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Abstract

In this paper, we systematically study spacetimes of gravitational plane waves in
Einstein-aether theory. Due to the presence of the timelike aether vector field, now the
problem in general becomes overdetermined. In particular, for the linearly polarized
plane waves, there are five independent vacuum Einstein-aether field equations for
three unknown functions. Therefore, solutions exist only for particular choices of the
four free parameters c;’s of the theory. We find that there exist eight cases, in two
of which any form of gravitational plane waves can exist, similar to that in general
relativity, while in the other six cases, gravitational plane waves exist only in particular
forms. Beyond these eight cases, solutions either do not exist or are trivial (simply
representing a Minkowski spacetime with a constant or dynamical aether field).

Keywords Gravitational plane waves - Polarizations - Faraday rotation -
Einstein-aether theory

1 Introduction

Lorentz invariance (LI) has been the cornerstone of modern physics and is strongly
supported by observations [1]. In fact, all the experiments carried out so far are consis-
tent with it, and there is no evidence to show that such a symmetry needs to be broken
at a certain energy scale, although the constraints on the LI violations in the matter
sector are much stronger than those in the gravitational sector [2,3].
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Nevertheless, there are various reasons to construct gravitational theories with bro-
ken LI. In particular, when spacetime is quantized, as what we currently understand
from the point of view of quantum gravity [4,5], space and time emerge from some
discrete substratum. Then, LI, as a continuous spacetime symmetry, cannot exist in
such discrete space and time. Therefore, it cannot be a fundamental symmetry, instead
must be an emergent one at the low energy physics. Following this line of thinking,
various gravitational theories that violate LI have been proposed, such as ghost con-
densation [6], Einstein-aether theory [7,8], and more recently, Horava theory of gravity
[9]. While the ghost condensation and Einstein-aether theory are considered as the low
energy effective theories of gravity, the Hofava gravity is supposed to be ultraviolet
(UV) complete [10].

In Einstein-aether theory, LI is broken only down to a rotation subgroup by the
existence of a preferred time direction at every point of spacetime, i.e., the existence of
apreferred frame of reference established by the aether vector field. This time-like unit
vector field can be interpreted as a velocity four-vector of some medium substratum
(aether, vacuum, or dark fluid), bringing into consideration non-uniformly-moving
continuous media and their interaction with other fields. Meanwhile, this theory can
be also considered as a realization of dynamic self-interaction of complex systems
moving with a spacetime dependent macroscopic velocity.

The introduction of the aether vector allows for some novel effects, e.g., matter fields
can travel faster than the speed of light [11], and new gravitational wave polarizations
can spread at different speeds [12]. It should be noted that the faster-than-light propa-
gation does not violate causality [10]. In particular, gravitational theories with broken
LI still allow the existence of black holes [13—41]. However, instead of Killing hori-
zons, now the boundaries of black holes are hypersurfaces termed universal horizons,
which can trap excitations traveling at arbitrarily high velocities (For more details, see,
for example, [10] for a recent review.). This universal horizon may radiate thermally
at a fixed temperature and strengthen a possible thermodynamic interpretation though
there is no universal light cone [42].

Another interesting issue is whether or not spacetimes of gravitational plane waves
are compatible with the presence of the timelike aether field. This becomes more
interesting after the recent observations of several gravitational waves (GWs) emitted
from remote binary systems of either black holes [43—45] or neutron stars [46]. The
sources of these GWs are far from us, and when they arrive to us, they can be well
approximated by gravitational plane waves. However, this issue is not trivial, specially
for the Einstein-aether theory, in which a globally time-like aether field exists, while
such plane waves, by definition, move along congruences defined by a null vector.

In this paper, we shall focus ourselves on this issue. In particular, we shall show
that the system of the differential equations for gravitational plane waves in the
Einstein-aether theory is in general overdetermined, that is, we have more indepen-
dent differential equations than the number of independent functions that describe the
spacetime and aether, sharply in contrast to that encountered in Einstein’s General
Relativity (GR), in which the problem is usually underdetermined, that is, we have
less independent differential equations than the number of independent functions that
describe the spacetime [47—49]. In particular, for the linearly polarized gravitational
plane waves, there are five independent vacuum field equations for three unknown
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functions in the Einstein-aether theory, while there is only one independent vacuum
field equation for two unknown functions in GR.

