Proposicion 3.2 en
[Pe].

Sea Y2 una superficie compacta, orientable y minimal inmersa en S®. Si A1 denota
el primer valor propio de su operador de Jacobi y fi1 es una funcién propia positiva

asociada a \1, entonces

A= — (a+8r(g—1)),

- Area(X)

donde a = [, ff2|Vf1|2dZ y g es el género de la superficie 3.

En 2005, Alias, Barros y Brasil extendieron el resultado mencionado de Simons, Wu y Perdomo
al caso de hipersuperficies compactas con curvatura media constante inmersas en la esfera estdndar.
Asi, en este contexto, obtuvieron cotas Optimas para A; y una caracterizacién para ciertos toros
de Clifford de curvatura media constante con radios apropiados. En particular, su Teorema 2.2 en

[ABB] se enuncia como sigue:

Sea X" una hipersuperficie compacta, orientable con curvatura media constante H
inmersa en la esfera euclidea S™*1'. Si A1 denota el primer valor propio de su operador

de Jacobi, entonces

(i) o bien \y = —n(1+ H?) y ¥ es una esfera totalmente umbilical en S*+!,

(ii) o bien A1 < —2n(1 + H?) + \;%|H|ma><g|¢|, donde ¢ es el tensor de

umbilicidad total de 33, con igualdad si, y solo st,
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(a) H=0yYX esun toro de Clifford minimal S¥(\/k/n) x S"~*(\/(n — k)/n) con
k=1,....n—1;

(b)) H# 0, n =2, y%? es un toro de Clifford con curvatura media constante
SH(r) x SHVT—=712) con 0 <7 < 1, 7 # \/1/2;

(c) H# 0, n >3, yX es un toro de Clifford con curvatura media constante

S (r) x S{V1 —72) con 0 <7 < +/(n—1)/n;

De esta manera, el problema para el caso de hipersuperficies compactas, orientables con
curvatura media constante inmersas en la esfera quedd cerrado. Sin embargo, en 2013, Chen
y Wang consideraron el mismo problema en un contexto mas general que incluye el estudio de
hipersuperficies con curvatura media constante. Concretamente, trabajaron con hipersuperficies
compactas de Weingarten lineales inmersas también en la esfera euclidea. Asi, los autores,
imponiendo algunas condiciones sobre estas hipersuperficies, obtuvieron una estimacion 6ptima
para el primer valor propio del operador de Jacobi asociado al correspondiente problema variacional
para hipersuperficies de Weingarten lineales. También analizaron lo que sucedia cuando la igualdad
se verifica, concluyendo que esta se alcanza si, y solo si, la hipersuperficie es totalmente umbilical
pero no totalmente geodésica, o bien es un toro de Clifford (ver Teorema 1.4 en [CW]| para maés
detalles).

Llegados a este punto, nos encontramos en condiciones de explicar que nuestro principal objetivo
en esta memoria es obtener cotas superiores éptimas para el primer valor propio del operador
de estabilidad de superficies compactas, orientables y con curvatura media constante inmersas
en diferentes variedades ambiente de dimension 3. Ademds, estudiamos cudndo se alcanzan las
igualdades y también deducimos restricciones sobre las superficies estables asi como su completa

clasificacion en el caso de que sea posible.

Los ambientes naturales en los que estudiar el problema, de modo que se incluyan la esfera
y los espacios de curvatura constante, son las variedades homogéneas. El siguiente paso para
extender estos ambientes es considerar sumersiones de Killing riemannianas. Otra forma natural

de generalizar el ambiente consiste en utilizar productos warped.

Por esta razon, los espacios ambiente que vamos a considerar son los que acabamos de
mencionar: variedades homogéneas, sumersiones de Killing riemannianas y productos warped.
Asi, la tesis estd dividida en cuatro capitulos: el primero dedicado a introducir la notacién
principal y enmarcar el problema; mientras que en cada uno de los otros tres capitulos se estudia
el problema en las diferentes variedades ambiente citadas, recopilando toda nuestra contribucién

original ([AMO, MO1, MO2, MO3, MO4)).

Una vez presentado el contexto en el cual se enmarca esta tesis doctoral, pasamos a describir

como esta organizada.

El primer capitulo es un capitulo introductorio en el que fijamos la notacién y presentamos
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los conceptos que necesitamos para la comprension de la presente memoria. Ademads, motivamos

el problema e incluimos nuestros primeros cédlculos.

De esta manera, comenzamos el capitulo con un breve recordatorio sobre geometria de
subvariedades. En particular, nos concentramos en la notaciéon utilizada cuando se estudia una
superficie ¥? compacta y orientable inmersa en una variedad riemanniana M3 de dimensién 3.
Concretamente, incluimos nociones como la de campo de vectores Killing sobre M, el tensor
curvatura de Riemann R, la curvatura seccional K y la curvatura de Ricci Ric en M, el
operador forma A de Y asociado a su aplicacién de Gauss N y la curvatura media H de 3.
Recordamos la expresion de la ecuacién de Gauss en términos del operador forma, pero también en
términos del tensor de umbilicidad total, sirviéndonos este 1ltimo para definir tanto las superficies
totalmente geodésicas, como las totalmente umbilicales. A continuacién, recordamos cémo estan
definidos algunos operadores diferenciales en una variedad riemanniana; nos referimos al gradiente,
divergencia, Hesiano y Laplaciano, dado que seran necesarios para llevar a cabo diferentes calculos

a lo largo de esta memoria.

Una vez fijada la notacién principal, enfatizamos la relevancia de las superficies minimales
y de curvatura media constante desde un punto de vista variacional. Con el fin de justificarlo,
introducimos el concepto de variacién normal de una superficie compacta asociada a una funcién
diferenciable sobre la superficie, la cual no es mas que modificar diferenciablemente la superficie
inicial en su direcciéon normal modulando por la funcién prefijada. En consecuencia, se puede
considerar una familia uniparamétrica de superficies compactas para las que se definen dos
funcionales: el area de todas las superficies de la variacion y el volumen encerrado entre la superficie
inicial y cada una de las nuevas superficies construidas por medio de la variacién. Asi, incluimos
las férmulas de la primera variacién del area y del volumen y, como resultado, probamos que las
superficies minimales y las superficies con curvatura media constante, cuando nos restringimos
a variaciones que preservan el volumen encerrado, son los puntos criticos del funcional area. El
siguiente paso consiste en escribir la formula de la segunda variacién del area, la cual nos da pie a
definir el operador de Jacobi u operador de estabilidad. Asi, definimos una superficie estable como

aquella cuya segunda variacién del drea es no negativa para toda variacién normal de la superficie.

En la ultima seccion del capitulo recordamos varios hechos conocidos sobre el espectro del
operador de Jacobi y, sobre todo, prestamos especial atencion al primer valor propio del operador de
estabilidad A;. Asimismo, remarcamos la relacion existente entre este valor propio y la estabilidad

de la superficie, la cual establece que

3. es estable si, y solo si, Ay > 0.

Para finalizar, calculamos dos cotas superiores generales para A1 cuando consideramos cualquier

superficie compacta y orientable de curvatura media constante inmersa en una variedad riemanniana
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de dimension 3 arbitraria. Concretamente, tales cotas son las siguientes:

1
) ; . — ic(N Y
A < Area(E)/ERIC( ,N)dY y
1
< —4H? - —— -1 2K ic(N. »
Mo< e (87r<g )+ [ @K+ Rie(v, 1) )

donde K denota la curvatura seccional del plano tangente a X en M. Ademds, discutimos cuando
se alcanzan las igualdades. En este punto, nos gustaria enfatizar la importancia de estas cotas ya

que seran esenciales en la consecuciéon de nuestros resultados.

En el segundo capitulo consideramos superficies compactas y orientables de curvatura media

constante inmersas en variedades homogéneas de dimension 3. Recordemos que

M?3 es homogénea si para cada par de puntos p y q en M, existe una isometria que lleva

paq.

Asi, comenzamos observando algunos hechos generales de este tipo de variedades y exponemos su
clasificaciéon dependiendo de la dimensién del grupo de isometrias (6, 4 y 3) cuando la variedad es

ademas simplemente conexa.

En particular, dedicamos la Seccién 2.2 al estudio de variedades homogéneas simplemente
conexas con grupo de isometrias de dimensién 6, es decir, formas espaciales simplemente conexas
a las que denotamos por M?3(c) (donde ¢ representa su curvatura seccional constante): la esfera
estandar S3(y/1/c) si ¢ > 0, el espacio euclideo R? si ¢ = 0 y el espacio hiperbélico H3(y/~1/c) si
¢ < 0. Asi, el principal objetivo de esta seccién es generalizar el resultado de Alias, Barros y Brasil a
M3 (c). Para ello estudiamos un caso més general pues suponemos que M tiene curvatura seccional
acotada inferiormente por ¢, es decir, K > ¢, siendo nuestras principales cotas para superficies

compactas y orientables de curvatura media constante las siguientes:

8m(g —1)

< —2(H> < —4(H?4¢)— )
M<-2H*4¢) vy M<—-4H*+¢) Arca(y)

Para probarlo hacemos uso de las cotas generales presentadas previamente. Ademads, la primera
igualdad se da si, y solo si, la superficie es totalmente umbilical y Ric(N, N) = 2¢, y la segunda
igualdad se da si, y solo si, la superficie tiene curvatura de Gauss constante G, Ky, = cy Ric(N, N) =
2c. Como consecuencia de este resultado, podemos obtener cierta informacién para superficies
compactas estables de curvatura media constante inmersas en estos ambientes. Concretamente,
concluimos un resultado de no existencia de tales superficies cuando H?+c¢ > 0y, en caso contrario,
afirmamos que si H? 4 ¢ = 0 entonces X es topolégicamente una esfera o un toro, y si H2 + ¢ < 0
entonces Area(X) |H? + c| > 27(g — 1).

Por tanto, particularizando este resultado al caso M?3(c), obtenemos que A\ = —2(H? + ¢)

y ¥ es totalmente umbilical, o bien \; < —4(H? + ¢). Asimismo también analizamos el caso
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en el que la udltima igualdad se satisface, encontrando que tan solo es posible para la esfera.
Consecuentemente, la Unica superficie para la que se alcanza la igualdad es el toro de Clifford
con curvatura media constante inmerso en la esfera S3(c). En cuanto a la estabilidad, observamos
que las Unicas superficies compactas y orientables de curvatura media constante inmersas en M 3(0)

estables son las esferas geodésicas inmersas en H?(c).

En la Seccion 2.3 estudiamos variedades homogéneas simplemente conexas con grupo de
isometrias de dimensién 4. Con tal fin, empezamos haciendo un breve recorrido histdrico sobre
los principales avances relacionados con el estudio de superficies en estas variedades ambiente.
Para ellas sabemos que existe una sumersién riemanniana II : M3— B?(k), donde B?(k) es una
forma espacial simplemente conexa 2-dimensional con curvatura constante x. Ademaés, sus fibras
son las trayectorias de un campo de vectores Killing unitario £ en M. Se define la curvatura de
fibrado 7 de M como la constante que satisface la ecuacién V& = 7(E A £), para todo campo de

vectores E sobre M, donde A denota el producto vectorial en M.

Con la notacién anterior, usamos E3(k,7) para referirnos a tales variedades ambiente, donde
las constantes xk y 7 juegan un papel clave. De hecho, dependiendo de sus valores, dichos espacios

estan clasificados.

Clasificacién de E3(x, 7) dependiendo de x y 7

k>0 k=0 k<0
7=0]| S*k) xR H2(k) x R
T#0 | S}(k,7) | Nils(r) | SI(2,R)(k,T)

Asi, una vez que hemos introducidos los espacios E3(k,7), recordamos las expresiones para
su tensor curvatura de Riemann, la curvatura de Ricci y las curvaturas seccionales para cada
plano tangente. Recordamos también que, dada una superficie orientable, su funcién angulo
O : ¥—[-1,1], dada por ©®© = (N,¢), nos permite introducir dos ejemplos de superficies en

E3(k,7) de forma natural, ya que aparecen cuando ©? alcanza su maximo o minimo en cada punto.

e Si ©% =1 la superficie es un slice horizontal, es decir, ¥ = B?(x) x {t}.

e Si © = 0 la superficie es un cilindro de Hopf sobre una curva regular ~ : I —>B2(m), es decir,
¥ = I~ !(y). En particular, cuando las fibras y la curva son cerradas la superficie es un toro
de Hopf.

Llegados a este punto, encontramos las cotas superiores para A1 para superficies compactas y
orientables de curvatura media constante inmersas en E3(x,7) y buscamos caracterizaciones de las
superficies citadas puesto que ellas alcanzan las estimaciones. Para proceder con ello, consideramos

dichas cotas para cada una de las cinco posibilidades de espacios ambiente incluidos en la tabla
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recopilatoria anterior. Entre todos los resultados, merece la pena destacar los obtenidos en aquellos

ambientes en los que las igualdades pueden ser alcanzadas.

Por una parte, cuando ¥ estd inmersa en S?(k) x R, las estimaciones vienen dadas por

8m(g — 1)

A\ < —2H? AN < —4H? - — —L
L= Y 1< . Area(X) ’

y la primera igualdad se alcanza si, y solo si, ¥ es un slice horizontal. Ademds, cuando consideramos
como variedad ambiente el cociente S?(k) x S! del producto S?(x) x R, conseguimos las mismas
estimaciones. Es mas, en este caso la segunda cota se alcanza para los toros de Hopf con curvatura
media constante. Por otra parte, cuando estudiamos las esferas de Berger S} (x,7), distinguimos

dos casos dependiendo del signo de x — 472. En particular, si & — 472 > 0 obtenemos

8m(g—1)

A\ < —2(H? + 72 M < —4H? - — 2
1 < < +T) y 1> Y Area(Z)a

y la segunda igualdad se da si, y solo si, ¥ es un toro de Hopf de curvatura media constante. En

el resto de ambientes siempre obtenemos cotas superiores estrictas para Aj.

Para finalizar el capitulo dedicamos una breve parte a recordar lo que sucede con la estabilidad
de superficies en estos ambientes. De hecho, se conoce la clasificacion completa de superficies
compactas y estables con curvatura media constante en E?(x,7), siendo los slices horizontales en

S?(k) x R las tinicas posibles.

En el tercer capitulo extendemos los resultados del capitulo precedente a las sumersiones de
Killing riemannianas, que resultan ser una generalizacion natural de las variedades homogéneas.

Recordemos que

una sumersion riemanniana I1 : M3—B?(k), donde M es una variedad riemanniana
de dimension 3 y B*(k) es una superficie riemanniana con curvatura de Gauss k, es
una sumersion de Killing riemanniana si sus fibras son las trayectorias de un campo de

vectores Killing unitario & sobre M.

Comenzamos exponiendo los progresos que podemos encontrar en la literatura sobre superficies
inmersas en estos ambientes. Ademds, dado que las sumersiones de Killing riemannianas han sido
poco estudiadas hasta la fecha, dedicamos la Seccién 3.2 a introducir las principales herramientas
con detalle. En primer lugar, recordamos algunos conceptos y férmulas generales de la teoria
de sumersiones riemannianas tales como los tensores naturales A y T, y las expresiones para el
tensor curvatura de Riemann y las curvaturas seccionales. A continuacién, nos concentramos en la
geometria particular de las sumersiones de Killing riemannianas. Con tal fin, incluimos la definicién
de la curvatura de fibrado 7 de IT como la tnica funcién en M tal que V& = 7(E A £), para todo
campo de vectores F sobre M. En este momento, damos su demostracién que también incluye el

caso homogéneo.
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Seguidamente, fijamos la notaciéon M(k,7) para referirnos a una variedad riemanniana de
dimensién 3 que admite una sumersién de Killing riemanniana II : M(k, 7)— B2 (k) con curvatura
de fibrado 7. De la misma forma que hemos visto para las variedades homogéneas, en estas
sumersiones las funciones xk y 7 también son fundamentales para la comprensién de su geometria.
Por ejemplo, cuando ambas son constantes, M(x,T) se reduce precisamente a una variedad
homogénea. Ya establecida la notacién, calculamos en términos de x y 7, la conexién de Levi-Civita
de M(k,T) para obtener la curvatura seccional de cada plano tangente a M(k, ), asi como la

curvatura de Ricci en una direccion unitaria arbitraria.

En la Seccién 3.3 prestamos atencién a dos superficies especiales que no son mas que la
generalizacién natural de los mencionados slices horizontales y los toros de Hopf en variedades
homogéneas. Para introducirlas, consideramos de nuevo la funcién angulo © = (N, §), de tal modo

que:

e Si ©2 =1 la superficie es un slice horizontal. Entre sus propiedades cabe remarcar que son

totalmente geodésicas, Ay = 0 y en consecuencia son estables.

e Si © = 0 la superficie es un toro de Hopf sobre una curva regular cerrada ~ : [ —>B2(m), es
decir, ¥ = II"!(y) con fibras cerradas. Estas superficies son llanas y su curvatura media es

H =k, /2. Ademés, cuando k es constante sobre 7, sabemos que \; = —4H? — k.

Asimismo, incluimos la demostracion de todas estas propiedades. De este modo, estamos ya

preparados para mostrar nuestra contribucion.

En la Seccién 3.4 recopilamos nuestros principales resultados. Para proceder a exponerlos,
debemos tener en cuenta que distinguimos entre los casos en que k — 472 es positivo y negativo.
Para el primero de ellos, es decir, si consideramos una superficie compacta y orientable de curvatura

media constante en M(k,7) con k — 472 > 0, obtenemos las siguientes cotas superiores:

1
< _omg2_ __* 2 _
A < —2H Area(y) /2(27 |VT)dE y
8m(g—1) 1
< 4H? - ~ - .
AL Area(¥X)  Area(X) /E(H [Vr])ds

Adicionalmente, comprobamos que la primera igualdad se alcanza para superficies horizontales
mientras que la segunda la verifican los toros de Hopf con k y 7 constantes sobre ¥ cuando la

sumersién de Killing tiene fibras compactas. Para el segundo caso, es decir, si K —47% < 0, entonces

1
< = 2 _ o 2
A1 < —2H Area(s) /E(K, 277 — |V7|)dE y
8m(g —1) 1 / 9
< = H2 — — — — .
ALos 4 Area(¥)  Area(X) 2(2’€ A = [Vrl)dE

En contraste con el caso anterior, aqui la primera igualdad se da si, y solo si, la superficie es un

toro de Hopf minimal con 7 = 0 sobre Y y k es constante sobre v, y la segunda igualdad se alcanza
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solo para superficies horizontales con curvatura de Gauss igual a k. Ademas, se estudia también el

caso particular en el que la curvatura de fibrado es constante como una consecuencia interesante.

Asi, después de obtener las esperadas estimaciones para A1, en la Seccién 3.5 mostramos algunas
consecuencias relacionadas con la estabilidad de las superficies compactas de curvatura media
constante inmersas en M(k, 7). Nuestros avances consisten en dar algunas restricciones sobre la
curvatura media H, esto es, obtenemos cotas superiores para H2. Recientemente se ha demostrado
que si una superficie compacta de curvatura media constante en Mk, 7) es estable entonces tiene
que ser un grafo entero minimal o un toro de Hopf. Hemos aplicado nuestras estimaciones a estas

superficies.

Para terminar con el capitulo, la intencién de la tdltima seccién es proporcionar ejemplos no
triviales de sumersiones de Killing riemannianas y aplicarles nuestros resultados. El primer ejemplo
que merece la pena considerar aparece cuando la curvatura de fibrado se anula, y el segundo viene
definido por medio de espacios de dimensién 3 que admiten un producto doblemente warped y

proyectan sobre cierta superficie.

Finalmente, en el cuarto capitulo estudiamos resultados similares para superficies compactas
y orientables de curvatura media constante inmersas en productos warped de dimensién 3. Para
recordar su definicién, consideremos dos variedades riemannianas (B, (, )z) v (F,(, )p) y una

funcién diferenciable positiva p : B—(0, +00), llamada funcién warping. De este modo,

M3 =B X, I es un producto warped si es la variedad producto B X F' equipada con la

métrica
<7 >:<’ >B+p2<7 >F'

Tras una breve introduccién histérica, recordamos cémo calcular el tensor curvatura de Riemann
de un producto warped, asi como la curvatura de Ricci. En lo que sigue, tratamos con los dos casos
posibles de forma separada: B X, F?, en el que la base es de dimensién 1 y la fibra de dimensién

2: y por el contrario B2 X, I, donde la base es de dimensién 2 y la fibra de dimensién 1.

En la Seccién 4.2 nos centramos en productos warped del primer tipo B x, F2, los cuales han
sido estudiados a fondo en la literatura. Asi, dedicamos la primera parte a realizar un breve repaso a
la bibliografia, fijamos la notacién y obtenemos la curvatura seccional para cualquier plano tangente

a B x, F? y la curvatura de Ricci para cada direccién unitaria.

Posteriormente, con el objetivo de dar cotas superiores 6ptimas para A1, recordamos la definicion
de la funcién angulo en este &mbito © = (NN, J;) para cualquier superficie orientable inmersa en el
producto warped B x, I 2. Llegados a este punto, trabajamos con una condicién de convergencia,

bien establecida y utilizada en la literatura, que se formula como

min K > sup{p”” — pp’},
F B
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donde K denota la curvatura de Gauss de F'. Dicha condicién significa geométricamente que la
curvatura de Ricci en M alcanza su minimo en la direcciéon de 0;. Asi, para superficies compactas
y orientables de curvatura media constante inmersas en un producto warped B X, F? satisfaciendo

la condicién de convergencia, obtenemos las siguientes estimaciones:

2 g 8m(g —1) 4 o’
M <20+ ——— [ Bax M < —4H? - /dZ.
T + Area(Z)/Z p Y T Area(X) + Area(X) Jx p

Como viene siendo habitual, analizamos lo que sucede cuando las igualdades se alcanzan. Por una
parte, vemos que la primera igualdad se da si, y solo si, la superficie es un slice o es totalmente
umbilical y estd contenida en una regién de M con curvatura constante K = —p”/p. Por otra
parte, la segunda igualdad se da si, y solo si, K = —p” /p sobre la superficie y G — 2K es constante
sobre 3.

Hemos aplicado estas cotas a dos casos particulares que merecen una atencion especial. El
primero de ellos ocurre cuando la funcién warping es una solucién de la ecuacién de Jacobi p”’ +cp =
0, para algin ¢ € R, lo que significa que la curvatura de Ricci de M en la direccién 0; es constante.
De este modo, cuando ademds suponemos que B X, F? satisface la condicién de convergencia,
concluimos un resultado de no existencia de superficies estables si ¢ < 0 y en el otro caso ¢ > 0,
probamos que las Unicas superficies compactas estables de curvatura media constante son algunos
slices. El segundo caso aparece cuando la funcién warping es céncava, es decir p” < 0, y concluimos
que las Unicas superficies compactas y orientables de curvatura media constante estables inmersas
en estos productos son las esferas topoldgicas totalmente geodésicas o los toros topoldgicos llanos

y totalmente geodésicos.

Para finalizar la seccién, damos como ejemplos en los que aplicar nuestros resultados los espacios
pseudo-hiperbdlicos R Xt F2 y R Xcosht F2. Asi, bajo la condicién de convergencia, obtenemos
cotas superiores para A1 y ademas damos la clasificacién completa de las superficies compactas y

estables de curvatura media constante inmersas en dichos espacios:

Las unicas superficies compactas y orientables de curvatura media constante estables

mmersas en un espacio pseudo-hiperbdlico son los slices con fibra compacta.

En la Seccién 4.3 tratamos el caso que resta, es decir, estudiamos el segundo tipo de productos
warped B? x p F. Puesto que no hay précticamente informacién sobre ellos en la bibliografia,
comenzamos directamente estableciendo la notacién necesaria y calculando la curvatura seccional

de cualquier plano tangente a B? x, F' v la curvatura de Ricci en cualquier direccién unitaria.
q 1% p Ly q

Siguiendo el mismo esquema que en la secciéon previa, recordamos que dada una superficie
orientable en B? X, F, su funcién dngulo es © = %(N ,0). Asi, para este caso, buscamos hipdtesis

similares a la condicién de convergencia anterior. De hecho, suponemos que

Ricy(v,v) < 2Kp, paratodov € T,M, |v|=1,pe M,
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donde Kp denota la curvatura de Gauss de B. Su interpretacion geométrica es que las curvaturas
seccionales de M alcanzan un méaximo igual a Kp en cada punto. Asi, el resultado principal de la
seccién afirma que el primer valor propio de estabilidad para superficies compactas y orientables
con curvatura media constante en B? x » I satisfaciendo la condicién de convergencia estd acotado

como sigue:

1 Ap 8m(g—1) 2 Ap
M < —2H 4 ——— / =4y A\ < —4H? / —_) )
b= Area(X) Jx p Y b= Area(Y) + Area(X) Js p
Ademés, la primera igualdad se da si, y solo si, la superficie es totalmente umbilical con Ky = Ky
% es constante sobre ¥, mientras que la segunda se da si, y solo si, Ric = 2Kp sobre ¥ y G —2Kp
es constante sobre Y. Como caso particular, prestamos atencién a las funciones warping tales que

Ap <0, es decir, a las funciones superarménicas.

Por otra parte, es interesante también obtener cotas superiores para A; cuando la funcién
warping es convexa y Kp < 0. Su importancia reside en el hecho de que B> X, F' tiene curvatura

negativa si, y solo si, p es estrictamente convexa y Kp < 0.

Para terminar, aplicando todas las estimaciones, deducimos algunas consecuencias relacionadas
con la estabilidad y somos capaces de dar ejemplos interesantes que ilustran nuestros resultados.
Concretamente, estudiamos tres ejemplos con la intencion de mostrar uno en el cual la base sea
de curvatura negativa, otro con curvatura positiva y un ultimo ejemplo donde la base sea una

superficie llana.
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Summary

The study of constant mean curvature surfaces (abbreviated CMC surfaces), and in particular
minimal ones, is a very developed and fruitful research field, with classical origins, in the Differential
Geometry which currently arouses great interest. This study goes back some 250 years when
Lagrange, looking for applications of the variational method that he was developing, analysed the
surfaces with the property of minimizing area among all the resulting surfaces by slightly modifying

the initial surface.

