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We review and develop a new class of “dark energy” models, in which the relativistic theory
of solids is used to construct material models of dark energy. These are models which include
the effects of a continuous medium with well defined physical properties at the level of linearized
perturbations. The formalism is constructed for a medium with arbitrary symmetry, and then
specialised to isotropic media (which will be the case of interest for the majority of cosmological
applications). We develop the theory of relativistic isotropic viscoelastic media whilst keeping in
mind that we ultimately want to observationally constrain the allowed properties of the material
model. We do this by obtaining the viscoelastic equations of state for perturbations (the entropy
and anisotropic stress), as well as identifying the consistent corner of the theory which has constant
equation of state parameter w = 0. We also connect to the non-relativistic theory of solids, by
identifying the two quadratic invariants that are needed to construct the energy-momentum tensor,
namely the Rayleigh dissipation function and Lagrangian for perturbations. Finally, we develop the
notion that the viscoelastic behavior of the medium can be thought of as a non-minimally coupled
massive gravity theory. This also provides a tool-kit for constructing consistent generalizations of

coupled dark energy theories.
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body of literature pertaining to the construction of the
theory of relativistic fluids, see e.g., [70-88] and viscosity
effects in cosmology [89-93]. The description of a rel-
ativistic perfectly elastic material model of dark energy
has already been presented in the literature, for isotropic
[94-97] and anisotropic [98, 99] elastic solids. In addition,
[100] present a modified gravity model using continuum
mechanics, whilst [101, 102] study perfect elastic solids
with positive pressure. A forthcoming paper will present
the most up to date constraints on the observationally al-
lowed properties of the perfect elastic medium [103]. The
focus of this article is the development, and the applica-
tion to cosmology, of the theory of relativistic viscoelastic
solids.

The material models of dark energy are not best used
as models which predict the value of the equation of state
parameter, w = P,./ps.. The material models have this
parameter fixed by comparison to observations, which
forces other physical properties of the medium to adjust
their values when computing, for example, the behav-
ior of cosmological perturbations. As an example, con-
sider perfectly elastic isotropic materials. There are two
physical properties which characterise perturbations of
the material: the bulk modulus, and shear (or, rigidity)
modulus. For an elastic material, only the bulk modulus
is needed to construct w, but both the bulk and rigidity
moduli are used to construct the sound speed (which is
the only free parameter for linearized perturbations of
the elastic medium). The perturbations are stable for
a medium with negative pressure, i.e., w < 0, but only
if the rigidity is sufficiently large. By “stable” we mean
that the sound speed is positive, and subliminal. The
idea is that only certain ranges of values of these physi-
cal properties are allowed upon comparison to data.

The “primary” attractive feature of the material mod-
els is that there is a well prescribed rule-book for con-
structing the modified gravitational field equations that
describe a material with a given physical property: the
modified gravity field equations and corresponding free
parameters gain physical interpretation.

One of the “secondary” interesting features of the ma-
terial model is that the evolution equation for the pres-
sure of the solid is prescribed by the theory, after time
diffeomorphism invariance is imposed. This feature will
become apparent in Section IIB 1.

There are some advantages and drawbacks to both
scalar field and material models of dark energy. First
of all, a solid is much simpler to obtain a physical intu-
itive picture of than a scalar field. Also, one should recall
that only one scalar field has actually been observed in
our Universe, but solids are common (to put it bluntly).
Saying that, the mathematical description of a scalar field
model is rather simple, compared to that needed to de-
scribe the material model. One of the attractive features
of a material model is that it does not suffer from having
to be carefully constructed to have a constant w (it is ac-
tually quite simple and somewhat natural for a medium
to have constant w), whereas scalar field models require

substantial effort to do so.

The main ingredient of a model of a solid is a consti-
tutive relation between the stress tensor and the strain
tensor. This constitutive relation then prescribes how
the solid responds under deformations. Stating what the
pressure tensor is a function of is sufficient for isolating
all freedom in the theory, and deducing how that freedom
corresponds to physical properties of the material.

