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Abstract. A general linear gauge-invariant equation for dispersive gravitational waves (GWs)
propagating in matter is derived. This equation describes, on the same footing, both the usual
tensor modes and the gravitational modes strongly coupled with matter. It is shown that
the effect of matter on the former is comparable to diffraction and therefore negligible within
the geometrical-optics approximation. However, this approximation is applicable to modes
strongly coupled with matter due to their large refractive index. GWs in ideal gas are studied
using the kinetic average-Lagrangian approach and the gravitational polarizability of matter
that we have introduced earlier. In particular, we show that this formulation subsumes
the kinetic Jeans instability as a collective GW mode with a peculiar polarization, which is
derived from the dispersion matrix rather than assumed a priori. This forms a foundation
for systematically extending GW theory to GW interactions with plasmas, where symmetry
considerations alone are insufficient to predict the wave polarization.
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1 Introduction

The recent observations of gravitational waves (GWs) [1-9] have boosted interest in basic GW
theory. The analytical theory typically focuses, and justifiably so [10-13], on GW propagation
in vacuum [14, 15]. However, interactions of GWs with gases and plasmas can also be
important. For example, in the vicinity of compact GW sources, intense gravitational modes
may be able to transfer their energy-momentum to electromagnetic waves or modes strongly
coupled with matter, much like how mode conversion works in plasmas [16, 17]. Similarly, the
presence of a massive medium in the early Universe could enhance the transfer of the energy-
momentum between GWs and the background radiation in ways different from the known
photon-graviton conversion [18]. The possible presence of primordial magnetic fields [19-21],
which is now being considered as a significant factor in, for example, recombination [22]
and Big Bang nucleosynthesis [23, 24], could also render the collective effects of the plasma
important, which are distinct from the fields simply acting as the source term for GWs.
Coupling of gravitational and electromagnetic oscillations may also affect how the stochastic
GW background influences stimulated emission of electromagnetic radiation in later Universe.
Although still hypothetical, these effects are potentially of significant interest, so GW-matter
coupling warrants a detailed consideration.

Although GW-matter coupling has been studied in the past, the backreation of matter
on metric oscillations is usually ignored (for example, see refs. [25-30]) or described in an



ad hoc manner. For example, the polarization of gravitational modes interacting with gases
and plasmas is typically assumed either based on symmetry considerations for an isotropic
background [31] or simply adopted to be transverse-traceless in line with the vacuum polar-
izations. But GW-matter coupling within this approximation is weak [32], so even small ad-
ditional effects may be important. For example, those could include other polarizations [33],
thermal effects [34], and fluid viscosity [35]. Furthermore, the distortion of the background
caused by a local distribution of matter is not necessarily ignorable.! This is a concern par-
ticularly because the dispersion and the polarization of waves in matter can evolve when the
background parameters evolve [16, 37]. For gravitational modes in particular, this means
that the distinction between the tensor modes and other collective oscillations such as Jeans
modes becomes blurred.? Hence, a more systematic approach to GWs needs to be developed
that would describe all linear gravitational perturbations on the same footing without as-
suming polarization a priori and include the effects of matter both on the waves and on their
background.

Here, we develop such a general formulation using asymptotic methods borrowed from
plasma-wave theory [16, 17]. Specifically, we use the standard average-Lagrangian, or
Whitham’s, approach [38—42], which allows bypassing the problems associated with covariant
self-consistent averaging on curved manifolds [43-55]. (For more details about averaging, see
ref. [56].) In application to GWs, Whitham’s approach has been used before [15, 56-61],
but here we explicitly employ the average Lagrangian and the gravitational polarizability of
matter (specifically, ideal gas, as an example) in oscillating gravitational field, which we in-
troduced earlier in ref. [62]. This approach is convenient in that it shortens the calculations.
One can obtain these results using the brute-force approach from ref. [63], but that would
require introducing additional machinery that is excessive for the purpose of this work.

We start with the action that describes both the gravitational field and matter. As-
suming that the metric perturbations are comprised of small-amplitude quasimonochro-
matic waves, we simplify this action and then derive a linear equation for these waves in
a generic medium. In doing so, we also rederive the second-order component of the Einstein-
Hilbert action and compare the expression with the seemingly different ones found in lit-
erature [15, 57, 58, 60]. We explore the properties of our GW equation imposed by the
requirement of gauge invariance (see also refs. [56, 63, 64]) and study its short-wavelength
limit within the geometrical-optics (GO) approximation.

We show that because matter distorts not only the dispersion of GWs but also the back-
ground metric, a consistent GO approximation is possible only when there is an additional
(to the inverse wavelength) large parameter, such as the refractive index N. The usual GWs
in dilute plasma have IV ~ 1, so the effect of matter on such waves is comparable to diffrac-
tion and thus must be neglected within the GO approximation, contrary to what is done
usually. We also consider the ideal-gas model, in which case modes with N > 1 become pos-
sible. We call these modes gravitostatic by analogy with approximately-electrostatic modes
in electromagnetic-dispersion theory [17]. We show that at N > 1, our general relativistic
GW equation yields the correct dispersion relation and polarization for the kinetic Jeans in-
stability, which is usually derived separately from the tensor modes [65-67]. These results are
intended as a foundation for a future systematic extension of GW theory to GW interactions
with plasmas, where coupling with electromagnetic fields must also be accounted for and

!See ref. [36].
2This is similar to electromagnetic waves in plasmas, where transverse modes can gradually transform into
longitudinal modes when the plasma parameters are inhomogeneous [17], chapter 13.



the wave polarization generally cannot be assumed a priori or inferred just from symmetry
considerations.