In this way, the surfaces of constant mean curvature appear as solutions of a variational problem.
Specifically, the minimal surfaces (zero mean curvature) are the critical points of the area functional,
whereas the constant mean curvature surfaces are also critical points of the same functional when

restricted to variations preserving the enclosed volume.

Despite being critical points of a functional, it is not guaranteed that they are minimum for such
a functional. A condition which ensures we are in the presence of a minimum is that the second
variation of the functional is strictly positive. To weaken such a condition to be non negative
yields to the notion of stability. That is, a constant mean curvature surface is stable if the second

variation of the area is non negative.

The formula of the second variation of the area functional contains an operator called Jacobi
operator or stability operator whose study is closely related with the stability of the surface. To
be specific, the first eigenvalue of this operator, namely A1, is non negative if and only the surface
is stable. This is how such an eigenvalue acquires a great importance in the study of constant
mean curvature surfaces. Furthermore, the study of the spectrum of the Jacobi operator, or more
generally the Schrédinger operators, has been approached by several authors because it is a subject

with its own identity with applications to geometry and physics (see for instance [BB, BGM, SIJ).

As for the problem that concerns us, which is the search of sharp estimates for the first eigenvalue
of the Jacobi operator for compact surfaces with constant mean curvature, the first work in this
direction dates back 1968, in which the minimal case was handled by Simons (see Lemma 6.1.7
in [Si]). In this regard, he found out an estimate for this eigenvalue on any compact minimal
hypersurface in the standard sphere. In particular, for minimal surfaces in the 3-sphere he proved
that Ay = —2 if the surface is a totally geodesic equator and A; < —4 otherwise. Later on, Wu

gave a characterization of minimal Clifford tori by means of the first stability eigenvalue, since he
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proved that A\; = —4 if and only if ¥ is a minimal Clifford torus in [Wu]. More recently, Perdomo
has given a new proof of the same spectral characterization in an alternative way in [Pe]. Summing

up, the following result can be formulated in general for hypersurfaces.

Let ¥™ be a compact two-sided minimal hypersurface immersed into the Fuclidean

sphere ST, If X1 stands for the first eigenvalue of its Jacobi operator, then

(i) either \y = —n and ¥ is a totally geodesic equator S* C S"+1,

(ii) or Ay < —2n, with equality if and only if ¥ is a minimal Clifford torus

Sk(\/k/n) x SPF(/(n — k)/n) C S

Besides that, for the particular case of surfaces, Perdomo got to reach beyond by getting an
interesting formula that relates the first eigenvalue A; with the genus of the surface, its area and a

simple invariant «. Such a relation was established in Proposition 3.2 in [Pe].

Let X2 be a compact two-sided minimal surface immersed into S®. If A1 stands for the
first eigenvalue of its Jacobi operator and f1 is a positive eigenfunction associated to
A1, then

A = a+8r(g—1)),

1
4
Area(X) (
where a = [, 2|V f12dY and g is the genus of the surface X.

In 2005, Alias, Barros and Brasil extended the aforementioned result by Simons, Wu and
Perdomo to the case of compact constant mean curvature hypersurfaces immersed into the standard
sphere. So, within this framework, they obtained sharp bounds for A\; as well as a characterization
for Clifford tori of constant mean curvature with suitable radii. In particular, their Theorem 2.2 in
[ABB] is stated as follows:

Let ™ be a compact two-sided hypersurface of constant mean curvature H immersed
into the Euclidean sphere SPTY. If A\ stands for the first eigenvalue of its Jacobi

operator, then

(i) either \y = —n(1+ H?) and X is a totally umbilic sphere in S*1,

(ii) or \y < —2n(1+H?)+ \;%]H! maxsy, |¢|, where ¢ is the total umbilicity tensor
of X, with equality if and only if
(a) H =0 and ¥ is a minimal Clifford torus S¥(\/k/n) x S*=*(\/(n — k)/n) with
k=1,...,n—1;
(b)) H # 0, n = 2, and %? is a constant mean curvature Clifford torus

St(r) x S (V1 —r2) with 0 <r < 1, 1 # \/1/2;
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(c) H # 0, n > 3, and ¥ is a constant mean curvature Clifford torus

S"1(r) x SY(V1 —7r2) with 0 < r < \/(n —1)/n;

In this way, the case of compact two-sided hypersurfaces of constant mean curvature immersed
into the sphere was finished. However, in 2013, Chen and Wang considered the same problem
in a more general context which contains the study of constant mean curvature hypersurfaces.
In particular, they worked with compact two-sided linear Weingarten hypersurfaces immersed
once again into the Fuclidean sphere. So, the authors, after imposing some conditions on these
hypersurfaces, got an optimal estimate for the first eigenvalue of the Jacobi operator associated
to the corresponding variational problem for linear Weingarten hypersurfaces. They also analysed
what occurs when the equality holds, concluding that it is attained if and only if the hypersurface
is totally umbilic and non-totally geodesic, or it is a certain Clifford torus (see Theorem 1.4 in [CW]

for more details).

At this point, we are in a position to explain that our main objective in this memory will be
to obtain sharp upper bounds for the first stability eigenvalue of compact two-sided surfaces of
constant mean curvature immersed into different 3-dimensional ambient manifolds. Moreover, we
will study when the equalities are attained, and we also derive restrictions on the stable surfaces

and their full classification if possible.

On the other hand, the natural ambients where studying the problem which includes the sphere
and the constant curvature spaces are the homogeneous manifolds. The next step of generalization
is to consider Riemannian Killing submersions. Another natural way to extend the ambient is

found on warped products.

For this reason, the ambient spaces that we are going to consider are the ones mentioned above:
homogeneous manifolds, Riemannian Killing submersions and warped products. So, the thesis
is made up of four chapters: the first one is devoted to introduce the main notation and frame
the problem; whereas each one of the other three chapters deals with the different cited ambient
manifolds, respectively, and they compile our original contribution ([AMO, MO1, MO2, MO3,
MO4)).

Once we have presented the context in which this PhD thesis is set, we describe how it is

organized.

The first chapter is an introductory chapter in which we set up the notation and present the
concepts that we need to the understanding of the present memory. In addition, we motivate the

problem and we include our first computations.

In this way, we begin the chapter with a brief reminder about geometry of submanifolds. More
particularly, we focus on the notation involved when studying a compact two-sided surface %2
immersed into a 3-dimensional Riemannian manifold M3. Specifically, we include notions such as:

a Killing vector field on M; the Riemannian curvature tensor R, the sectional curvature K and
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the Ricci curvature Ric on M; the shape operator A of X associated to its Gauss map N and the
mean curvature H of X. Furthermore, we recall the Gauss equation in terms of the shape operator,
but also in terms of the total umbilicity tensor, being this last concept whereby we define both the
totally geodesic surfaces, and the totally umbilic ones. Afterwards, we remind how some differential
operators on a Riemannian manifold are defined, we mean: the gradient, divergence, Hessian and

Laplacian, since they are needed to enable several calculations along this memory.

Once the main notation is determined, we stress the significance of minimal and constant mean
curvature surfaces from a variational viewpoint. In order to justify it, we introduce the normal
variation of a compact surface associated to a smooth function over the surface, which is not more
that a way to modify smoothly the initial surface on its normal direction, modulated by the fixed
function. Consequently, a uniparametric family of compact surfaces can be considered, and for
them, two functionals are defined: the area of all the surfaces of the variation; and the enclosed
volume between the initial surface and each one of the new surfaces by means of the variation. So,
we include the first variation formulae for the area and the volume, and as a result, we prove that
minimal surfaces and constant mean curvature surfaces when restricted to variations preserving
the enclosed volume are the critical points of the area functional. As a next step, we write the
second variation formula for the area which gives rise to define the so-called Jacobi operator or
stability operator. Thus, we define a stable surface as that whose second variation of the area is

non negative for every normal variation of the surface.

In the last section of the chapter, we remind several well known facts about the spectrum of
the Jacobi operator, and above all, we pay attention to the first stability eigenvalue A\;. We also

highlight the relationship between this eigenvalue and the stability, which establishes that
Y is stable if and only if Ay > 0.
To finish, we compute two general upper bounds for A\; when considering a compact two-sided

surface of constant mean curvature immersed into an arbitrary 3-dimensional Riemannian manifold.

Specifically, such bounds are written as follows:

1
< _ 2_7 3
MoS 2P - s /Z Ric(N, N)dY, and
1
< _ 2_7 _ s
MoS A - s <8ﬂ(g 1)+/E(2KE+R1C(N,N))d2>,

where K stands for the sectional curvature of the tangent plane to ¥ in M. And so, we discuss
when the equalities are attained. At this point, we would like to emphasize the relevance of these

bounds since they will help us to achieve our aims.

In the second chapter we consider compact two-sided surfaces of constant mean curvature

immersed into 3-dimensional homogeneous manifolds. Let us remind that
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M? is homogeneous if for any two points p and q in M, there exists an isometry which

maps p into q.

Then, we begin by noting some general facts of these kind of manifolds, and exposing their
classification depending on the dimension of the isometry group (6, 4 and 3) when the manifold is

additionally simply connected.

In particular, we devote Section 2.2 to the study of simply connected homogeneous manifolds
with isometry group of dimension 6, that is, simply connected space forms that we denote by M?3(c)
(where ¢ stands for its constant sectional curvature): the standard sphere S3(y/1/c) if ¢ > 0; the
Euclidean space R? if ¢ = 0; and the hyperbolic space H%J?/c) if ¢ < 0. So, the main goal of
this section is to generalize the result by Alias, Barros and Brasil to M 3(0). To do so, we study
a more general case since we assume that M has sectional curvature bounded from below by c,
i.e. K > ¢, our main bounds for compact two-sided surfaces of constant mean curvature being the

following;:
_ 8m(g—1)
Area(X)

To prove it we use the general bounds presented before. Moreover, the first equality holds if and

M < —2H?*4¢), and X\ <—4(H?>+c¢)

only if the surface is totally umbilic and Ric(N, N) = 2¢, and the second equality holds if and only
if the surface has constant Gaussian curvature G, Ky = ¢ and Ric(N, N) = 2¢. From this result,
we can derive information about stable compact surfaces of constant mean curvature immersed
into these ambient manifolds. Specifically, we conclude the non existence of such surfaces when
H? + ¢ > 0, and otherwise we assert that if H% + ¢ = 0 then ¥ is topologically either a sphere or a
torus, and if H? + ¢ < 0 then Area(X)|H? + c| > 2m(g — 1).

Thus, by particularizing this result to the case M3(c), we obtain that either A\; = —2(H? + c¢)
and ¥ is totally umbilic, or \; < —4(H? 4 ¢). Moreover, we analyse the case when the last equality
holds, finding that only in the sphere is possible. And so, the surface satisfying the equality is the
Clifford torus with constant mean curvature immersed into S3(c). As for the stability, we observe
that the only stable compact surfaces of constant mean curvature in M3(¢) are the geodesic spheres

immersed into H3(c).

In Section 2.3 we study simply connected homogeneous manifolds with isometry group of
dimension 4. To do this, we start by making a brief historical tour of the main advances related to
the study of surfaces into these ambient manifolds. For them, there exists a Riemannian submersion
IT: M3— B?(k), where B%(k) is a 2-dimensional simply connected space form of constant curvature
k. Moreover, its fibers are the trajectories of a unit Killing vector field £ on M, and then the bundle
curvature 7 of M is the constant which satisfies the equation V& = 7(E A &) for all vector fields
E on M, where A is the vector product in M.

With the above notation, we use E3(k, 7) to refer to such ambient manifolds, where the constants

k and T play a key role. Indeed, depending on their values, the spaces that can be found are:
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Classification of E3(k,7) depending on k and 7

k>0 k=0 k<0
7=0|S%k) xR H?(k) x R
T#0 | Si(k,7) | Nils(r) | SI(2,R)(k,7T)

So, once we have introduced the E?(x, 7)-spaces, we recall the expressions for their Riemannian
curvature tensor, Ricci curvature and sectional curvatures for every tangent plane. Thereafter, we
remind that given a two-sided surface, its angle function © : ¥—[—1, 1] given by © = (N, &) allows
us to introduce two examples of surfaces in E3(k,7) in a natural way, since they appear when ©2

attains its maximum or minimum at any point.

e If ©% = 1 the surface is a horizontal slice, that is, ¥ = B*(x) x {t}.

e If © = 0 the surface is a Hopf cylinder over a regular curve v : [—sB?(k), that is, & = I~ ().

In particular, when the fibers and the curve are closed the surface is a Hopf torus.

Having reached this point, we are able to get upper bounds for Ay for compact two-sided surfaces
of constant mean curvature immersed into E3(x, 7) and to look for characterizations of the preceding
surfaces since they attain the estimates. To proceed with, we consider such bounds for each one of
the above five possibilities of spaces contained in the previous overview table. Among these results,

it is worth emphasizing in which of those ambients the equalities can be attained.

On the one hand, when ¥ is immersed into S?(x) x R, the estimates are given by

8m(g—1)

A\ < —2H? d M < —-4H? —p - —2
1= » an 1< : Area(X) ’

and the first equality holds if and only if ¥ is a horizontal slice. Furthermore, when we consider
as ambient manifold the quotient S?(k) x S! of the product S?(k) x R, we get the same estimates.
Even more, in this case the second equality holds for constant mean curvature Hopf tori. On the
other hand, when we study the Berger spheres Sg’(m, 7) we distinguish two cases depending on the

sign of k — 472. In particular, whether x — 472 > 0 we obtain

8m(g—1)

A —92(H? 2 d M < —4H? - 2
1< —2(H*+71%), an 1 < K Area(s) '

and the second equality holds if and only if ¥ is a constant mean curvature Hopf torus. In the

remaining ambient manifolds, we always obtain strict upper bounds for A;.

To finish the chapter, we devote a brief part to remind what occurs with the stability. In fact,
the full classification of compact stable surfaces of constant mean curvature into E3?(k,7) is well

known, the horizontal slices in S?(x) x R being the only ones.
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In the third chapter we extend the results in the preceding chapter to the Riemannian Killing
submersions, which are a natural generalization of the homogeneous manifolds. Let us remember
that

A Riemannian submersion 11 : M3— B?(k), where M is a Riemannian 3-manifold and
B%(k) is a Riemannian surface with Gaussian curvature r, is a Riemannian Killing

submersion if its fibers are the trajectories of a unit Killing vector field & on M.

So, we start showing what progresses we can find about surfaces immersed into these ambient
manifolds in the literature. Moreover, since the Riemannian Killing submersions are still quite
unknown, we devote Section 3.2 to introduce their main tools in detail. Firstly, we remember some
general facts of the theory of Riemannian submersions such as: the presentation of the natural
tensors A and 7T, and the expressions for the Riemannian curvature tensor and the sectional
curvatures. After that, we focus on the particular geometry of the Riemannian Killing submersions.
To do this, we include the definition of the bundle curvature 7 of I as the unique function on M
so that V& = 7(E A §) for all vector fields £ on M. Here, we include the proof of this fact which

also generalizes the homogeneous case.

At this point, we fix the notation M(k, 7) for referring to a 3-dimensional Riemannian manifold
which admits a Riemannian Killing submersion IT : M(x,7)— B?(x) with bundle curvature 7. As
is the case in homogeneous manifolds, in these submersions the functions x and 7 are indispensable
to understand their geometry. For instance, when both of them are constant M(k, 7) reduces to a
homogeneous manifold. Once we have established the notation, we compute, in terms of x and 7,
the full description of the Levi-Civita connection on M(k, 7) in order to get the sectional curvature

of any tangent plane to M(k, 7), as well as the Ricci curvature in an arbitrary unit direction.

In Section 3.3, we pay attention to two special surfaces once again, which are nothing but
the natural generalization of the aforementioned horizontal slices and Hopf tori in homogeneous

manifolds. To introduce them, we consider again the angle function ©® = (N, §) in such a way that:

e If ©2 = 1 the surface is horizontal. Among their properties it is remarkable that they are

totally geodesic, Ay = 0 and consequently they are stable.

o If © = 0 the surface is a Hopf torus over a regular closed curve v : I —>BQ(/-£), that is,
¥ = I~ !(y) with closed fibers. This kind of surfaces satisfy being flat and their mean

curvature is H = k., /2. Moreover, when & is constant over v we know that A = —4H? — k.

We also include the proof of all these properties. So now, we are willing to show our contribution.

In Section 3.4 we compile our main results. To proceed with their exposition, we must take

into account that we distinguish between the case in which x — 472 is positive or negative. For the
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former case, that is, if we consider a compact two-sided surface of constant mean curvature into

M(k,7) with kK — 472 > 0 we get the following upper bounds

2 1
Area(X)

B 2_877(9—1)_ 1 . 1Ur
A Area(X)  Area(X) /2( VT])dE.

Additionally, we check that the first equality is attained by horizontal surfaces whereas the second

AN < —2H /(272—|Vr\)d2, and
P

A

IN

one is attained by Hopf tori with both x and 7 constant over ¥ when the Killing submersion has

compact fibers. For the latter case, i.e., if K — 472 < 0, then

1
= [ (k—2r2— )
Avea(s) /E(/{ 74 —|V7|)dXE, and
8m(g—1) 1

< —4H? - - 2k — 477 — s,
A Area(X)  Area(X) /2( k4 = |Vrd

By contrast, here the first equality holds if and only if the surface is a minimal Hopf torus with

AN < —2H?

7 =0 over X and k is constant over 7, and the second equality holds for horizontal surfaces with
Gaussian curvature equal to k. Moreover, we have also studied the case when the bundle curvature

is constant as a particular and interesting consequence.

So, after obtaining the expected estimates for A1, we exhibit some consequences related to the
stability of compact surfaces of constant mean curvature immersed into M(k,7) in Section 3.5.
Our advances consist of giving some restrictions over the mean curvature H, that is, we obtain
upper bounds for H2. It has been recently proved that if a compact two-sided surface of constant
mean curvature into M(k, 7) is stable, then it must be either an entire minimal graph or a Hopf

torus. We have applied our estimates to these surfaces.

To finish with the chapter, the intention of the last section is to provide non trivial examples
of Riemannian Killing submersions and apply to them our results. The first example which worths
considering appears when the bundle curvature vanishes, and the second one is defined by means
of 3-dimensional spaces which locally admit a doubly warped product and project over a certain

surface.

Finally, in the fourth chapter we study similar results for compact two-sided surfaces of
constant mean curvature immersed into 3-dimensional warped products. In order to remind their
definition we consider two Riemannian manifolds (B, (, )g) and (F,(, )) and a smooth positive

function p : B—(0, +00) called the warping function. In this way,

M3 =B Xp F'is a warped product if it is the product manifold B X F' endowed with

the metric tensor
<) >:<7 >B+p2<7 >F
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We introduce them historically and compile results to keep in mind how to calculate the Riemannian
curvature tensor of a warped product as well as the Ricci curvature. In the sequel, we deal
with the two admissible cases separately: B X, F? in which the base is of dimension 1 and the
fiber of dimension 2; and on the contrary B? X, F' where the base is 2-dimensional and the fiber

1-dimensional.

In Section 4.2 we focus on warped products of the first type B x, F?, which have been well
studied in the literature. So, we devote the first part to give a short review to the bibliography,
fix the notation and obtain the sectional curvature of any tangent plane to B x, F 2 and the Ricci

curvature in any unit direction.

Afterwards, with the aim of giving sharp upper bounds for A\; we recall the definition of the
angle function © = (N, J;) of a two-sided surface into the warped product. At this point, we work

with a well established convergence condition formulated as
min Kp > sup{p? — pp"},
F B

where Kr denotes the Gaussian curvature of F. Its geometric interpretation is that the Ricci
curvature on M attains its minimum in the direction of 9y, i.e., the direction J; is one of the least
Ricci curvature on M. Thus, for compact two-sided surfaces of constant mean curvature immersed
into a warped product B x, F? satisfying the above convergence condition, we get the following

estimates:

A\ < —2H? +

p’ o 8m(g—1) 4 / o’
— | —d¥ d M < —-4H* - —dX.
Area(Z)/E p an T Area(X) + Area(X) Jx p

As usual, we analyse what happens when the equalities hold. On the one hand, we see that the
first equality holds if and only if the surface is a slice, or otherwise the surface must be totally
umbilic contained in a region of M which has constant curvature K = —p”/p. On the other hand,
the second equality holds if and only if K = —p”/p over the surface, and G — 2K is constant over
3.

We have applied these bounds to two cases which deserve special attention. The first one occurs
when the warping function is a solution of the Jacobi equation p” + c¢p = 0 for some ¢ € R, which
means that the Ricci curvature of M in the direction 0; is constant. So, in this case when we
assume that B x, F? satisfies the convergence condition we conclude when ¢ < 0 a non existence
result for stable surfaces, and otherwise, i.e. ¢ > 0, we prove that the only compact stable surfaces
of constant mean curvature are the slices with some restrictions. The second one occurs when the
warping function is concave, that is, p”” < 0 and we conclude that the only compact stable surfaces
of constant mean curvature into these warped products are totally geodesic topological spheres or

flat totally geodesic topological tori.

To finish the section, we give as examples of warped products where our results apply the

pseudo-hyperbolic spaces R x ¢ F’ 2 and R Xosnt F2 . So for them, under the convergence condition,
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we obtain upper bounds for A, and moreover we give the full classification of compact stable

surfaces of constant mean curvature immersed into them as follows:

The only stable compact two-sided surfaces of constant mean curvature in a

pseudo-hyperbolic space with compact fiber are the slices.

In Section 4.3 we treat the remaining case, that is, we study the second type of warped products
B? x p F. Since there is a lack of information about them, we begin by setting up the necessary
notation and computing the sectional curvature of any tangent plane to B? x p I, and the Ricci

curvature in any unit direction.

Following the same scheme as the previous section, we remind that given a two-sided surface
in B% x p I, its angle function is © = %(N ,0). So, for this case, we look for similar assumptions
to the above convergence condition. Indeed, we suppose that

Ric,(v,v) < 2Kp, forallv e T,M, |v| =1,p e M,

where Kp denotes the Gaussian curvature of B. Its geometric interpretation is that the sectional
curvatures of M attain a maximum equal to Kp at any point. So, the main result of the section
claims that the first stability eigenvalue of compact surfaces of constant mean curvature in B? x o F

satisfying the convergence condition is bounded as follows:

1 Ap 8m(g — 1) 2 / Ap
M < —2H*+ —— [ =Edx d N <-—4H?- —dX.
b= + Area(X) /E p an t= Area(X) * Area(X) Jy p

Moreover, the first equality holds if and only if the surface is totally umbilic with Ky, = Kp and
% is constant over X, whereas the second one holds if and only if Ric = 2K g over ¥ and G —2Kp
is constant over . As a particular case, we pay attention to the warping functions such as Ap < 0,

that is, p superharmonic.

On the other hand, it is also interesting to achieve upper bounds for A\; when the warping
function is convex and Kp < 0, since its significance lies in the fact that B? x p I has negative

curvature if and only if p is strictly convex and Kp < 0.

To finish, by applying all the estimates we derive some consequences related to the stability,
and we are able to give interesting examples that illustrate our results. Specifically, we study three
examples with the intention of showing one where the base is of negative curvature, another one

with positive curvature, and the last one where the base is a flat surface.



Chapter 1

Preliminaries

Abstract. This first chapter is devoted to introduce the notation, the basic concepts
and formulae that will be used throughout this work. In particular, we see that
both minimal and constant mean curvature surfaces when restricted to variations
preserving the enclosed volume are critical points of the area functional. After that,
we define the concept of stability as naturally appears from the second variation of
the area functional and, later on it is studied that such a notion can be characterized
in terms of the first eigenvalue of the so-called Jacobi operator. To finish, we obtain
two general bounds for this eigenvalue for compact two-sided surfaces of constant
mean curvature immersed into an arbitrary 3-dimensional Riemannian manifold
which become very useful to develop this thesis.

1.1 Notation

In this first part of the chapter, we set up the notation and remind several well known notions
and formulae, which will be useful lately, in order to make the memory easier to understand. To

proceed with, our intention is to compile it as self-contained as possible.

Let M? be a 3-dimensional oriented Riemannian manifold and let $? be a surface immersed
into M. This means that there exists an isometric immersion v : ¥— M, that is, an immersion
which preserves the metric tensor. Here and subsequently, we assume that the surface Y is compact

and two-sided, and so a unit normal vector field IV globally defined on ¥ can be fixed.

We denote by X(M) the set of all smooth vector fields on M, which is a module over the ring

C*°(M) of all smooth real-valued functions on M. Along this memory, a special type of vector field
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on Riemannian manifolds will occur: a vector field £ on M is said to be a Killing vector field on
M if the Lie derivate of the metric tensor of M vanishes. This definition can be reformulated in

terms of the Levi-Civita connection V of M as
(Vx&Y)+(VyE, X) =0

for all vector fields X and Y on M.

One of the crucial elements we must take into account when we study the geometry of the
Riemannian manifold M is its Riemannian curvature tensor R, which intuitively, permits us to
measure how far the Riemannian manifold is from being Euclidean. As far as the sign of this
curvature tensor concerns, it is clear the absence of unanimity in the literature. So, in what
follows, the convention that we will consider is the same that the one established by [dC] and
[ON2] among others, i.e., R : X(M)3—X(M) is the tensor given by

R(X,Y)Z =Vixy|Z - [Vx,Vy]Z

for every vector fields X, Y and Z on M.

Furthermore, closely related to R it is also considered a simpler real-valued function on the set
of all tangent planes to M, which completely determines R. It is the so-called sectional curvature
K, which was originally introduced by Riemann in [Ri] generalizing the Gaussian curvature for

surfaces. So, for a tangent plane P to M, the sectional curvature of P is defined by

(R(v, w)v,w)

K(P)=K((v,w) =
V

v wl? — (v,w)?

for any pair of linearly independent vectors v and w spanning the plane P. Specifically, for the
tangent plane to X its corresponding sectional curvature will be denoted by K. Let us recall that
the Riemannian manifold M is said to have constant curvature if its sectional curvature is constant,
that is, K(P) = ¢, with ¢ € R, for every tangent plane P to M.