The rest of the paper is organized as follows: In Sec. II, after briefly presenting the
Einstein-aether theory, we give a summary on the gravitational plane waves with two
independent polarization directions, and define the polarization angle with respect to a
parallelly transported basis along the path of the propagating gravitational plane wave.
Such a description is valid for any metric theory, including GR and Einstein-aether
theory. In Sec. III, we systematically study the linearly polarized gravitational plane
waves in Einstein-aether theory, and find that such gravitational plane wave solutions
exist only for particular choices of the free parameter c;’s of the theory. We identify
all these particular cases, and find that there are in total eight cases. Cases beyond
these either do not allow such solutions to exist or are trivial, in the sense that their
spacetime is Minkowski (though sometimes with a dynamical aether field). In Sec.
IV, we summarize our main results, and present our concluding remarks. There is
also an Appendix, in which the Einstein-aether field equations for linearly polarized
gravitational plane waves are presented.

2 Einstein-aether theory and gravitational plane waves

In this section, we shall give a brief introduction to the Einstein-aether theory [7,8](See
also [50] for a brief comment on slowly rotating black holes in Einstein-aether theory
and Horava theory) and polarizations of gravitational plane waves [47,51]. For more
details of the Einstein-aether theory, we refer readers to [7,8], while for gravitational
plane waves in GR to [47-49].

2.1 Einstein-aether Theory

In the Einstein-aether theory, the fundamental variables of the gravitational sector are
[7.8]

(guvs ut, 2) @.1)

with the Greek indices , v =0, 1, 2, 3, and g, is the four-dimensional metric of the
space-time with the signature (—, +, +, +) [52-54]. The four-vector u* represents
the aether field, and A is a Lagrangian multiplier which guarantees that the aether
four-velocity is always timelike. The general action of the theory is given by,

S = Se+ Sm. 2.2

where S,,, denotes the action of matter, and S, the gravitational action of the @-theory,
given by

1
T 167G

/ \/__g d4x|:R(g/w) + Lo (g,uu, u®, )\) :|7

x
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Sy = / V=g d*x [Em (guvs u: ) ] (2.3)

Here ¢ collectively denotes the matter fields, R and g are, respectively, the Ricci
scalar and determinant of g, and

Lo=—M?",, (Dau') (Dpu") + 1 (8apuu” +1). 24

where D, denotes the covariant derivative with respect to g,,, and M op v 18 defined
as

M | = c18%P gy + 28580 + 38288 — cauul g, (2.5)

Note that here we assume that matter fields couple not only to g, but also to the aecther
field, which in general violates the weak equivalence principle [7,8]. The four coupling
constants ¢;’s are all dimensionless, and G is related to the Newtonian constant G y
via the relation [55],

G
Gyn=—7F— (2.6)
1— §C14
The variations of the total action with respect to g,,,,, u* and A yield, respectively,
the field equations,

E" =8xGTH”, 2.7)
E, =87GT,, 2.8)
gap®u?f = —1, 2.9)
where
1
EM = R" — ZguR — TL".
T — 2 6 («/—gﬁm)
V=8 Sguv
7o 1 6 («/—gﬁm)
VA Suk ’

wp = Du[fﬂ(au& + Japyu" = u(ﬂJa)M]
1| (Do) (Dgu) = (Dytta) (D*ug) |

1
+cqaqag + hugug — Eg“ﬂ J‘SUDgu",
E, = D,J,J“M + caaq Dyu® + Auy, (2.10)
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with
Je, = M"‘ﬂlegu”, a’* = u®Dyu. (2.11)

From Egs. (2.8) and (2.9), we find that

A =ugDyJ + csa® — 8T GT,u", (2.12)
where a? = aya’.

Recently, the combination of the gravitational wave event GW170817 [46],
observed by the LIGO/Virgo collaboration, and the event of the gamma-ray burst
GRB 170817A [56] provides a remarkably stringent constraint on the speed of the
spin-2 mode, —3 x 1071 < ¢7 — 1 < 7 x 107!°, In the Einstein-aether theory, the
speed of the spin-2 graviton is given by c2T = 1/(1 —c13) [57], so the GW170817 and
GRB 170817A events imply

i3] < 1075, (2.13)

Together with other observational and theoretical constraints, recently it was found
that the parameter space of the theory is further restricted to the ranges [54],

0<c14<25x1075, ¢4 <0, 0= e <0.095. (2.14)

It should be noted that not all the points inside these ranges satisfy all the obser-
vational and theoretical constraints, and additional conditions still exist even inside
these ranges. For example, for 0 < cj4 < 2 x 10~7 we must further require
cla S ¢ < 0.095; and for 2 x 107° S S 25x% 1073, we need to further
require 0 < ¢3 — c14 < 2 x 1077, For details, see [54].