This article is organized as follows. In section 2, we introduce the basic concepts and
notation. In section 3, we formulate our variational approach, the GW dispersion operator,
and the wave equation for dispersive GWs. In section 4, we introduce the short-wavelength
approximation and discuss gauge invariance of the wave equation. In section 5, we show how
our formulation reproduces the well-known GWs in vacuum. In section 6, we introduce the
gravitostatic approximation and derive the Jeans-mode dispersion relation and polarization
from our GW equation. In section 7, we summarize our results. Also, in appendices, we
present an explicit derivation of the second-order Einstein-Hilbert Lagrangian density and of
the corresponding wave equation.

2 Preliminaries

2.1 Einstein equations

Let us consider a metric g,3 on a four-dimensional spacetime z with signature (— + ++).
The dynamics of this metric is governed by the least-action principle [68]

5S =0, S=Sm-+Sen. (2.1)

Here, Sy, is the action of matter (including electromagnetic fields, if any), Sgy is the action
of the gravitational field called the Einstein-Hilbert action,

1
Sgn = %/d‘lx\/—g R, (2.2)

R is the Ricci scalar, g = det g,3, and = denotes definitions. By default, we assume units
such that the Einstein constant x = 87Gn/ ¢* and the speed of light ¢ are equal to unity,

c=8rGNn = 1. (2.3)
The equations for g,g, called the Einstein equations, are obtained from

6Slgl
dgob 0,

(2.4)

where g is the inverse metric (g*°gs, = d5) and [g] denotes that the action is evaluated
on g*?. Using

6Seunlg]l V-8 G

5g045 = 9 B (2.5&)
.5m|g] Vg
A 9.
g 2 P (2.5b)

where G, is the Einstein tensor and T, is the local energy-momentum tensor, eq. (2.4) can
be represented as

Gop = Tag- (2.6)

We will assume, for clarity, that matter is not ultra-relativistic; then || Tog|| ~ p, where p is
the mass density.



2.2 GW and average metric

Let us suppose that g,g can be decomposed as

gap = Jap + hoeﬂa (27)

where g, has a characteristic magnitude of order one and a characteristic scale /4, while h,g
has a magnitude that does not exceed a small constant ¢ < 1 and a characteristic spacetime
scale £}, < 4. More precisely, we assume that there is a scale ¢, that satisfies

b < b, < fg, (2.8&)
€= lp/ly = (bn/la)? = (La)ly)* < 1, (2.8b)

and the local average (.. .) is introduced over a spacetime volume of size ¢,. (Various averaging
schemes [47, 48, 69] can be used to produce equivalent results [43-46, 49] under the limit of
scale separation (2.8a). For further details about one possible implementation of averaging,
see ref. [56], and a more general approach is presented in ref. [63].) We also assume that
any hqapg of interest is a superposition of quasiperiodic functions, i.e., functions of (ex, §(z)),
where the dependence on 6 is 27-periodic and has zero average. This entails

<hocﬁ> =0. (2.9)

We call such a perturbation a GW. Then, g,3 can be understood as the background metric
for the GW or as the average part of the full metric:

Gap = <ga6>' (2'10)

This is different from the common approach to linearized perturbative gravity, where an
idealized geometry is adopted for the background (usually either the Minkowski metric 7,43 or
the Friedmann-Lemaitre-Robertson-Walker metric) and hqg absorbs both high-frequency and
low-frequency perturbations, namely, O (hag — 1asn* by /2) = —2T 44 in the Lorenz gauge.
The problem with this common approach is that in the presence of matter, h,g can exhibit
secular growth, thus invalidating the perturbation approach at large . Our definitions (2.9)
and (2.10) help avoid this problem and are in line with the standard approach to general-wave
problems [38].

For any pair of fields u; and us on the background space, we introduce the following
inner product:

(ui,ug) = /d4a: —guj(x)uz(x), (2.11)
where
g = det gap. (2.12)
We also introduce the inverse background metric ¢®* via g*? gpy = 05, which leads to
g’ = g*f — pof 4 ha,th + O(a®). (2.13)

Here and further, the indices of the perturbation metric are manipulated using the back-
ground metric and its inverse, unless specified otherwise. Also, the sign convention is adopted



as in refs. [70, 71], and '/}, will denote the Christoffel symbols associated with the background
metric:

Jried
Fgﬁ =5 (00985 + 089ac — 0s9ap) - (2.14)
The corresponding Riemann tensor is

R oo = 051G, — 0515, + T, T8, — T, T2, (2.15)

and the Ricci tensor of the background metric is Rog = Rf,3. We also use the background
metric to define the trace-reverse on any given rank-2 tensor A,g:

_ 1
Aap = Aag — 5 Gas . (2.16)
Here and further, A denotes the trace of A,z with respect to the background metric, A =
gaﬁAag, unless specified otherwise. In particular, R = ¢*? R.p and G = g™s Gap, where G,
is the background Einstein tensor:

= 1
Gap = Rag = Rap — 5 gap . (2.17)

