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Abstract

New rigidity results for complete non-compact spacelike submanifolds of arbitrary codimen-
sion in plane fronted waves are obtained. Under appropriate assumptions, we prove that a
complete spacelike submanifold in these spacetimes is contained in a characteristic light-
like hypersurface. Moreover, for a complete codimension two extremal submanifold in a
plane fronted wave we show sufficient conditions to guarantee that it is a (totally geodesic)
wavefront.
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1 Introduction

In the search for exact solutions to Einstein’s field equation it is usually assumed the existence
of a certain symmetry. This symmetry is usually provided by a globally defined causal
conformal vector field [18]. In particular, when this vector field is lightlike and parallel, the
resulting solution is called a Brinkmann spacetime [5]. In this article, we will focus on a

distinguished subfamily of Brinkmann spacetimes, namely, plane fronted waves [9]. A plane
fronted wave is a Lorentzian manifold (M"H, (, ) where M2 = R2 x M" with (M", gpr)

a (connected) Riemannian manifold and the Lorentzian metric is

(,)Y=Hwu,x)du ®du+du®dv+dv®du+ gy, ey

B Francisco J. Palomo
fpalomo@uma.es

José A. S. Pelegrin
jpelegrin@uco.es

Alfonso Romero

aromero@ugr.es

Departamento de Matematica Aplicada, Universidad de Malaga, 29071 Malaga, Spain
Departamento de Informatica y Andlisis Numérico, Universidad de Cérdoba, 14071 Cérdoba, Spain

Departamento de Geometria y Topologia, Universidad de Granada, 18071 Granada, Spain

Published online: 08 September 2022 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13398-022-01315-4&domain=pdf
http://orcid.org/0000-0003-0345-0915

179  Page20f10 F.J. Palomo et al.

where (i, v) are the natural coordinates on R? and H(u, x) is a (independent of v) smooth
function on R x M™. The coordinate vector field 3, := 9/dv is lightlike and parallel.

Endowing M "2 With the time orientation defined by d,,itbecomes a spacetime. As Vu = 9,,

the coordinate u : M 7> — R plays the role of a quasi-time function [4, Def. 13.4] i.e., its
gradient is everywhere causal and any causal geodesic segment y such that u o y constant is
injective. In particular, the spacetime is causal [4, p. 490]. A plane fronted wave is foliated
by the (characteristic) lightlike hypersurfaces u = ug, ug € R.

When M”" = R? and gy is the usual Euclidean metric, the spacetime M4 is called a
pp-wave (plane fronted wave with parallel propagating rays) [4]. Plane fronted waves model
(electromagnetic or gravitational) radiation propagating at the speed of light. Despite the fact
that the study of gravitational waves goes back to Einstein and Rosen [8], the experimental
detection of gravitational waves [1] has aroused widespread interest in plane fronted waves.

In these ambient spacetimes we will study spacelike submanifolds of arbitrary codimen-
sion. Spacelike submanifolds of codimension greater than one became interesting from a
physical viewpoint when Penrose introduced the notion of trapped surface to study space-
times’ singularities [17]. Namely, the existence of a trapped surface is a sign of the presence
of a black hole. The original definition of trapped surface was given in terms of null expan-
sions. This is related to the causal orientation of the mean curvature vector field, which allows
the extension of the concept of trapped submanifold to arbitrary codimension [14]. Indeed,
lety : oF — M bea spacelike submanifold of arbitrary codimension in an arbitrary
spacetime. Denoting by H the mean curvature vector field of the submanifold and followin g
the standard terminology in General Relativity (see [14, 15]), T is said to be future trapped
if H is timelike and future pointing everywhere (similarly for past trapped); weakly future
trapped if 71) is causal and future pointing everywhere (similarly for weakly past trapped)
and extremal if 7—1) =0.

Inaplane fronted wave, each codimension two totally geodesic (hence, extremal) spacelike
submanifold defined by u = ug, v = v, ug, vo € R, is called a wavefront [9]. Physically, a
wavefront in a plane fronted wave can be interpreted as a perturbation that is being propagated
at the speed of light without experiencing any change (e.g., weakening) [12]. For instance,
if we consider in the 4-dimensional Lorentz-Minkowski spacetime LL* the coordinates (i :=
(z — t)/\/i, vi=(z+ t)/ﬁ, x,y), where ¢, x, y, z are the standard coordinates, we can
see how the wavefronts are given by {ug, vo} x RZ, ug, vy € R.