On the other hand, since the Riemannian curvature tensor is quite complicated, it is helpful
to introduce new simpler tensors associated to R, which preserve rather geometric information. In
particular, we will use the Ricci curvature tensor of M denoted by Ric. So, for every point p in
M and for every tangent vectors x and y in T, M, Ric,(z,y) is the trace of the endomorphism of
T, M given by v— Ry, (z,v)y. It is a symmetric tensor and we can write it with respect to a local

orthonormal frame {E1, Fs, E3} on M as
Ric(X,Y) = (R(X, E1)Y, Eq) + (R(X, E2)Y, Es) + (R(X, E3)Y, E3)

for every vector fields X and Y on M. Consequently, at each point p € M, for every unit vector
u € T,M, we get
Ricp(u,u) = K(u,e1) + K(u, ez)
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where {e1, e, u} is an orthonormal basis of T, M.

Now, we denote by A the shape operator of the surface X, i.e., the self-adjoint operator A :
X(X)—X(X) given by
A(X)=—-VxN.

It is remarkable that the eigenvalues of A, namely k1 and ko, are the principal curvatures of the
surface, and associated to the shape operator, it appears two algebraic invariants: the determinant
and the trace, both of them of special importance when working on Differential Geometry. In

particular, the latter gives rise to define the mean curvature H of the surface by

1 1
H= itr(A) = 5(141 + K2).

Note that depending on the value of the mean curvature there are some surfaces which are
special. We are referring here to the particular cases of minimal surfaces (H = 0) and constant
mean curvature surfaces. Anyway, they will be motivated in detail along this chapter as the

solutions of a variational problem.

It is well known that in this context, the Gauss equation relates the Gaussian curvature G of
3}, that is the sectional curvature of 3, and the sectional curvature Ky of the tangent plane to X
in M in the following way,
G = Ky +det(A).

However, in our work, we will use the Gauss equation rewritten in a most appropriate way as

follows
|A]? = 2(2H? + Kx —G), (1.1)
where |A|? = tr(A?%) = k? + K2 is the square of the norm of the shape operator.

When dealing with constant mean curvature surfaces, it is sometimes more convenient to use
the so-called traceless second fundamental form instead of working with the second fundamental
form or shape operator. This tensor is denoted by ¢ : X(3)—X(X) and it is given by ¢ = A— H1,
where I denotes the identity operator on X(X). Besides that, it satisfies tr(¢) = 0 and,

62 = AP — 21 (1.2
Then, the Gauss equation (1.1) can be translated in terms of ¢ obtaining easily that

6> = 2(H? + Ky —G). (1.3)

In order to finish this introductory section, we would like to point out the existence of two
families of surfaces which are of special significance. They are: the totally geodesic surfaces, for
which A = 0; and the totally umbilic surfaces, for which A = HI. It is clear that the first ones are
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a particular case of the second ones. What is more, a surface is totally geodesic if and only if it is

minimal and totally umbilic.

Note that the relevance of the tensor ¢ precisely lies in the fact that |¢|> = 0 if and only if %
is totally umbilic. In other words, from (1.2) the total umbilicity of X is equivalent to |A|?> = 2H?.

This is the reason why ¢ is also known as the total umbilicity tensor of X.

1.2 Some differential operators

This section is just a reminder of the definition of some differential operators on a Riemannian
manifold since they will be repeatedly used in the computations of this memory. More precisely,
we refer the gradient, divergence, Hessian, and Laplacian, which are the natural generalizations of
the well known differential operators of vector calculus on R3. Furthermore, we also include the

properties of such operators that we will use later.

Let (M™,(, )) be an arbitrary Riemannian manifold with Levi-Civita connection V. Within

this framework, the following concepts are defined:

e The gradient V f of a smooth function f € C*°(M) is the vector field metrically equivalent
to the differential df € X*(M). Thus

(Vf, X) =df(X) = X(f)
for all X € X(M). Moreover, for a local orthonormal frame {E1,..., E,} on M we have

Vi=> Ei(f)Ei
=1

Observe that if h : R—R and g : M—R are two smooth functions, then the gradient of
the composition h o g: M—R is given by

V(hog) = Z i(hog)E Zdhog

=1
— Z(h’ 0g)dg(E;)E; = (h o g) ZEi(g)Ei
=1 i=1
= (W og)Vyg. (1.4)

e The divergence div X of a vector field X € X(M) is the smooth function divX : M—R
defined by

div X (p) = tr(v—V, X).
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In this way, for a local orthonormal frame {E1,..., E,} on M the divergence is written as
follows

divX =Y (Vg X, E).

i=1

It will be useful the following property. If we pick up a smooth function f : M—R and a
vector field X € X(M), then

div(fX) = Y (Ve (X),E) =Y (E(HX + VX, E)
=1 =1
= > (E{f)Ei, X) + fdivX
=1
= X(f)+ fdivX. (1.5)

e The Hessian HY of a smooth function f € C*°(M) is its second covariant differential, and so
it is the symmetric tensor H/ : X(M) x X(M)—R defined by

H/ (X,Y) = X(Y(f)) — (VxY)f = (Vx(Vf),Y)
for every X,Y € X(M).

e The Laplacian Af of a smooth function f € C*°(M) is the divergence of its gradient, that is,
A C®(M)—C>(M) is given by
Af =div(VY).

Now, in terms of a local orthonormal frame {Ej,..., E,} the Laplacian of f can be written

as the trace of its Hessian, i.e.,

Af=> H/(E,E).
i=1

1.3 Stability

There is a dual purpose along this section: to motivate the relevance of constant mean curvature
surfaces, and to introduce their two different notions of stability, playing the stronger one a key
role in this memory. With the first aim, as we have announced previously, we study both minimal
and constant mean curvature surfaces from the viewpoint of solutions of a variational problem.
More particularly, such surfaces can be characterized as the critical points of the area functional.
To do so, we must know the first variation of the area functional. On the other hand, we introduce
the definition of stable surface by analysing the sign of the second variation of the area functional.

And so, without further delay we provide a brief exposition of this variational problem.
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Definition 1.3.1. A wariation of an isometric immersion v is a differentiable map ¥ : 3 x
(—e,€)— M such that:

(i) ¥y : X—M, t € (—€,¢€), given by Wy(p) = U(p,t), p € 3, is an immersion, and

(ii) ¥y = 1 is the original immersion.

ov
The variational vector field of U is defined as — and its normal component is

It |1
ov
/= <att:o’N>'

Moreover, a normal variation is a variation with variational vector field parallel to N. Note that

every smooth function f € C*°(X) induces a normal variation ¥; : ¥—— M of the original immersion

1 with variational normal field fN, given by

Ui(p) = Expyp) (Lf ()N (),

where Exp denotes the exponential map in M.

Hence, we can study the variation of the area of 3 with respect to the metric induced on X by

the immersion W,. That is, the area functional A: (—e,e)—R is given by
A(t) = Area(Et) = / dEt,
b

where ¥; stands for the surface ¥ endowed with the metric g; induced by Uy, i.e., g¢ = Vi ((, )),
and dX; is the area element of that metric on X. As well, it can be measured the volume enclosed

between ¥y and ¥; by means of the volume functional V : (—¢,e)—R defined by

V(1) = /{M v (dV),

where dV is the volume element of M. It is said that a variation is a volume-preserving variation
if V(t) = V(0) for all ¢t.

Then, the first variation formulae for area and volume are stated in the following way.

Proposition 1.3.2. (First Variation Formulae for area and volume) Let v : ¥—M be a compact

two-sided surface immersed into a 3-dimensional Riemannian manifold M. If f € C*°(X), then
(i) oA =A(0) = -2 [, fHAX.
(ii) 5V =V'(0) = [ fd¥.

Here 67 A and 67V denote, respectively, the first variation of the area and the volume under the

normal variation determined by the function f.
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The first variation formula for the area is due to Lawson (see Chapter I, Theorem 4 in [La]).
The general reference for more details about the first variation for the volume function can be found
in [BdC, BACE]. Indeed, the corresponding authors obtained such formulae for the more general

case of hypersurfaces.

As a consequence of the above proposition, minimal surfaces are characterized as critical
points of the area functional, as well as constant mean curvature surfaces when restricted to
volume-preserving variations.

Lemma 1.3.3. (Characterization of minimal and constant mean curvature surfaces)

(i) A surface ¥ immersed into a 3-dimensional Riemannian manifold M is minimal if and only

if A =0 for every smooth function f € C>*(X).

(ii) A surface ¥ immersed into a 3-dimensional Riemannian manifold M has constant mean
curvature H if and only if 6. A =0 for every smooth function f € C*°(X) satisfying the additional
condition fz‘, fdx =0.

Proof. (i) It is obvious that H = 0 implies 674 = 0 for every f € C>(X).

Conversely, let us assume that 6.4 = 0 for every f € C*°(X), then we must show that H = 0. To
do so, we suppose that 3 is not minimal, that is, there exists a point pg € M such that H(pg) # 0.
Now we consider a step function h € C*>°(X) satisfying 0 < h < 1, with h(pg) = 1 and h = 0 outside
a neighbourhood of py and, by taking f = hH we have

O:6f.A:—2/fHdE:—Q/hHQngo.
% b

From here, we deduce hH? = 0 over the surface, which leads to a contradiction since hH?(pg) =
H? (po) > 0.

(ii) Clearly, if the surface 3 has constant mean curvature, then 6 A = 0 for every f € C*(X)
satisfying [y fd¥ = 0.

Conversely, if dpA = 0 for every f € C®(X) such that [, fd¥ = 0, let us write the mean
curvature as H = Hy + (H — Hy), where

1
Hy=——~+ | HdX.
0 Area(E)/E

Since [«(H — Hp)d% =0, by putting f = H — Hy we follow
0=¢5pA= —2/ fHdY = —2/ (H — Hy)HdY = —2 / (H — Hy)?dx.
% % %

Thus, we conclude that H = Hy at every point, and so the surface ¥ has constant mean curvature.
O
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Note that the aforementioned condition fz fd¥ = 0 means that the variations under

consideration conserve the enclosed volume.

For such critical points, the sign of the second variation of the area gives rise to introduce the
notion of stability. Its expression also goes back to Lawson’s work (see Chapter I, Theorem 32 in
[La]).

Proposition 1.3.4. (Second Variation Formula for area) Let 1) : ¥X—M be a compact two-sided

surface with constant mean curvature immersed into a 3-dimensional Riemannian manifold M. If
fec>(x), then

52A = A'(0) = —/E (FAF + (AP + Ric(N, N))f?) d=,

where A stands for the Laplacian operator on ¥ and Ric(N, N) denotes the Ricci curvature of M

along the unit normal direction to 3.

It is interesting to rewrite the above formula in terms of the Schrodinger operator
J 1 C®(X)—C>®(X) defined by

J = A +|A]? + Ric(N, N), (1.6)

in such a way that (5J2£A = — |5 fJ fd¥. The operator J is the so-called Jacobi operator or stability
operator. Furthermore, the above expression for J can be rewritten in terms of the total umbilicity

tensor by using (1.2) so that

J=A+2H?+|¢[* + Ric(N, N) .

At this point, we are in a position to define the notion of stability, both for minimal and for

constant mean curvature surfaces.

Definition 1.3.5. A minimal or a constant mean curvature surface ¥ is said to be stable if it is a

local minimum for the area functional. That is, 5?.,4 > 0 for every smooth function f € C*(X).

Let us observe that for the particular case of constant mean curvature surfaces the notion of
stability that we have just given is also called strong stability for some authors. The reason why
this name is received is that the condition of being stable can be weakened, giving another natural
notion of statibility. To be precise, a constant mean curvature surface 3 is weakly stable (or volume
preserving stable) if 5]20./4 > 0 for every smooth function f € C*°(X) such that [, fd¥ = 0. Anyway,

throughout this memory we focus on the strongest.
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1.4 The first stability eigenvalue

In this part of the preliminaries we are going to study the spectrum of the Jacobi operator and
its relationship with the stability of the surface. After that, we will get two upper bounds for the
first stability eigenvalue A1 in the general case of a compact two-sided surface ¢ : ¥— M with
constant mean curvature H immersed into an arbitrary 3-dimensional Riemannian manifold M. In

fact, such bounds will constitute the base of the following chapters.

Our criterion establishes that a real number A is an eigenvalue of J if it satisfies
Jf+Af=0
for some smooth function f € C>*(X), f # 0. Note that the spectrum of J
Spec(J) ={ A\ <A< A3 <---} (1.7)

consists of an unbounded increasing sequence of eigenvalues \; with finite multiplicities m;. The

first stability eigenvalue A; is simple (m; = 1) and satisfies the following min-max characterization

— Jy SIS

A1 = min { fg 7245

Fece(®).1 £0}. (18)

Now, we want to highlight that the first stability eigenvalue plays a key role in the study of
the stability of constant mean curvature surfaces and, more generally, the stability of constant
mean curvature hypersurfaces. With this aim, note that if 3 is stable, on account of the notion of

stability we follow
0< 07 A=~ /E [ f;:dS = N /E f2dx

for every eigenfunction f; of the stability operator. This clearly forces A; > 0 for every eigenvalue
A; of J, and combining this fact with (1.7) we can reduce it to say that A\; must be non negative.

In other words, the stability can be studied in terms of the spectrum since
> is stable if and only if Ay > 0.

Thus, let us observe that if we are able to give a negative upper bound for \; we will derive that
the surface ¥ is not stable, and so, this point becomes a useful techniche when looking for non
stability.

In what remains, we are going to look for the two announced upper bounds for the first stability

eigenvalue.

Let us choose, without loss of generality, a first positive eigenfunction f; € C*(X) of the
stability operator J (see sections 6 and 7, chapter VI in [CH]). Then, since Jf; + A1 f1 = 0, from
the definition of the Jacobi operator (1.6) it is direct that

Afi = — (M + |A? + Ric(N, N)) f1. (1.9)
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Now, the idea is to compute the Laplacian of the logarithm of f; (following [Pe]) to obtain a very

useful integral formula. By definition
Alog f1 = div(V(logf1)),
and from the formula (1.4) we know V(logf1) = (V f1)/ f1, then substituting into the above equality

we have -
Alogfi = div (fl) )
fi

By the formula (1.5) we get

1 Vh = i v i
dlv(fl) B fld (vf1)+Vf1<f1>

Afy 1
()
A (VALVA)

h B

Combining with (1.9) the last expressions yield

_ 2, 1 VAP
Alogfi = — (M + |A]” + Ric(N, N)) — P
i
Taking into account Stokes’ Theorem we know that f2 Alogfi1dY¥ = 0, and by integrating over X
we obtain )
o= / |Vf;| d¥ = —\; Area(X) — / (|A]? + Ric(N, N))d¥. (1.10)
v Ji b

This last formula will be more useful if we rewrite it in terms of the total umbilicity tensor ¢ as

follows .
A\ = —2H? — Area(s) (a + /Z (|¢|* + Ric(N, N)) dZ) . (1.11)

Taking advantage of this expression we can deduce our two expected upper bounds for A;:

(i) On the one hand, keeping in mind that a > 0 and |¢|?> > 0, from (1.11) we establish the first
upper bound for Aq,
1
M < —2H? — —— ic(N, N) d>. 1.12
1< o LR (1.12)
(ii) On the other hand, if we integrate the Gauss equation (1.3) over X, the Gauss-Bonnet

Theorem enables us to write
/ |p|?dE = 2H? Area(X) +87(g — 1) +/ 2 Ky, d¥,
) )

and afterwards, we once again use that @ > 0 and the equality (1.11) immediately leads to

the second upper bound for Ay,

A\ < —4H? —

%@—D+/

(2K2+Ric(N,N))dE>. (1.13)
Y

s
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Remark 1.4.1. Let us analyse briefly what occurs when the equalities are attained in each of the

obtained upper bounds for Aj.

(i) Tt is direct to check that the first bound for A; holds if and only if o = 0 and |¢|?> = 0.
Note that o = 0, due to its definition (1.10), means that Vf; = 0 and consequently the
eigenfunction f) is constant. Moreover, from (1.9) we conclude that Ay = —(]A|*>+Ric(N, N)).
On the other hand, |¢|> = 0 is equivalent to the total umbilicity of the surface . Therefore,

A1 = —2H? — Ric(N, N), being the Ricci curvature on the normal direction constant.
(ii) The second bound for A; holds if and only if a = 0.

Remark 1.4.2. The first upper bound can be computed in an alternative way. In order to do this,
one must use the constant function f; =1 as a test function in the min-max characterization (1.8),

and it easily gets that

1 1
M < —2H? — ——— [ Ric(NV,N)dY — ——— 24y
b= Area(Y) /E ic(N, N) Area(Y) /E 141
1
< —2H* - — ic( V. 3.
- Area(X) /E Ric(N, N)d
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Chapter 2

Compact CMC surfaces into
homogeneous 3-manifolds

Abstract. Along this chapter, we will obtain sharp upper bounds for the first
eigenvalue of the stability operator for compact constant mean curvature surfaces
immersed into certain homogeneous 3-manifolds. To proceed with, we begin by
introducing these ambient manifolds. Among them, we focus our attention on two
cases: the ones with isometry group of dimension 6 (space forms), and the ones
with isometry group of dimension 4. So, for both of them, we give upper bounds for
the first eigenvalue, and as an application we derive some consequences for stable
compact surfaces of constant mean curvature in such ambient spaces. Moreover,
it 1s remarkable that we also get a characterization of Hopf tori in certain Berger
spheres.

2.1 Introduction to homogeneous 3-manifolds

Throughout this chapter homogeneous spaces play a leading role, since they are the ambient
spaces in which we are going to work. We would like to clarify that we just show the part of
the theory of homogeneous spaces which is used for our results. Anyway, we give a wide list of

references for the reader who is interested in going into details about these spaces.

We start establishing the definition of a homogeneous manifold.

Definition 2.1.1. A Riemannian 3-manifold M? is said to be homogeneous if for any two points

p and ¢, there exists an isometry that maps p into q.
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Therefore, the isometry group of a homogeneous manifold acts transitively on the manifold.
Roughly speaking, this definition is the natural way of specifying that the manifold has plenty
of isometries. Thus, if M is homogeneous, it looks the same at all the points and the geometric
properties which work at one point of M can be extended at every point. For instance, every

symmetric space is homogeneous.

It is well known that, among others, the simply connected space forms R3, S? and H? are
examples of these kind of manifolds. What is more, they are the simplest cases of homogeneous
manifolds as they are isotropic too, and as a matter of fact, they are the only simply connected

manifolds satisfying to be homogeneous and isotropic at the same time.

Observe that the simply connected space forms have an isometry group of dimension 6, however,
by reducing the manifold to be just homogeneous, without the constraint of being isotropic, we can
find other homogeneous manifolds with isometry group of dimension 4 or 3. Such manifolds, under
the assumption of being simply connected, have been fully classified in [MP], where the authors
have proved that they are isometric to 3-dimensional Lie groups with left invariant metrics, apart
from the product S? x R. Although this fact reveals that the homogeneous manifolds are strongly
linked to the theory of metric Lie groups (i.e., simply connected 3-dimensional Lie groups endowed
with a left invariant metric), this chapter does not seek to cover aspects about Lie groups. In this

regard, the reader can consult [MP, Mi].

As far as the full classification of 3-dimensional homogeneous Riemannian manifolds concerns,
it is is worth stressing that under the assumption of being simply connected it has been completed.
Indeed, several authors have been contributed in such a classification (see [Bo], [Pal, [Sc] and [Th]).

In a nutshell, the comprehensive list is the following;:

e The spaces with 6-dimensional isometry group, that is, the simply connected space forms:

the Euclidean space R3, the standard sphere S* and the hyperbolic space H?3.

e The spaces with 4-dimensional isometry group: the product spaces S? x R and H? x R, the

Berger spheres S3(k,7), the Heisenberg space Nil3(7) and the universal cover SI(2,R)(k, )
of the Lie group SI(2,R)(k, 7).

e The spaces with 3-dimensional isometry group are a certain class of Lie groups, and among

them it is remarkable the Lie group Sols.

Along this chapter, we pay attention to the first two cases, giving much more details. In fact,
in Section 2.2 we focus on the study of compact surfaces immersed into the simply connected
space forms that we will denote by M?3(c), and in Section 2.3 we deal with compact surfaces into
the simply connected homogeneous 3-manifolds with isometry group of dimension 4 which will be
denoted by E3(k, 7). Although the last case is not treated in this memory, readers interested in the

Lie group Sols can see [DM].
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2.2 Compact CMC surfaces into M3(c)

In this section, we focus our attention on simply connected homogeneous 3-manifolds with
isometry group of dimension 6. These ambient manifolds do not need a wide introduction, since
they are very well known. Indeed, we are referring, as said before, to the simply connected space
forms, that is, we are going to deal with complete simply connected 3-dimensional Riemannian

manifolds of constant curvature.

Its outstanding role in the Riemannian geometry is owing to the fact that they are the only
complete, simply connected Riemannian manifolds with constant curvature (by Cartan’s Theorem).
In the sequel, as indicated, we denote them by M?3(c). Then, under these assumptions we know
that M?3(c) is isometric to:

e the standard sphere S3(,/1/c) if ¢ > 0,

e the Euclidean space R3 if ¢ = 0,
e the hyperbolic space H?(y/—1/c) if ¢ < 0.

What is more, along the current section, we consider 3-dimensional Riemannian manifolds M
with sectional curvature K bounded from below by a constant c, i.e., K > ¢, which obviously

contains the case of simply connected space forms with K = c.

2.2.1 Estimates of \; for compact CMC surfaces into M?(c)

Now, we are in a position to understand that our first objective is to generalize Alias, Barros
and Brasil’s theorem, which has been shown in the summary, for compact constant mean curvature
surfaces immersed into an arbitrary simply connected space form instead of studying just the
standard sphere S3. Even more, as mentioned, we initially consider a more general context: surfaces

immersed into a 3-dimensional Riemannian manifold M with K > c.

As a first approach to achieve our aim, we study estimates for the first eigenvalue of the

aforementioned surfaces.

Theorem 2.2.1. (Theorem 2.1 in [AMO]) Let M be a 3-dimensional Riemannian space with
sectional curvature K bounded from below by a constant ¢, and X a compact two-sided surface of
constant mean curvature H immersed into M. If A\ stands for the first eigenvalue of its Jacobi

operator, then

(i) M\ < —2(H? +¢), with equality if and only if ¥ is totally umbilic in M and the normal

direction to X is a direction of minimum Ricci curvature of M equals 2¢; and
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8m(g—1
(i) N < —4(H?* +¢) — X(g(E))’ with equality if and only if ¥ has constant Gaussian curvature,
rea
Kyx, = ¢ and the normal direction to ¥ is a direction of minimum Ricci curvature of M equals

2c.

Proof. (i) If {Eq, Ea, N} is a local orthonormal frame on M, then the assumption K > ¢ implies
that

Ric(N, N) = K(N, Ey) + K(N, E) > 2c.
So, from (1.12) one easily gets that

1

M < —2H? - ——
T Area(X)

/ Ric(N, N)dx < —2(H? + ¢).
%

Let us analyse the case when the equality holds. The above inequalities become into equalities.
As we saw in (i) of Remark 1.4.1, the first equality implies that the surface ¥ is totally umbilic,
and the second one occurs if Ric(N, N) = 2¢. Because of the assumption K > ¢, we know that
2¢ < Ric(X, X) for all X € X(M) and so the normal direction to ¥ is a direction of minimum Ricci

curvature of M.
Conversely, if ¥ is totally umbilic, i.e. |A|? = 2H?, and Ric(N, N) = 2¢ then
J = A +|A? +Ric(N,N) = A+ 2H? + 2¢,
and consequently \; = —2(H? + ¢).
(ii) Because of the assumption K > ¢, it is clear that
2 Ky + Ric(N, N) > 2¢ + 2¢ = 4e,

and combining this inequality with (1.13) we get that

A < —4H? - Are;@) <87r(g — 1)+ /Z (2 K. + Ric(N, N)) dz>

8m(g —1)

< —4A(H?+¢) - Areals)

Let us study what happens when the equality holds. The last inequalities turn into equalities
and it is derived that Ky = ¢ and Ric(N, N) = 2¢, so the normal direction to ¥ is a direction of
minimum Ricci curvature of M as above. Moreover, if (1.13) is an equality, because of Remark

1.4.1 we have a = 0, fact which implies that f; is constant and from (1.9) we deduce that
A1+ |A]2 + Ric(N, N) = A\ + |A]2 4+ 2¢ = 0,
and consequently |A|? is also constant, then the Gauss equation is written as

|A]> = 4H? + 2 Ky, —2G = 4H? + 2¢ — 2G
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and so the Gaussian curvature G must be constant.
Conversely, if ¥ has constant Gaussian curvature, Ky = ¢ and Ric(N, N) = 2¢, then by using
once again the Gauss equation, the stability operator is given by
J=A+4H? + 2 Ky —2G + Ric(N, N) = A + 4(H? + ¢) — 2G.
Hence \; = —4(H? + ¢) + 2G and the Gauss-Bonnet formula

G Area(X) = /ZGdE =4n(1—g)

yields to
8m(g—1)
— A(H? o) I
A (H" +c) Area(X)

O

Now, as indicated before, we are going to particularize the result above for 3-dimensional simply
connected space forms M?3(c). Let us recall that the following corollary therefore constitutes a
generalization of the Alias, Barros and Brasil’s theorem for compact surfaces with constant mean
curvature into the standard sphere S3(1), which have been collected in the Summary (see Theorem
2.2 in [ABB]).

Corollary 2.2.2. (Corollary 2.2 in [AMO]) Let M3(c) be a 3-dimensional simply connected space
form and ¥ a compact two-sided surface of constant mean curvature H immersed into M>(c). If

A1 stands for the first eigenvalue of its Jacobi operator, then

(i) either \j = —2(H? 4 ¢) and X is totally umbilic in M3(c),

(ii) or \1 < —4(H? + ¢), with equality if and only if ¥ is a Clifford torus in S(c).

Proof. Since K = ¢, by taking a local orthonormal frame {E1, E2, N} on M3(c) we have
Ric(N, N) = K(N, Ey) + K(N,e2) = 2c,

so the normal direction of ¥ is a direction of minimum Ricci curvature of M3(c). Additionally, if
¥ is totally umbilic we know from (i) of Theorem 2.2.1 that A\; = —2(H? + ¢).