Note that G5 can also be expressed as

2 Senlgl
G.g = — 2.18
of V=g 098 ( )
and the background energy-momentum tensor is
2 6Sm
T = ——— 9] (2.19)

V=g 0g°% "
3 Variational approach

3.1 Basic equations

We assume that g,g and h,g are the only degrees of freedom that describe GWs, meaning
that all GW-driven perturbations of matter can be expressed through h,g. Then, S[g] can
be represented as [56]

Slg, h] ~ Slg] + SPg, h] + S (g, b, (3.1)

where the last two terms represent the leading-order GW-matter coupling action and the
leading-order GW contribution from the Finstein-Hilbert action, respectively. Assuming the
index notation ¢ € {EH, m}, they can be expressed as

1 ~
s l9,h] = 3 (h, 2575h76> : (3.2)

If the matter density satisfies p = O(a2€;2), r(f) is of the same order of magnitude as the
higher-order neglected terms and thus must be neglected as well, relegating the effect of
matter only to the background curvature through S[g]. However, under the assumption

p>>al;? (3.3)



which is also adopted hereon, corrections to S[g, h] that scale as higher powers of a can be

neglected without neglecting SI(I?).

defined via

>

The linear operators Bam

s that enter eq. (3.2) can be
1 359, h]
V=g 0heB

and they are understood as the gravitational polarizability of vacuum and of matter, respec-
tively. These matrix functions are constrained to satisfy

BO 5h'y5 -

afy (34)

(D pys)" = D50 (3.52)
oays = Diarys = Dagsys (3.5b)

where the dagger denotes Hermitian adjoint with respect to the inner product (2.11). The
constraint (3.5a) reflects the fact that only the adiabatic interactions are captured by the
action (3.1). However, it can be waived if an extended variational formulation is used [72] or
within a more general theory that we do not consider here [63].

The action (3.1) leads to the following equation for the perturbation metric [56]:

(D™ + D®H) 5,507 = 0. (3.6)
For the background metric, one obtains
Gag = Tag —l—Naﬁ, (3.7)

where A" = O(a?). In this work, we will assume the linear limit, in which case A is negligible.
(See refs. [56, 63] for a more general treatment.) Then, with or without coupling to matter,
eq. (3.6) can be shown to be invariant with respect to the gauge transformations

hoB — o = pf — el — vhee, (3.8)

where £€* = O(a) is any vector field. This gauge invariance of linearized gravity results from
the invariance of the original action (2.1) with respect to the coordinate transformations
% — 2/ = 2% + £, For details and also for an explanation of the gauge invariance beyond
the linear approximation, see refs. [56, 63].

3.2 Formulas for Bgﬂvé

The matter polarizability lA);n/BVé is generally an integral operator.? It can be difficult to
calculate without simplifying assumptions, so we postpone discussing it until section 6.1,
where an explicit formula for 531675 will be presented for a neutral gas within the short-
wavelength approximation. In contrast, ZA)EEW can be readily obtained in general, namely,
as follows.

By direct calculation (appendix A), we find that the second-order Einstein-Hilbert action
can be written as

s = [ dto . (3.9)

3A general theory of dispersive waves in linear media can be found in, for example, ref. [72].



where Cgl){ = C\(ﬁ?@ + K(GZ), with

N 1 1
£3 = 9( -5 VPhPN has + 5 VP hVh = VahVsh®? + vphaﬂvahﬁp>, (3.10a)

4
— 1 1
L=V - g ( -1 Gh*Phag — Gagh®’h + LGN+ QGthaphp'B) (3.10D)

(Here V is the covariant derivative with respect to the background metric and h = g8 hag is
the trace of the perturbation with respect to the background metric.) This expression is in
agreement with those reported in refs. [15, 57, 58, 60] up to corrections that are important
in the context of our article but not in the contexts of the articles mentioned. In particular,
eq. (3.10a) coincides with the expression in ref. [57], eq. (5.14), where Gop = 0 is assumed

and thus E(GZ) = 0. (The difference in our sign convention and theirs does not affect this
result.) Also, the action (3.9) coincides with the one in ref. [58], eq. (2.9), up to a factor of
1/2, which is caused by the difference between our units and theirs leading to their definition
of the Einstein-Hilbert action being different from our eq. (2.2). Finally, the action assumed
in ref. [60], eq. (4), differs from our eq. (3.9) by factor of 1/2 and the last term in the
parenthesis in eq. (3.10b). The factor of 1/2 comes from a different definition of the action
and the energy-momentum tensor. Specifically, the action used in ref. [60] is twice our ng)l,
but this poses no real problem, because a factor of two is also omitted in the definition of
the energy-momentum tensor (2.19). Also note that ref. [60] assumes a different definition
of the background metric [namely, g*® = g*% 4+ h®8 instead of our eq. (2.7)], which explains
why the last term in the parenthesis in eq. (3.10b) is missing in ref. [60], eq. (6). [This also
explains the disappearance of the second and the third term from our eq. (B.1).] Finally,

ref. [15] also operates in vacuum without a cosmological constant, leading to E(GQ) = 0 in their
context. Thus the expression in ref. [15], eq. (B17), matches with eq. (3.10a) upto a constant
factor of 1/4, which is irrelevant in the context of vacuum and is thus omitted there.