2.2 Polarizations and interaction of gravitational plane waves

The spacetimes for gravitational plane waves can be cast in various forms, depending
on the choice of the coordinates and gauge-fixing [47—49]. In this paper, we shall adopt
the form originally due to Baldwin, Jeffery, Rosen (BJR) [58,59], which can be cast
as [47,51]

ds®> = —2¢ Mdudv + ¢7Y [ev cosh Wdy2 — 2sinh Wdydz
e~V cosh Wdz?], (2.15)
where M, U,V and W are functions of u only, which in general represents a grav-

itational plane wave propagating along the null hypersurfaces u = constant. The
corresponding spacetimes belong to Petrov Type N [47-49].! Choosing a null tetrad

1 By rescaling the null coordinate u — u’ = [ e~ M) gy, without loss of the generality, one can always
set M = 0.
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defined as,

" = B, nt = A8k, mt =28l + 38,
mh = 285 + 38k, (2.16)

where A and B must be chosen so that M = In(AB), and

U-v)/2 w W
;2 = eT (cosh? + i sinh ?) ,
3= i sinh . + i cosh w (2.17)
NG 2 2 )’ '

we find that the Weyl tensor has only one independent component, represented by Wy,
and is given by [47],

crvep _ 4[\y4l[umv]l[amﬂ] + @4,[%@1[%—1;9]}
1
U, = —EAQ{ cosh WV, + cosh W (M, — U,)V,
+25inh WV, Wy + [ W + (Mu = U)W

— sinh W cosh W V2] } (2.18)

where [A, B] = (AB — BA)/2,and V,, = 0V /du, etc. To see the physical meaning
of \114, following [47,51], let us first introduce the orthogonal spacelike unit vectors,
( a) (a = 2,3),1in the (y, z)-plane via the relations,

EX = _— (2.19)
we find that the Weyl tensor can be written in the form,

Cvt = [ () i (g — ) |
(2.20)

where

uvaB [ [a B [ [a Al
P = (eI B — BRI ER)),

,uvaﬂ Bl B
= a(1 B B + B 1 EL ). @.21)
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Making a rotation in the (E(2), E(3))-plane,

Ey = E(y cosg + E(3sing,
E; = —EEz) sing + E£3) cos @, (2.22)

we find that

ey =€, cos2¢ + €, sin2¢,
ex = —é, sin2¢ + € cos2gp. (2.23)

In particular, if we choose ¢ such that

1, (Im(¥y)
¢ = —tan , (2.24)
2 Re (Wy)
we obtain
cmap — Ly, o wves 2.25
=3 [yl e, . (2.25)

Thus, the amplitude of the Weyl tensor is proportional to the absolute value of W4, and
the angle defined by Eq. (2.24) is the polarization angle of the gravitational plane wave
in the plane spanned by (E (), E(3)), which is orthogonal to the propagation direction
I of the gravitational plane wave. It is interesting to note that the unit vectors Eé)

and E (“3) are parallelly transported along /",

Ko — Iz
l”DUE(z) _O_IUDUEG). (2.26)
Therefore, the angle defined by Eq. (2.24) is invariant with respect to the parallelly
transported basis (E @, E (3)) along the propagation direction [# of the gravitational
plane wave.” This is an important property belonging only to single gravitational plane

waves.
When W = 0, from Eq. (2.19) we find that

Im(¥y) =0, (W=0), (2.27)

and ¢ = 0. Then, the polarization is along the E é) -direction, which is usually referred
to as the “+” polarization, characterized by the non-vanishing of the function V. The
other polarization of the gravitational plane wave, often referred to as the “x” polar-
ization, is represented by the non-vanishing of the function W, for which generically

we have Im (W4) # 0 (W # 0) (cf. Fig. 1 given in [51]).

2 Polarizations of GWs in weak-field approximations were also studied in [60] in the framework of Einstein-
aether theory.
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When M, U, V and W are functions of v only, the gravitational plane wave is now
propagating along the null hypersurfaces v = constant. In this case, by rescaling the
null coordinate v — v’/ = f e~ M® gy, one can always set M (v) = 0.

When gravitational plane waves moving in both of the two null directions are
present, the metric coefficients M, U, V and W are in general functions of # and v.
An interesting case is the collision of two gravitational plane waves moving along
the opposition directions, which generically produces spacetime singularities due to
their mutual focuses [61]. Another remarkable feature is that one of the gravitational
plane waves can serve as a medium for the other, due to their non-linear interaction,
so the polarizations of the gravitational plane wave can be changed. The change of
polarizations due to the nonlinear interaction is exactly a gravitational analogue of the
Faraday rotation, but with the other gravitational plane wave as the magnetic field and
medium [47,51].