From a geometrical point of view, it is natural to wonder under which conditions a complete
codimension two extremal submanifold in a plane fronted wave is a wavefront. In [7], the
authors answer this question for the compact case. Thus, in this paper we will focus on
the non-compact case. Our main tools will be certain maximum principles as well as the
parabolicity of the spacelike submanifold.

Let us recall that a complete (non-compact) Riemannian manifold is parabolic if the
only superharmonic functions bounded from below that it admits are the constants (see,
for instance, [13]). From a physical perspective, parabolicity is equivalent to the recurrence
of the Brownian motion on a Riemannian manifold [10]. From a mathematical standpoint,
complete Riemannian surfaces with non-negative Gaussian curvature are parabolic [11]. In
arbitrary dimension there is no clear relation between parabolicity and sectional curvature.
Nevertheless, there exist sufficient conditions to ensure the parabolicity of a Riemannian
manifold of arbitrary dimension based on its geodesic balls’ volume growth [3]. In this
article we will use that parabolicity is invariant under quasi-isometries [10, Cor. 5.3].
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This paper is organized as follows. Section 2 introduces general notions on plane fronted
waves and their spacelike submanifolds that will later allow us to proof our main results.
Section 3 contains the main results of this paper, we first state several conditions that guarantee
that a non-compact spacelike submanifold is contained in a lightlike hypersurface u = uo
(Theorems 7 and 11). From these theorems we can deduce certain non-existence results for
spacelike hypersurfaces (Corollaries 12 and 13) as well as for weakly trapped submanifolds
(Theorem 14). Finally, we answer our initial question providing in Theorems 15, 16 and 17
sufficient conditions for a complete non-compact codimension two extremal submanifold to
be a wavefront. Indeed, Theorem 15 states that in a plane fronted wave the only codimension
two parabolic extremal submanifolds with bounded (either from above or below) u o ¢ and
v o ¢ are the (necessarily parabolic) wavefronts. Furthermore, Theorem 16 asserts, under the
same bound, that a complete codimension two extremal submanifold whose Ricci curvature
verifies Ric > 0 is also a wavefront.

2 Setup

2.1 Plane fronted waves

Let us consider a plane fronted wave MHZ =R? x M" and let £L(M") be the subspace of

X (Mn +2) consisting of the lifts to HHZ of all vector fields on M". From now on, we will use
the the same symbol to denote a vector field in X(M") and its corresponding lift to L(M™).
In a similar way, we simplify the notation using the same symbol for a function on M" and

its corresponding lift to M "2 The Levi—Civita connection V of a plane fronted wave was
given in [6] as follows,

Lemma 1l Forany V, W € L(M") C X(M’H_z), we have
() Vo, = 5 (0uHdy — VH.) = 3(VH = VH,),
(i) Vydy =Va,V =3 gu(VH.. V) By,
i) vyw=%w,
(iv) Vi, 0y =V, 0, = Vy, 0, =Vyod, =Vy V=0,
where N denotes the Levi-Civita connection of (M", gm), %HM is the gradient of 'H, on
M", Hy(x) := H(u, x), and V'H is the gradient of H on M’Hrz.

—n+2 . .
Every tangent vector Z € Ty, v, )M "2 admits the decomposition

Z=(Z,3) 0+ ((Z,04) = (Z, 3)H)dy + dry (Z) (@)
where Ty : MHZ —> M" is the natural projection. Thus, Lemma 1 implies that
— 1 — ~ 1 ~
Vzo, = 3 (Z,00)(VH — VH,) + 3 gm(VHu, drp(2)) 8. (3)

The non-necessarily vanishing components of the Riemann curvature tensor R of the
metric (1) are

_ _ 1 - —
RWU, V)W =Ry U, V)W, R(V,0,)0, = —5 VyVH, and

_ 1 —~—
RV, 9)W = 3 Hess(H,)(V, W) 9,

@ Springer



179  Page4o0of10 F.J. Palomo et al.

where R )y and Hess stand, respectively, for the Riemann and Hessian tensors on M". Denoting
by Ric and Ricy, the Ricci tensors ofﬂ e and M", respectively, we obtain that the non-
necessarily vanishing components of Ric are

— J— 1~

Ric(V, W) = Ricy(V, W) and Ric(dy, d,) = _EAH"’
where A is the Laplacian on M™. It can be easily seen that a plane fronted wave (M"Jrz, ()]

satisfies the timelike convergence condition (TCC), i.e., Ric(T, T) > 0 for every timelike
vector T, if and only if