To account for non-standard gravitational behavior
(e.g., matter content which accelerates the Universe, or
modified gravity), it is useful to append Einstein’s grav-
itational field equations with a term on the right-hand-
side,

G =81G (T + Uy, (1.1)

where U, is the dark energy-momentum tensor which
contains all contributions to the gravitational field equa-
tions due to whatever the physics is that is causing the
apparent cosmic acceleration. Common examples include

(scalar field),,,
modified gravity),, |,
"
(material model),,,

Uuw € (1.2)

where we have also included the material model concept
in the list of possibilities. The main objective of this
article is to understand what form U,,, takes for material
models.

Whilst the motivation for the current article comes
from constructing a dark energy description, the theory
applies equally well to other relativistic scenarios, and
can be used, for example, in the context of inflation (see
[104-106] and [107], where the latter paper used a for-
malism similar to ours).

In summary, the aim of this article is to describe dark
energy via the theory of solids; the “physics” of the ma-
terial model we develop is

e Visco-elasticity in which stress is a function of
strain and rate-of-strain.

The result of the article will be an understanding of how
to include realistic modifications to a standard matter
content of the Universe. The novelty of these modifica-
tions is to include the effects of elastic and viscoelastic
solids. We remain agnostic throughout as to whether
these solids are supposed to be genuine solids, or a useful
way to categorise the impact of more abstract modified
gravity theories.

In the remainder of this introduction section we will
recap the non-relativistic description of solids, which is
mostly a review of Landau and Lifshitz [60] and is in-
cluded to aid the building of intuition. In Section II we
build our material model of a viscoelastic medium, and in
Section III we present the viscoelastic equations of state
for perturbations. In Section I'V we discuss issues related
to the time variation of the physical properties (such as
w, the sound speeds, and dissipation coefficients), and
in Section V we point out a way of thinking about a



viscoelastic medium in terms of more conventional types
of dark energy/modified gravity theories. Final remarks
and a summary of main results is given in Section VI.
The appendices hold some useful intermediate results and
derivations. We collect some common symbols with their
brief definitions and physical interpretation in Table I.

A. Hooke’s law and Kelvin-Voigt solids

Before we turn to the theory of relativistic solids, we
shall review some important features from the theory of
non-relativistic solids. The idea is to give a relationship
between the stress, o, and strain, ¢, due to deformation
of a body (these are both rank-2 tensors, but for now we
shall just consider the scalar relationship). The simplest
example is a linear relationship between stress and strain,

o = Se.

This is the defining characteristic of a Hookean solid. The
parameter 3 is a property of the material, and dictates
the strength of the stress from the given strain, and is
related to the elastic modulus. The next simplest rela-
tionship is to include rate-of-strain

(1.3)

o= B+ Aé. (1.4)

This is the defining characteristic of a Kelvin-Voigt solid,
which is a solid with elastic and viscous behavior. The
material properties are the elastic modulus £, and the co-
efficient of viscosity A (in the simple constitutive relation
written above, these are both “bulk” moduli).

The remainder of this paper is dedicated to rewriting
these constitutive relations in increasing levels of sophis-
tication, with the aim of constructing a material model
which can be used to describe and interpret the possible
influences of viscoelastic dark energy. Before we jump
to that we will carry on reviewing non-relativistic vis-
coelastic systems, paying particular attention to isotropic
viscoelastic solids.

In a non-relativistic system, one should imagine that
the coordinates of a medium in its relaxed state are given
by z*. A deformation alters these coordinates

= at € (1.5)
where &0 = ¢(27) is the deformation vector. The strain
tensor, €;5, is constructed from symmetric combinations
of the spatial derivatives of the deformation vector &’ via

gij = 3(0i&5 + 9;&) = 9u:&)-

This is equivalent to setting the strain tensor to be the
Lie derivative of the metric along the deformation vector,

(1.7)

(1.6)

eij = 5Legis-

The force, F*, on a medium is computed by taking the
divergence of the stress tensor, o7,

F' = 0;0". (1.8)

The equation of motion of the deformations is con-
structed by relating the force due to stress, to the ac-
celeration, F* = p&*, which yields

pt = d;0. (1.9)
The task is to build a model which relates the stress
tensor to the strain tensor: this will dictate the force on
the body, and therefore the equation of motion of the
deformations.