Otherwise, by using the fact that the genus of a constant mean curvature non totally umbilic

surface in M3(c) is greater than or equal to 1 (see [Sp]), we obtain from (i) of Theorem 2.2.1 that

8m(g—1)

< —4(H? -
AL s —4(H ) Area(X)

< —4(H? +¢).

It remains to discuss the case when the equality is attained. So, the equality holds if and only

if the last two inequalities become into equalities. From the latter it is direct that g = 1, whereas
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from the former we get ¥ has constant Gaussian curvature by appling (ii) of Theorem 2.2.1. Thus,

by the Gauss-Bonnet formula
G Area(X) = / Gd¥ =4n(1—g) =0,
b

which means that G = 0. This occurs only when ¥ is a Clifford torus with constant mean curvature

immersed into S?(c) due to the compacity assumption. ]

2.2.2 Stability of compact CMC surfaces into M?(c)

As for the existence of compact stable surfaces of constant mean curvature H immersed
into 3-dimensional Riemannian manifolds with K > ¢, some consequences can be obtained from
Theorem 2.2.1. To discuss about it, we are going to take into account the sign of H? + ¢, since this

term appears in both bounds of the mentioned result.

Corollary 2.2.3. (Corollary 2.3 in [AMO]) Let M be a 3-dimensional Riemannian space with

sectional curvature K bounded from below by a constant c.

(i) There exists no stable compact two-sided surface of constant mean curvature H with
H? +¢> 0.

(ii) If ¥ is a stable compact two-sided surface of constant mean curvature H and H*+c = 0 (that
is, c =0 and H =0 or c < 0 and H> = —c), then ¥ is topologically either a sphere or a

torus.

(iii) If ¥ is a stable compact two-sided surface of constant mean curvature H and H?>+c < 0 (that
is, ¢ < 0 and H? < —c), then

Area(X) |H? + ¢| > 2n(g — 1).

Proof. To prove (i) let us take H? 4 ¢ > 0, and so as a direct application of the estimate for \;

given in item (i) of Theorem 2.2.1 we obtain that
M < —2(H?’+¢) <0

that is, A1 is negative, or equivalently, ¥ can not be stable.

Items (ii) and (iii) follow from the estimate for A; given in (ii) of Theorem 2.2.1 taking into
account that if ¥ is stable, then

8m(g —1)

< < —A(H? -
0=k = (H+¢) Area(X)
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Thus, when H? + ¢ = 0 we know that g — 1 < 0, and so the genus of the surface must be zero or one
concluding (ii). On the other hand, when H? + ¢ < 0 it is immediate that —27(g — 1)/ Area(X) >
H? + ¢, or equivalently,

Area(X) |H? + ¢| > 2n(g — 1),

as it has been stated in (iii). O

Consequently, in the particular case K = ¢, (i) confirms that there exists no stable compact

two-sided surface of constant mean curvature immersed into S?(c) and R3.

For the case ¢ < 0, i.e. H3(c), we should keep in mind the fact that the stability implies weak

stability. Hence, we can look for stable surfaces among the ones which are weakly stable.

Let us remind that Barbosa, Do Carmo and Eschenburg [BACE] proved that the only compact
two-sided surfaces with constant mean curvature H immersed into M3(c) which are weakly stable
are the geodesic spheres. That is, the only candidate surfaces to be stable in H?(c) are precisely

such spheres. Thus, it is clear that the Jacobi operator for these surfaces is simplified to
J = A+ |A? +Ric(N,N) = A + 2.

Therefore, A\ = —2¢ for them, and so, as ¢ < 0 we get A\; > 0. Hence, the only stable compact

surfaces of constant mean curvature in M3(c) are the geodesic spheres immersed into H?(c).

2.3 Compact CMC surfaces into E3(k, T)

2.3.1 Introduction to E3(k, T)

In the sequel, we deal with homogeneous Riemannian 3-manifolds M whose isometry group
has dimension 4. Furthermore, we assume that such manifolds are also simply connected unless
otherwise indicated. Our claim is to show how the research of these manifolds has developed during
the last years without stating much of its results. Nevertheless, we strongly encourage the reader

to familiarize with two nice papers by Daniel ([Dal, Da2]) for deepen into these manifolds.

We should outline that the theory of constant mean curvature surfaces immersed into these
manifolds is very rich and it has attracted the interest of many geometers along the last decade. Its
starting point dates from 2004, when Abresch and Rosenberg discovered a holomorphic quadratic
differential for constant mean curvature surfaces immersed into S? x R and H? x R in [AbR1].
After only one year, the same authors were able to extend their results to the more general case of
constant mean curvature surfaces into any homogeneous 3-manifold with 4-dimensional isometry
group (see [AbR2]). These works gave rise the task of how to write such quadratic differential
explicitely, problem which has been solved lately in [BT, FM1].
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After the appearance on the scene of such manifolds, we find a large number of contributions
enriching this broad theory. Among all the results in this framework, we emphasize only those
which are related to our goals. For instance, the existence and the search of relevant surfaces from
a geometric viewpoint (not necessarily with constant mean curvature) is one of the main problems to
approach. In this direction, there are many results such as the compatibility equations for surfaces in
3-dimensional homogeneous manifolds from Daniel ([Dal]), or the existence of rotationally invariant

surfaces of constant mean curvature (see for instance [HH, PR, To).

Along this memory, we are specially interested in a flat surface called Hopf torus. Torralbo and

Urbano have achieved a classification of compact flat surfaces and their result states that

Theorem. (Th 3.1 in [TU1]) The only flat compact surface in a homogeneous

3-manifold with isometry group of dimension four is the Hopf torus. In particular,

P

1. In the product spaces B%(k) x R, the Heisenberg group Nil3(T) and SI(2,R)(k, ),

there are no flat compact surfaces.

2. In the Berger spheres, the flat compact surfaces are the Hopf tori.

On the other hand, the classification of totally umbilic surfaces in different ambient spaces
is another classical problem in the Riemannian Geometry. For instance, for space forms we can
find such a classification in [Sp|. For the homogeneous manifolds, Souam and Toubiana have been
the responsible of studying the totally umbilic surfaces provided they exist. In this case, we are
precisely interested in their result of non existence for homogeneous 3-manifolds with non null

bundle curvature 7.

Theorem. (Th 1 in [ST]) There exist no totally umbilic surfaces in a homogeneous
3-manifold with isometry group of dimension four with 7 # 0. In particular, there are

no totally geodesic surfaces.

With regard to the stability, we find several works in the literature for both the weak stability
and the strong one (see for instance [LM, MaPR, NR, So, TU2|). Moreover, a nice survey of
Meeks, Pérez and Ros compiling much information about stable constant mean curvature surfaces
into homogeneous manifolds is strongly recommended (see [MePR]). Very recently, we have been
informed about a new preprint by Lerma and Manzano ([LM]), where the authors study the stability

in a more general context, which allows us to derive a very interesting consequence.

To finish, we would like to mention another recent work by Espinar and Trejos, where the
authors obtain some upper bounds for the first stability eigenvalue of complete two-sided surfaces
of constant mean curvature H with finite Abresch-Rosenberg total curvature and H? + 72 = 0 (see

Theorem 6 in [ET] for going into details).
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To go further on the results of constant mean curvature surfaces into the aforementioned
homogeneous manifolds we refer the reader to a compilation of them in a Daniel, Hauswirth and
Mira’s book [DHM], and in order to know some of the open problems in the theory, see the above
reference and [FM2].

2.3.2 Basic tools and first formulae

Now, we intend to establish basic facts and include the first computations in the considered
ambient spaces. Let us begin pointing out that if M is a simply connected homogeneous 3-manifold
with isometry group of dimension 4, there exists a Riemannian submersion II : M3 — B?(x), where
B?(k) is a 2-dimensional simply connected space form of constant curvature . Moreover, its fibers

are the trajectories of a unit Killing vector field £ on M.

Let us recall that the fibers of II are the inverse image of the points of B?(k) by means of II.
Moreover, they are geodesics in our case as we are going to check in the next chapter. Now, we
remind that a vector field on M is wvertical if it is always tangent to fibers and horizontal if it is

always orthogonal to fibers. Thus, the unit Killing field £ is a vertical vector field.

Having reached this point, we are in a position to show a well known fact for the Levi-Civita

connection of the ambients involved.

Lemma 2.3.1. (Section 2.1 in [Dal]) Let M be a homogeneous 3-manifold with isometry group
of dimension 4, and II : M3—B?(k) a Riemannian submersion with unit Killing vector field &.

Then, there exists a constant T so that
Ve =1(ENE) (2.1)

for all vector field E on M, where A\ is the vector product in M.

Notice that the last formula is going to be generalized in the following chapter, and so we
include its proof there (see Lemma 3.1). Here, the constant 7 is called the bundle curvature of M,

whose definition is precisely given by the formula (2.1).

Henceforth, according to the standard notation in the literature, we set up the notation E3(x, 7)
for a simply connected homogeneous Riemannian 3-manifold with isometry group of dimension 4,

with constant Gaussian curvature of the base x and constant bundle curvature 7.

It is relevant to highlight the role of the constants x and 7 in these homogeneous manifolds.
For instance, as the isometry group of E3(k,7) has dimension 4, it is clear that x — 472 # 0,
otherwise E3(k, 7) would be a space form. Also note that x and 7 classify the E3(k, 7)-spaces. In

fact, depending on their values we can distinguish the different cases:

e When 7 = 0, they are the product spaces B%(x) x R, that is
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— $%(k) x R for x > 0, and
— H?(k) x R for k < 0.

e When 7 # 0, they are:

— the Berger spheres S3(k,7) for k > 0,
— the Heisenberg group Nilz(7) for k£ = 0, and

—_~—

— the universal cover SI(2,R)(k,7) of the Lie group SI(2,R)(k,7) for x < 0.

As usual, it is important to know the Riemannian curvature tensor R. It was originally

computed for E3(x,7) by Daniel and its expression is given by the following result.

Proposition 2.3.2. (Proposition 2.1 in [Dal]) Let X, Y, Z and W be vector fields on E3(k,T).
Then, the Riemannian curvature tensor R of E3(k,T) is given by
(RIX,Y)Z,W) = (k=37 (X, Z2)(Y,W) = (Y, Z){X, W))
+ (5 =47 (Y €)(Z, (X, W) — (X, E){Z, (Y, W)
To prove it, we will make use of the following lemma.
Lemma 2.3.3. (Lemma 2.8 in [EQ)]) Let 11 : E3(k, 7)—B%(k) be a Riemannian submersion with
unit Killing vector field £. Let {X,Y} be a local orthonormal frame of horizontal vector fields on
E3(k,7), such that {X,Y, ¢} is positively oriented. Then
K(X,Y) = k—372 and
K(X,§) = 72
The proof of this lemma will be postponed until the Section 3.2 since it involves to introduce

specific notation of submersions and we consider that its natural location is the chapter devoted to

such ambient spaces (see Lemma 3.2.6).
Proof. (Proposition 2.3.2) Let us decompose X, Y, Z and W in their horizontal and vertical
parts, respectively

X=X"+(X.¢ Y=Y'"+(V.8¢ Z=2"+(2.8¢ W=W"+ (LK,

where X", Y" Z" and W" are horizontal. To simplify the notation we will denote by , y, z and

w the real functions defined by

z=(X,§), y=(¢8, =z2=(Z2¢, w=(W.

Then, by using the multilinearity of R, we get that (R(X,Y)Z, W) is a sum of 16 terms. Now,

note the following:
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e The terms in which £ appears three or four times vanish.

e The terms in which £ appears twice in positions 1 and 2, or 3 and 4 vanish, that is,

R(§, X" = Ve g X" — [V, Ve X" = 0.

e The terms in which £ appears once vanish (see Section 2.1 to check that the matrix of R in

the basis {ej, e2,£} is diagonal).

Hence, R is reduced to the sum of 5 terms,

(R(X,Y)Z,W) = (R(X"Y")Z"Wh) + yw(R(X", ) 2", €) — yz(R(X", ) W", &)
+ z2(RYM WP &) — zw(R(Y", £) 2", ¢€),

and bearing in mind the lemma above we get

(RIX,Y)Z, W) = (k—375)((X", 2N Why — (Y zm (X Wh))
+ TAyw(Xh, Zh) — y (X WY + 22 (YR, WHY — 2w(Y ZM)).

To finish, since (X", Y") = (X — 2£,Y — y&) = (X,Y) — xy we obtain from the last equality that

(RXY)ZW) = (= 372)((X, Z)(Y, W) — (Y, Z)(X, W)
+ (k=37 (—yw(X, Z) + y2(X, W) — 22(Y, W) + 2w(Y, Z))
— T2 (—yw(X, Z) + yz(X, W) — 22(Y, W) 4+ zw(Y, Z))

3 (X, Z) (Y, W) — (Y, Z){X,W))

AT (—yw(X, Z) + yz(X, W) — 22(Y, W) + 2w(Y, Z)).

K —

:(,«,;
(

O]

As a consequence of the expression for the Riemannian curvature, the Ricci curvature of E3(k, 7)

and the sectional curvature K for every tangent plane can be computed as follows.

Corollary 2.3.4. Let IT : E3(k,7)—B?(k) be a Riemannian submersion with unit Killing vector

field €.
(i) The Ricci curvature of E3(k,T) in a unit direction n is given by
Ric(n,n) = k — 272 + ©%* (472 — k), where © = (n,£). (2.2)
(ii) For every tangent plane P to E3(k,T) with unit normal 1, the sectional curvature K of P is

given by
K(P) =12+ ©%(k — 477). (2.3)
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Proof. (i) Let us take a unit vector 1 and consider an orthonormal basis {F1, E2,n}. Now, we
extend the vectors Fy, Fo and 7 to orthonormal vector fields denoted again by the same letters.
Then,

Ric(n,n) = K(n, E1) + K(n, E3)

and by using Proposition 2.3.2 we obtain
K(n, E;) = (R(n, E)n, Ei) = (k= 37%) + (k — 47°){-©" — (E;,&)%} (2.4)
for i = 1,2. Now, by decomposing £ in terms of the basis above we have
§=(Er,§)Er + (B2, &) Ex + On,
and multiplying this expression by ¢ and taking into account that (£,£) = 1, we obtain that
0% —1=—((E1,§)* + (B2, 6)°).
Then, keeping in mind (2.4) and the last identity we get

Ric(n,n) = K( E1)+K(777E2)

= 2(rk—37%) + (k — 477) (=207 — (E1, ) — (E2,)%)
= 2k =373+ (k — 472)( 20% 402 - 1)

= 2(k—37%) — (k—47%)(©% +1)

= K —27°+ 0% 47? — k).

(ii) Set a tangent plane P to E3(x,7) with unit normal 7, and consider an orthonormal basis
{E1, E2} spanning P. We extend once again the vectors Ej, E2 and 1 to orthonormal vector fields
denoted by the same letters. Then K(P) = K(E1, E2), and from Proposition 2.3.2 we get

K(P) = (R(E1, E2)E1, Ez) = (k= 37%) + (rk — 47%)(—(E1,€)* — (Ex,€)°).

Now, observe that we can write ¢ in terms of the local orthonormal frame {E7, E2,n} on E3(k, 7)

as we have done in (i). Consequently, we know again that
0% — 1= —((E1,&)" + (E2,6)"),
which directly yields

K(P) = (k=31 + (k—4r?){0% -1}
= 724+ 0%k —4r?).
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2.3.3 Some examples of surfaces into E3(k, 7)

Let us start by introducing the angle function of a two-sided surface inmersed into E3(x, 7). To

do so, let us remind that given a surface ¥, its unit normal is denoted by N.

Definition 2.3.5. With the notation above, the angle function of a two-sided surface % is the
smooth function © : ¥—[—1, 1] given by

© = (N,¢).

Note that this function receives this name because of the angle between the normal N and the

vertical direction £ is arccos ©.

Remark 2.3.6. When 7 # 0, we know that {p € X : ©%(p) = 1} = {p € X : £(p) = £N(p)} has
empty interior because the distribution (¢)* on E3(k,7) is not integrable (see [TU1]).

At this point, our first purpose is to introduce two examples of surfaces in E3(x, 7) which are of
great significance in the remainder of the chapter. They both appear when the square of the angle
function attains its maximum or minimum at any point, that is, 82 = 1 or © = 0. Let us start

with the first case referred.

Definition 2.3.7. A surface ¥ immersed into B? x R, with B2 = S? or B?> = H? is said to be
a horizontal slice when its tangent plane contains only horizontal vectors at any point. That is,
¥ = B? x {t} with t € R.

Now, we list some interesting properties of the horizontal slices:

1. ®2 =1 as expected.
2. They are totally geodesic and hence have constant mean curvature H = 0.

3. They are stable as constant mean curvature surfaces and Ay = 0.

On the other hand, the existence of a Riemannian submersion II : E3(k, 7)— B?(k) allows us
to get the second relevant example of surfaces which are constructed in such a way that the square
of the angle function reaches its minimum. They are the Hopf tori which appear in [Pi] for the
Hopf fibration, where they play a key role, and they have been studied in several works (e.g. [Bar]
and [BFLM]).

Definition 2.3.8. A surface ¥ immersed into E3(k, 7) is said to be a Hopf cylinder over a regular
curve 7 : I—>BQ(/@) if it is the total lift of v, i.e., ¥ = 7~ 1(7). In particular, the surface is a Hopf

torus if the fibers and the curve are closed.
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We also state useful properties of a Hopf cylinder ¥ = IT-!(y) as done with the slices.

1. ® =0.
2. They are flat.
3. Its mean curvature is H = k~ /2, where k. is the geodesic curvature of ~.

4. As a particular and interesting case for us, we observe that for a Hopf torus I (v) such that

its mean curvature H is constant, we have Ay = —4H? — k.

We delay the proofs of all the properties of slices and Hopf cylinders until the Section 3.3 in the
next chapter. The reason why we prefer to include them there, rather than now, is basically that

we will generalize these definitions to surfaces into a more general ambient manifold there.

2.3.4 Estimates of \; for compact CMC surfaces into E?(k, 7)

Throughout this section, we have a twofold goal: to get upper bounds for A; for compact
two-sided surfaces of constant mean curvature immersed into a simply-connected homogeneous
3-manifold with isometry group of dimension 4, which will be written in terms of the geometry of
the surface but also the geometry of E3(k, 7); and to look for the characterization of the surfaces
which attain the upper bounds, which are precisely the special ones introduced in the previous
section. To that end, we need again our two general bounds (1.12) and (1.13), and so, we must
know Ric(N, N) (integrand of the first bound), which has already been obtained in (2.2), and
2 Ky + Ric(N, N) (integrand of the second bound) that is easily got from (2.3),

2 Ky, = 212 4+ 20%(rk — 477),
and together with (2.2) allows us to conclude
2 Ky, + Ric(N, N) = k + ©%(k — 472). (2.5)

Remark 2.3.9. Before giving the results, it is interesting to observe that by reasoning as in Section
1.4 we can obtain a formula for Ay which relates it with the mean curvature of the surface, its area
and genus, «, and the constants x and 7. Such an expression is written as

A = —4H2—Are;<2)<a+87r(g—1)+/E(2K2+RiC(N7N))dZ>

_ —4H2—/£—Are;(z)<a—|—87r(g—1)—|—(/£—47'2)/292d2>.

Now, we analyse case by case the five possibilities of E3(k,7) which appear in the following

overview table depending on the values of x and 7:
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k>0 k=0 k<0
7=0|S*k) xR H2(k) x R
T#0 | S}(k,7) | Nils(r) | SI(2,R)(k,T)

Case =0

We begin concentrating us on the product spaces S?(x) x R and H?(x) x R, that is, the bundle
curvature vanishes. For instance, when the constant x is positive we can get the bounds for A; as

the following result states.

Theorem 2.3.10. (Theorem 3.1 in [AMO]) Let ¥ be a compact two-sided surface of constant mean
curvature H immersed into S?(k) x R. If Ay stands for the first eigenvalue of its Jacobi operator,
then

(i) M\ < —2H?, with equality if and only if ¥ is a horizontal slice S*(k) x {t}; and

87(g — 1)

(i) M1 < —4H* — K Avca(s) |

Proof. (i) Since 7 =0, K > 0 and 1 — ©2 > 0, from (2.2) we know that
Ric(N, N) = k(1 — ©%) >0,

so our first general bound (1.12) directly yields

K

M < —2H? - —
b= Area(X)

/(1 — 0?%)de < —2H2
b
Let us now study the case when the equality holds. It is direct that the last inequality becomes

into an equality, and so ©% = 1 which implies that X is a totally geodesic horizontal slice.

Conversely, if X is a horizontal slice, by its properties we know that it is totally geodesic and
A1 = 0. Thus, the equality holds.

(ii) On the other hand, since 7 =0, x > 0 and 1 + ©2? > 1 from (2.5) we get
2 Ky, + Ric(N, N) = x(1 + ©%) > &,

and by using our second general bound (1.13) it is derived that

1
< a2 _ 2
e vy <87T(g 1)+/-@/E(1+@ )dZ)
8r(g—1)
< 4F% k-
= 4 " Area(X)

Moreover, if the equality holds, then it is immediate that ® = 0. This last condition implies
that 3 would be a Hopf torus but that is not possible because there are no flat compact surfaces
in S?(k) x R as we have seen in Theorem 3.1 in [TU1]. O
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Exceptionally, we are going to consider a non simply connected homogeneous 3-manifold with
isometry group of dimension 4. We are referring to the product space S?(x) x S' which is a quotient
of S? x R. The reason whereby this case is worthwhile to study is based on the last proof, because
if we analyse it carefully, it is derived that the second equality can be held. What is more, we
manage to give a spectral characterization of Clifford tori of constant mean curvature by the first

stability eigenvalue as it is claimed below.

Theorem 2.3.11. (Theorem 3.3 in [AMO]) Let ¥ be a compact two-sided surface of constant mean
curvature H immersed into S?(k) x St. If Ay stands for the first eigenvalue of its Jacobi operator,
then

(i) M\ < —2H?, with equality if and only if ¥ is a horizontal slice S*(xk) x {p}; and

8m(g —1)
Area(X) ’
constant curvature closed curve 7.

(ii) A\ < —4H? — & with equality if and only if ¥ is a Hopf torus v x S' over a

Proof. The same reasoning that has been seen in Theorem 2.3.10 works here but in this case for

the equality in (ii) we do have Hopf tori with constant mean curvature.

It suffices to check that if ¥ is a Hopf torus with constant mean curvature then the equality is
attained. Recall that, as indicated in the fourth property of Hopf tori, \; = —4H? — k and so, due
to g = 1 the equality is satisfied. O

Now, let us assume that x is negative, i.e., we consider H?(x) x R. Here, we observe that the

obtained bounds are strict because of the assumption of compactness.

Theorem 2.3.12. (Theorem 3.4 in [AMO]) Let ¥ be a compact two-sided surface of constant mean
curvature H immersed into H?(k) x R. If A1 stands for the first eigenvalue of its Jacobi operator,
then

(i) M1 < —2H* — x; and

8m(g —1)

(i) \i < —4H* — 2k Arca(s)

Proof. (i) Since 7 =0, k < 0 and 1 — ©2 < 1, from (2.2) we know that
Ric(N, N) = k(1 — ©%) > &,

so that (1.12) directly yields

K

AN < —2H* - —
b= Area(X)

/(1 —02%)dE < —2H? — k.
P
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Moreover, the equality cannot hold; otherwise we would have ©® = 0 which implies that ¥ is a

cylinder. However, it is not possible because of the assumption of compactness.

(ii) On the other hand, since 7 = 0, x < 0 and 1+ ©? < 2 we have from (2.5) that
2 Ky, + Ric(N, N) = k(1 + ©%) > 2x,

and consequently (1.13) shows that

1
< —4H?> - —— —1 1 s
A1 < Arca() (87r(g )+I€/Z( + ©0%)d )
8m(g —1)
< 4AH? 9k - M/
S —4HT-Iw Area(Y)

Let us analyse the case when the equality holds. In such case, ©2 = 1, so N = £¢ which implies
that the surface would be a slice H?(k) x {t} but it is not compact. O

Case 7 #0

We now study the cases where the bundle curvature is non null. To start with, it seems to be

natural discussing the simplest case, that is, the Heisenberg group Nilz(7) since k = 0.

Theorem 2.3.13. (Theorem 3.7 in [AMO]) Let ¥ be a compact two-sided surface of constant mean
curvature H immersed into Nil3(7). If A1 stands for the first eigenvalue of its Jacobi operator,
then

(i) A\ < =2(H? —7%); and

8m(g —1)

(i) \ < —4(H? — 72%) — Area(s)

Proof. (i) Since k = 0 and 20% — 1 > —1, from (2.2) we know that
Ric(N, N) = 272(20% — 1) > —272,
so that (1.12) directly yields

272

M < —2H? —
b= Area(X)

/(2@2 —1)dy < —2H? 4 272
%

Moreover, if A\ = —2H? + 272 then the inequality (1.12) turns into an equality, and we have
seen in (i) of Remark 1.4.1 that this fact implies that ¥ is totally umbilic. However, by Theorem
1 in [ST] we know that there is no totally umbilic surfaces in Nil3(7) and so the equality cannot
hold.
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(i) On the other hand, since x = 0 and ©2 > 1, (2.5) leads to
2 Ky, + Ric(N, N) = —4720% > —472,

and by (1.13) we get

1
N < —4H?— —— (8 —1—42/62 dy
b= Area(Y) ( g 1) —dr 5
8m(g—1)
< —4H? 4472 - 22
- AT Area(X)
To finish, observe that if the equality holds, then ©2 = 1 which is not possible because of
Remark 2.3.6. ]
Now, let x be positive. That means E3(k,7) = S}(k,7) is a Berger sphere. For these

homogeneous Riemannian manifolds it is very common to consider two different cases depending
on the sign of x — 472 since the obtained results are quite different (see Proposition 2 in [To] or
Theorem 3.6 in [TU1]). In fact, observe that Berger spheres with x — 472 > 0 are geodesic spheres
of the complex projective plane, whereas the ones with kK — 472 < 0 are geodesic spheres of the
complex hyperbolic plane. In this way, with the following result we get a characterization of Hopf

tori immersed into Berger spheres with x — 472 > 0.