3 Linearly polarized gravitational plane waves

In this section, we shall consider gravitational plane waves moving along the hypersur-
faces u = constant only with one direction of polarizations, which are usually called
linearly polarized gravitational plane waves. Without loss of the generality, we shall
consider only gravitational plane waves with the “+” polarization. Then, by rescaling
the u coordinate, without loss of the generality, we can always set M = 0, so the
metric takes the form,

ds®> = —2dudv + e Y™ (ev(”)dy2 + efv(wdzz). (3.1

We also assume that the aether moves only in the (u, v)-plane, so its four-velocity u,,
takes the general form,

1
ut = E(e—h, e",0,0). (3.2)

Since the spacetime is only of u dependence, it is easy to see that 7 = h(u). Then,
the non-vanishing components of the Einstein and aether tensors G, and 7,7, and
the aether vector &, are given, respectively, by Egs. (A.1) and (A.2). In the vacuum
case, we have T,Tv =0, T, = 0, and the Einstein-aether equations (2.7) reduce to

Guv =T, (3.3)

which yield five equations,? given by Eqgs. (A.4)—(A.8). The aether equations £, =0
yield the same equation as given by Eq. (A.6).

3 Itis interesting to note that in Einstein’s theory the field equations G, = 0 yields only a single equation
[47,51],

Wy — U2 = V2, 3.4
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It is remarkable to note that there are five independent field equations for the three
unknowns, U, V and h. Therefore, in contrast to the situation of GR, in which there is
only one independent field equation, given by Eq. (3.4), for two unknown functions U
and V, here in the framework of the Einstein-aether theory, we are facing an overde-
termined problem, instead of underdetermined, and clearly only for particular cases
the above equations allow solutions for U, V and h.

From the constraint (2.13) we can see that the current observations of GW 170817
and GRB 170817A practically requires c13 ~ 0. However, in order for our results
to be as much applicable as possible, in the rest of this section we shall not impose
this condition, and consider all the possible solutions with both c¢j3 = 0 and ¢13 # 0,
separately.

3.1 Solutions withc¢i13 =0

When c13 = 0, Egs. (A.4)—(A.8) reduce to,

W — (Uj + vf)

+2014(huu — hy Uy — hg) —0, (3.5)
02<U,m — 2hy, Uy — U3)

+ (&2 = 1) (s = huUy = 202) =0, (3.6)
20 + (¢2 = 12) (e = hu Uy = 1) =0, 37

62<2Uuu - Uu2 - 4huUu>
+2¢2huy — (3¢ + c1a)hi = 0. (3.8)

Then, from Egs. (3.6) and (3.7) we find

&2 (U2 + 20 ) + (e2 = cra)h? =0, (3.9)

& (Vi + U2) + (2 + c1a)Uuhu + (2 = c1a)hu = 0. (3.10)

To study the above equations further, we need to distinguish the cases ¢» 7# c14 and
¢y = c14, separately.

for the two unknown functions U (u) and V (u). In this sense, the problem is underdetermined in Einstein’s
theory. Thus, for any given gravitational wave V (1), we can always integrate the above equation to find
U(u).
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3.1.1 Q # C14

In this case, from Egs. (3.9) and (3.10) we find that

2

K2 = (Uj + 2Uuhu), 3.11)

Cc14 —C2

1
hyu = s — 0 {62<Uuu + Uuz) + (CZ + Cl4)Uuhu}' (3.12)

Inserting the above expressions into Eq. (3.8), we find
ch14(U,m - 2Uuhu) —0, (3.13)

from which we can see that there are three different cases that need to be considered
separately,

i) coc14 #0, i) 2 =0, c1a #0, 1iii) ¢ #0, c1a =0. (3.14)
Case 1) cac14 # 0: In this case we have
U = U? +2U, (3.15)
which has the solution
Uy = ape? ", (3.16)
where o is an integration constant. Then Eq. (3.6) reduces to
hyy — 2h% — h, U, =0, (3.17)
which has the solution
hy = a1e®" Y, (3.18)
where o is an integration constant. Notice that /1, & U,,. In fact we may write
h =aU + hy, (3.19)

where o and hg are constants. By substituting Egs. (3.15) and (3.19) into Eq. (3.7) or
(3.8) we find that

Ve
NCENCTS (3.20)

o =
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By substituting Egs. (3.15) and (3.19) into Eq. (3.5) we find
V=BU+W, (3.21)
where V) is another integration constant, and
B =1+ 4a + 2c1402. (3.22)
Now combining Egs. (3.19) and (3.16) we find
Uy = Goe®* DY, (3.23)

where &y = ape?0. Thus, we obtain

Uu) = —

2o Mm@+ D —uo)l, (3.24)

where u is a constant of integration. Once U (u) is given the functions 4 («) and V (u)
can be read off from Eqgs. (3.19) and (3.21), respectively, that is,

V) = - In[—aoCa + D) (u — uo)] + Vo,

200+ 1

h(u) = — In [—ao(2a + 1) (u — ug)] + ho,

o
200 +1

(3.25)
where B is given by Eq. (3.22) in terms of « and c14.