As we discussed above, the simplest model of a solid is
embodied by Hooke’s law, which relates the stress tensor
to the strain tensor linearly. The most general way to do
this (for a Hookean solid) is via a constitutive relation

o = Eijklt’:‘kl, (1.10)
where E¥* is the elasticity tensor (later on we will have
much more to say about this tensor and its interpreta-
tion). To extend Hooke’s law (1.10) we construct the
stress out of more than just the strain, and the easiest
quantity to introduce is the rate-of-strain tensor, é5; (an
overdot denotes derivative with respect to time). Hence,
in the simplest extension, the stress ¢ is computed from
the strain €;; as

ol = Bikle, 4 vkl (1.11)
In addition to the elasticity tensor, we now have a vis-
cosity tensor, V¥*!. The relationship (1.11) describes a
solid with elasticity and viscosity, known as a Kelvin-
Voigt solid. Using (1.6) to make the deformation vector
explicit, the stress tensor of a viscoelastic solid is given
by
ol = Bk ,.&) + VIR, (1.12)
and the equation of motion of the deformation vector
(1.9) becomes

p€" = E9¥0,04.6) + V9,044, (1.13)
where we took E%*! and V%*! to be constant throughout
the medium.

The elasticity and viscosity tensors, E“* and V#7k re-
spectively, are what we call material tensors. The compo-
nents of the material tensors are the physical properties of
the medium, since they dictate how the medium responds
under strain. The number of independent components of
the material tensors are fixed by the symmetries of the
medium. However, there are not as many components
of the material tensors as there appears at first sight:
there are some symmetries in the indices, inherited from
the fact that the stress and strain tensors are symmetric,
and that the elasticity tensor can be derived from the
elastic potential energy (we will have more to say about
this in section IB). These symmetries lead to the set of
conditions

Eiikl — gk — pkij (1.14a)
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Symbol Meaning
Lx Lie derivative operator along the vector X*
ut Time-like unit vector

Eulerian perturbation: perturbation against background geometry
Lagrangian variation: comoving with material medium

Scalar and vector damping coefficients

Spatial metric, quantifying strain
Rate-of-strain tensor
Extrinsic curvature tensor
Hubble expansion
Energy-momentum tensor
Orthogonal pressure tensor
Equation of state parameter
Deformation vector

Orthogonal elasticity tensor
Orthogonal viscosity tensor
Entropy perturbation
Scalar anisotropic stress
Material properties
Scalar and vector sound speeds

TABLE I: Summary of commonly used symbols

Ykl — y kD), (1.14b)
The viscosity tensor gains an extra symmetry, namely
the major symmetry under interchange of indices V¥ =
V*ij  when the viscous theory is derived from a Rayleigh
function (we have more to say about this in the next
section). This extra symmetry is redundent for isotropic
media.

For an isotropic medium, each of the material tensors
have two free components. They are found by decompos-
ing E¥* and V¥* into all possible combinations of the
fundamental tensor (the metric, g;;) compatible with the
symmetries (1.14),

— (/8_

Eijkl —

Vijkl

(1.15a)
(1.15b)

g g" +2pg' g,
V)gijgkl + QVgi(kgl)j'

W wWlN

Physically, 8 and u are the bulk and shear elastic moduli
respectively, and A and v are the bulk and shear viscous
moduli respectively: these are what we call the physi-
cal material properties of the solid. Using the isotropic
decompositions of the material tensors (1.15), the stress
tensor (1.12) becomes

ij

(2

(B — 21)g"70ut* + (A — 2v)g" 9, &

+2000€7) + 2000 €9 (1.16)

and the equation of motion for an isotropic viscoelastic
medium (1.13) becomes

P& = (B+ Fu)0' k" + poRo* ¢’
+(A + 20)0" 0" + voRo"E. (1.17)

Elastic waves have two sound speeds. This is simplest to
see in the perfectly elastic case (by setting A = v = 0),
and supposing that the deformations are a function of
only one of the spatial coordinates: we shall take &
€' (t,r). Inserting this ansatz into (1.17), the equations
of motion governing each of the three components of &?

are
3251 2825:”
92 —q 922 = 0, (1.18a)
o’y 0%y
Bre —ci 922 = 0, (1.18b)
82§Z 2825,3
Wﬁctﬁ = 0, (118C)
where
2= Ot (1.19a)
P
2=k 1.19b
t =7 ( )

We now see that the elastic medium propagates two in-
dependent waves: there is a longitudinal wave travelling
in the direction of the deformation with speed ¢;, and a
transverse wave travelling in a plane orthogonal to the
deformation with speed c¢;. The longitudinal wave is al-
ways faster than the transverse wave; infact, cl2 > %ctz .
These two waves are also known as P and S waves re-
spectively. The S-wave is only present due to the ability
of the medium to support shear stresses.