Theorem 2.3.14. (Theorem 3.9 in [AMO]) Let ¥ be a compact two-sided surface of constant mean
curvature H immersed into Sp(k,7). If \1 stands for the first eigenvalue of its Jacobi operator,
then

(a) if Kk — 472 >0,

(i) A\ < =2(H? +1%); and
8m(g —1)
Area(Y)

constant curvature closed curve.

(ii) \1 < —4H? — & , with equality if and only if 3 is a Hopf torus over a

(b) if Kk — 412 <0,

(i) \1 < —2H* — k +27%; and
8m(g—1)

ji —4H? — 2Kk + 477 — )
(i) A1 < K+ 4T Avea(®)

Proof. (a) The proof of (i) uses the fact that in this case we assume 472 — k < 0, and ©2 < 1, so
(2.2) can be bounded as

Ric(N, N) K —27% + ©%(47% — k)
> k—21° + 4717 — K

= 272,
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which by (1.12) gives
A < —2(H? 4 72).

Furthermore, if the last equality is attained, then (1.12) becomes into an equality and on account
of Remark 1.4.1 it is shown that the surface is totally umbilic. Hence, from Theorem 1 in [ST] we
conclude that the equality cannot hold because of the non existence of totally umbilic surfaces in

the Berger spheres.

(ii) It is proved by using (2.5) and the assumption x — 472 > 0 that
2 Kx, +Ric(N, N) = k + ©%*(k — 47°) > &,

and by applying (1.13) we finally obtain

_8m(g—1)

A < —4H? - —_—
T " Area(X)

Moreover, when the equality holds ¥ has to be a Hopf torus because of © = 0 and reciprocally,

any Hopf torus with constant mean curvature satisfies the equality as we have seen before.

(b) To prove (i), since 472 — k > 0 from (2.2) we get

Ric(N,N) = k—27%40%(41? — k)

> I€—2T2,

and (1.12) yields
A < —2(H? - 72) — k.

Once again, equality cannot happen since there exist no totally umbilic surfaces.
(ii) Since k — 472 < 0, by (2.5) we have
2 Ky, + Ric(N, N) > 2k — 472,

and the general bound (1.13) allows us to obtain

8r(g—1)

A\ < —4H? -2 4r? - —2 L
b= AT Area(X)

To conclude, observe that if the equality holds, then ®% = 1 but once again it is not possible
due to Remark 2.3.6. O

Finally, for the case k < 0 we have the following result which is analogous to the part (b) of
the last result since x — 472 < 0 in both of them.
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Theorem 2.3.15. (Theorem 3.10 in [AMO]) Let ¥ be a compact two-sided surface of constant
mean curvature H immersed into SI(2,R)(k, 7). If A1 stands for the first eigenvalue of its Jacobi

operator, then

(i) \1 < —2H* — k +27%; and

8m(g —1)

i) A\ < —4H? — 2k + 472 — )
(i) A1 < K+ 4T Arca(s)

Proof. Since k < 0 we get K — 472 < 0, so the proof is the same that the part (b) of the above

theorem. O

In relation to the stability in E3(k,7) we have to note that firstly Meeks and Pérez [MP] in a
more general ambients and secondly Lerma and Manzano [LM] have proved that the only stable

compact two-sided surfaces of constant mean curvature into E3(x, 7) are the slices into S? x R.



Chapter 3

Compact CMC surfaces into Riemannian
Killing submersions

Abstract. In this chapter, our aim is to extend the results in the preceding
chapter to Riemannian Killing submersions, which are a natural generalization of
the homogeneous manifolds. For this reason, we devote the first part of the chapter
to introduce them and compile some formulae. After that, we exhibit two relevant
surfaces immersed into them and include a list of their properties. Finally, we expose
our results, that is, we find out sharp upper bounds for the first stability eigenvalue
for compact constant mean curvature surfaces immersed in a Riemannian Killing
submersion. As a consequence, the stability of such surfaces is studied. We also
characterize constant mean curvature Hopf tori as the only ones attaining the bound
i certain cases.

3.1 Introduction to Riemannian Killing submersions

In this chapter, we intend to go one step further, in the sense that our ambient spaces constitute a
generalization of the homogeneous spaces that we have just studied. Such ambient spaces are called
Riemannian Killing submersions, which are Riemannian 3-manifolds which fiber over a Riemannian
surface and whose fibers are the trajectories of a unit Killing vector field. So far, they are still quite
unknown, even though they are well understood from the viewpoint of the Differential Topology

(see for instance [St]).

However, progressively, the study of Riemannian Killing submersions is becoming of much more

interest. In particular, we can find several works in which manifolds admitting a Killing field of
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constant length (or more particularly unitary) have been approached during the last decades (see
[ADR, BN, DAL, LR]). But, it is in 2010 when the theory of Killing submersions itself has emerged
thanks to a pioneer work by Rosenberg, Souam and Toubiana [RST], and from that moment, the
study of surfaces immersed into these ambient manifolds has considerably increased its number of
contributions (see for example [EO, Le, MO2]). Nevertheless, there still exists a lack of examples
of Riemannian Killing submersions, being remarkable that Souam and Van der Veken in [SVdV]
have been able to provide non trivial examples which turn out to be important at the end of the

present chapter.

To emphasize the recent establishment of this theory, it is worth pointing out that in 2014,
Manzano got the first classification results for Riemannian Killing submersions in [Ma]. Here,
it was proved that given a simply connected surface B? and a smooth function 7 on B, there
exists a unique Riemannian Killing submersion II : M3 — B2, where M is a simply connected and

orientable 3-manifold, with bundle curvature 7. More explicitly,

e if B is a topological disk, the submersion is isomorphic to the projection Iz : B?> x R— B?
given by Ilg(p,t) = p, for some Riemannian metric on B? x R such that 0, is a unit vertical
Killing vector field.

o if B = (§?%,g) for some Riemannian metric g, then depending on whether the value of the

total bundle curvature T = f 5T vanishes or not there are two cases:

— if T = 0, the submersion is isomorphic to the projection HSQ : S? x R—S? given by
Ilgo (p,t) = p for some Riemannian metric on S? x R such that ; is a unit vertical
Killing vector field.

— if T'# 0, the submersion is isomorphic to the Hopf fibration Iy S3—(S2?, g) given

by W ropr(z, w) = (221, |2|*> — |w]?), for some Riemannian metric on S* C C? such that

U (iz,iw) is a unit vertical Killing vector field.

Additionally, the author studied some geometric interpretations of the function 7 such as its
constancy along the fibers of II, and some relations between the geometry of M and B were
established by means of their geodesics and their isometries. As stated previously, Riemannian
Killing submersions include the spaces E3(k, 7). Indeed, it is known the following characterization

for them.

Theorem. (Th 5.2 in [Ma]) Let 11 : M3— B?(k) be a Riemannian Killing submersion
with Gaussian curvature of the base «. If M is homogeneous, then both k and T are

constant. In particular, M is a E3(k,T)-space or its quotient by a vertical translation.

Very recently, we have been informed about the existence of a preprint by Lerma and Manzano

in which they generalize the aforementioned classification by dropping the unitary condition over
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the Killing vector field (see [LM]). Moreover, in this framework they devote, among other things,

to the study of compact stable surfaces with constant mean curvature as we will study later.

3.2 Basic tools and first formulae

Let us start setting up the basic definitions and tools that we are going to use.

Definition 3.2.1. A Riemannian submersion II : M3— B2, where M is a Riemannian 3-manifold
and B is a Riemannian surface, is said to be a Riemannian Killing submersion it its fibers are the

trajectories of a unit Killing vector field £ on M.

Now, let us recall once again the terminology that we use with respect to the horizontal and
vertical components of any vector field. Firstly, we remind that a vector field on M is vertical if it is
always tangent to fibers and horizontal if it is always orthogonal to fibers. Moreover, if E € X(M)
we denote by EV and E" the projections of E onto the subspaces of vertical and horizontal vectors,

respectively. Thus, every arbitrary vector field E € X(M) can be decomposed as
E=E"+FE".

In all that remains of the chapter, the letters X and Y stand for horizontal vector fields. From this

reminder, we immediate deduce that the vector field £ satisfies to be a vertical vector field.

At this point, before studying thoroughly the geometry of the Riemannian Killing submersions,
let us point out that they are, obviously, a particular case of Riemannian submersions. For that
reason, it is worth showing some tools which are indispensable when making computations in this
kind of structures. Specifically, O’Neill introduced two relevant tensors which are related to a
Riemannian submersion II (see Section 2 in [ON1]). On the one hand, the second fundamental

form of all fibers gives rise to a tensor field 7 on M, defined by
TeF = (Ve (F)" + (Ve (F"))",

and, on the other hand, by reversing the roles of the horizontal and vertical components the tensor
A is defined by
ApF = (Vpn(F")" + (Vg (F*))"

for all vector fields F, F' € X(M). They have some properties such as:

1. At each point, T g and Ag are skew-symmetric linear operators on X(M), and both of them

reverse the horizontal and vertical subspaces.

2. T is vertical, i.e., Tp = T gv; and A is horizontal, i.e., Ap = Agn.
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3. TyW = TwV for every vertical vector fields V and W; and AxY = —Ay X for every
horizontal vector fields X and Y.

Moreover, we include here a compilation of the fundamental equations for a Riemannian submersion,

without their proof, which are necessary to develop our work.

For instance, in the following result the author shows that the tensor A is basically the

integrability tensor of the horizontal distribution on M.

Lemma 3.2.2. (Lemma 2 in [ON1]) Let X and Y be horizontal vector fields on M, then

AxY = %[X, ],

With respect to the Riemannian curvature tensor, we find in Section 4 of the aforementioned
work that the author computes five equations which are numbered from 0 to 4 and such enumeration
corresponds to the number of horizontal vector fields on M in (R(E1, E2)E3, E4), being the others

vertical. In our memory, we just use the equation containing three horizontal vector fields.

Proposition 3.2.3. (Theorem 2 in [ON1]) Let X, Y and Z be horizontal vector fields on M, and
let V' be a vertical vector field on M, then

(RIX,Y)Z,V) = (VzAxY, V) + (AxY, TvZ) —(Ay Z, TvX) — (Az X, TvY).

To finish with this summary of the general theory of Riemannian submersions, we are interested

in the expressions for the sectional curvature.

Proposition 3.2.4. (Corollary 1 in [ON1]) Let TI : M3—B%(k) be a Riemannian submersion
with Gaussian curvature of the base k. If X and Y are unit horizontal vectors at a point of M,
and V is a unit vertical vector, and Pxy and Pxy stand for the tangent planes to M generated by
X and V in the first case and X and Y in the second one, then

1. K(Pxy) =KX, V)= {(VxT)vV,X) +|AxV|> = |[TvX|?, and

2. K(Pxy) = K(X,Y) = x — 3| AxY|%.

Once we have summarized the general results in which we are interested in for Riemannian
submersions, we are going to focus on the particular geometry of Riemannian Killing submersions.
With such intention, we begin by introducing a well known result for the Levi-Civita connection of
a Riemannian Killing submersion M (see Proposition 2.6 in [EO], Lemma 2.1 in [Ma] and Lemma
2 in [SVdAV]) which generalizes the equation (2.1) for E3(k,7), and here, we include the proof for

the sake of completeness.
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Lemma 3.2.5. Let II : M3——B? be a Riemannian Killing submersion with unit Killing vector
field &. Then, there exists a smooth function T : M—R so that

Ve =17(ENE) (3.1)

for all vector field E on M, where A is the vector product in M.

Proof. On the one hand, since £ is a Killing field we have
<VE€7 E> = 07

and, on the other hand, since £ is a unit vector field on M we also obtain that

(Vit.€) = 3E((6:6) =0,

and so, Vg€ is orthogonal to E and £. Hence, it is directly concluded that there exists a unique
function 75 : M —R such that

VEf = TE(E A\ 5)

Note that 75 just depends on the horizontal part of E. Consequently, it remains to prove that 7
does not depend on the vector field F, i.e., if we assume E to be a unit horizontal vector field,
and we complete it to a positively oriented local orthonormal frame {E, F, £} on M, we must check

T = Tp. Since £ is a Killing field, we then conclude
TF =Tp(F AN E) =(Vpg E) = —(VES F) = —mp(EAEF) = 5.

O]

Notice that the function 7 is unique and it is called the bundle curvature of II, whose definition
is basically given by the formula of the lemma above. Moreover, as a consequence of this result we

know that V¢£ = 0 which implies that the fibers of the submersion are geodesics of M.

From now on, we fix the notation M(x, ) for referring to a 3-dimensional Riemannian Killing
submersion such that if IT : M(k,7)— B is a Riemannian submersion, it has a unit Killing vertical

field &, the Gaussian curvature of the base B is x and the bundle curvature is 7.

In particular, there are some important cases depending on the functions x and 7. For instance,
if both of these functions are constant, then M(k, 7) is a homogeneous Riemannian 3-manifold and

when 7 = 0, M(x, ) is a product B? xR or B2 x S!, where B? is an arbitrary Riemannian surface.

Now, let us see how the Levi-Civita connection works on M(k,7) as a first step to familiarize us
with the computations into this ambient manifolds. To do so, let us consider a positively oriented
local orthonormal frame {X,Y, £} on M(k, 7). Then, for example to compute Vx X we are going

to decompose it as follows

VxX = (VxX, X)X +(Vx X, Y)Y + (Vx X, §)¢, (3.2)
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where (Vx X, X) = 0 because (X, X) = 1, and taking into account (3.1) we have

So, by replacing into (3.2) we get
VyX = (VxX,V)Y.

Analogously we can compute Vy X by

VyX = (VyX, X)X+ (Vy X, Y)Y + (Vy X, £)¢
= —(X,VWyY)Y — (X, Vy)¢
= —(X,VyY)Y —7(X,Y NE)E
= —(X,VyY)Y —7¢.

On the other hand, bearing in mind that V¢§ = 0, we can calculate V¢ X as

VeX = (VeX, X)X + (Ve X, Y)Y + (Ve X, §)§
= —<X,V§Y>Y—<X,V§§>f
= (X, VY)Y

Following these steps, we can easily obtain VxY, VyY and V. Y. Furthermore, due to (3.1) we
also obtain V&, Vy¢§ and V¢&. So, we can write

VxX =daY, VyX = =bY — 7€, VeX = —cY,
VxY = —aX + 7€, VyY = bX, VY = cX,
Vx&=-71Y, Vyvé=1X, Ve =0,

where

a=(VxX,Y), b=(VyY,X) and c= (VY X).

Now, we point out the fact that we have no restriction to make special choices of vector fields
when computing with tensor equations. Even more, as it is observed in [ON1], it is natural to
assume the vector fields X and Y on M to be basic, that is, they are horizontal and Il-related to
unit vector fields X, and Yy on B. In fact, reciprocally every unit vector fields X, and Y, have
a unique basic horizontal lift X and Y, respectively. Recall that dII restricted to the subspace of
horizontal vectors is an isometry because Il is a Riemannian submersion. So, under this additional
assumption we get that the horizontal component of the Lie Brackets [¢, X] and [£, Y] must vanish
(since ¢ is II-related to the zero vector field). Thus,

0=[X]=VeX -Vx{=—-cY +7Y

and
0=[Y]=VY —Vyl{=cX -7X =0,
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and consequently ¢ should be equal to 7. So, we finally get the full description of the Levi-Civita

connection as follows

VX =aY, VyX = —bY — 7€, VeX = —1Y,
VxY = —aX + 7€, VyY =bX, VgY:TX,
Vi€ = 1Y, Vyé =7X, Vel =0. (3.3)

Taking advantage of the above expressions, we think of obtaining the sectional curvature K (P)
of any tangent plane P to M(k,7) as our following task. In order to proceed with, observe that
M(k, ) has two independent horizontal directions and one vertical direction at any point, so it is

clear that any arbitrary tangent plane P always contains at least one horizontal direction. That is,
K(P)=K(X,E)

where {X, E'} is an orthonormal basis spanning the plane P with X horizontal.

Now, as a previous step we are going to compute the sectional curvature for horizontal planes
which are orthogonal to £ and vertical planes which contain the direction £. Notice that the
following lemma was also stated in the preceding chapter for the particular case of E3(k,7) (see
Lemma 2.3.3). We include here the proof.

Lemma 3.2.6. (Lemma 2.8 in [EO]) Let M(k,T) be a 3-dimensional Riemannian Killing
submersion with unit Killing vector field £. Let {X,Y} be a local orthonormal frame of horizontal
vector fields on M(k,T), such that {X,Y, &} is positively oriented. Then

K(X,Y)=r—372 and (3.4)
K(X, &) =712 (3.5)

Proof. On the one hand, from Proposition 3.2.4 we have
K(X,Y)=r—3lAxY|? (3.6)

where AxY = 1/2[X,Y]" because of Lemma 3.2.2. Since AxY is vertical, taking in mind the

expressions given in (3.3) we have

AxY.§) = (X Y]%8

_ %([X, Y], )
_ %((VXY,@ —(VyX,§))

= S(-aX 4768 — (Y —rE,8) =7,
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and so, AxY = 7¢. Hence, from (3.6) we get K(X,Y) = x — 372
On the other hand, by using again Proposition 3.2.4, we know that
K(X,€) = (VxT)e&, X) + [Ax€l” = [Te X[ (3.7)
The definition of the fundamental tensors A and T as well as (3.3) yields
Ax€ = (Vx&)" = (-7V)" = =7,

and
TeX = (VgX)“ =(—7Y)"=0.

Finally, by the product rule we have
(VxT)e§ = VxTel —Toxel —TeVxE

= V)((ng)h +7TyvE+ Tg(TY)
= 71(VeY)" =0,

and so, substituting the last expressions in (3.7) we deduce that K (X, &) = |Ax¢|? = 72. O

We are now ready to get the general formula of the sectional curvature for every tangent plane
P to M(k,T).

Proposition 3.2.7. ([M0O2]) Let M(k,T) be a 3-dimensional Riemannian Killing submersion with
unit Killing vector field £&. Then, for every tangent plane P to M(k,T) with unit normal n, the

sectional curvature K of P is given by

K(P) =72+ 0%k — 47%) — 20V/1 — 02X (1), (3.8)
where © = (n, &) and X is a unit horizontal vector contained in P.
Proof. Let us fix a tangent plane P to M(k,7) and consider an orthonormal basis { X, F'} spanning

P. First, we extend the vectors X and E to orthonormal vector fields and we denote these again
by X and F.

Now, if we complete { X } to a positively oriented local orthonormal frame {X,Y, ¢} on M(k, 7),

where Y is a horizontal vector field, we can write F in terms of such a frame as
E=(Y,E)Y + (¢, E)t. (3.9)
Thus, by using this decomposition of E and the symmetries of R we have

K(X,E) = (R(X,E)X,E)
= (B,Y)’K(X,Y)+ (B, €K (X,€) + 2(E,Y)(E,&)(R(X,Y)X,§).
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Now, by multiplying by E the expression (3.9) we get <E,Y)2 + (E,§>2 = 1 and combining this
fact with (3.4) and (3.5) we have

K(X,E)=r —31% - (E,§)2(m —47%) + 2(E,Y)(E, &)(R(X,Y) X, £). (3.10)

From Proposition 3.2.3 the curvature (R(X,Y)X,{) can be computed by using the tensors 7 and

A as follows

where T¢X = (V¢X)” = 0 because of (3.3), and Ax X = 0 since A has the alternation property

for horizontal vector fields. Therefore, the above expression reduces to
(R(X,Y)X, &) = (VxA)xY,§).

On the other hand, by using again (3.3) and the product rule we get

(VxA)xY = Vx(AxY)—-Av,xY — Ax(VxY)
= Vx(7€) —aAyY +aAx X — TAxE
= X(1)¢+7Vx&{—71(—7Y)
= X(7)¢.

Summing up, substituting into (3.10) we find that the sectional curvature is given by

K(X,E) =k —312 — (E,6)*(k — 47%) + 2(E, Y )(E, &) X (7). (3.11)

Now, we consider the unit normal vector n to the plane P, and we also extend it to a unit
vector field that we denote by the same letter n. So {X, E,n} is another local orthonormal frame

on M(k,7) which allows us to decompose £ as

From such a decomposition, on the one hand, by multiplying by £ we get (E, §>2 =1-062, and on
the other hand,
(E,Y)(E,§) = ((E,QFE,Y)=({—-06nY)=-0(,Y).

Then, replacing these expressions in (3.11) we have

K(X,E) = k-3 —(1-0%(k—41%) -20(n,Y)X(1)
= 724 0%k —472) —20(n, Y)X (7). (3.12)

Hence, it remains just to check that (n,Y) = v/1 — ©2. To do so, we can suppose that (n,Y) > 0
without loss of generality. Let us put 7 in terms of {X,Y, £} in the following way

n=(nY)Y +06¢§
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and so,
(n.n) =1=(n,Y)* + 07
Hence, Eq. (3.12) is reduced to
K(X,E) =72+ 0%k — 47%) — 20V/1 — ©2X (7).
O

We would like to point out that the sectional curvature was also computed by Manzano in
Lemma 5.1 in [Ma] in an alternative and independent way. In particular, the formula that he

obtained is given by
K(P)=0%k—37%) + (1 —0%)71% —20(n A&, VT).
To finish this section, we derive the expression for the Ricci curvature tensor in a unit direction
as a consequence of the result above.
Corollary 3.2.8. ([M0O2]) Let M(k,T) be a 3-dimensional Riemannian Killing submersion with
unit Killing vector field . Then, the Ricci curvature of M(k,T) in a unit direction n is given by
Ric(n,n) = k — 27° — ©2%(k — 47%) + 20V/1 — ©2X(7), (3.13)

where © = (n, &), and X is a unit horizontal vector which is orthogonal to 1.

Proof. Let us fix a unit vector 7, and consider a unit horizontal vector X such that X 17. Now,
we complete { X'} to an orthonormal basis {X,Y, £}, and so i can be written in terms of this basis

as we did in the previous proof by
n=(nY)Y +6cs.
Then, we have
Ric(n,n) = (R(X,n)X,n) + (R(Y,n)Y.n) + (R(§; )&, n)
= K(X.n)+O*R(Y,OY.&) + (n,Y)(R(E,Y)EY),
and, due to (n,7) =1 = (n,Y)? + ©2 and the symmetries of R we get
Ric(n,n) = K(X,n) + K(Y,¢).

From (3.5) we know K(Y,¢) = 72, and K(X,7n) can be calculated using (3.11) replacing E by 7,
that is,
K(X,n) =k —37" — 0%k — 47%) + 2(n, Y)OX ().

Thus, we finally obtain
Ric(n,n7) = k—2712 —0%*(k—47%) +2(n,Y)OX (1)
= k—277 - 0%k —47%) + 201 — O2X (7).
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3.3 Some examples of surfaces into Riemannian Killing submersions

Henceforth, we consider a two-sided surface ¢ : ¥— M (k, 7) with mean curvature H immersed
into a Riemannian Killing submersion M(k, 7). If N stands for the Gauss map of the surface, we
can consider again the angle function by © = (N, &) as we did in the previous chapter (see Definition
2.3.5).

Our main aim in this section is to show examples of surfaces in Riemannian Killing submersions
whose interest lies in the fact that they will be characterized by means of the first stability
eigenvalue. Specifically, let us pay attention to two very special surfaces immersed into a
Riemannian Killing submersion M(k,7), which appear when the square of the angle function

attains its maximum or minimum at any point, respectively.

Definition 3.3.1. A surface ¥ immersed into M(k, 7) is said to be horizontal when its tangent

plane contains only horizontal vectors at any point.
Let us enumerate some properties of the horizontal surfaces:

1. ®2% = 1, since the normal direction of the surface is vertical, i.e., N = £¢£.

2. They are totally geodesic. To check it, consider a local orthonormal frame {X,Y} on 3.
Now, by using (3.3) we obtain

[X,Y] = VxY — Vy X =276 + bY — aX,

and since the surface is horizontal, the Lie bracket [X,Y] must be a horizontal vector field.
As a consequence 7 must vanish over the surface. Let us fix N = £ without loss of generality,
and consider Z € X(X) which can be written as Z = aX + Y. Then, from (3.3), the shape

operator A is given by
A(Z)=—-VzN = -Vz{ = —-aVx{ - pVy{=ary — X =0.
Thus, A = 0.

3. Their first stability eigenvalue vanishes, i.e. Ay = 0, and so, they are stable. Indeed, since
horizontal surfaces are totally geodesic we know that |A|?> = 0, and from (3.13) we get that

the Ricci curvature on the unit normal direction N of the surface is
Ric(N, N) = k — 272 — ©%(k — 47%) + 20V/1 — ©2X (7).
As ©2 =1 and 7 = 0 over the surface, we conclude that Ric(N, N) = 0, which yields
J = A +]A]? + Ric(N, N) = A.

Thus, the first stability eigenvalue vanishes, that is, A\; = 0.
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Example 3.3.2. If M(k, ) is a product B?> x R or B? x S!, where B is any Riemannian surface

of Gaussian curvature £ (case when 7 = 0), the horizontal surfaces are the slices B x {t}.

On the other hand, let us also introduce the other special surfaces, which are obtained as the
total lift of closed curves by means of the submersion (if it has compact fibers). Recall that they

were presented in the previous chapter when studying the homogeneous manifolds E3(x, 7).

Definition 3.3.3. A surface ¥ immersed into M(k, 7) is said to be a Hopf cylinder over a regular
curve v : [—B?(k) if it is the total lift of v, i.e., ¥ = II7!(y). In particular, the surface is a Hopf

torus if the fibers and the curve are closed.

We compile here some useful properties of a Hopf cylinder ¥ = I1~!(y) which were presented

in the second chapter, but in this case we include the proofs (see Proposition 2.10 in [EO]):

1. ® = 0. Let us assume that the curve v is parametrized by the arc length, and consider the
Frenet frame along the curve {t = +/,n}. If T and N stand for the horizontal lifts of ¢ and
n to M(k,T) respectively, then {T', £} is a local orthonormal frame on ¥ and N is the Gauss
map of the surface. Thus, © = (N, &) = 0.