AM, <0 and Ricy > 0. )
2.2 Spacelike submanifolds

Let us now consider ¢ : ¥ — M a (connected) spacelike submanifold in a plane

fronted wave (HHH, (', )). That is, ¢ is an immersion and the induced metric on >k s
Riemannian. We will also denote the induced metric on =¥ by (, ). For any vector field
V along the immersion v/, we write V" and V= for the tangent and normal parts along v,
respectively. If we denote by 1 := u o ¢ and v := v o ¥, the restrictions of the coordinate
functions u and v to £¥, we obtain that their gradients are given by

V=29 (&)
and
Vv =93] — (Hoy)d,. (6)

Therefore, from these formulas we see how wavefronts (i.e., codimension two spacelike
submanifolds given by u = ug, v = vy, for ug, vo € R) satisfy that the vector fields 9, and
d, are normal at every point.

Let us recall the Gauss and Weingarten’s formulas, given respectively by

VxY = VxY +1I(X, Y), (M
and
VxN = —AyX + VN, ®)

for X, Y e %(Zk) and N € %l(Zk), where V and V are the Levi-Civita connections of

M’1+2 and =, respectively, IT is the second fundamental form and Ay is the shape operator

with respect to N and V1 is the normal connection. The mean curvature vector field of the
spacelike submanifold =¥ is

— 1
H = z trace( ) (ID). 9)

Since 9, is a parallel vector field, we obtain using (7) and (8) for X € x(=h
0=Vxd, = Vxd, +Vxd; =Vxd, +11(X,9,)) — A1 X + Vx ;" (10)
Taking tangent and normal parts in (10) we get

Vxd, = A5 X (11)
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and
Vydl = —II(X,d,)). (12)

In particular, we have div(a;r) = traCC(A3')L). Now, we can use (5), (6) and (11) to obtain
that the Laplacians of « and v on ¥ are

—
Ap=k(H,d,) (13)
and
oaT T N7

Av=div(d, ) — 9, (Hoy) —k(Hoy)(H, dy). (14)
For a codimension two spacelike submanifold X" contained in a lightlike hypersurface u =
uo, the normal bundle is generated by the normal vector fields 9, and n = —aj- + % (8,}, B,j- )0y

which satisfy (n, n) = 0 and (n, 9,) = —1. From (11) and (12), we have
Ay, =0 and V+3, =0. (15)

From (15), the following formula holds for the second fundamental form
II(X,Y) = (AL (X), Y)0y, (16)
where X, Y € X(X"). Now, decomposing 9, into its tangent and normal components and
using (11) and (12), we get from (3)
1
Vwd, = Ayt (W), Vipdh = —T(W, 8,) + 3 (VHy, d(rps 0o W)(W))y.  (17)

Hence, from (14), (16) and (17), the mean curvature vector of a spacelike submanifold X"
contained in a lightlike hypersurface u = ug is given by (see [7])

- 1 1 . 1
H = —trace(Ay1) 9y = — div(d,) 9y = — Av 0,. (18)
n u n n

From (15) and (17) we have that each wavefront is totally geodesic and is also clearly
contained in a lightlike hypersurface u = u¢. As shown in [7, Lemma 4.2], any codimension

two spacelike submanifold of M contained in a lightlike hypersurface u = ug is locally
isometric to M™. Indeed, the following lemma extends this result.

Lemma2 Lety : ¥" — M’H_z be a codimension two spacelike submanifold in a plane

fronted wave MHZ. If Y (") is contained in a lightlike hypersurface u = ug or the lightlike
vector field 20, — (H o ) 9, is normal to " at any point, then, tpyy o ¥ : X" — M" isa
local isometry.

Proof From (2), for any Z € T,%" we obtain
(dyp(2), dyrp(2)) = (Z,0,)(Z,20, — (H oY) pdy) + gm(d(m o ) p(2), d(mwm o ¥) p(2)).

Hence, the first addend on the right hand side vanishes under our assumptions. O

Remark 3 By means of Egs. (5) and (6) we obtain that 29, — (* o V) d,, being normal to X"
is equivalent to

2Vv + (Hoy) Vi = 0.

Therefore, if 29, — (H o i) 9, is normal to X" and ¢ (X") is contained in a lightlike
hypersurface u = ug, then ¥ (X") is contained in a wavefront.
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3 Main results

First, let us obtain the next result for the restriction of the quasi-time function u to any
spacelike submanifold.

Proposition4 Lery : £ —> M’H_z be a spacelike submanifold in a plane fronted wave.

—

(1) If (H, dy) > 0, then the function w attains no local maximum.
—

(i) If (H, dy) < 0, then p attains no local minimum.