The elasticity theory we just discussed was for non-
relativistic media. There is a relativistic elasticity theory



which was mostly constructed by Carter and collabora-
tors. There are subtle complications for the extension to
high-pressure relativistic media, since the “strain” tensor
is now constructed out of an object which includes vari-
ations in the metric which leads to an understanding of
how metric fluctuations sources the deformation vector,
and how the deformation vector sources the gravitational
field equations.

B. Potential and Rayleigh functions

The theory of non-relativistic elastic solids can be de-
rived from a quadratic elastic potential function, which
is a function of the strain. The viscous part of the theory
cannot be derived from any elastic potential. Instead, a
second quadratic function needs to be introduced, and
is called the Rayleigh function. Here we will briefly re-
view how Rayleigh functions are used to construct non-
relativistic system.

As a starting point, consider the equation of motion of
a damped pendulum:

mi = —kx — ad. (1.20)
The first two terms can be derived from a Lagrangian,
L = %ma’cz — %kxz, but the final term which includes
the effect of dissipation, cannot. The remedy is to in-
troduce a second “master function”, in addition to the
Lagrangian. This is known as the Rayleigh function, R.
The Rayleigh function is introduced to enable the inclu-
sion of velocity dependent contributions to potential-like
forces in the equation of motion.

The dynamical system D is constructed from the pair
of invariants: D = {L, R}, and the equation of motion is

4oL AL OR
dt0g;  dq;  0¢;

(1.21)

Schematically, one imagines that the force contributions
(i.e., the terms on the right-hand-side of the equation of
motion) are respectively position and velocity dependent.
The velocity dependent potentials would not be incorpo-
rated into a traditional Lagrangian theory. One should
imagine that the equation of motion is given by

— pt

i
pot + fdis'

We decomposed the total force, f!

., into a term which
comes from a potential, f: , and a dissipative-force term,

fi_,which is computed from the Rayleigh function R via

OR
dqi

mr = Jie tot

(1.22)

(2

fi —
dis

(1.23)

It is worth our providing an illustrative example. The
Lagrangian which is quadratic in generalized coordinate
velocities is

L=1c94q; — V(g), (1.24a)

with ¢ = ¢/*. The quadratic Rayleigh function is given
by

R = 1d"§q, (1.24b)
with d¥ = d7°. The dissipative contribution to the force,
using (1.23), is fi = —d"¢;. Using the pair of invariants
(1.24) to compute the equation of motion (1.21) yields

(1.25)

The appropriate potential and Rayleigh functions
which give visocoelastic behavior are

| prijhl
U = 3E"eijen,

R = Lvidklg .

(1.26a)
(1.26b)

The stress tensor is the sum of the derivatives of the
potential with respect to the strain tensor and of the
Rayleigh function with respect to the rate-of-strain ten-
sor,

. OU  OR
1] —
o o0 T B, (1.27)

and so using (1.26), yields

o = Eijklé‘kl + Vijkl{-fkl. (1.28)
We now see from (1.26b) that requiring the viscoelastic
theory to come from the pair of functions {U, R} means
that the elasticity and viscosity tensors automatically
come endowed with the set of symmetries

Eiikl — pld)(k) _ pklij (1.29a)

yidkl — 1 (id)(kl) _ yrklis (1.29b)

II. MATERIAL DESCRIPTION

In this section we construct our relativistic viscoelas-
tic theory from the formalism outlined by Carter and
collaborators in [64, 66-69, 108]. The idea is to use a
matter manifold which is orthogonal to flow lines in the
(four dimensional) space-time manifold, and is nicely ex-
plained in [97, 107]. All material quantities live on the
matter space. Prescribing what the material quantities
are a function of is sufficient for constructing a theory for
perturbations with well defined physical interpretation.