2. They are flat, i.e., the Gaussian curvature of the surface vanishes. In order to prove this fact
we use the Gauss equation G = Ky, +det(A). From (3.8) we know

Ky =12+ 0%(k — 47%) — 20V/1 — ©2X (1),

as © = 0, Ky, = 72. It remains to compute det(A4). To do so, observe that the matrix
associated to the shape operator A with respect to the local orthonormal frame of ¥ given
by {T,&} is
. ( (V1T.N) (V1&,N) ) |
(VET,N) (V€ N)
Now, we fix N so that {T', N,{} is a positively oriented local orthonormal frame on M(k,7),
then:

e by the Frenet equations (V7T, N) = k-, where k, is the curvature of ~,

e by using (3.1) we have (V7§,N) = 7(T'AN§{,N) = —7, and (VT,N) = —(T,V¢N) =
—7(T,{ NN) = —7, and

e V¢ =0 as studied before.

Therefore,

A ky —1
-7 0 ’

And so, the determinant of the matrix above is det(A) = —72, which enables us to conclude
that G = Ky, +det(A) = 72 — 72 = 0.
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3. Its mean curvature is H = k+ /2, because this is a half of the trace of the matrix above.
From here, we observe that they have constant mean curvature when the curve has constant

curvature, and in particular, they are minimal when lifting geodesic curves.

4. As a special case which is going to be used further on, we note that for a Hopf torus II=!(v)
of constant mean curvature H, when « is constant over v, we know that G = 0 and Ky, = 72,
SO

|A|? = 4H? + 2 Ky, —2G = 4H? + 272
Moreover, since © = 0 from (3.13) we have
Ric(N, N) = k — 272,
and consequently, its Jacobi operator is given by
J = A+ |A> + Ric(N, N) = A + 4H? + &,
and we immediately obtain
A\ = —4H? — k.

Let us observe that if & is a positive constant over v, then the Hopf torus IT~!(v) is not stable,

and when k is non positive the stability of the torus depends on its mean curvature.

3.4 Estimates of \; for compact CMC surfaces into Riemannian Killing
submersions

Along this section we have a dual objetive: to find out upper bounds for A\; for compact
two-sided surfaces of constant mean curvature immersed into a Riemannian Killing submersion;
and to look for the characterization of the special surfaces in the previous section by means of
A1. To do so, we use our two general bounds (1.12) and (1.13), and consequently we must know
Ric(N, N), which has already been obtained in (3.13), and 2 Ky, + Ric(N, N) that is easily got from
(2.3),

2 Ky, = 272 + 20%(k — 47%) — 401 — ©2X (1),

and together with (3.13) allows us to conclude

2 Ky, + Ric(N, N) = k + ©%(k — 47%) — 20/1 — ©2X (7). (3.14)

Before giving the main results, we would like to motivate the assumption that we will consider
over the Riemannian Killing submersions M(k,7) along this section. As we have seen, the
homogeneous Riemannian 3-manifolds E3(k, 7) are a particular case of M(k,7) with both & and

7 constant, in which the sign of x — 472 plays an important role. Let us remind that when
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k — 472 = 0 the manifold corresponds to a quotient of the space forms S3, R3 or H? whose isometry
group has dimension 6, and otherwise the manifold has isometry group of lower dimension. In this
last case, we have the Berger spheres which experiment a very different behaviour according to
the aforementioned sign. Therefore it seems reasonable to distinguish between both cases in the

general study of Riemannian Killing submersions.
Case Kk — 412 > 0

Let us start by assuming that x — 472 > 0. So, when  and 7 are constant the product spaces
S%(k) x R and S?(x) x S! and some Berger spheres S3(k,7) are included here. That is, with the
following result we generalize Theorems 2.3.10 and 2.3.11 and (a) in Theorem 2.3.14.

Theorem 3.4.1. (Theorem 3 in [MOZ2]) Let M(k,T) be a Riemannian Killing submersion with
k—4712 > 0 and ¥ a compact two-sided surface of constant mean curvature H immersed into
M(k, 7). If \1 stands for the first eigenvalue of its Jacobi operator, then

(i) \ < —2H? — (272 — |V7|)dE, with equality if and only if ¥ is a horizontal

surface; and

8 -1 1
(ii) A\ < —4H? — ﬁga(E)) - Arca(s) /E(/{ — |V 7])d%, with equality if and only if X is a Hopf

torus over a constant curvature closed curve, and both k and T are constant over X.

Proof. (i) From (3.13), the assumption x — 472 > 0 and the fact that ©2 < 1 one easily gets that

Ric(N,N) = r—27% — 0%k —47%) + 201 — 02X (1)
> 2724 20V/1 - 02X(7). (3.15)

Taking the function f(0) = 20v/1 — ©2 defined for —1 < © < 1, it is a direct computation to
check that its minimum and maximum are attained when © = —1/1/2 and © = 1/+/2 respectively,

with f(1/v/2) = —f(1/v/2) = 1, and so
201/1- 02| < 1.
Moreover, since X is a unit vector field, the Cauchy-Schwarz inequality allows us to know that
(X ()| = [(X, V)| < [X][Vr] <[V,
and consequently [20v/1 — ©2X (7)| < |V7|. In particular,
201 -02X(1) > —|VT|.
In this way, by taking into account (3.15) we have

Ric(N, N) > 272 — V7|
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and from our first general bound (1.12), it is obtained the inequality

71 2 —|Vr
Area(Z)/E@ IV 7])dE.

Let us now analyse the case when the equality holds. The inequality (3.15) becomes also into

A\ < 2H? —

equality which ensures that ©2=1 and so ¥ is a horizontal surface.

Conversely, if 3 is a horizontal surface, by its properties we know that it is totally geodesic,

7 = 0 over the surface and A; = 0. Therefore the equality holds.

(ii) Using (3.14), we can estimate the integrand in the second general bound (1.13) as
2Ky +Ric(N,N) = k+0%*r—4r%) —20V1 - 02X(7)
> k— |V, (3.16)

where we have used again x — 472 > 0 and 20v1 — 02X (1) < |V7|.

So, this inequality together with (1.13) directly yield to the announced estimate, i.e.,

8n(g—1) 1

< —4H? - - — o
AL s Area(¥)  Area(X) /E(K [Vri)d

Let us now analyse the case when the equality holds. The inequality (3.16) turns into equality
as well and so the angle function © vanishes and 20v/1 — ©2X(7) = |V7|. The former involves
that X2 is a Hopf torus over a constant curvature closed curve, the latter simplifies to |V7| = 0,

which means that 7 is constant over X.

Moreover, in Remark 1.4.1 we have observed that the equality in (1.13) implies & = 0 and then
from (1.9) we get
A1 + |A]? + Ric(N, N) = 0.

Now, we have seen before that for a Hopf torus of constant mean curvature Ric(N, N) = x — 272
and |A|? = 4H? + 272, Thus,
A =—4H” — K

which shows that k is also constant over X.

Reciprocally, if 3 is a Hopf torus over a constant curvature closed curve and both x and 7 are
constant over Y2, then V7 =0, g =1 and \; = —4H? — k, as we have seen in the fourth property

of Hopf tori. So we conclude that the equality is satisfied. O

Remark 3.4.2. Observe that for the existence of such tori in Theorem 3.4.1, the Killing submersion
must have compact fibers, which occurs in several significant cases. For instance, in Berger spheres
which were studied in the previous chapter and other examples that we will see in the last section

of the present chapter.
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Now, it is worth pointing out the special case when the bundle curvature is constant, since the
recently studied estimates are considerably simplified. So we can set the following corollary as a

consequence of the previous theorem.

Corollary 3.4.3. (Corollary 4 in [MO2]) Let M(k,T) be a Riemannian Killing submersion with
constant bundle curvature T such that k — 472 > 0 and ¥ a compact two-sided surface of constant
mean curvature H immersed into M(k,7). If A1 stands for the first eigenvalue of its Jacobi

operator, then

(i) M\ < —2(H? + 72), with equality if and only if ¥ is a horizontal surface; and

8r(g—1) 1
Area(¥)  Area(X)
over a constant curvature closed curve v and k is constant over 7.

(i) \ < —4H? —

/ kd2, with equality if and only if 3 is a Hopf torus
P

Case k — 472 < 0

Now, we are going to analyse the other case x — 472 < 0. Notice that if M(k,7) satisfies
this assumption, then the homogeneous spaces E3(k, 7) under the same hypothesis are particular
cases. We mean the product space H?(k) x R, the Heisenberg group Nil3(7), certain Berger spheres
S§(k, 7) and the universal cover Sm)(/ﬁ, 7) of the group SI(2,R)(k, 7). Therefore, we generalize
Theorems 2.3.12, 2.3.13, (b) in Theorem 2.3.14 and Theorem 2.3.15 as follows.

Theorem 3.4.4. (Theorem 7 in [MOZ2]) Let M(k,T) be a Riemannian Killing submersion with
k— 412 < 0 and ¥ a compact two-sided surface of constant mean curvature H immersed into

M(k, 7). If \y stands for the first eigenvalue of its Jacobi operator, then

(i) My < —2H* - ——— / (k — 27% — |V7|)dY, with equality if and only if ¥ is a Hopf torus
Area(Y) Jx
over a closed geodesic v, T = 0 over ¥ and k s constant over v; and

1 1
8&?&(2)) ~ Krea™) /E (2 — 472 — |V7|)dS, with equality if and only if ¥ is

a horizontal surface with Gaussian curvature G = k.

(i) \y < —4H? —

Proof. (i) As we have checked in the proof of Theorem 3.4.1 we know that
20V1—-02X(1) > —|Vr7|,

so from (3.13), the previous inequality combined with ©2 > 0 and the assumption x — 472 < 0

leads to

Ric(N, N)

k=272 — 0%k — 47%) +20V1 — 02X (1)
> k—27%—|Vr7|. (3.17)
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Then, our first general bound (1.12) allows us to obtain

1
L)) & R — —272 _ 3.
A< Area(X) /E(E g Vri)d

Now, let us study what occurs when the equality is held. The inequality (3.17) turns into an
equality, then

Ric(N, N) = k — 272 — |V7]| (3.18)

and so © = 0, that is, ¥ is a Hopf torus. Moreover, if the equality holds, (1.12) is also an equality,
and because of Remark 1.4.1 we know that ¢ = 0, and consequently 3 is a totally umbilic Hopf
torus over a constant curvature closed curve. By the total umbilicity and the property 3 of Hopf

tori we have

2 _ 2 _ 1.2
A]> = 2H? = k2/2,

and, since G = 0 and Ky = 72 (see property 2 of Hopf tori), the Gauss equation |A|?> = 4H? +
2 K5, —2@G reduces to
2 _ 1.2 2
ky/2 = k3 + 277,
Therefore, we conclude k£, = 0 and 7 = 0 over ¥. Now, from Remark 1.4.1 we also know that
Ric(N, N) is constant, and from (3.18) and 7 = 0 we get

Ric(N,N) =k

and so, we finally deduce that k is constant over .

Conversely, if ¥ is a Hopf torus over a closed geodesic v and « is constant over ~, we know that

A1 = —k due to property 4 of Hopf tori. Since 7 = 0 over ¥ and g = 1, the equality holds.

(ii) From (3.14) we have

2Ky +Ric(N,N) = k+0*(x—41%) —20v/1— 02X(71)
> 2k —47° — |V, (3.19)
where we have used k — 472 < 0, ©% < 1 and 201 — 02X (1) < |V7|.

So, this inequality and our second general bound (1.13) immediately give

8r(g—1) 1

A < —4H? - —
b= Area(X)  Area(X)

/(2% — 472 — |V7|)dZ.
)

Now, if we suppose that the equality holds, then (3.19) becomes into an equality and

2 Ks. 4+ Ric(N, N) = 2k — 472 — |V7|,
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which implies ©2 = 1, that is, ¥ is a horizontal surface. As we have observed in property 1 of a
horizontal surface, ¥ is totally geodesic and 7 = 0 over X, so using (3.8) we follow that Ky = k.

Moreover, the Gauss equation simplifies to
0=|A>=4H? + 2 Ky —2G = 2x — 2G,

which means G = k.

Reciprocally, if ¥ is a horizontal surface, then Ay = 0. Since the Gaussian curvature of ¥ is

G = Kk, ¥ is totally geodesic and 7 = 0 over X, the right hand of the inequality is

8r(g—1) 1
Area(X)  Area(X) /EQGdE’

which is zero by the Gauss-Bonnet Theorem, so the equality holds. O

Now, as we did before, we study the particular case in which the bundle curvature is a constant

over Y. In this way, from the last theorem we derive the next immediate consequence.

Corollary 3.4.5. (Corollary 9 in [MO2]) Let M(k,T) be a Riemannian Killing submersion with
constant bundle curvature T such that k — 472 < 0 and ¥ a compact two-sided surface of constant
mean curvature H immersed into M(k,7). If A1 stands for the first eigenvalue of its Jacobi
operator, then

(i) M\ < —2(H? —72) kdX, with equality if and only if ¥ is a Hopf torus over a

closed geodesic v, T =0 and Kk is constant over 7y; and

3 8m(g—1) 2 / , . . )
< —4(H? - 7%) - - ) b)
(ii) M < —4( 7) Arca(s)  Arca(Y) Zﬁd , with equality if and only if is a

horizontal surface with Gaussian curvature G = k.

3.5 Stability of compact CMC surfaces into Riemannian Killing

submersions

Let us exhibit some interesting consequences of the results in the above section related to the

stability of a compact surface ¥ immersed into a Riemannian Killing submersion M(k, 7).

More specifically, after assuming that the surface X is stable, our intention is to find some
restrictions over the mean curvature H. What is more, under the additional assumptions of x —
472 > 0 and 7 constant over X, we go further since we are able to give a complete classification of

compact stable surfaces of constant mean curvature immersed into M(k, 7).
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So, we proceed to expose these results by differentiating again between the case in which M (x, 7)

satisfies k — 472 > 0 and the opposite case.
Case k — 412 >0

Let us consider a Riemannian Killing submersion M (k, 7) with x — 472 > 0. In this framework,
our first result consists of the study of compact stable surfaces with constant mean curvature. To
be specific, we find upper bounds for the square of the mean curvature and we also look for surfaces
satisfying the equality when possible. With this aim, we apply Theorem 3.4.1 bearing in mind that
a surface X is stable if and only if Ay > 0.

Corollary 3.5.1. (Corollary 4 in [MO2]) Let M(k,T) be a Riemannian Killing submersion with
k—41% > 0. If ¥ is a stable compact two-sided surface of constant mean curvature H immersed
into M(k,T) then

1
(i) H? < / V| — 72 ) dY, with equality if and only if ¥ is a horizontal surface; and
Area(X) Jo \ 2
g 27(1 — g) 1 /
H? — K)dY.
(it) < Area(X) + 4 Area(X) E(|VT| )

Proof. (i) If ¥ is stable, we know that A\; > 0, so (i) in Theorem 3.4.1 ensures that

LN PSStV
Area(X) /2(2 Vr])ds

and from here the first inequality is a direct consequence.

0< M\ < —2H? -

Moreover, if the equality is satisfied, then the chain of inequalities above becomes into equalities
and by applying again (i) of Theorem 3.4.1 we get that 3 is a horizontal surface. The converse is

direct.

(ii) With a similar argument, using (ii) of Theorem 3.4.1 we get

8r(g—1) 1 /
<\ < —4H? - — — )
0<hs Area(¥Y)  Area(X) Z(H Vrhd

and so, we easily deduce the second inequality for H?2.

In this case equality is not possible because if it holds, then A\; = 0, and again by (ii) of Theorem
3.4.1 we obtain that ¥ is a Hopf torus and & is a positive constant over ¥ (because of k — 472 > 0).
Hence, we get a contradiction since \; = —4H? —  for such tori, as we previously saw in property
4 of them. O

Remark 3.5.2. Notice that for particular values of 7 and x we can deepen a bit more.
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(i) If [V7] < 272, then for (i) of the previous corollary we have H? < 0 and so the only stable
compact two-sided surface of constant mean curvature immersed into M (x, 7) is the horizontal

one with |V7| = 272 over X.

(ii) If |V7| < K, due to (ii) of the preceding corollary we obtain

2m(1 —g)

H? <« =~ 2
< Area(X)

Thus, we can assert that there do not exist stable compact two-sided surfaces of constant

mean curvature immersed into M(k, ) with g > 1.

In particular, when the bundle curvature 7 is constant, we can study the stability of the surface

as an application of the Corollary 3.5.1 and one can easily establish the following result.

Corollary 3.5.3. (Corollary 6 in [MO2]) Let M(k,T) be a Riemannian Killing submersion with
constant bundle curvature T such that k — 472 > 0. The only stable compact two-sided surfaces of

constant mean curvature immersed into M(k,T) are the horizontal ones.

Case k — 472 < 0

Now, following the same schedule as for the positive case, we assume xk — 472 < 0 and we aim
to get analogous results. In this spirit, we begin by applying our Theorem 3.4.4 to stable surfaces

into M(k, 7).

Corollary 3.5.4. (Corollary 8 in [MO2]) Let M(k,T) be a Riemannian Killing submersion with
Kk — 412 < 0. If ¥ is a stable compact two-sided surface of constant mean curvature H immersed
into M(k,T) then

. 1 V1] &k
2 2 _ -
(1) < Area(E)/Z<T + 5 2>d ; and

2m(1 — 1
(ii) H*> < X(ea(Zg)) + A ea(E)/ <72+|V4T| — ;) d¥, with equality if and only if ¥ is a
I I »

horizontal surface with Gaussian curvature G = k.

Proof. (i) If 3 is stable, then A\; > 0 and from Theorem 3.4.4, we derive both of these inequalities.
Moreover, in the case (i) equality does not satisfy because if it does, then A\; = 0 and from
Theorem 3.4.4, ¥ is a Hopf torus over a closed geodesic v, 7 = 0 over ¥ and & is constant over 7,

S0 A1 = —k > —47% = 0, which is a contradiction. ]

As a consequence, if M(k, 7) is a Riemannian Killing submersion with constant bundle curvature

7 and Gaussian curvature x such that 0 < x < 472, then no compact two-sided surface of constant
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mean curvature |H| > 7 immersed into M(k, ) can be stable, and if |H| < 7 and the surface is
stable, then
Area(X) (1% — H?) > 27(g — 1),

with equality only if the surface is a flat horizontal one with x = 0.

Remark 3.5.5. As we have already cited in the introduction of the chapter, we know from the
results of Lerma and Manzano ([LM]) that any compact two-sided stable surface of constant mean

curvature H immersed into M(k,7) must be:

e an entire minimal graph (B compact and fz T7d¥ = 0); or

e a Hopf torus.

In this way, the last corollaries are specifically applied to such surfaces. For instance, when
k — 4712 > 0 it is clear that £ > 0. As observed in property 4 of Hopf tori, in such a case they are
not stable. Therefore, when x — 472 > 0 the only compact two-sided stable surfaces of constant
mean curvature into M(k,7) must be entire minimal graphs, and by applying Corollary 3.5.1 we

have that they satisfy
vl _ s _ _
0< 5 77)dY and 0<8m(l—g)+ [ (|VT|—k)dZ.
by by

Nevertheless, for the case k — 472 < 0, both minimal graphs and Hopf tori could be stable and
Corollary 3.5.4 imposes strong restrictions to be stable. To be specific, a stable entire minimal

graph into M(k, 7) satisfies

O</<7‘2+WT|—/€>d2 and 0§2W(1—g)+/<72+W—H)d2,
. 2 2 . 42

and any stable Hopf torus

4 V7| &k 1 V7| &
ey (I LA ) S / 2 2w,
g Area(E)/E(T M 2> WS Rream) T T T T2

Also observe that as a consequence of the cited work, the Corollary 3.5.3 is slightly improved,

A

since T must be zero.

3.6 Some examples of Riemannian Killing submersions

As already mentioned, a Riemannian Killing submersion M(k,7) with both x and 7 constant
is a homogeneous Riemannian 3-manifold. Let us see some interesting examples when k and 7 are

non constant, and we are going to apply our results to them.
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Example 3.6.1. A remarkable case arises when the bundle curvature 7 of M(k, ) is zero. Thus

M(k,0) is a product B? x R or B% x S, where B is an arbitrary Riemannian surface.

e When « > 0, Theorem 3.4.1 establishes that for any compact two-sided surface of constant

mean curvature H immersed into M(k,0) we have
A < —2H?

and the slices B x {t} are the only ones satisfying the equality (if B is compact). Also observe

that if the surface is stable, then it has to be minimal. On the other hand, we know

8m(g—1) 1 /
A < —4H? — — dx;
P Area(X)  Area(Y) Jx "

and Hopf tori v x S are the only ones that satisfy equality, where v is any constant curvature

closed curve such that k is constant over ~.

e When k < 0, from Theorem 3.4.4 we have that

M < —2H? — KkdY,

with equality only for minimal Hopf tori v x S' with s constant over 7. And

8m(g—1) 2
< —4H? — —
Avs —H Area(X)  Area(Y) /Ede,

with equality only for slices B x {t} with Gaussian curvature G = k.

As for the general case, where both x and 7 are non constant, we can find a lot of examples in the
work [SVAV]. Here the authors find out 3-dimensional spaces which locally admit a doubly warped
product metric and project over a certain surface as a Riemannian Killing submersion. These
spaces are very interesting because they are characterized as the only ones carrying a unit Killing
field which admit totally geodesic surfaces different to a Hopf cylinder or a horizontal surface, as
they prove in the same work. The following one is a particular example where we can apply the

theory.

Example 3.6.2. Let M be the product I x S' x S!, for some open interval I of R or I = S!, with
the doubly warped product metric

ds® = da? + sin? 0(z)dy? + cos? 0(z)d=?,

where 6 : I—(0,7/2) is any smooth function, and B be the warped product I x; S!, with
flu) = %sin(%’(u)), that is,
1
dsp = du® + 1 sin?(20(u))dv?.
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Here, y and z stand for the coordinates associated to the chart S' x S'—R x R defined by
(cosy,siny, cos z, sin z)—>(y, z). Consider IT : M — B given by

(z,y,2) = (u,v)
with w = 2 and v = y — z. Let us check that M(k,7) is a Riemannian Killing submersion:

e [l is a submersion since this map and its differential are clearly onto. We have just to compute
its differential. Let us fix a point p € M(k, 7) and a vector v = (v1,v2,v3) € TpM(k, T), and
set a curve v : (—e,€)—M(k, ), v(t) = (x(t),y(t), 2(t)), such that v(0) = p and 7/(0) = v,

SO
d d

II(~(t))

ay) = G| = G| GO0~ 20) = (@0~ vo)

e To see that II is a Riemannian submersion it remains to show that dIl preserves scalar
products of horizontal vectors. Let us observe that the fibers II7!(u,v) = {y(t) : t € I} =
{(u,t,t —v) : t € I} with t € S* satisfy 7/(¢) = (0,1, 1), i.e., the fibers are the integral curves
of the unit Killing field £ = 0, + 0., and

X = 0,
Y = cos?0(z)d, —sin®0(x)d,
define a basis of horizontal vector fields with dII(X) = 8, and dI(Y) = cos?8(x)d, +
sin?0(z)0,. Now, since (Y,Y) = cos* 0(z)sin? 0(z) + sin® 6(z) cos? (z) = cos? O(x) sin? O(x)
and (9, d,) = +sin?(20(z)) = sin? O(z) cos® §(z), we finally conclude
<X7X> = <(9u,(9u> =1,
<X7Y> = <amav> =0,
(Y)Y) = (9,,0,) = cos®fsin’ 0.

It is easy to check that the bundle curvature of II is 7 = —6’ and the Gaussian curvature of B
is k = 4(0')% — 2cot(20)0", and so k — 472 = —2cot(20)§” (see Proposition 4 in [SVAV]). Thus,
if < 7/4 and 0" < 0, Theorem 3.4.1 asserts that for any compact two-sided surface of constant
mean curvature H immersed into M, we have

A < —2H? — Arezli(Z) /2(2(9’)2 +6"),
and the equality holds for horizontal surfaces. And

8”(9 B 1) 1 / "
w0 /2(4(9)2+ (1= 2cot(20))8"),

and the equality holds for any Hopf torus ¥? = II-!({u} x S!) over any parallel of B. An example
of such a function 6 is given by §(z) = 1/2arctan(z), with I = (0,+00). Observe that if we take
6(x) = 1/2arctan(x) + /4, then k — 472 < 0 and Theorem 3.4.4 applies. In this case, the equality

can occur in (i) because of 7 # 0.
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Chapter 4

Compact CMC surfaces into
3-dimensional warped products

Abstract. In this chapter the ambient manifolds in which we are interested are the
3-dimensional warped products. For this reason, we start by recalling such a notion
and how to calculate some formulae. We approach the study of these products when
the fiber is 2-dimensional, but also we deal with the case of 2-dimensional base. So, in
both cases, after imposing that the warped product satisfies a suitable and well-studied
convergence condition or some restriction over the warping function, we give sharp
upper bounds for the first stability eigenvalue of compact constant mean curvature
surfaces in such ambient spaces. As a result, we derive some consequences related
to the stability, and finally we illustrate our results with some examples.

4.1 Introduction to 3-dimensional warped products

Henceforth, we focus our attention on the so-called warped products, which are a generalization
of the standard Riemannian products. The notion of warped product appeared both in the
mathematical and the physical literature, and they were introduced by Bishop and O’Neill [BON]
in 1969, where they used them to provide examples of manifolds of negative curvature. These
ambient spaces allow us to obtain many interesting examples of manifolds where their geometry
is related to the factors and a certain positive warping function, which turns out very useful in
geometry and physics, above all they play a key role in general relativity (see [Ch] and [ON2]). As

usual, we introduce its definition and the formulae about them which will be useful for our aim.
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Let us establish the definition of a warped product. To do that, let (B,(, )z) and (F,(, )p)
be Riemannian manifolds in such a way that a warped product is merely the product manifold
B x F furnished with a metric which is obtained by homothetically warping the standard product
metric above on each fiber. This fact gives rise to construct a rich class of metrics on B x F. Let

us formalize its definition.