Caseii)cy = 0, c14 # 0: Inthis case from Eqgs. (3.6) and (3.7) we find that i, = 0,
that is

where hy is a constant. Then, Egs. (3.6)—(3.7) are satisfied identically, while Eq. (3.5)
reduce to

U, — U2 = V2, (3.27)
which is the same as in GR, that is, in the present case the functions U and V are
not uniquely determined. For any given U (1), one can integrate the above equation to
obtain V (u).

Case iii) ¢2 # 0, c1a2 = 0: In this case from Egs. (3.6) and (3.7) we find that
U, + h, = 0, which has the solution,

U= —h+ U, (3.28)
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where Uy is a constant. Inserting the above expression into Eq. (3.6) we find that
h, = 0, that is,

h = hy. (3.29)
Then, from Eq. (3.5) we obtain

V=W, (3.30)
where V) is a constant. By rescaling y and z coordinates, without loss of the generality,

we can always set Vo = Uy = 0, so the solution represents the Minkowski spacetime.
That is, in the current case only the trivial Minkowski solution is allowed.

3.1.2 G =C4
In this case, from Eq. (3.7) we find that
Uy = 0. (3.31)
Therefore, depending on the values of ¢y, we have two different cases.
Case 1) c2 = c14 # 0: In this case, we must have U,,, = 0, which has the general
solution,

U(u) = apu + Uy, (3.32)

where o and Uy are two integration constants. On the other hand, from Eq. (3.6) we
find that

h(u) = —%u + ho, (3.33)

while Eq. (3.8) is satisfied identically. Then, from Eq. (3.5) we find that

2
V) = i,/% w+ Vo, (3.34)

where V) is another integration constant.
Case ii) c2 = c14 = 0: In this case, Egs. (3.6)—(3.8) are satisfied identically for any
given h(u), while Eq. (3.5) reduces to

WUy — U2 = V2, (3.35)
which is the same as in GR, that is, in the present case the functions U, V and h(u) are
not uniquely determined. For any given U (1) and h(u), one can integrate Eq. (3.35)

to obtain V (u).
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3.2 Solutions with ¢13 # 0

When c3 # 0, from Egs. (A.7) and (A.8) we find that
Vuu — Uy Vy — 20, V,, =0, (3.36)
which has the solution,
V, = age? 2", (3.37)

where « is an integration constant. Inserting the above expression into Egs. (A.4)—
(A.8), we obtain the following four independent equations for U and 4,

QW — U2 + 2c14(hw — hyUy — hﬁ) = V2, (3.38)
c2(UW — 2h, Uy — Uf)

+ (e2 + 13 = e14) (= Uy = 212) =0, (3.39)
2(c2 +c13 — c14) (huu —h,Uy — hﬁ)

+202Upy + c13U2+ = —c13V2, (3.40)
(c13 4 2c2) (2U,m — U? — 4h, Uu) +dcahyy

—2(3c2 — c13 + cu)hl = —c13V,2, (3.41)

Combining Egs. (3.38) and (3.40) we find
123Uy = (c13¢14 + 2 + €13 — C14) (hﬁ + h, Uy — huu) , (3.42)
and by using Eqs. (3.38) and (3.41) we obtain

6123Uu2 = (c13¢14 + 2c13 — 2c14) (hi +h, U, — huu)
+(c13 — c14 — e2)hy — 2¢123h, Uy (3.43)

To study the above equations further, we need to consider separately the cases c123 = 0
and cjp3 # 0.