This construction is easiest to work with via a (3+1)
decomposition of space-time, writing the metric as

uv = Yuv — UpUy, <2~1)

where 7, and u, are subject to the orthogonality and
normality conditions

U“%w =0,

ufu, = —1. (2.2)



An orthogonal tensor is one which has vanishing contrac-
tions on any of its indices with the time-like unit vector
u,. The space-time covariant derivative of the time-like
unit vector defines the orthogonal extrinsic curvature ten-
sor,

K,, =V,u,, (2.3)
with the following properties:
K, = K(;,w)a UHK/LV =0. (24)

It is useful to note that the extrinsic curvature is given
by the Lie derivative of 7, along the time-like vector u*,

Ky = 5Lu Y- (2.5)

Under deformation, the coordinates of the material ud-
ergo displacements z# — at + £#(z). Under this de-
formation, the perturbation operator § deforms as § —
0+L¢, where L is the Lie derivative operator in the direc-
tion defined by the material deformation vector £*. Two
perturbation operators are now defined; g is the pertur-
bation with respect to some background space-time ge-
ometry, and d,, is the perturbation which comoves with
the deforming medium. These operators are related via

Op, = 0 + Le. (2.6)

Respectively, these are Lagrangian and Eulerian varia-
tions. For example, the metric perturbation which co-
moves with deformations of the medium, 6, g, is given
in terms of the metric perturbation with respect to a
background space-time geometry, dgg,., via

5Lg,u1/ = 5Eg,uv + QV(H&,), (27)

since Legu, = 2V (&)

What remains to be presented is the variation of the
(orthogonal) pressure tensor, and consequently the vari-
ation of the energy-momentum tensor which sources the
gravitational field equations. That requires a statement
to be made about the “physics” of the medium: we will
take the pressure tensor to be a function of strain and
rate-of-strain. This is the defining characteristic of a vis-
coelastic medium. Other choices are possible for the de-
pendancies of the pressure tensor: we have picked this
choice out of systematic simplicity. It is this choice which
can be altered to change the physics of the medium.

The result, which are the sources to the perturbed
gravitational field equations due to an isotropic viscoelas-
tic medium, is given by (2.43). But before that result, we
show how to derive the variation for a general medium.

A. Variation of the pressure and
energy-momentum tensors

The energy-momentum tensor of the medium is given
by

™ = putu” + P*| (2.8)

where p is the energy density of the medium, and P*" is
the orthogonal pressure tensor. Without ambiguity, (2.8)
can be varied to find

(;LTU’V = ’LL“”LLV(SLP + 5LPHV + puﬂuyuauﬁéLg&ﬁ7 (29)

where we used the expression (Ala) from the appendix
for §,u”. It is clear that we need input: we need to know
expressions for §,p and §, P*Y. The first is given from
the conservation equation, as we now show. The second
(as one can imagine) is what we shall use the machinery
developed in appendix A 1 for; most of what we collected
and develop in the appendix are useful identities and re-
lationships for orthogonal tensors.

The energy-momentum tensor (2.8) is constrained by
the conservation equation, V,T"" = 0; using (2.8) this
yields

(6 + [0y + PP Kap)u” + %00 gV, PP = 0.
(2.10)

And so, demanding that v, V,T"" = 0 yields

p=—1p7*" + P Kqp. (2.11)

This is recognisable as the usual fluid equation, albeit
written in terms of the extrinsic curvature. By direct
calculation one can compute the Lie derivative along the
time-like unit vector u* of the density p and orthogonal
metric vy,

Lup = p, Ly = 2K 0, (2.12)
so that (2.11) can be rephrased as
Lup = =5(p7*" + P*?)Lu7ags. (2.13)

Replacing the Lie derivative with Lagrangian variation
in (2.13) yields

oup = _%(P'Yaﬂ + PQB)(SLgaBa (2~14)

where we note that the prefactor of L,y in (2.13) is
orthogonal. Therefore, using (2.14), (2.9) becomes

oT™ = 6, PH — %[u"u”P&B + pu”u”’yo‘ﬁ

—2pu“u”uau5]5Lga5. (2.15)
This is a general expression, and all we need now is
o, P

The important point we now need to come back to and
utlitise is that the pressure tensor, P*¥, is an orthogo-
nal tensor function of strain and rate-of-strain: here we
will draw together a lot of the machinery which we laid
out in appendix A 1 in order to compute its variation.
From that, we will compute the variation of the energy-
momentum tensor for a viscoelastic solid.