By combining egs. (3.4) and (3.9), one obtains

~ 1
Deysh™® = 5 (V' ohap = 9as V'V ph + VaVsh
+ 9asV NV oh? — VPV ohg, — V,Vhf o — Ghag
— Ga/gh — gangghpU + QGaphﬁp + QGpﬁhpa). (3.11)

To simplify this expression, we henceforth assume normal coordinates, in which the first-order
derivatives of the background metric vanish. The background metric in these coordinates has
the form

1 . ~
9o = Nag + 3 (060p9ap) 227 + O(L, 3, (3.12)
with its double derivatives given by [73]
1
&@,gaﬁ = —3 (Rapgg + Raggp) . (3.13)

Then, ﬁggw? = (Dv< 4 Q)am(;, where the operator AX%:M; = O(1) is given by

~ 1
D;%Cwmé = Z(aﬂaphaﬂ — 9apg”" P O\hpo + g7 0a0ph o
+ 90p0° 0% hyy — 0 Duhg, — 0°ghay) (3.14)



and QAQB,Y(; is given by

~ 1

Gaprsh? = 1 (= Ghag—Gagh+2Gaphs” +2Gp5h’ o = 29ap Rpsh?” + 2Rpagsh?”).  (3.15)
(An alternative derivation of the above two equations is presented in appendix B.) The
background Riemann tensor R,qss can be further expressed through R,5 and the background
Weyl tensor C.,5, [74], section 6.7:

R
(gpoRozB - gpﬁRaU - gaoRpﬁ +gaﬂRpo) - g (gpogaﬁ - gpﬂgaa) + Cpao’ﬂ' (3~16)

DN | =

Rpaop =

Substituting this in eq. (3.15) leads to

~ 1 1 1
gaﬁ76h75 = 1 < 3 Ghag —gaﬂGpghpa + ggagGh+Gaphgp+Gp5hpa —I-QCPOMﬁth) . (3.17)

3.3 Wave equation

Using the above notation, the general wave equation (3.6) can be written as follows:
Deagrsh™® =0, (3.18)
where we have introduced
ﬁaﬂvé = (ﬁvac +G+ Bm)aﬁvé- (3.19)

Then, two distinct regimes are possible depending on the magnitude of C,g,s relative to
Rog ~ Gop = O(p) ~ Dgl,@ms- If Copys > Rag, then Gopgqs is dominated by the Weyl tensor

and g}w > 1521575, so the interaction with matter is insignificant. If Cygys S Rag, then

-2

; ), one also has

Ropvs5 ~ Rag, sO G\aﬂ.y(; = O(p). Because eq. (3.13) implies Rqgy5 = O(¢
-2
62~ p. (3.20)

It is this, second, regime that will be assumed below.
In the presence of matter, Dglﬁﬂ/

as éag,yg, which is negligible within GO (see below). Hence, one must either give up the
GO approximation or neglect the coupling with matter completely, the latter leading to
exactly the same modes as in vacuum, which are briefly discussed in section 5. (This fact
was also pointed out in ref. [31], but it is usually ignored in literature.) However, the GW-
matter coupling still can be described within the GO approximation if there is an additional
large dimensionless parameter that makes 1521575 much larger than G even though both scale
linearly with p.

5 generally scales like p. This is of the same order

4 Short-wavelength approximation

To simplify the general wave equation (3.18), let us assume that a GW is quasimonochro-
matic,

hap = R(ePanp), (4.1)



where 6 is a rapid phase and a,g is a slow envelope. The GW local wavevector is defined as
ko = 0af = Vol ~ (4.2)

and is assumed to change slowly on the scale comparable to that of aag. Then, € ~ 5/l < 1
serves as the GO parameter. Together with the assumptions (3.3) and (3.20), our ordering
is thereby summarized as follows:

a<<e~€h/€g~€h\fp<< 1. (43)

Then, eq. (3.18) can be written as

© 45, 1
DQB'\{&G’Y—FZ

M,p = 0. (4.4)
Here, we have introduced

!
Ss = 7 (= K 000955 + 9as9:5k — kakagss — gaphyks + kaksgss + ksksgar),  (4.5)

)

k2 = k,k#, and also the GW-matter coupling term:

Maﬁ = 9{ozﬁpp - gaﬂgpampa)\)\ + gpgg{pa'a,ﬁ + gaﬁmpopo- - 9{pﬂo/) - %paﬁp + QCLpUCanﬁ
— 9apG o™ + ag’Gap + a0 Gppg — (aap — agap)G/3 + 4e_i‘91§glﬁ75(ei9a75), (4.6)

where Rypg,, = 0,000 + 21]6(#6,,)@&5 +ians0,ky; ie.,
Myp = 4Dglﬁv(;a75 + O(ea), (4.7)

where Dyays is the Weyl symbol of ]_A)glmt; [75]. Under the assumed ordering, the second term

in eq. (4.7) is small compared with Dggwcﬂ‘;. Even when this term is neglected, though,
eq. (4.4) may not be easy to solve, because Dgjs.s does not have an obvious structure in the
general case. Much like in plasma-wave theory [17], symmetry considerations are, in general,
not enough to find the wave polarization. Also note that the term O(ea) in eq. (4.7) may
not be small compared with Dglﬁw;cﬂ&, so let us retain it for now.