Definition 4.1.1. Let B and F' be Riemannian manifolds, and p : B—(0, +00) a smooth positive
function. The warped product M = B x, F'is the product manifold B x F' endowed with the metric

tensor
() =15, )p) + (pollp)’IE((, )p),

where IIp and Il stand for the canonical projections onto B and F, respectively. The function p

is called warping function.

Note that if p = 1, then the warped product reduces to a standard Riemannian product
manifold. Here and subsequently, for simplicity we use the following customary notation for the

warped metric
<7 >:<7 >B+p2<7 >F‘

Now, let us recall some basic notation and definitions of elements related to a warped product
(M =Bx,F,(,)) (see BON, ON2] for details):

B is called the base and F' the fiber.

For each p € B, we call {p} x F a fiber. It is well known that the fibers are totally umbilic.

For each ¢ € F', we call B x {q} a leaf. In this case, the leaves are totally geodesic.

A tangent vector v to M is horizontal if v is tangent to a leaf, whereas v is wvertical if it is

tangent to a fiber.

The Riemannian curvature tensor of a warped product was computed by Bishop and O’Neill
and they found out that it can be expressed in terms of its warping function p and the Riemannian
curvature tensors of B and F, respectively. We use the notation Rp and Rp for the lifts to M of

the Riemannian curvature tensors of the base B and the fiber F', respectively.

Proposition 4.1.2. (Lemma 7.4 in [BON]) Let X, Y and Z be horizontal vector fields on M,
and let U, V and W be vertical vector fields on M. Then, the Riemannian curvature tensor R of

M = B x, F is given by

1. R(X,Y)Z = Rp(X,Y)Z.
HP(X,Y)

2. R(V,X)Y = ;

V.
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3. R(X,Y)V = R(V,W)X = 0.

4. RX, V)W = (v, W)

Vx(Vp).

5. RV, = Re(vwyo = YL g oy — o).
Consequently, it can be also computed the Ricci curvature of a warped product. Let Ricg and

Ricg be the lifts to M of the Ricci curvature of B and F', respectively.

Corollary 4.1.3. (Corollary 43 in Chapter 7 in [ON2]) Let M = B x, F' be a warped product with
d = dim F. Let X and Y be horizontal vector fields on M, and let V and W be vertical vector
fields on M. Then, the Ricci curvature of M is given by

L. Rie(X,Y) = Ries(X,Y) — LHo(X, V).
p

2. Ric(X,V) = 0.

Ap

9. Rie(V, W) = Ricx (V. W) — (V. W) <p b 1)<V’)’W>>.

2

Before finishing this introductory part, let us remind that we just focus on 3-dimensional warped
products. That means that we can clearly distinguish two cases, depending on the dimension of
the base and the fiber, that is:

e Bx, F?, where the base B is either an open interval I C R or S', and the fiber F? is any

Riemannian surface.

o B? X, F', where the fiber I is either an open interval I C R or S!, and the base B? is any

Riemannian surface.

Note that the main difference at the time of making computations in these two cases lies in the
fact that the warping function depends on the base B, and so, the case in which such a base is
1-dimensional is simpler as well as much more studied in the literature. For this reason, we find
reasonable to begin from simpler to more complex. Thus, we devote Section 4.2 to the study of the

first type and Section 4.3 to the second one.

4.2 Compact CMC surfaces into B x , F?

4.2.1 Introduction to B X, F?

In this section, we pay attention to warped products whose base is of dimension 1 and fiber of

dimension 2. There are many contributions which intend to study them since this research field is
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very fruitful. Among all of them, it is remarkable a work by Montiel [Mo2] in which the author
proves that every Riemannian manifold M having a non trivial closed and conformal field is locally
isometric to a warped product with a 1-dimensional base. Such a paper has given many ideas to

other authors to approach different problems in these ambient spaces.

Furthermore, in recent years, several authors have studied constant mean curvature
hypersurfaces (and in particular surfaces) immersed into Riemannian warped product spaces
satisfying a suitable convergence condition, which is well established in the current literature (see,

for instance [ACdL, AD, dLdL, Mol, Mo2]). Such a convergence condition is expressed as follows
Ricr > sup{p”? — pp"}(, )p,
B

where Ricpg is the Ricci curvature of the fiber.

Additionally, in the bibliography there are other interesting conditions over the warping function
such as to suppose that it is concave, or assume that it is a solution of the Jacobi equation p” +cp =
0, for some ¢ € R. For the latter case, Montiel [Mol] asserted (in general for hypersurfaces) the

following statement:

Theorem. (Corollary 6 in [Mol]) Let B x, F? be a warped product satisfying the
above convergence condition and whose warping function is a nonconstant solution of
p"+cp=0. Let ¥ be a compact two-sided surface of constant mean curvature immersed
into B X, F?2. If ¥ is weakly stable, then each connected component of ¥ is either an

umbilical sphere or a slice.

As for the stability, we can find a recent work by Aledo and Rubio (see [AIR]) in which the

authors study the minimal stable surfaces in this framework.

4.2.2 Basic tools and main formulae

Let us fix the notation that we are going to use in this section.

We denote by M? = B X, F? the warped product of the base (B, dt?), being an open interval
I C R or S, and the fiber (F2 () ), which is any Riemannian surface, with smooth warping
function p : B—(0, +00). So, M is the product manifold B x F? endowed with the metric tensor
given by
()= di + p(t(, Ve

Note that 0; is a unit horizontal vector field on M. Remind that with this notation, we say
that a tangent vector v to M is vertical if it orthogonal to 9, (that is, (v,d;) = 0), whereas v is

horizontal if it is collinear with 0;.
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Now, as done in the previous chapters, we obtain the sectional curvature K (P) of any tangent

plane P to B x, I 2 as well as the Ricci curvature.

Proposition 4.2.1. (/[MO4]) Let M = B x, F? be a 3-dimensional warped product and let Kr be

the Gaussian curvature of F'.

(i) The Ricci curvature of B X, F? in a unit direction n is given by
@2 2 "

1—
Ric(n,n) = e Kp+ (6% - 1)2—2 -1+ @2)%, where © = (n, O4). (4.1)

(ii) For every tangent plane P to B x, F? with unit normal 1, the sectional curvature K of P is

given by
@2 2,0,2 ) "
K(P):—QKF—@?—%(@ —1)

B

; . (4.2)

= |

Proof. (i) Set a unit vector 1, and let V' = n" be the vertical part of . Now, we extend the vectors
n and V to local vector fields which are denoted again by n and V, respectively. Therefore, we have
1 decomposed as

n=V +00,.

So, from Corollary 4.1.3 we get

Ric(n,7) = Ric(V,V) + ©?Ric(dy, &)

A Vpl|? 202
= RiCF(V, V) - |‘/|2 <pp + ‘ pg‘ > - THp(atyat)y (43)

where we know that
Vp=pd, Ap=p" and H(3;,0)=p". (4.4)

When V' # 0, by taking a unit vertical vector field W orthogonal to V' (with respect to the
metric of F, i.e., (W,W)2 = 1), we obtain a local orthonormal frame {V/|V|p, W} on F, and so
we can compute Ricp(V, V) as follows

145

Ricp(V,V) = (Rp(V.W)V, W) = |V|EKF = 2 KF,

and since |V |2 = (n — ©d;,n — ©F;) = 1 — ©2 the above equality is simplified to

1— 02
02

RiCF(V, V) = KF,

and replacing the last expression and (4.4) in (4.3) we conclude

1— @2 p// pl2 2@2
Ric(n,n) = Kp—(1-6? <+>—”
(n,m) o Kr ( ) P P
1— @2 /!

" 2\ P
= Krp+(©>-1D5 —(1+6%)=.
pQ F ( )pg ( )P
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When V = 0, since ©2 = 1 we have Ric(n,n) = Ric(d, 0;) = —20"/p.

(ii) By reasoning analogously, we consider the vertical part V' = n" of the normal vector 7 to

P, and we extend such vectors to vector fields denoted by the same letters. So we can write again

Let us make a distinction between the points where V' # 0 and those where V = 0.

On the one hand, at points where V' # 0, that is, n # +9;, we choose a unit vertical vector field
W orthogonal to V' (with respect to the warped product metric, i.e., (W, W)=1). Then
e
E, = ——V —+1-029,

V1-02
Ey, = W,

is a local orthonormal frame on P. Hence, we can compute K (P) by using that frame

K(P) = K(F1,FE2) = (R(E1, Ey)Eq, Es)
@2
= Tz BV, W)V, W) + (1 = ©*)(R(d, W)d,, W), (4.5)
where we have taken into account that (R(V,W)d;, W) = (R(0y, W)V, W) = 0 because of the
symmetries of R and (3) in Proposition 4.1.2. Now, we compute (R(V, W)V, W) by using (5) in

Proposition 4.1.2 and keeping in mind that Vp = p/'0;. So, we get

RVIVIW) = BV - D

12

= PRV, = (01— 62

,012
= V.V p(WW)pKr +(07 - 1),
where (V,V) =1—02 = p*(V,V) 5, and (W, W) =1 = p*(W, W), and so
1— @2 ,0/2
(R(V, WV, W) = e Kp+ (6% - 1)ﬁ‘

Moreover, we calculate (R(0, W)y, W) by using (2) in Proposition 4.1.2 and bearing in mind that
HP (0, 0r) = p” it is obtained

/!

(RO W)0 W) = =L,
therefore, substituting the last two expressions in (4.5) we have

//

P

2 /2
O Kn— CRI (e DL
p p

K(P)ZF

On the other hand, at a point with V' = 0, that is, = +0; one has a local orthonormal frame
formed by any pair of orthonormal vertical vector fields. A straightforward computation yields the

above equation with 02 = 1. ]
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4.2.3 Estimates of \; for compact CMC surfaces into B x, F?

This section is devoted to give sharp upper bounds for the first stability eigenvalue for compact
two-sided surfaces with constant mean curvature immersed into the warped products B x, F' 2,
Moreover, we also intends to characterize the equalities when possible. To do so, we recall the
notion of angle function of a two-sided surface ¥ with Gauss map denoted by N, as well as the

basic properties of a slice.

Definition 4.2.2. With the notation above, the angle function of a two-sided surface X is the
smooth function © : ¥—[—1, 1] given by

@ - <N,8t>

In the sequel, we will refer to the fibers {t} x F', t € B as slices. As we have previously observed
they are totally umbilic, and additionally N = +0;, therefore ©2 = 1.

So after this brief reminder, we are in a position to observe that in order to achieve our aim,
as usual, we use the general bounds (1.12) and (1.13), and so, we must estimate Ric(N, N), whose
expression is given by (4.1), and 2 Ky, + Ric(N, N), where

2

2 / "
O Kp— 92%2 + (0% - 1)% (4.6)

Ky =—
2

by the expression (4.2).

At this point, we look for natural assumptions over the warped products in order to be able
to bound Aj. In this case, we are going to work with warped products satisfying the convergence

condition mentioned before

Ricr > sup{p” — pp"}(, ) p-
B

Since F' is 2-dimensional, this condition is equivalent to

m};n Kp > sup{p”? — pp"}. (C.C.1)
B

The geometric interpretation of such assumption was given by Montiel in [Mol], and specifically,
its meaning is that the Ricci curvature on M attains its minimum in the direction of 0, i.e., the

direction 9; is one of the least Ricci curvature on M.

So, the estimates that we have found under the assumption of the convergence condition (C.C.1)

are compiled in the main result of the section as follows.

Theorem 4.2.3. (Theorem 1 in [MOJ]) Let M = B ><pF2 be a warped product satisfying the
convergence condition (C.C.1) and ¥ a compact two-sided surface of constant mean curvature H

immersed into M. If \1 stands for the first eigenvalue of its Jacobi operator, then
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/!
Area(X) /z %dz’ with equality if and only if ¥ is a slice {t} x F' with F

compact, or X is a totally umbilic surface contained in a region of M which has constant

(i) \ < —2H? +

curvature K = —p" [p; and

8m(g—1) n 4
Area(X) = Area(X)
and G — 2K 1is constant over X.

/!
(i) \ < —4H? — / p—dZ, with equality if and only if K = —p" /p over ¥
=P

Proof. (i) From (4.1) the convergence condition yields

1_@2 /2 /!
Rie(N,N) = — KF+(@2—1)/;—2—(1+G)2)%
1_@2 p/2 p// P”
> ———(p?—pp)+(©* -1 - (14025 = 2%, 4.7
(P =)+ )7 )5 5 (4.7)

and so, from (1.12) we get the stated estimate

M < —2H? + 2/ s
- Area(X) Jx p

Let us analyse the case when the equality holds. The inequalities (1.12) and (4.7) become into
equalities. From the first equality, as we have noticed in (i) of Remark 1.4.1, we know that the
surface X is totally umbilic, and Ric(N, N) is constant over X, but because of the second mentioned
equality we have Ric(N, N) = —2%/, thus %/ is constant over X. On the other hand, it is direct
that the equality in (4.7) is equivalent to

(1-6*)(Kr — (p?—pp")) = 0.

Therefore, if the first factor in the above equality vanishes, then ©? = 1 and consequently ¥ is a
slice. Otherwise, when 3 is not a slice, let us consider the non empty subset of the surface defined
by

Yi={peX:Kpr=p?—-pp}
Then, ¥ is cointained in the region R = IIg(¥’) x [Ip(X') of M. Since p”/p is constant over X, we
deduce that

P” —ap
on wp(X) for a certain constant a € R, and by integrating we get
p* = ap® +0,

with b € R. So, as a consequence of the last two identities we deduce p’? — pp” = b. Thus,

KF:pl2_pp//:b
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over the region R. Now, by the formula (4.2) we conclude that the sectional curvature of every

tangent plane P to B x, F 2 reduces to

that is, K does not depend on the associated angle function ©, and in fact, K = —p"/p = a is

constant on the region R.

Conversely, the total umbilicity implies that |A|?> = 2H?. Moreover, let us check that in both
cases Ric(N, N) = —2%,. If ¥ is a slice, that means that ©% = 1 and so the assertion is clear from
(4.1). Otherwise, the assumption —p”/p constant on R implies that Kr = p'?> — pp” as we have
seen in this proof, and once again from (4.1) we conclude that Ric(N, N) = —2%/. Then

/!
J = A+ |A? + Ric(N, N) :A+2H2—2%.

Since 2H? — 2%, is constant, we get \; = —2H? + 2%”.

(ii) From (4.6) the convergence condition implies

@2 12 1
Ky = —Kp-022 @ -1
p p p
@2 p/2 p// p//
> (P —pp") -5 + (07— 1)— = -— (4.8)
P p? p p

and therefore, from (4.7) and the last inequality we get
p//
2 Ky + Ric(N, N) > —42.
p
From the second upper bound (1.13) we easily obtain

8m(g—1)

4 p//
A < —4H? - —dx.
b= Area(Y) Area(E)/Z p

Let us study what occurs when the equality is satisfied. The inequalities (1.13), (4.7) and (4.8)
also turn into equalities. Due to (ii) in Remark 1.4.1 we know that the equality in (1.13) implies

that A\ = —|A|? — Ric(, N). On the other hand, the equality in (4.7) yields
(1= O*)(Kr — (p* = pp")) =0,

and the equality in (4.8) gives

eZ(KF . (pl2 o pp//)) — 07
and so, by combining both of the last identities we follow K = p'?> — pp” over ¥. Again, by (4.2)
K = —p"/p. In this way, by using the Gauss equation we have

/!
A1 = —|A2 = Ric(N, N) = —4H? — 2K + 2G — Ric(N, N) = —4H? + 2G + 47
P
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So, G+ 2p"/p =G — 2K is constant over X.

Conversely, K = —p”/p leads to Kp = p'? — pp” over ¥, then the equalities hold in (4.7) and
(4.8). Therefore

//
J=A+4H? —2G — 42
)

As 4H? — 2G — 4%, is constant, we deduce that \; = —4H? + 2G + 4%” and by integrating, the

Gauss-Bonnet theorem enables us to assert that the equality in (ii) follows. O

Remark 4.2.4. Tt is worth pointing out that, when F? is compact, the slices {t} x F2, t € B, have

constant mean curvature H = —% and Ric(N, N) = —2%, so without any other assumption

(neither the convergence condition), they satisfy the equality in (i), which writes as

(p(t)p" (t) = P (£)?). (4.9)

Therefore, under the convergence condition, if there exists at least one slice {¢tg} x F 2 which is not
stable, then

1
Kfzsgmﬂ—pﬂ}zﬂ@wl—MmMWm%=—yﬁ®%1>Q
or equivalently, if F? has a point with non-positive curvature, then all slices are stable.

On the other hand, from (ii) we deduce

87(g—1)
= Area(Y)

Thus provided g > 1, all slices are also stable. For g = 0, let us note that (0, 4+00) Xginh¢ S? satisfies

the convergence condition (C.C.1) and all slices are unstable.

Remark 4.2.5. We would like to note that Perdomo has pointed out in a review of our work
[MO4] that the region in (i) of Theorem 4.2.3 may reduce to just the surface ¥. Let us give his

illustrative example.

Take the base B = S' and the fiber F? the compact surface immersed into R3 defined by
F = {(z,y,2) €R3: (* + 252 =1 -2}

We are going to consider the warping function as the constant p = 1, and the surface given by
Y =S! x o, where

wim o) € 2o 042+ 2~ 1),

Note that © = (N, d;) = 0, so by using (4.1) we have

Ric(N, N) = K.
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Since X is totally geodesic, the Jacobi operator is
J=A+|AP +Ric(N,N) = A+ Kp,

where K vanishes over the surface X. Hence, Ay = 0, and so it is clear that the equality is attained
in (i) of Theorem 4.2.3. Since X is not a slice, there must exist a region R on B x, F? containing
the surface, such that K = 0 over R.

By the construction of the region in the last proof, we know that Y coincides with the surface
and consequently, such a region R coincides with the own surface . And of course, Ky, = 0 as
we can calculate from (4.6). That is, the region R can be reduced to the own surface ¥ when the

warping function is constant.
On the other hand, let us observe that Y is a torus, and so its genus is g = 1, which means that
the equality is also satisfied in (ii).
A case that deserves special focus is when the warping function satisfies the Jacobi equation
P’ +ep=0,

for some ¢ € R. Observe that in this case, p”> — pp” is constant. Furthermore, from (4.1) we get
p//
Ric(@t, 8t) =—-2— = 2C,
p

since ©® = 0. Hence, this assumption over the warping function means that the Ricci curvature of

M in the direction 0; is constant.

In this way, for a warped product B x, F’ 2 verifying (C.C.1) with warping function which is a

solution of the aforementioned Jacobi equation we can apply Theorem 4.2.3.

Proposition 4.2.6. (Proposition 4 in [MOJ4]) Let M = B x, F* be a warped product with p"+cp =
0, for some ¢ € R, that satisfies the convergence condition (C.C.1), and ¥ a compact two-sided
surface of constant mean curvature H immersed into M. If A1 stands for the first eigenvalue of its

Jacobi operator, then

(i) M\ < —2(H? + ¢), with equality if and only if ¥ is a slice {t} x F with F' compact, or ¥ is a
totally umbilic surface contained in a region of M with constant curvature K = c¢; and

_ 8m(g—1)
Area(X) ’

and it is contained in a region of M with constant curvature K = c.

(i) M\ < —4(H? +¢) with equality if and only if 3 has constant Gaussian curvature,

Proof. Note that p”/p = —c = constant. So, Theorem 4.2.3 is simplified to the claim. O

Now, in view of the upper bounds in Theorem 4.2.3, we can easily establish the following results

for concave warping functions, that is p” < 0.
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Proposition 4.2.7. (Proposition 10 in [MO4]) Let M = B x,, F? be a warped product with concave
warping function satisfying the convergence condition (C.C.1), and ¥ a compact two-sided surface
of constant mean curvature H immersed into M. If Ay stands for the first eigenvalue of its Jacobi

operator, then

(i) M\ < —2H?, with equality if and only if ¥ is a slice {t} x F with F compact and p"(t) = 0, or
> is a totally umbilic surface contained in a flat region of M and p is linear in that region;
and

8m(g — 1)

Area(X)
contained in a flat region of M and p is linear in that region.

(ii) A\ < —4H? — , with equality if and only if ¥ is a surface with constant curvature

Proof. The upper bounds follow immediately from Theorem 4.2.3. When the equality holds in (i)

or (ii), necessarily p” = 0. O

4.2.4 Stability of compact CMC surfaces into B X, F?

When searching for stable surfaces into these ambient spaces, we find some restrictions over the

square of the mean curvature as shown in previous chapters.

To start with, we assume that the warped product satisfies (C.C.1), and without any other

constraint, by applying Theorem 4.2.3 we obtain the following estimates.

Corollary 4.2.8. (Corollary 3 in [MO}]) Let M = B ><pF12 be a warped product satisfying
the convergence condition (C.C.1). If ¥ is a stable compact two-sided surface of constant mean

curvature H immersed into M then

1 /!
(i) H* < / p—dE, with equality if and only if ¥ is a slice {t} x F' with F compact and
Area(X) Jx p
()2 —pt)p"(t) =0, or ¥ is a totally umbilic surface with H* = p"/p contained in a region
of M with non-positive constant curvature K = —H?; and
21(g — 1) 1

(ii) H?> < —

// ‘ . ‘ ‘ )
€ 1 > » 2H* = ) 3
AI‘ a(z) A ea( ) / P ) 'l.UZth equallty “ and Only Zf 2 G + p /,0

Proof. Since ¥ is stable, we know that A\; > 0, so (i) in Theorem 4.2.3 gives
2 p//
0<M <—2H)+——— [ Zax
== + Area(X) /2 p

and the expected inequality is derived.

Now, if the equality holds, then the chain of inequalities do as well, and it implies from (i) in
Theorem 4.2.3 that there are two possibilities: if ¥ is a slice, due to the equation (4.9) in Remark
4.2.4 we have
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concluding that p/(t)? — p(t)p” (t) = 0; otherwise, ¥ is a totally umbilic surface contained in a region

of M with constant curvature K = —p” /p, and so

p//
Area(X) /E ?dZ,

which allows us to get H2 = p""/p and K = —H?. Conversely, in both cases we have H? = p" /p.

0=\ < —2H? +

(ii) Analogously, from (ii) of Theorem 4.2.3 we know

8m(g—1) 4 o’
Area(X) + Area(X) /E ) dz,

0< )\ < —4H? -

and the second inequality for H? follows.

If the equality is attained, (ii) of Theorem 4.2.3 ensures that K = —p”/p over ¥ and G — 2K

is constant over X, and so
//

0=\ = —4H? +2G + 4.
p

The converse is deduced by integrating. O

By combining Proposition 4.2.6 with Corollary 6 in [Mol] we get a result for compact stable
surfaces of constant mean curvature into B x, F' 2 by assuming that (C.C.1) is satisfied and p” +cp =
0. To be specific, when ¢ < 0 we conclude a non existence result, and otherwise we obtain the full

classification of the possible surfaces.

Corollary 4.2.9. (Corollary 5 in [MO4]) Let M = B x,, F? be a warped product with p a positive

non-constant solution of p” + c¢p = 0, for some ¢ € R, that satisfies the convergence condition

(C.C.1).

(i) There exists no stable CMC compact two-sided surface in M with ¢ > 0.

(i) For ¢ < 0, ¥ is a stable CMC compact two-sided surface in M if and only if ¥ is a slice
{t} x F with F compact and p'(t)?/p(t)?> < —c. In this case

Alg—1)
Area(F)

lelp? > [ep® + p?| >
Proof. Suppose that ¥ is stable. Then from Proposition 4.2.6
0< A < —2(H? +¢),

which implies that H? + ¢ < 0. This forces ¢ to be negative or zero, but if ¢ = 0, then H = 0. In
Theorem 5 and Corollary 6 of [Mol], the author proves that there are not weakly stable surfaces

when ¢ = H = 0, and consequently, neither stable ones. In such results, the author also proves that
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a weakly stable surface ¥ under our assumptions is either a totally umbilic sphere with curvature

H? + ¢ > 0 or a slice. Therefore, only the second one can occur for which

,0/2

7+c:H2+c§0.
p

Conversely, if ¥ is a slice with p2/p? < —¢, then from Proposition 4.2.6 we have

M= —2(c+p?/p?) >0.

The inequalities follow combining (ii) with the equality in (i) of the above corollary and the
fact that Area(X) = p?Area(F). O

Let us note that in the above inequality, g is also the genus of F. So, the larger genus of F' or

the smaller area of F', the larger p will have to be to find a stable slice.

We can also derive an interesting consequence about stability for compact surfaces with constant

mean curvature in warped products whose warping function is concave.

Corollary 4.2.10. (Corollary 11 in [MO4]) Let M = B x, F? be a warped product with concave

warping function satisfying the convergence condition (C.C.1).

(i) There exists no stable non-minimal compact two-sided surface of constant mean curvature in
M.

(ii) If ¥ is a stable minimal compact two-sided surface in M, then ¥ is either a totally geodesic

topological sphere or a flat totally geodesic topological torus.

Proof. The assertion (i) is obvious. Now, if ¥ is minimal and stable, then from Proposition 4.2.7(i)

Y is totally umbilic, and so totally geodesic. Moreover, from (ii) we have

8m(g—1)

N < 2B )
0=X< Area(X) ’

which implies g < 1. If g = 1, the equality holds in Proposition 4.2.7(ii) and then G = Ky = 0 by
the Gauss equation. O
4.2.5 Some examples of B X, F?

Let us give some interesting examples of warped products in which we can apply our results.
With this aim, we must look for significant warping functions. For instance, we have highlighted

the particular case of those which satisfies the Jacobi equation

' +ecp=0.
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For these special functions, when we require the warped product B x, F' 2 to be complete, it has to
be either a Euclidean space or a sphere or a pseudo-hyperbolic space R Xt F2 or R Xcogh¢ F2 (see
also [Mol, Tal]). The first two are well known, so here it is worth pointing out the consequences for

the latter two by using Proposition 4.2.6.