The spatial metric, 7,,, quantifies the strain of the
medium. The rate-of-strain tensor, A,,, is the Lie deriva-
tive of the strain tensor in the time-like direction,

)\/u/ = Lu'ﬂw- (216)



When the pressure is a function of strain, v, , and rate-
of-strain, A,,, it follows that its variation is given by

Qv
oP 0P
0P = =674 — 5 Aap. 2.17

We remind that A, is related to the extrinsic curvature
tensor via (2.5). By (All), (2.17) can be written as

oP, oP,
5. P, = —"6, g, Hy
e 89046 Lo+ 8Ka/3

5. Kop. (2.18)

Carefully raising indices on the left-hand side of (2.18)
by using (A12), yields
5 P = —L[Emel  pryeB g peliyyPls gag
—VHeBs Kag, (2.19)

where we defined the derivatives of the pressure tensor
with respect to strain and rate-of-strain as

opr

—L(groab 4 pro~aBy 2.20a
o 5 ( ) ( )

opre

= _yroab, 2.20b
DK s Vv (2.20b)

The first three terms in (2.19) are exactly those present
for a perfect elastic solid. The last one is due to the
fact that the system is a function of the rate-of-strain in
addition to the strain. This is the viscous contribution.

Using our derived expression for 6, P*” (2.19) in the
general expression for §,T"" (2.15) yields

ST = L[ T GR)5, gy — VIS, Ko,
(2.21)

in which we defined a non-orthogonal “elasticity tensor”,
for convenience, as

whveB = el o puvyegB 4 paBy iy
—4u @ PAyY) — purutuu® . (2.22)

Equation (2.21) is the first of our main results. This
expression acts as the source to the perturbed gravita-
tional field equations for a viscoelastic medium, since the
pressure tensor is a function of strain and rate of strain.

Respectively, EP7*" and VP 7" are the elasticity and
viscosity tensors: they are the material tensors, and
their components contain all material properties of the
medium which is being described. The material tensors
have the following symmetries in their indicies:

EPOHY — E(PU)(MV) — E/“jpa’ (223&)

Vpouy — V(PU)(NV). (22313)

The major symmetry of index interchange of the elastic-
ity tensor is due to the fact that the elasticity tensor is

related to the elastic potential energy, which is the co-
efficient of quadratic combinations of the strain tensor.
From (2.20), it is apparent that the material tensors are
orthogonal

u, PR = 0, (2.24a)

w, VPR =, VPR = (), (2.24D)

We now show how to compute the components of
the mixed Eulerian perturbed energy-momentum tensor,
0gT",: these are the sources to the perturbed gravi-
tational field equations. The contravariant components
of the Eulerian perturbed energy-momentum tensor are
given in terms of the Lagrangian perturbed components
by

5o TH = 6, T — LeTH, (2.25)

and so the components of the mixed Eulerian perturbed
energy-momentum tensor are given by

6ETHV = gl/a(SLTMa - gl/aLgTHa + Tua(sEguou (226)
where we remind that
LeTH = €9V, TH — 2Ty ,£¥). (2.27)

The Lagrangian variation of the metric is given by (2.7),
and the Lagrangian variation of the extrinsic curvature
tensor is given by

0 Ky = 0Ky +2ul%y? (V) Vais
—uuPu, V) Vals — u*V (,V,éa
+2[(v% (= 3ueuu®) K7 + 0 K () |V o&s)
~tta R (1) 567 (2:28)
The derivation of (2.28) is given in appendix A 2. Putting
(2.21) and (2.27) into (2.26), and using (2.7) and (2.28)

to replace the remaining Lagrangian variations, we then
obtain

5ETUA = *%(WUAHV + TU}\gHV)(sEg;LV - VU)\HV(sEKHU
+T7%0ugar — VO 2ul%9P) V) Vals
—uV(, Viyéa] — WP 427yl K9,
+T7 59" = 277 gP )V s
+[VIrNuq R (s — VT \|EP. (2.29)
We used the orthogonality of the viscosity tensor, V#8,
A consequence of this orthogonality is that there are no
viscous contributions to the time-time and time-space
projections of 6;77,. We will give explicit expressions
for the components later on.