Let us proceed as done for vacuum waves in ref. [58], which in turn follows the method-

ology from ref. [76]. Consider the trace-reverse of eq. (4.4),
kakPaps + kgkPape — kakga — k*aas + Myg = 0. (4.8)
Using the trace-reversed amplitude a,g, this can also be represented as
Kak"aps + kskPapn — Kaag + 222 K20 + Mg = 0, (4.9)
or equivalently,
kakPa,p + kgkPape — k*ans + Myp = 0, (4.10)

the contraction of which gives

1 M



For GWs that interact with matter, k2 is nonzero, so one can introduce the projection tensor

_ kokS

Haﬂ - ga,B e

(4.12)

(Vacuum waves can be considered as a limit k% — 0; cf. ref. [64].) A straightforward calcu-
lation shows that

K2TPOTP Gy = —kk,a?° — kPk,a" + K*a™ + @pokPk° k:;ﬁ. (4.13)
Then, also using eq. (4.11), one can rewrite eq. (4.9) as
— E21rremPa,, + % k2g*Pa — % kP + % kKPS + M8 =0, (4.14)
or more succinctly as,
— kTP 11P a0, 4 %k,ﬂnaﬁa - %HO‘BM = M5, (4.15)
The above equation can be further rewritten as
e’ (k%pa + ;Mgpa) = M, (4.16)
where we used
11,7 = I* 17 g, = 1. (4.17)

Because eq. (4.16) is symmetric with respect to interchanging a <+ 3, it represents a total of
ten equations. Also note that, M*? can be decomposed as

2

M =111 M, + 3

(03 1 loa «
ke, MPEeES) — 1 koM kiok kP (4.18)
[as proven by direct substitution of eq. (4.12)], which can be used to write eq. (4.16) as
aptrBo (1.2 Y 2 plag.B) 1 po1. ra1p
M (Kapy — My, ) = 3 R MOk — e, MO ko KR, (4.19)

Equation (4.19) can be decomposed into a longitudinal part and a transverse part defined
as follows. The longitudinal part can be obtained by multiplying eq. (4.19) with k,. The
left-hand side vanishes then, and the right-hand side yields

ko M®P = 0. (4.20)

The transverse part of the wave equation can be obtained by multiplying eq. (4.19) with
H7aH55, which eliminates the right-hand side, yielding

TP (Kayy — M) =0, (4.21)

where we used eq. (4.17). The “general solution” to the above equations is

kj@pa - Mpa [aaﬁ] = )\pka + Adkp7 (422)

~10 -



where we used the symmetry of a,, and M,,, and A, are constants determined by the
longitudinal equations (4.20). (The bracket [ans] has been added as a reminder that M,
depends on aqg.) It can be easily seen, either from substitution of eq. (4.22) in eq. (4.20) or
by direct comparison of eq. (4.22) with eq. (4.10), that

Ao = kP, (4.23)

which are the degrees of freedom always afforded by gauge invariance [77], section 8.3. Hence,
eq. (4.21) encodes all the physical information required to determine the solution for the
perturbation, and eq. (4.20) serves as a check to ensure the gauge invariance of the dispersion
operator.

Also notice the following. As discussed in section 3.1, the linear wave equation is in-
variant with respect to gauge transformations (3.8). Within the GO limit, the wave equation
is eq. (4.10), and Dg)ﬁ)waw is gauge-invariant by itself, as is well known from vacuum-GW
theory and also easy to check. Thus, so must be Mag. This means that for £ = R(—iA%?),
one has

Mpg[Aakﬁ + Agka] =0, (4.24)

where, again, the square brackets denote the argument. This is equivalent to eq. (4.20)
because of egs. (3.5). Equations (4.20) and (4.24) can be used to gauge the accuracy of
approximate models of GWs, as elaborated in the following sections.

5 Example 1: gravitational waves in vacuum

In a flat Minkowski space in the absence of matter, one has M,z = 0, so both eq. (4.20) and
eq. (4.24) are trivially satisfied. Also, eq. (4.4) becomes

kakPaps + kgkPape — kakga — k*aas = 0. (5.1)

This equation was studied, for example, in ref. [58]; see also refs. [56, 64]. At nonzero k2, the
only possible waves are coordinate waves, i.e., those that can be eliminated by a coordinate
transformation. At k2 = 0, one finds the two usual tensor modes [70], eq. (7.108), with

w? = k2, (5.2)

where we assumed the parametrization k, = (—w, 0,0, k). These waves can be modified by a
nonzero background Weyl tensor C,g+5, which can give rise to nonzero G (section 3.3). How-
ever, Cogys = O(Eg_ ), so it is of the same order as, for example, the second-order derivatives
of the envelope, which are negligible within GO. Hence, the effect of the background Weyl
tensor on vacuum GWs can be described only beyond GO, i.e., diffraction must be taken into
account.

6 Example 2: gravitational waves in a neutral gas

6.1 Gravitational susceptibility

Now let us consider GWs in a neutral gas. For simplicity, we assume the gas to contain single
species with the distribution function f(p) normalized to the local proper mass density p of
this species. (Generalization to multiple species is straightforward.) Specifically, this means

[ i) =L (6.1

pO o m2’
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where m is the particle mass, and eq. (3.7) yields

d
Gaﬂ = Taﬁ = /%Bf(p) ?E (62)

Here, the slow dependence on spacetime coordinates x is assumed but not emphasized. Also,
the bold font is used to denote three-dimensional (spatial) vectors, dp/p" is a Lorentz-
invariant measure [78], eq. (2.40), and p° is calculated from the spatial momenta using
pap® = —m?. Since D36 already scales linearly with p ~ €2, it can be calculated to

the zeroth order in ¢, i.e., as in flat spacetime. Then locally, one can adopt the Minkowski

metric and
P’ ~ \/m?2 + p2. (6.3)

As shown in ref. [62], the corresponding D, s can be expressed as

k-0pf dp
0Bys = / (w—kv TapTys + fJaB'y§> 4(pY)2 (6.4)
(in a multi-species gas, summation over species should be added on the right-hand side),
where T3 = papg, v = p/p°, the parametrization k, = (—w, 0,0, k) is assumed again, and

. O(TapTys)

00
Japys = — gT TosT5 — 40°Quprs, (6.5)

Opo p

where we have introduced

. g aéT + 9(a T 4
Qaﬁ'yé - ( B)y 5 (ay/B) ) (66)

As usual, the expression featuring the resonant denominator w — k - v holds at Sw > 0, and
the analytic continuation of (6.4) should be used otherwise [17, 72]. This means that the
integration should be done over the Landau contour £, which goes below the pole [17].