Proof Assume p attains a local maximum at py,,,. Therefore, at p,,,, from (13) we have

Ap(pmax) = k(H , 3,)(pmax) < 0, contradicting the fact that (H , ,) > 0. The proof of
the second statement is analogous. O

As a direct consequence of Proposition 4, we have the following result.

Corollary 5 Let y : % — M bea spacelike submanifold in a plane fronted wave with

(?I), dy) > 0 (resp. (FI), dy) < 0). Then, there is no (non-empty) open subset U C >k such
that Y (U) is contained in a lightlike hypersurface u = uy.

Another immediate consequence of Proposition 4 is

Corollary 6 Let v : ¥ —> M bea spacelike submanifold in a plane fronted wave.
Then,

(1) If w attains a local maximum, then inkf(?l), dy) <0
=

(i1) If w attains a local minimum, then sup(FI), 0y) >0
Tk

Note that, as an application of Proposition 4, we reobtain the well known non-existence
of compact trapped submanifolds in a plane fronted wave [7, 15].

Our next result ensures the constancy of the quasi-time function’s restriction to the
spacelike submanifold under certain assumptions, equivalently, under which conditions the
spacelike submanifold factorizes through the lightlike hypersurface u = ug, for up € R.

Theorem7 Let ¢ : =K — Mnﬂ be a complete, orientable, non-compact spacelike sub-
manifold in a plane fronted wave.

() If(ﬁ, 9y) >0, u > ug, forug € R and

lim @ = uog,
r(p)—o0

where r(p) = d(p, 0) is the Riemannian distance function on =¥ from a fixed point
0 e_glk, then, |1 = uy.
() If (H,dy) <0, u < ugforuyp € Rand

lim w = uop,
r(p)—oo

then, |1 = uy.
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Proof To prove the first statement, let us define on =¥ the function i := y — ug. From our
assumptions we have that £ > 0 and

Furthermore, using (5) we obtain
(Vi a,)) =19, > = [Vu* = 0.
Moreover, from our assumptions and (13) we have
. T -
div(d, ) = Au =k(H, d,) > 0.

Reasoning by contradiction, suppose that & # ug. Hence, for some p € ¥ we have
(p) > 0, so that it # 0. Thus, we can apply [2, Thm. 2.2] to conclude that

(VL. 9, ) = [Vul* =0.

Therefore, ;2 must be constant on £¥ and since p is asymptotic to up we obtain p = uy,
reaching a contradiction. The proof of (ii) is analogous defining on X¥ the function i :=
uo — 1 and using the vector field —3, instead of 3, in the computations. O

In particular, for a spacelike submanifold ¥ : £*¥ — 1.”*2 in the Lorentz—Minkowski

spacetime "2, using Beltrami’s equation Ay = k H, we derive from Theorem 7 the next
result.

Corollary 8 Let vy : =X — 1”2 be a complete, orientable, non-compact spacelike sub-
manifold in "2 with v = (Yo, V1, ..., Yny1). Assume that there is j € {1,...,n + 1}
such that A(Wj — o) > 0and ¥j — Yo > ug, for ug € R.If

lim  (¥; — o) = uo,
r(p)—>o0
where r(p) = d(p, 0) is the Riemannian distance function on ¥ from a fixed point o € T,
then r factorizes through the lightlike hyperplane x ; — xo = uy.

Remark 9 For the case of a spacelike hypersurface (k = n+1), the orientability assumption in

Corollary 8 can be dropped. Indeed, the orientation and time orientation of L"*2 guarantees

the orientability of £"*+!. In general, if the ambient spacetime M " s orientable, then every
. .o—nt2 .

spacelike hypersurface in M~ is also orientable.

Remark 10 Note that for the codimension two case, under the assumptions of Lemma 2, X"
is locally isometric to M". Therefore, if the plane fronted wave verifies the TCC, then the
Ricci curvature of X" will be non-negative (4). In the particular case where n = 2, this fact
means that the Gaussian curvature of X2 is non-negative. Hence, if 2 is also complete, it

must be parabolic by [11]. More generally, in a plane fronted wave MHZ =R? x M" with
M" parabolic, a simply connected complete codimension two spacelike submanifold with
i = ug or everywhere orthogonal to 29, — H0d, is also parabolic due to Lemma 2 and the
fact that parabolicity is invariant under quasi-isometries [10, Cor. 5.3].

Furthermore, for parabolic spacelike submanifolds we have the next theorem.
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Theorem 11 Let v : &F — M’H_z be a parabolic spacelike submanifold in a plane fronted
wave. lf(ﬁ, dy) > 0 (resp., (?I), dy) < 0) and supsk pn < 400 (resp., infsx @ > —00),
then (v = ug. In addition, if £" is a simply-connected codimension two submanifold, then
the wavefront is parabolic.