The energy-momentum tensor satisifies the perturbed
conservation equation,

85(V, TH,) = 0. (2.30)



This also acts like the equation of motion. For any
energy-momentum tensor, (2.30) yields
guavu(sETua + Tuavp,éEgua
+T,0uT" 0 — THa0el'*,, = 0. (2.31)

Since dxTH = 6, T* — LTH, this becomes

20,a TPV V56 — (VT )V 18 + 910V W0, TH
= 21", 651 1, = T"*V 6 gua- (2.32)

The derived perturbed energy-momentum tensor (2.21)
can then be inserted. The resulting expression is highly
convoluted to write down explicitly, but we will do so for
an isotropic medium in the next section.

B. Isotropic medium

So far we have assumed nothing about the symmetries
of the medium. From now on we shall take the medium
to be spatially isotropic and homogeneous. This assump-
tion about the symmetry of the medium is not nessecary
for previous results to hold, for example (2.29). However,
without the assumption, the resulting equations become
highly unweildy. That said: since we are constucting a
model of a medium with an application in cosmology in
mind, assuming it to be isotropic is quite a sensible re-
striction (that said, the case of a cosmological anisotropic
perfect elastic medium was studied in detail in [99, 109]).

The assumption of isotropy is implemented in the
decomposition of the pressure and material tensors.
These tensors are decomposed into the most fundamental
isotropic tensor, which is also orthogonal. The only such
tensor is the spatial metric, v,,,. What this means is that
the pressure tensor for an isotropic medium is given in
terms of the pressure scalar P as

PH = Py (2.33)

The decomposition of the material tensors, E***# and
VivaB has a little more freedom. Given the assumption
of isotropy and the symmetries in their indicies (2.23),
the material tensors completely decompose as

E'l“’aﬁ _ (B _p_ %u)ryp.u,yoé,ﬁ + 2(#, + P)’Y'u(a’}/ﬂ)u7
(2.34a)
Vp.l/()éﬁ — CL(A _ %V),Y#nyaﬁ + 2a1/fy'u(o‘fyﬁ)y, (234b)

There are four pieces of freedom here: {f, u, A\, v}. These
are the material properties, and are dimensionful; later
on we will obtain the dimensionless freedom in the theory.
The calculations we are about to perform will concrete
their physical interpretation, but for now the meaning of
these pieces of freedom are:

B : bulk A @ bulk (2.35)
1 : shear v : shear
—_——— —_———

elastic moduli viscous moduli

1. Components of 0xT*,

We will compute the components of the perturbed
energy-momentum tensor which sources gravitational
field perturbations

5GP, = 8T G TH,, (2.36)

for an isotropic viscoelastic medium. Recall that we pre-
sented the covariant form of the components §,T#, in
(2.29).

We compute in the synchronous gauge, on a confor-
mally flat FRW background; this means that we set
Oufuv = a2(T)hW with hgp = hg; = 0, and overdots
will denote derivatives with respect to conformal time 7.
In particular, the Hubble expansion is defined via

H=3iK", =ala. (2.37)
The components of the deformation field are £&# = (x;, £°),
where u,£" = x. Even though we are working in the
synchronous gauge, our results will turn out to be gauge
invariant.

For the components of the Lagrangian perturbed met-
ric (2.7) we find

61900 = —2a°(x + Hx), (2.384)
5L90i = a2(£i 781‘)()3 (238b)
6ugi; = a®(hyj +204€5) + 2Hx0:;).  (2-38¢)

For the components of the perturbed extrinsic curvature
(2.28) we find

oKoo = 0, (2.39a)
6. Koi = Lal& +HE], (2.39b)
(SLKij = %a[h” + 28(153) + QH(h” + 28(15”)] + dxéij.

(2.39¢)

Notice the existence of the dxd;;-term in (2.39c¢); this will
have some interesting consequences.

The components of d5T*, are computed from (2.29),
using the isotropic decompositions of the material tensors
given in (2.34) and yield

T =+ 3 + P+ (o + P)(3h+01).

(2.40a)

6:T = —(p+ P)E, (2.40b)

5T = —(B— 2p) (;h + 6k§k) 8 — u(hij + 25(ifj)>
~(A—2) (;h + OE® + 2M[Lh + M’“]) &'
—v (hij +20U¢;) + 2H[R'; + 28%)])

—(P+35H +3A§>X5ij. (2.40c)



The final thing we want to do is to obtain the condi-
tions placed on (2.40) which leave behind components of
the Eulerian perturbed energy-momentum tensor which
are invariant under time diffeomorphisms, but not spa-
tial ones. In some sense, this is a highly desirable con-
cept when designing a model of a solid: intuitively, solids
fluctutate in space, but not time. One does not need to
impose this condition, but doing so enables highly desir-
able physical interpretation and some other very useful
properties which will become apparent.