3.2.1 €123 = 0

In this case, from Eqs. (3.38) and (3.40) we find
c1a(ers = D (huy — hy — hyUy) = 0. (3.44)
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The possibility of cj3 = 1 is ruled out by observation [54], as mentioned above,
leaving the possibilities

14 =0, (3.45)
or
By — hy Uy — b2 = 0. (3.46)

Case A.1 c14 = 0: In the case of Eq. (3.45) we find that Egs. (3.39) and (3.41)
reduce to

Uyw = 20, Uy, + U,z, (3.47)
and
huu = 2h5 + huUu, (348)

respectively, where we have used the fact that Eq. (3.38) reduces to 2U,,, = U2 + V2.
Then, both /,, and U, are proportional to ¢***U  and hence by Eq. (3.37) we find

h=aV +hy U=V + Uy, (3.49)

where hg and Uy are two integration constants, and the constants « and 8 can be
determined by substituting Eq. (3.49) and Eq. (3.47) into Eq. (3.38) or Eq. (3.40),
which yields

_L-p
o= B (3.50)

Inserting the above expressions into Eq. (3.37), we find that

28 R
V=—1+/32 ln[ozo(uo—u)], (3.51)

where &g = ag Qo + B) eY0t2h0 and ug is an integration constant. Therefore, in this
case the solutions are given by Eqs. (3.49)—(3.51).
Case A. 2 c14 # 0: In this case we find that

hy = a1, (3.52)

and by Eq. (3.41) that

h2 (‘l“ _ 2) —0. (3.53)

€13
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If i, = 0 («; = 0) then by Eq. (3.39) we have
U, = aréY, (3.54)
and using this result with Eq. (3.38) we have
U==xV+U. (3.55)
Inserting the above expressions into Eq. (3.37), we find that
V =FIn[Fao(u — uo)], (3.56)

where & = ape?0tU0 and where the choice of upper or lower sign must hold for
both Egs. (3.55) and Eq. (3.56). Thus, in this case, the general solutions are given by

(U, V,h) =&V +UoV, ho, (3.57)

where V is given by Eq. (3.56), and Uy and h¢ are two integration constants.
However, if i, # 0 then Eq. (3.39) reduces to

Uy — 202 — U2 —2h,U, =0, (3.58)

and we add the LHS of Eq. (3.46) (which is zero) twice to the LHS of Eq. (3.58) to
get

Ui + 2hyy — 4h% — 4h, U, — U2 =0, (3.59)
which simplifies to
2hu + U = Qhy + Ui, (3.60)
If we define a function f(u) such that
f@) =2h(u) +U@w), (3.61)

then Eq. (3.60) can be written as

fuw = 17, (3.62)
which has the solution
f=—In(=a3(u —ug)), (3.63)
where o3 and uq are integration constants. If we multiply both sides of Eq. (3.52) by
" we have

hye" = a1, (3.64)

@ Springer



124 Page 16 of 24 J. Oost et al.
and making use of Eq. (3.63) we find
hye' = —— , (3.65)
a3 u— ug
whereupon integration we find
ay
h=In (—— In (u — ug) + h0> . (3.66)
o3
So, for the functions U and V we have
U=—In(—a3(u — ug)) — 2h, (3.67)
V = =290 — ug) + V. (3.68)

o3

By substituting these results into Eq. (3.38) we find that a3 = F«y.

3.2.2 C123 ;é 0

In this case we can substitute Eqs. (3.42) and (3.43) into Eq. (3.39) and by defining

1)
O=ci3—cla+—(c13—cua—2),
€123

we have
0 (h —2K2 - huUu) —0.

And so we must consider the cases where Q # 0 and Q = 0.
Case B.1 Q # 0: Then, we have

h, = a1tV « v,

Using this result with Egs. (3.42) and (3.43) we find also that

2h+U xV

U, = e s
and thus we can set

h=aV +hyg, U=BV+Uy,

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

for some constants «, 8, ho and Uy. Substituting Egs. (3.73) and (3.63) into Egs. (3.38)

and (3.40), we find that & and 8 must satisfy the relations,

B2+ daf + 2cpa’ — 1 =0,
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2(c1a — €13 — e2)a’ — deraf
—(c13 +2¢2)8% — c13 = 0, (3.75)

which uniquely determine o and , but the expressions for them are too long to be
presented here. Inserting the above expressions into Eq. (3.37), we find that

1 R
V=5t [ﬁo(uo - u)] , (3.76)

where By = aoa + B)eVot2h0 Therefore, in the present case, once o and B are
determined by Eqgs. (3.74) and (3.75), the functions V (1), U (u) and the aether field
h(u) are given, respectively, by Eqgs. (3.73) and (3.76).