To the extent that the interaction with resonant particles can be ignored, though, the
integral in (6.4) is also convergent as is. Then, one can integrate by parts and obtain (cf.
eq. (120) from ref. [62])

2

k 1
%phpa + %phﬁp t 502 %ﬁlﬁwhm -0 7;599011’”

1 rdp
m o pye _ _ Z
aﬁ'yéh 2/p0 (p) 292 Q

1
_ QQO‘BIE’U}LPU]’ (6.7)

where we introduced
Qap = p(akﬁ)a Q= gaﬁgaﬂ' (6.8)

6.2 Gravitostatic modes

As readily seen from eq. (6.7), the matrix Dy ; is of order pN 2 where N = k/w is the
refractive index. Then, as follows from our earlier argument (section 3.3), coupling with
matter can be described within the GO approximation if

N> 1. (6.9)
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To assess the gauge invariance of this reduced theory, let us consider an alternative repre-
sentation of eq. (6.4) as described in [62], egs. (117)—(120), the derivation of which can be
found in [62], appendix B:

77119796) _ ]
045'75 4/ [ Papp ( Jp 4Qa6y§ . (610)

In the limit (6.9), eq. (4.7) can be written as

Mg = 4D% 5a"° 4+ Mg (6.11)

aBy

and Dglﬁws can be approximated as

2 (T
as 4 / [kpapIJ( e ] (6.12)

where the subdominant terms from egs. (4.7) and (6.10) are subsumed under 6M,5 = O(NY),
which can be neglected, and the dominant term is 4Da575a75 = O(N?). It is readily seen

then that
. ka 0 (TasT:
aﬁwk = 0 f( ) [ Papp ( 2 76)]

kop®

:1 dp (p) lkpa(pg}f:m)]

(k:gTM; + kyTgs + k‘(;Tg,y) , (6.13)

which, like 0M,zk®, is O(N°k). Hence, Dys,sk® can be ignored up to 0Mypgk® which is
negligible under the assumption (6.9). Because the approximate Dy 5 (6.10) is symmetric
in its four indices, both eq. (4.20) and eq. (4.24) are satisfied. This makes eq. (6.12) a
satisfactory approximation. By analogy with electrostatic waves in plasmas, GWs that satisfy
this approximation can be called gravitostatic (and the Newtonian limit corresponds to N —
00). Similarly, Dz can be also approximated as

aBys = / wk_ ipff TasTys (ip) (6.14)
which is equal to eq. (6.12) up to subdominant terms of O(N®) as can be seen by comparing
egs. (6.4) and (6.10).

One can expect gravitostatic modes to be the adiabatic modes of the Newtonian Jeans
theory in the absence of the Hubble expansion [79], section 6.2.1. These modes are derived
from our general formulation as follows. Under the Newtonian limit, the background energy
tensor can be considered to be nonrelativistic:

TapTys
(p%)?
Let us also change the normalization of the distribution function as f(p)dp— p(z)m~1f (v)dv.
Then, egs. (6.14) and (6.11) become

~ m?59,03099. (6.15)

Dm

Was N XO0600905,  Mag = 4X 5,630, (6.16)
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where we have introduced

L p [ k-0uf(v)
x=l e (6.17)

Because eqgs. (4.24) and (4.20) are satisfied, one can adopt any gauge. We choose Ag =0
in eq. (4.23), which corresponds to the Lorenz gauge:

K%ags = 0. (6.18)
From eq. (6.16), one finds that
Mog = 2 (26005 + nas ) a* = 2X [0, (6.19)
where 1,3 is the identity matrix. Using this and eq. (6.18), one obtains from eq. (4.10) that
ka0 = 2X Inpan. (6.20)
This means that gravitostatic waves have a longitudinal polarization, namely,
aqg = diag {1,1,1,1} X const. (6.21)
Also, substituting a = § = 0 into eq. (6.20), one finds that
2X = k* ~ k%, (6.22)

where the approximate equality is due to eq. (6.9). Finally, using eq. (6.17), one obtains the
following dispersion relation:

__r k-0uf(v)
1 2k2/duw_k_v ~0, (6.23)

One can recognize eq. (6.23) as the dispersion relation of the kinetic Jeans mode [65-67].
Equation (6.23) is identical to the dispersion relation of Langmuir oscillations in nonrel-
ativistic collisionless plasma with plasma frequency w, up to replacing wf) with —w?], where

wy = g (6.24)