Proof From (13), if (FI), dy) > 0 holds, u would be a superharmonic function on a parabolic
manifold. Thus, if it is bounded from below, it must be constant. We can prove the other case
in a similar way.

To conclude, the last statement is a consequence of the fact that in the codimension two
case, if u is constant and X" is simply connected, then it is globally isometric to the wavefront
[7, Prop. 4.6]. ]

As an immediate consequence of Theorem 11 we deduce that plane fronted waves do
not admit compact spacelike hypersurfaces which are everywhere non-contracting or non-
expanding.

Corollary 12 In a plane fronted wave there are no compact spacelike hypersurfaces with
signed mean curvature.

Moreover, if we consider a spacelike hypersurface in a plane fronted wave and choose its
normal unitary vector N such that (N, d,) < 0, we obtain from Theorem 7 the next result
for parabolic spacelike hypersurfaces (compare with [16, Thm. 4] and [19, Thm. 4]).

Corollary 13 In a plane fronted wave there are no parabolic spacelike hypersurfaces with
non-positive mean curvature and |v bounded from above nor parabolic spacelike hypersur-
faces with non-negative mean curvature and i bounded from below.

Also, by means of Theorem 11 we can deduce the following non-existence result for
parabolic weakly trapped submanifolds in a plane fronted wave.

Theorem 14 In a plane fronted wave there are no codimension two parabolic weakly future
trapped (resp., weakly past trapped) submanifolds withinfsn @ > —oo and sups. v < +00
(resp., supyn i < 400 and infyn v > —00).

Proof Let us assume the existence of a codimension two parabolic weakly future trapped
submanifold in a plane fronted wave with ; bounded from below and v bounded from above.
From Theorem 11 we obtain that it satisfies © = ug. Moreover, from (18) we obtain Av > 0,
which combined with the upper bound of v and the parabolicity of the submanifold implies
that v is constant and therefore, the submanifold would be extremal, reaching a contradiction.
We can prove the other case in an analogous manner. O

Using these ideas we get the next rigidity result for the extremal case in codimension two,
which extends [7, Thm. 4.10] to the non-compact case.

Theorem 15 In a plane fronted wave the only codimension two parabolic extremal subman-
ifolds with v and v bounded (either from above or below) are the (necessarily parabolic)
wavefronts.

Proof From (13) we obtain that i is a bounded harmonic function in a parabolic Riemannian
manifold. Thus, 4 = ug on X". In addition, from (18) we have that since v is also a bounded
harmonic function v = vy. ]
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In addition, using Yau’s result obtained in [20, Cor. 1] we can extend this result to codi-
mension two spacelike submanifolds with non-negative Ricci curvature.

Theorem 16 In a plane fronted wave the only complete codimension two extremal submani-
Solds with y and v bounded (either from above or below) and whose Ricci curvature verifies
Ric > 0 are the wavefronts.

To conclude, we can provide another extension to the non-parabolic case by means of
Theorem 7 as follows.

Theorem 17 Let ¢ : " — M’Hz be a complete, orientable, non-compact extremal sub-
manifold in a plane fronted wave that satisfies the TCC. If u and v are bounded (either from
above or below) by ug, vy € R, respectively, and

lim w® = ugp,
r(p)—o0

then " is a wavefront.

Proof From Theorem 7, we obtain that u© = ug. Moreover, if Mnﬂ satisfies the TCC, [7,
Prop.12] guarantees that ¥" has non-negative Ricci curvature. Now, using (18) and our
assumptions we obtain that v is a bounded harmonic function on a Riemannian manifold
with non-negative Ricci curvature. Thus, it is constant by [20, Cor. 1]. O

Example 18 A remarkable family of codimension two spacelike submanifolds in a plane

fronted wave MHZ satisfying . = uq are the spacelike graphs introduced in [7, Sec. 4].
Namely, given a smooth function 4 € C°°(£2), where 2 is an open domain in M" and ug € R,
the graph

o () = { (0, h(x),x) e RxRx M" : x e Q}, (19)

defines a codimension two spacelike submanifold, for any 4 and ug.
Note that, as a direct consequence of (18), the mean curvature of the graph E,’;O (h) is

H = (Ah/n) 9,. Clearly, each of these graphs is a wavefront if and only if /4 is constant.
Thus, the assumptions in Theorems 15, 16 and 17 cannot be weakened, since we would easily
find counterexamples within this family of spacelike graphs.
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