Case B.2 Q = 0: It will be helpful to try to solve for c14 as a function of the other
¢i’s, and to introduce a new parameter § such that:

6 =2cy + c13. 3.77)
Then we find from Eq. (3.69) that
c148 = c13(c2 +9), (3.78)

If we consider § = 0, then we have ¢y = 0 since c13 # 0. But by Eq. (3.77) this means
we must have cj3 = 0, which violates our assumption, and so we must have

8 #0, (3.79)
and thus

ciu = c13 (1 + 68—2) : (3.80)

is a general solution for the Q = 0 case. However, we can still have ¢ = 0 in general.
If that is the case then we have c|3 = ¢4 and we find from Eq. (3.40) that

vi=_yu? (3.81)

u’

and so to have real functions we must have U and V constant in u. Then by considering
Egs. (3.42) and (3.43) with a vanishing U, we have

hyu —h2 =0, (3.82)
which has the solution
h = —In(a(u — up)) + ho, (c2 =0), (3.83)

where « and & are the integration constants. So, in the case of ¢c; = 0 we have a static
Minkowskian spacetime with a dynamical aether.
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If c5 # 0, then we find from Egs. (3.42) and (3.43) that
Uu — U2 = % <h2 + hyUy — h) + 282/12 + 2h, Uy, (3.84)
and
2U,, —U? = +%h§ +2h, Uy +D (hi + hy Uy — h) , (3.85)
where
D= % + é (c%3 + 2@) . (3.86)
These expressions can be substituted into Egs. (3.38) and (3.41) to find
V2= (013 (Ci;g) - %) + 252,,5 1 2h,U,, (3.87)
and
V2= (cm% - i%) - {Sﬁhﬁ + 2h, U, (3.88)
Equating these two gives us
e (h - huUu) =0. (3.89)
Since now we have ¢, # 0, then we must have
hy = ae Y. (3.90)
In this case, Eq. (3.40) reduces to
V2= —ifz U — U2, (3.91)
and by Eq. (3.38) we also have
V2 =2U,, —U>, (3.92)
by the result of which we must have
U, =0, (3.93)
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since c123 # 0 in this case. As U, must be a constant, then by Eq. (3.92) we find that
V., must be also a constant, and to keep the constants real we must have U,, and V,,
vanish, as before. Considering this result, Eq. (3.39) reduces to

h2 = 0. (3.94)
Therefore, when ¢y # 0, the spacetime must be Minkowski and the aether field is
simply given by h(u) = hy, this is, the solution in the present case is

(U, V,h) = Uo, Vo, ho) , (c2 #0), (3.95)

where Uy, Vj and hg are all constants.

4 Summary

In this paper, we have studied gravitational plane waves in Einstein-aether theory,
and found all vacuum solutions of the linearly polarized gravitational plane waves. In
general, such waves need to satisfy five independent Einstein-aether field equations,
given by Egs. (A.4)—(A.8), for three unknown functions (U (u), V (1), h(u)). There-
fore, the problem in the Einstein-aether theory is overdetermined, and it is expected
that gravitational plane waves exist only for some particular choices of the coupling
constants ¢;. This is sharply in contrast to Einstein’s general relativity, in which the
problem is actually underdetermined, i.e. the vacuum Einstein field equations G,
only yield one independent equation,

U, — U2 = V2, 4.1)

for the two unknown functions U and V. Thus, for any given V (1), one can integrate
Eq. (4.1) to find the metric coefficient U (u). This implies that Einstein’s theory allows
the existence of any form of gravitational plane waves. This is no longer true in
Einstein-aether theory, due to the presence of the time-like aether field. In particular,
in Einstein-aether theory in order to have arbitrary forms of gravitational plane waves
exist, the coupling constants ¢; must be chosen so that one of the following two
conditions must be satisfied,

(@) c;3=c2=0, cia #0, h(u) = hg, or
(fi)ciz=cy=c14 =0, Y h(u). 4.2)

In the former case it can be seen that the aether must be a constant, while in the latter
the aether has no contributions to the spacetime, and va = 0 identically, as can be
seen from Eq. (A.1).

In addition to the above two cases, in which any form of gravitational plane waves
are allowed to exist in Einstein-aether theory, there exist also several particular cases in
which the spacetime and the aether field take particular forms. In particular, non-trivial
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solutions exist in the other six particular cases,

@iii) c13=0, c2 # c14, c2c14 # 0,
(iv) c13=0, ca =c14 #0,
(v) c13#0, cip3 =c14 =0,
(i) c13#0, c123=0, c14 #0, h, =0,
(ii) c13#0, c123=0, c14 #0, h, #0,
(viii) c13#0, c123 #0, Q #0, (4.3)

in which the particular solutions of the vacuum Einstein-aether field equations are
given, respectively, by Eqgs. (3.24)—(3.25); Egs. (3.32)—(3.34); Egs. (3.49)—(3.51); Egs.
(3.56)—(3.57); Egs. (3.66)—(3.68), and Eqs. (3.73)—-(3.76), where Q is defined by Eq.
(3.69).