(or wy = /4wrGnp, in units when the gravitational constant Gy is not equal to one) is the
Jeans frequency. Hence, the limiting cases of eq. (6.23) are readily obtained in the same
way [17]. In cold gas, where the typical velocities satisfy v < w/k, one can use

ot = (15 E e
:ﬁ/dv(k-v)k:'@vf(v)

k2
-5 [dv s
k2

—5

- (6.25)
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-0.2¢1
-0.4+

Figure 1. Solid red — a numerical solution of eq. (6.31) for the Jeans-instability growth rate Sw
in units wy vs. kvy/wy. Dashed blue — a solution of eq. (6.27), which is the correct asymptotic
approximation of the exact solution at small kvp /w.

so eq. (6.23) leads to the well-known formula [80]
w? x —w?. (6.26)

[Also note that N2 = 2k?/p, so eq. (6.9) is always satisfied provided that k? is nonzero and
p is small enough.] By keeping terms O[(kvy/wy)3] in the above expansion, one can also
obtain a more general result (cf. ref. [81]):

w? ~ —wi +3k%0%, 03 = [dvolf(v). (6.27)
Let us also consider the case of an isotropic Maxwellian distribution

1 v?
flv) = ror )i exp (—21}%> : (6.28)

Using the aforementioned analogy between the Jeans mode and Langmuir oscillations, one
can readily express eq. (6.23) through the plasma dispersion function [17]

Zo(¢) = isgn(k)vme s —28(0), (6.29)
2 C 2
S =e¢ /0 dze”, (6.30)

where S is known as the Dawson function. Specifically, eq. (6.23) becomes

w3y dZo(C)NO co
2k2v2. d¢ ’ korv/2

A numerical solution of this equation is shown in figure 1 (cf. the qualitative figure in ref. [66]).
Unlike within the fluid approximation (6.27), Sw is nonzero at all |k| # wy/vr, and waves
damp (Sw < 0) at |k| > wy/vp.

The agreement of the Newtonian gauge derived as usual [70] and the polarization ob-
tained here (6.21) warrants a comment. Usually, the background is fixed to be Minkowski
and the curvature produced by matter is ascribed to the perturbation, leading to the po-
larization of diag{1,1,1,1} in the Newtonian limit. (Also, see the related discussion in
section 2.2.) Hence, that polarization is due to a specific kind of source of the GWs. In our
analysis, though, the slow modification of the metric produced by matter is ascribed to the
background metric g,, while the aforementioned polarization (6.21) is the property of the
perturbation.

1+

(6.31)
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7 Conclusions

In summary, we study the dispersion of linear GWs propagating through matter. Our model
accounts both for metric oscillations and the backreaction of matter on these oscillations,
so the usual tensor modes and the gravitational modes strongly coupled with matter are
treated on the same footing. Using the averaged-Lagrangian approach, the GW equa-
tion (3.18) [see also egs. (3.4), (3.14) and (3.17)] is derived, which also accounts for the effect
of the background-metric inhomogeneity, including the Weyl curvature. A test [eqgs. (4.20)
and (4.24)] is proposed for accessing the gauge invariance of models of the matter polarizabil-
ity. Next, the wave equation is studied within the short-wavelength limit (4.4). We show that
the effect of matter on the tensor modes is comparable to diffraction and therefore negligible
within the GO approximation. However, this approximation is applicable to modes strongly
coupled with matter due to their large refractive index N. (By analogy with electrostatic
waves in plasmas, GWs in this limit can be called gravitostatic, with the Newtonian limit cor-
responding to N — 00.) GWs in ideal gas are studied using the corresponding gravitational
polarizability (6.4), which we derived earlier in ref. [62]. This formulation subsumes the Jeans
instability (section 6.2) as a collective GW mode with a peculiar polarization (6.21), which
is derived from the dispersion matrix rather than assumed a priori. This forms a foundation
for systematically extending GW theory to GW interactions with plasmas, where symmetry
considerations alone are insufficient to predict the wave polarization [17].

This material is based upon the work supported by National Science Foundation under
the grant No. PHY 1903130.

A Second-order Einstein-Hilbert action

The existing derivations of the second-order Einstein-Hilbert action S(E2})1 (3.9) are typically

restricted to vacuum settings, omit significant details, or do not pay enough attention to the
numerical coefficients that are important for studying the GW-matter coupling, as elaborated
in section 3.2. A more comprehensive derivation is needed for our purposes and is presented
below. Let us begin by considering the Lagrangian density

o = LEx )

that determines the full Einstein-Hilbert action (2.2). The total Ricci scalar R that enters
eq. (A.1) can be calculated as R = gaﬁ RPapg, where R, is the Riemann tensor associated
with the full metric. This tensor can be expressed through the corresponding Christoffel
symbols rgﬁ as

Reacs = 0ol — 08T 00 + 10,30 — T2 00 (A.2)
Let us decompose FZ 5 as follows:
My =T05+17,, (A.3)

where Fgﬁ are the Christoffel symbols associated with the background metric [eq. (2.14)] and

re 518 the remaining perturbation, which is a proper tensor because it equals the difference
of two connections. Using eq. (A.3), one can rewrite eq. (A.2) as

i A T A T° T
Reags = RPaos + 2(00 T + Tl + T4, T + T4, (A.4)
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where R, is given by eq. (2.15) and represents the Riemann tensor associated with the
background metric. Equation (A.4) can also be written as

-
Raos = Rags +2 (VioTh + Talf) (A.5)

where V denotes the covariant derivative associated with I'g 3 and we used that I'g P is torsion-
free. Then, eq. (A.1) can be written as