Example 4.2.11. Let us consider a compact two-sided surface 3 of constant mean curvature H

immersed into a pseudo-hyperbolic space B x, F?.

t

e When p = €!, i.e. M = Bx_ F?, where F? is a surface with non-negative Gaussian curvature,

we can obtain the following estimates for A;. On the one hand
A\ < —2(H? -1),

with equality if and only if ¥ is a slice {t} x F with F' compact, or ¥ is a totally umbilic

surface contained in a region of M with constant curvature K = —1. And

87(g—1)

M < —4(H?-1) - —2—~
1= 4 ) Area(X) ’

with equality if and only if ¥ is a surface with constant curvature contained in a region of M

with constant curvature K = —1.

e When p = cosht, i.e. M = B Xeosnt F2, where F? is a surface with Gaussian curvature

Kr > —1, the resulting bounds are

A < —2(H? - 1),
with equality if and only if ¥ is a slice {t} x F with F' compact, or ¥ is a totally umbilic
surface contained in a region of M with constant curvature K = —1. And

8m(g —1)

M < —4(H?—1) - ——
1= 4 ) Area(X) ’

with equality if and only X is a surface with constant curvature contained in a region of M

with constant curvature K = —1.

In both cases, when F is compact and since p?/p? < —c, we can derive the following

classification result.

Corollary 4.2.12. (Corollary 9 in [MO4]) The only stable compact two-sided surfaces of constant

mean curvature in o pseudo-hyperbolic space with compact fiber are the slices.
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4.3 Compact CMC surfaces into B x, F

4.3.1 Basic tools and main formulae

Let us set up the notation that we are going to use in this section.

We denote by M? = B? X, F' the warped product of the base (B2, (, )p), which is any
Riemannian surface, and the fiber (F,dt?), being an open interval I C R or S!, with smooth
warping function p : B*—(0, +00). So, M is the product manifold B x F endowed with the

metric tensor given by

< ) > = < ) >B +p(‘])2dt2'

In what follows, we consider U = %Gt which is a unit vertical vector field defined over M.

At this point, following the same scheme that the one in the previous section, we obtain the

sectional curvature K (P) of any tangent plane P to B2 X, I, and its Ricci curvature.

Proposition 4.3.1. ([MO3]) Let M = B? x, F' be a 3-dimensional warped product and let Kp be

the Gaussian curvature of B.

(i) The Ricci curvature of B? X, F'in a unit direction 1 is given by

1 A
Ric(n,n) = (1 - 6%)Kp — - 1/(X, X) - = (4.10)

where © = (n,U), and X is the horizontal part of 7.

(ii) For every tangent plane P to B? X, F' with unit normal 1, the sectional curvature K of P is

given by
Ap

1
K(P)=0©’Kp + ;H”(X,X) + (6% - 1) p

(4.11)
Proof. (i) For a unit vector 7, let X = 1’ be the horizontal part of 7. Now, we extend the vectors 7
and X to vector fields which are denoted again by the same letters n and X, respectively. Therefore,

we have n decomposed as
n=X+0U,

and by using Corollary 4.1.3 we get
Ric(n,n) = Ric(X,X)+ O2Ric(U,U)
1 A
= Rie(X, X) =~ H(X,X) - 927p. (4.12)

Now, at points where X # 0 let us take a unit horizontal vector field Y orthogonal to X, so that
we obtain a local orthonormal frame {X/|X|,Y} on B. In this way, we can compute Ricg(X, X)

as follows
Ricg(X,X) = (R(X,Y)X,Y) = | X|*’Kp,
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and since |X |2 = (n — OU,n — OU) = 1 — 62 the above equality is simplified to
Ricg(X,X) = (1 - ©?)Kp,

and substituting this expression in (4.12) we conclude

1 A
Ric(n,n) = (1 — ©})Kp — - H/(X, X) — 02 =L,
p P
This formula is also true at points where X = 0, as ©2 = 1 and consequently
: 1. A
Ric(n,n) = 2 Ric(0, 0¢) = —7[)-

(ii) We consider again the horizontal part X = 1" of the normal vector 1 to P, and we extend

such vectors to vector fields denoted by the same letters, so 1 is decomposed as

n=X+0U.

Let us make a distinction between the points where X # 0 and the ones where X = 0.

Where X # 0, that is, n # +U, we choose a unit horizontal vector field Y orthogonal to X,
then
E, = LX—\/l—@QU,

Vv1-—62
Ey, =Y

is a local orthonormal frame for P. So, we are in a position to compute K (P) by using that frame

as follows

K(P) = K(Ei,E2) = (R(E1, E2)En, E)

0?2 1-6?2
1_7@2<R(X7 Y)X,Y) + 2
where we have used that (R(X,Y)U,Y) = (R(U,Y)X,Y) = 0 because of the symmetries of R and
(3) in Proposition 4.1.2. On the one hand, by using (1) in Proposition 4.1.2 we get

(R(0:,Y)0, Y), (4.13)

<R(X7Y)X7Y> = <RB(X7Y)X7Y> = ’X‘2KB = (1 - @2)KBa

and, on the other hand, because of (4) in Proposition 4.1.2 we have

1

1
(RUY)U,Y) = ?<R<8t7y)3tay> = _;<VY(VP)7Y>-
Hence, by substituting in (4.13) the last two expressions, we derive
Y
K(P) — @2KB + (@2 o 1) <VY(VP), )
p
H(Y,Y)

— O%Kp+ (9% - RS
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Since the Laplacian operator A on B (note that we use the same notation for the Laplacian since
no confusion can arise) of the function p can be written in terms of the local orthonormal frame
{X/|X|,Y} on B as Ap = ﬁ HP(X,X) 4+ HP(Y,Y), we finally obtain

Ap

1
K(P)= @2KB+;HP(X7X)+(@2 -1

Where X = 0 this formula is satisfied. In such points, one can consider a local orthonormal
frame on P formed by any pair of orthonormal horizontal vector fields, and so K(P) = Kp (Note
that ©2 = 1). O

4.3.2 Estimates of \; for compact CMC surfaces into B* x, F

Our intention in this section is similar to the one in Section 4.2.3, that is, we find out upper
bounds for A\; of compact two-sided surfaces of constant mean curvature immersed into B? x o F
in terms of the warping function p and the geometry of B. At the same time, we study what
conditions the surface must satisfy to attain the equalities. To proceed with, let us introduce the

angle function of a two-sided surface ¥ immersed into B> X, F', where N is its Gauss map.

Definition 4.3.2. With the above notation, the angle function © of the surface X is the smooth
function © : ¥—[—1, 1], given by
© = (N,U).

Now, in order to obtain the expected estimates, we have to keep in mind that once again we
will use (1.12) and (1.13); so we must get Ric(N, N), whose expression is given by (4.10), and
2 Ky, + Ric(N, N), but from (4.11) we easily get

1 A
Ky = 02Ky + -0 (X, X) + (02 — 1)=£,
p p

where X is the horizontal part of N.

Observe that the last formula and (4.10) yield to a suitable relationship between Ky and
Ric(N, N) as follows,

A
Ky, = Kp — Ric(N, N) —7”. (4.14)

Finally, we are interested in an explicit expression of the integrand which appears in (1.13).
With the above formulae we know that it is written as
Ap

; (4.15)

1
2 Kx +Ric(N,N) = (14 ©0%)Kp + ;HP(X,X) + (6% - 2)

In this way, with the purpose of giving the desired estimates for the first eigenvalue of the

Jacobi operator, we need to have some control over the Hessian of the warping function, since the
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obtained expressions for Ric(N, N) and 2 K, + Ric(N, N) depend on it. To this end, let us define a

function on B as )
u(q) == max{pHS(v,v) v eTyB, v = 1} .

We are now ready to deduce two upper bounds for A\; without any additional assumption. In

order to do this, we use the following inequality,
A 1
(67~ p < (1-6%)=F — ~HI(X, X), (4.16)

which is always satisfied. Where X = 0, since ©2 = 1, the terms found in the last inequality vanish.
Otherwise, we can consider a local orthonormal frame {X/|X|,Y} on B in such a way that the

Laplacian operator A on B satisfies

1 1
20 Lyexx)= - lwwy),

1— 6?2
( )p p p

and consequently, it implies trivially the above inequality because of the definition of p.

Now, from (4.10) and (4.16) we get a lower bound for the Ricci curvature as

1 A
Ric(N,N) = (1—O})Kp - (X, X) - @27’)
2 Ap
> (1-6 )(KB—M)_T- (4.17)
On the other hand, because of the definition of p we have
1
;Hp(Xu X) > (@2 - 1):“7
and A . )
p
2P wA(X,X) S HA(Y,Y) > —2u 4.18
L — g WX X) 4 (YY) (118)
and so combining these inequalities with (4.15) we get
. 2 1 2 Ap
A
> (1+0%)(Kp - p) _27[). (4.19)

Thus, the inequalities (4.17) and (4.19) together with (1.12) and (1.13), respectively, allow us
to obtain two general upper bounds for A\; which are true for any compact two-sided surface 3 of

constant mean curvature H immersed into any warped product M = B> X, F:

1 Ap
a2 8m(g—1) _ 1 2 N ﬂ
AN < —4H Avea(s) Area(s) /2 ((1 +0°)(Kp—pn)—2 p )dZ. (4.21)
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Paying attention to the above upper bounds, it seems to be natural studying the case Kg > u

in order to obtain simpler ones. It is worth noting that this condition is equivalent to

Ricy(v,v) < 2Kp, forallv e T,M, |v]| =1,p€ M. (C.C.2)

In what follows, for simplicity of notation, we sometimes use Ric < 2K p to indicate the condition
(C.C.2).

Let us check that Kp > p if and only if (C.C.2) is satisfied. Suppose that Kp > p. Let us take
a point p = (q,t) € B? X, F, and let v € T, M be a unit vector, then we have

Ric, (v, v) = Ric,(v",v") + (v, U)? Ric, (U, U).
When v" # 0, since Kg > p we get from (4.10) that
R .k Rk
. ho,hy hi2 T2 voov _ k2 1 v v
Rie) = P Riy (i) = 1 (10— 1 () )
< (1= (0, U)°)(Kp+p) <2(1 - (v,U)")Kp,
and, on the other hand, since we know that % > —2u, it is easy to check that

A
Ric, (U, U) = —7” < 2u < 2Kp.

Therefore, by combining the last expressions we obtain
Ric,(v,v) < 2(1 — (v,U)*)Kp + 2(v,U)*Kp = 2Kp.
On the contrary, when v" = 0 it is clear that
Ric,(v,v) = Ricy(U,U) < 2Kp.

Conversely, if Ric < 2K p for any unit vector v € T;, B we have Kp — % HY(v,v) = Ricy(v,v) < 2Kp,
concluding Kp > pu.

Now, it deserves to observe that we can interpret the condition (C.C.2) as a natural convergence
condition which is similar to the assumption (C.C.1) that we have considered in the previous section.
Specifically, its geometric interpretation is that the sectional curvatures K of M attains a maximum

equal to Kp at any point.

Let us prove, indeed, that Kp > pu means that K(P) < Kp for every tangent plane P to
B? x, F with unit normal 7. If Kp > y, from (4.17) we get

Ric(n,n) > (1-©*)(Kp —p) — — > ——-.
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Now, observe that the formula (4.14) can be used to compute any sectional curvature of M, and

so, the last inequality leads to
i A
K(P) = Kp — Ric(n,n) —

as expected.

So, the estimates for A; that we have got under the assumption of the convergence condition

(C.C.2) are compiled in the main result of the section as follows.

Theorem 4.3.3. (Theorem 1 in [MO3]) Let M = B> X, F' be a warped product satisfying the
convergence condition (C.C.2), and ¥ be a compact two-sided surface of constant mean curvature

H immersed into M. If \1 stands for the first eigenvalue of its Jacobi operator, then

1 A
(i) M\ < —2H? + / —pdE, with equality if and only if ¥ is totally umbilic with Ky, =
Area(X) Jx p

Kp and % constant over %; and

—1 2 A
(i) A\ < —4H? — 825(‘;]&(2)) + Area(s) /EppdE, with equality if and only if Ric = 2Kp over X

and G — 2K g is constant over X.

Proof. (i) From the bound (4.20) the convergence condition Kp > pu yields

1 Ap
< _opg2_ __ 02 R
A < —2H Area(E)/E((l %) (Kp — ) — =~ )dE
1 Ap
< 2H*+ ——— | =5ad¥ 4.22
- + Area(E)/E p 4z, (422)

and so we conclude the expected inequality.

Let us analyse the case when the equality holds. The inequalities (1.12) and (4.22) turn into
equalities. As observed in (i) of Remark 1.4.1, the first equality implies that ¥ is totally umbilic and

Ric(N, N) is constant over X, whereas from the second one we have Ric(N, N) = —%. Therefore,
% is constant over ¥. In addition, (4.14) shows that Ric(N, N) = —% is equivalent to
Ap

KE:KB—RiC(N, ZKB

over 2.

Conversely, by the total umbilicity we have |A|> = 2H?, and Ric(N, N) = —%, and then

A
J=A+2H% 2P
P
Since % is constant over ¥, we get \; = —2H? + %.
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(ii) Since Kp > p, the bound (4.21) is reduced to

8m(g — 1) 1 Ap
Moo< A - Area(X)  Arca(Y) /E <(1 +O9) (Kp—p) - 2ﬂ) >
s Srlg-1) 2 [ A
= 4T Area(Y) * Area(Y) /E p 4z, (4.23)

which yields the announced estimate.

Let us study what occurs when the equality is attained. The inequalities (1.12), (4.18) and
(4.23) turn into equalities, and so it follows that \; = —|A|?> — Ric(N, N), p = K and % = —2Kp
at points of X. By definition of Ap and u, the last equation implies that —% HY(v,v) = Kp for all
veTyB, |v|=1,p=(qt) € ¥. We also have Ric,(U,U) = 2Kp, p € ¥, and hence, we get

Ricy(v,v) = 2Kp
for all v € T,M, |v| =1, p € ¥. From here, K5, = Kp by (4.14). Then,
A1 = —|AP? + Ric(N, N) = —4H? 4+ 2G — 4Kp
by the Gauss equation. Therefore G — 2K p is constant over Y.

Reciprocally, under the hypotheses,
Ric(N, N) = 2Kp = Ric(U,U) = —Alf.
So, from (4.14) we have Ky, = Kp and then
J=A+|A? +Ric(N,N) = A + 4H? — 2G + 4Kp.

Since G — 2Kp is constant over X, we have \; = —4H? + 2G — 4K which proves the equality by
integrating. [

Remark 4.3.4. A special case of surface immersed into the warped product B? x p ' is given by
the leaves B? x {t}, t € F. When B? is compact, they are totally geodesic compact two-sided
surfaces, so |A|?> = 0, Kz = Kp and Ric(N, N) = —% because N = +U.

Moreover, they satisfy equality in (i) when % is constant over Y, which is equivalent to Ap

constant. Since p > 0, by integrating over the compact surface B the constant % we conclude

that p has to be constant. In this case, the leaves have \; = 0 and so they are stable.

Now, it is worth paying attention to the special case Ap < 0, that is, p superharmonic when

the warped product B? X, F verifies the convergence condition (C.C.2).

Corollary 4.3.5. (Corollary 4 in [MO3]) Let M = B?x,F be a warped product with
superharmonic warping function satisfying the convergence condition (C.C.2), and ¥ a compact
two-sided surface of constant mean curvature H immersed into M. If A1 stands for the first

etgenvalue of its Jacobi operator, then
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(i) M\ < —2H?, with equality if and only if ¥ is totally umbilic with Ric(N, N) = 0; and

(i) \ < —4H? — 825;?231))

Ric =0 and Kg = 0 over X.

, with equality if and only if ¥ has constant Gaussian curvature, and

Proof. 1t is a straightforward consequence of the theorem. For the equalities, Ap = 0 over ¥ and
the assertions hold. O

Another particular case where we can apply our general upper bounds for A; and obtain simpler
and useful ones is when the warping function p is convex, that is Hj(v,v) > 0 for allv € T, B, q € B,
and for strictly convex functions (strict inequality). Observe that we can get many interesting valid

examples of the form p = e, with h : B—R an arbitrary convex function, because of

H(v,0) = p((Vh,0)? + HA (0, 0)) > 0

And if we do not want p to be constant, the volume of the surface B cannot be finite and so B
must be non-compact (see [BON]). Also, in the same work, the authors prove that the warped
product B2 X, F' has negative curvature if and only if p is strictly convex and Kp < 0. They also
construct many examples of such warping functions over surfaces with nonpositive curvature. The

following theorem gives upper bounds for A\; for surfaces immersed in such warped products.

Theorem 4.3.6. (Theorem 6 in [MOS]) Let M = B* x, F be a warped product where B is a
surface of monpositive curvature (Kp < 0) and the warping function p is conver. Let ¥ be a
compact two-sided surface of constant mean curvature H immersed into M. If Ay stands for the

first eigenvalue of its Jacobi operator, then

1 A
(i) \1 < —2H? — / Kp — =p , with equality if and only if ¥ is totally umbilic, G =
Area(Y) Jx P
H? and Kp — % constant over ¥; and
-1 2 A
(i) A\ < —4H? — 82-53&(2)) - Arca(y) /Z (K — pp)} with equality if and only if |A| is

constant and Ric(N, N) = 0.

Proof. Observe that p convex implies p < 0 due to the definition of u. Hence, this fact together with
Kp <0 allow us to assert that the integrands in (4.20) and (4.21) are bounded below, respectively,
by

(1- 0% (Kp—p) - 2 > k- 2F, (4.24)
p p
<1+@2><KB—M>—2A;)22(KB—APP>,

and so we get the inequalities.
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If the equality holds in (i), the same occurs in (1.12), (4.17) and (4.24), and then from (i) of
Remark (1.4.1) ¥ is totally umbilic and Ric(N,N) = Kp — %, which is a constant, implies that
Ky, =0 by (4.14). By the Gauss equation it follows that

2H? = |A]* = 4H* - 2G,
that is, G = H?. Conversely, we have

J=A+\A|2+Ric<N,N>=A+2H2+KB_App

which yields \; = —2H? — Kp + %
Finally for the equality in (ii), as in the previous theorem, the involved inequalities turn into

equalities which gives \; = —|A|> — Ric(N, N) (from (ii) of Remark (1.4.1)), u = 0,

A
(1+©%)Kp=2Kp and 2Ks+Ric(N,N) = 2Ky — 222,
p
From (4.14), we deduce that Ric(N,N) = 0, and it implies \; = —|AJ%2. Conversely, we get
J = A + |A|?* with |A] constant, which implies \; = —|A|?, and by the Gauss equation

M = —4H? 4+ 2G - 2 Ky,
that yields the equality by (4.14). O

Remark 4.3.7. Under the hypotheses of the above theorem, when p is supposed to be strictly
convex, the inequalities in (i) and (ii) are strict. When B is supposed to have negative curvature

(Kp < 0), the equality in (ii) is also strict.

4.3.3 Stability of compact CMC surfaces into B X, F

As we have done up to now, we are going to mention some interesting consequences related to

the stability of the surfaces.

To start with, let us suppose that the warped product B? x p I satisfies the convergence
condition (C.C.2), and by applying Theorem 4.3.3 we can find the following restrictions for the

surface.

Corollary 4.3.8. (Corollary 3 in [MO3]) Let M = B? X, F be a warped product satisfying
the convergence condition (C.C.2). If ¥ is a stable compact two-sided surface of constant mean

curvature H immersed into M then

1
) H2< ——
(¥ ~ 2Area(Y)
2H? over ¥; and

Ap:

A
/ il for g < 1, with equality if and only if 3 is totally umbilic and =
P
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2(g — 1) 1
~ Area(X) | 2Arca(X)

(i) H? <

over 2.

A
/ 2P for g > 1, with equality if and only if G + % = 2H?
z P

Proof. As X is stable, we know that A\; > 0 and the upper bounds are a direct consequence from

Theorem 4.3.3 as usual.

Moreover, if the equality holds in (i), we get 0 = \; = —2H? + % and the assertion follows.
When the equality holds in (ii), we have 0 = A\ = —4H? + 2G + 2%. We get the converse by
integrating. O

Besides imposing the cited convergence condition, when we assume that the warping function p
is superharmonic, from Corollary 4.3.5 we deduce that if ¥ is not minimal then it cannot be stable;

and neither minimal surfaces with genus g > 2.

On the other hand, let us analyse the case in which the warped product B? x p I satisfies that
Kp <0 and p is convex. So, as a direct application of Theorem 4.3.6 we can claim the following

statement.

Corollary 4.3.9. (Corollary 8 in [MOS3]) Let M = B? X, F be a warped product where B? is a
surface of nonpositive curvature (Kg < 0) and the warping function p is convex. If ¥ is a stable

compact two-sided surface of constant mean curvature H immersed into M, then

1 A
(i) H? < _2Area(2)/2 (KB — pp) for g < 1, with equality if and only if ¥ is totally umbilic
and Kg — % = —2H?; and
2 —1 1 A
(ii) H?> < — nga(E)) — 3 Area(y) <KB — pp> for g > 1, with equality if and only if ¥ is

)
totally geodesic and Ric(N, N) = 0.

4.3.4 Some examples of B? x, F

To finish this section, let us see some interesting examples that illustrate the results presented.

Example 4.3.10. Consider the warped product D? x p ' where D? is the Poincaré disk model,
that is, D* = {x € R? : |2| < 1} endowed with the metric

dS2 — 4|d$|2 7
(1= |zf?)?
and the warping function p is defined as

B 1+ |z|?
1 zf?

p(x)
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for any = = (z1,x2) € D2. Observe that Nitsche’s model of 3-dimensional hyperbolic space is just

the warped product D? x ; R (see [Ni] for the details concerning to this model).
Since the Hessian of the function p can be expressed in coordinates as

2

op
Bxl&c? Z U gk’

Hp(aiv a

it is a straightforward computation to check that

A0+ =)
(1= [aP)*

and H”(01,02) = 0. Let us proceed to check it by following the notation in [ON2]:

H?(01,01) = HP(02,02) =

4
E:G:m, and F'=0
s0 Q=EG—F?=16/(1 - |z[*)* and
16%1
Ey =G = m = Qu1(1 - \1‘\2):

and analogously
Ea:g = Gmg = QxQ(l - |:L"2)

Then, the Christoffel symbols are calculated as follows:

3Qui(l—[zl*) 0 QY% 5Qui(1— |2f?)

— | 2 2 _ 2

an - %ng(l . |x’2) Q1/2 ’ QFH - 0 —%ng(l _ ]x\Z) ’
3Qua(1—z[?) 0 QY% $Quy(1— |z/?)
1 __ 12 2 _ 2

e ‘mxlu Py @2 AT 0 Lu(1 e
—3Qui(1—z[*) 0 QY2 —3Qui(1 - |z[?)

1 _ 2 2 _ 2
2= ona - @2 27 0 1Qm — la?)

that is, ['l] = %, = —T3y = 221 /(1 — |2]?), and T3] = —T1, = —T3, = —2x5/(1 — |z[?).
Moreover, we also have

op 41 ap 4x9

dry  (1—[z2)2 Bxy  (1- ]2

and
O?p  4(1+ 323 — x3) ?p  4(1 — x} + 3x3) 9?p 162122

or3  (I—|aP)® 7 023 (1—[zP)? 7 Owdzy  (1—|z)¥
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Therefore, as announced earlier we get

101, 01) = 4(1 + 3z% — 22) B 822 n 872 _ 4(1 + |=|?)
b I—[=2)* (A —[22) "= [22)3 T (A —[z)
HP (0, 0) = 4(1 — 22 + 322) n 822 B 872 _ 4(1 + |=)?)
’ (1 —[|z[?)3 (1—lz[2)3 (A —[z[?)? (1 —]z?)3
1
Hp(al,ﬁg) _ 61‘1.%'2 _ 8.21?1.%2 _ 8$1$2 —0.

I—|z?  Q—|zP)? (1 —]z)
From here we easily conclude H%(v,v) = p for any unit vector v € T,D?, = € D2
In other words, this warped product satisfies —%Hg(v, v) = Kp = —1, and consequently we are
under the assumptions of Theorem 4.3.3, in fact, Ap = 2p and so Ric = —2 = 2Kp. Then, if ¥ is
a compact two-sided surface of constant mean curvature H immersed into D? x p F' we have
(i) A1 < —2(H? — 1), with equality if and only if ¥ is totally umbilic with Ky = —1; and

_ 8m(g—1)

(i) A\ < —4(H? - 1) Area(s)

, with equality if and only if G is constant.

Observe that these bounds coincide with the ones that we have got in Theorem 2.2.1.

Example 4.3.11. Let B2 X, F' the warped product where the base is the hemisphere defined as
B =82n{(z,y,2) € R®: z > 0},
and the warping function is given by the height function p : B>—(0, +00)

p(q) = (¢, w)

for any g € B, with w € B fixed. This warped product also verifies —% H)(v,v) = Kg =1 for any
unit vector v € T, B, with ¢ € B. For this purpose, we just use the fact that if ~ : I—B?is a
geodesic satisfying v(0) = ¢ € B and +/(0) = v € T,;B, then

Hy(v,v) = (p°7)"(0),
and thereby, Hf(v,v) = (7(0),w) = —|v|>(g,w). To check the last equality we just take a geodesic

of the sphere, whose expression is given by

~(t) = cos(|v|t)g + |71)‘ sin(|v|t)v

and consequently +”(0) = —|v|?q.

Hence, Theorem 4.3.3 can be applied again since Ap = —2p and Ric = 2 = 2K g, obtaining the

following bounds.
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(1) A\ < —2(H? +1), with equality if and only if ¥ is totally umbilic with Ky, = 1; and

8m(g—1)

(ii) A\ < —4(H%*+1) — Area(s)

, with equality if and only if G is constant.
From here, we deduce that there are no stable compact two-sided surfaces of constant mean

curvature immersed into B2 x o F.

Observe that the first example, using the isometry between the Poincaré disk and the hyperbolic

space H? in R?, reduces to consider it furnished with the height function as the present example.

Example 4.3.12. Note that a warped product B x, F', where B is a flat surface, satisfies the
convergence condition Ric < 0 if and only if p is convex. Therefore, both Theorem 4.3.3 and

Theorem 4.3.6 are the same.

As we have said in the previous section, it is easy to construct many convex warping functions
by considering p = e® with h : B—R an arbitrary convex function. In particular, when B = R?
we only have to pick for h any standard convex function over R?, or directly any standard positive

convex function.
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