In the rest of the cases, the solutions are either not allowed or simply represent the
Minkowski spacetime with either a constant or dynamical aether field.

Some of these cases are problematic, as outlined in Jacobson’s review article [7,8].
Any case in which c123 = 0 results in oy diverging (suggesting that the current PPN
analysis is not valid here), while any case in which c14 = 0 results in the speeds of the
scalar and vector modes diverging (suggesting that wave equations for these modes
do not exist).

In Case (iv), the squared speed of the spin-0 mode is given by c% =Q2—-0c)/2+
3¢7). Thus, to have cg > 1, we must require ¢c; = ¢4 < 0, which is in conflict
with the observational constraints of Eq. (2.14). Therefore, this case is ruled out by
observations.

If we require that the speeds of the scalar, vector and tensor modes are all precisely
equal to one, then we find that

1

- , (cr=cy=cs=1), 4.4
1~ 20, (cr =cv =c5 ) 4.4)

c3=c4=0,

which is satisfied only by Case (iii), and the corresponding solutions are still quite
different from those of GR, even all of these gravitational modes now move at the
same speed as that of the spin-2 graviton in GR.

It should be noted that the results obtained in this paper is quite understandable,
since the aether field is always unity and timelike, while the gravitational plane waves
move only along a null direction. Then, due to their mutual scattering, it is expected
that oppositely moving gravitational plane waves exist generically, and the spacetimes
must depend on both « and v. Therefore, if only a single gravitational wave moving
along a fix null direction is allowed to exist, it is clear that only for particular choices
of the coupling constants c;’s, can compatible solutions exist.

Thus, it would be very interesting to study the interactions of a plane gravitational
wave with the aether and other matter fields, as well as with a gravitational plane wave
moving in the opposite direction, by paying particular attention on Faraday rotations
and the difference from those found in GR [47,51], due to the presence of the timelike
aether field, which violates LI.
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Appendix A: The Einstein and aether tensors G,, and Tffv and the
aether vector £,

For the spacetime of Eq. (3.1), the non-vanishing components of the Einstein tensor
Gy and T}, are given by,

1
Goo = §<2Uuu - UuZ - VMZ),

1
TS = —g[zczUW + c13<Vu2 + Uj)

+2(C13 +o+ 3014) (huu - h,Uy, — hi)],

6_2h )
T§ = = [CZ(UW — 2, U, — Uu)
+ (C2 +c1i3— 014) (huu - h,Uy — 2h3)i|s

e 2 2
Tlai = —TI:ZCZUMM + C]3<Uu + Vu>
+2(62 +c13 — C14) (huu - h, Uy, — hi)],
eV—U—Z/’t
Ty = s [Cl3<2Vuu — V22UV, —4h, VM)
Sy 2C2)(2UW - 4hL,UL,>

—dcohy, + 2(362 —c13+ 614)/’15],
e~ (V+U+2h) )
TS = _T[m(sz + V22UV, — 4huVu)

+(c13 + 2¢2) (ZUW —U? - 4huUu>

+de2hi — 2(3e2 — e + ena)hl . (A1)

and £, = (50,51, 0, O), where

—h
IZ,E() = —Azlezh = —e—[ZCQUW +C13(U3 + Vuz)
42
+2(ca+ €13 — c1a) (huu — haU, — hﬁ)] (A2)
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In the vacuum case, we have T,ﬁ) = 0, and the Einstein-aether equations (2.7)
reduce to

Gu =T, (A3)

which yield five independent equations,

2 — (VMZ + Uj) + 2c14<huu — Uy — hﬁ) ~0, (Ad)

cz(UW —2h,U, — U2)

p
+ (c2 + 13 = e14) (= Uy = 213) =0, (A5)
203U + c13(U3 + Vj)
+2(cz + 13 = 1) (B = Uy = %) =0, (A6)
13 (2Viu = V2 = 20, Vi = 41V, )

— (13 +262) (20 — U2 — 41,0,
—derhyu +2(3c2 — €13 + cia)hy = 0, (A7)
C13<2Vuu + V22U,V — 4huVu>

+ (c13 +22) (20 — U2 = 4h,U,)
+4c2huy —2(3¢2 — c13 4 c1a)hy =0 (A.8)

where in Eq. (A.4) we have used the fact that 7 can be expressed in terms of 773
which is equal to zero.
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