\/7 «Q «Q \/?g T Q \/jg T a
Lon = 5 8" Ra V=88 Tulfy + 257 V, (Thug™) = Y57 Vi (Tug™) . (A0)

where R,g = R’,,3. The last two terms contribute only boundary terms to the action (2.2),
so they can be ignored. Hence, one obtains Lrgg = Lg + Lyac, where

Lo= L;g g R, (A.7a)
Lyvac =/ — ga F[pa BIA" (A?b)

The determinant of the full metric can be represented as [68], eq. (105.4)
2 1.4 3
g=g 1+h+?—§h has | + O(a”), (A.8)

and the inverse full metric can be expanded using eq. (2.13). Substituting these into eq. (A.7a)
leads to

Lo =LY + L8+ LB + o), (A.9)

Here, L'(GO) = /—gR/2 is the zeroth-order term. The next, first-order, term

£y =4 (; Rh — haBRag) (A.10)

does not contribute to the action integral due to eq. (2.9), so it can be ignored. The term

O(a?) is ignorable within the accuracy of our model as well. The remaining term E(G%) = 0(a?)
is given by

— 1 1
LY = \/4 g ( — 5 Bh*Phag — Ragh®h + 5 Rh? + 2Ra5h“phpﬁ>- (A.11)

Rewriting it through G, which is given by eq. (2.17), leads to eq. (3.10b).

Now let us consider Ly, given by eq. (A.7b). Because this term is quadratic in f‘g 8 the
leading-order approximation for the latter is sufficient and the full metric can be replaced
with the background metric, so

Evac ~ vac \ gaﬁF);)aNﬁ]A (A12)

The leading-order term of f‘gﬁ can be calculated to yield [cf. eq. (2.14)]

_ BPo g°°
Fgﬁ ~ _7 (aozgﬂa + aﬁgaa - 809(1,8) + 7 (8ozh,8cr + aﬂhaa - aahaﬁ) ) (A13)
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or equivalently,

=

he = (Oahps + Oghae — Oshag) — B groTags.

Using again that the background connection is torsion-free, this can also be written as

. po
o = 97 (Vahgo + Vghao = Vohag) , (A.14)

where V denotes the covariant derivative with respect to the background connection. Then,
a straightforward calculation shows that eq. (A.12) leads to eq. (3.10a).

Combined together, the above results yield that Sgp =~ S(E(g + S]E]%, where S(E(g =

[dix K(C?) is independent of h*? and S](fé is given by eq. (3.9), with 5@0 given by eq. (3.10a)
and Eg) given by eq. (3.10b).

B Alternative derivation of eqs. (3.14) and (3.15)

Here, we present an alternative derivation of the wave equation in normal coordinates, char-
acterized by egs. (3.14) and (3.15). This also serves as an independent (from appendix A)
proof of egs. (3.14) and (3.15). We begin by using eq. (2.13) to write eq. (2.5a) as

5£EH w/—g
i = g Gas (=000 + hO5 4 0] ) + O(a®), (B.1)

where g is given by eq. (A.8). Note that G,p can be expanded as

~ ~ h
Gop = Gap + Rag — %BR - =0R+ %ﬁmamé +0(a?), (B.2)
where fiag = RPops — RPopps R= gaﬁﬁa/g, and R? .3 is the Riemann tensor associated with

the full metric. Using this along with eq. (A.8), eq. (B.1) can be written as

oL N ~ v~ hu v h
i =L (G Bt B R S R B0 R 5 G4 G + Gt )

+0(a?). (B.3)

Substituting egs. (A.5) and (A.14) in eq. (B.3) and retaining only the first-order terms readily
leads to eq. (3.11).
One can also use normal coordinates, in which ' 5 = 0. Then, one obtains [cf. eq. (2.15)]

Rap = 9,1, — 051"

ha- (B.4)

With eq. (A.13) for f‘gﬁ, this leads to

~ gvé

R.s = 7(8780/%5 — (%&;hga — 8gaah75 + 8585hfya)

Ry

- 7(37%955 — 005980 — 080a9ys + 08059~a),
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where the terms of the second and higher orders are neglected. Using eq. (3.13), one also
obtains

87(9&9[35 - a’yaégﬁa - aﬂaag'yé + aﬂ‘%gwa

1
_§ (Rﬁaé'y + R,B’yﬁoz - R,B'ya& - Rﬁ&)ry - R’yaéﬁ - R’y,é’éoc + R’yéa,@ + R’y,@oz(S) : (B5)
Note that the above expression can be simplified considerably using the antisymmetry prop-
erties of the Riemann tensor described in, for example, [70], egs. (3.129)—(3.132). Then, a
straightforward calculation using the same antisymmetry properties of the Riemann tensor
yields

o7
Rap = 97 (040ahs5 — 05 05hp0 — 030ahs + Opdshya) — W7° Ryssa (B-6)
With this, eq. (B.3) can be readily expressed in the form

— 1
5(5/;511/{ - \/279 =G — 9 (6>‘8#h,,/\ - 8>\6/\hw - g’\”&,ﬁﬂh,\p + a’/a/\h)‘ﬂ)

v h v
+% (020 hy=g 0" Dyhon) + 5% R=g,u, 7" R

h 5
— §GW+GH A A G AR ij(su] .

The oscillatory part of this expression is

(5£EH Av: = %)
(i) = (B s G 17 ®7)

where the right-hand side is given by egs. (3.14) and (3.15). Hence, one arrives at the results
described in section 3.2.
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