To get the desired conditions, we imagine that off-
foliation diffeomorphisms are allowed, so that u,&" # 0,
but we want them to have no effect on the system. By
inspecting the components (2.40), to decouple x = u,&",
we require

p+3H(p+P)=0, (2.41a)

P+3BH+3NH+HY) =0 (2.41D)
The first condition is just the continuity equation for the
energy density, and the second condition imposes an evo-
lution rule for the pressure. From the condition (2.41b),
one can obtain

4P H+H
— A

P
(p+ Lm o)

(2.42)

Applying the conditions (2.41) to the components
(2.40) yields

6:T% = (p+ P) (%h + 3i§i)7 (2.43a)

6T = —(p+ P)EY, (2.43b)

0Ty = -3~ 3w (n+ aigt)o'
1714 (¢
-{A—§m<§h+aﬁk+2ﬂgh+a¢ﬂ>&

(2.43¢)

The terms on the first two lines of §,7"; are the spatial
parts of the strain tensor: there is a diagonal contribu-
tion, and an off-diagonal contribution. On the third and
fourth lines we observe the spatial parts of the rate of
strain tensor (again, with diagonal and off-diagonal con-
tributions). It is relatively obvious that unless A = 0,
the perturbed pressure will not be proportional to the
perturbed density — this is a classic hall-mark of a non-
adiabatic system which we will further elucidate later on.

Therefore, (2.43) are the expressions for fluctuations of a
relativistic non-adiabatic viscoelastic medium.

We will be performing a suite of small calculations to
build up intuition of terms in both the energy-momentum
tensor, and the equations of motion. The first thing we
want to point out is the connection between the expres-
sion for the perturbed pressure tensor of the relativis-
tic system (2.43c) and the corresponding expression for

a non-relativistic system, (1.11). By defining “stress”,
“strain” and “rate-of-strain” tensors,
o'y =0T, (2.44a)

~

ey =4ht; 400, E =€+ 2HeY, (2.44b)

the spatial part (2.43c) can be written in a rather sug-
gestive form:

ol = Bt — 2u(e
—Aek 0% 721/(;:\

1 skk6ij)
— 150, (2.45)
It certainly looks like the stress tensor is constructed from
the strain tensor and the rate of strain tensor, which
was the defining characteristic of a viscoelastic medium;
infact, of a Kelvin-Voigt solid.

The deformations of an isotropic medium come in two
types: compression and shear. These are characterized
by a strain tensor which is pure-diagonal and pure-off-
diagonal respectively. For deformations which are purely
of these types, (2.45) becomes

e Compression:

O'ij = —ﬁakkéij — )\gkkéij, (246)

e Shear:

oy = —2u(e; — 2eF87)) — 2w (8 — 1ER8%). (2.47)

This enables us to read off the physical interpretation
of the various free coefficients. Firstly, 8 is the coefficient
of elastic compression, which is also called the bulk mod-
ulus. Second, p is the coefficient of elastic shear defor-
mations, the shear modulus. Third, A is the coefficient of
viscous compression (viscous bulk modulus), and finally,
v is the coefficient of viscous shear deformations (viscous
shear modulus).

2. Equation of motion

The equation of motion of the deformation vector is
given by v¥,0s(V,T*,) = 0, where (2.43) is used for the
0xT*,. This yields

(p+ P)[E" +HE = B[BH + MH + H?)J¢’

—(\+ 20)[0°0kER + 2MHO 04 EX] — v[0,0"E + 2H DRI

— (B4 31)0'0kE" — poO*E" = Sy, (2.48a)



where we defined the source due to the metric perturba-
tions, S[zh], as

St = (A= 20)3[0°h + 2HO'h] + v [P h'; + 2HO R ]
+(B = 31)50°h + pd’n’;. (2.48b)

This should be compared with the non-relativistic equa-
tion of motion for a viscoelastic medium, (1.17).

8. Scalar-vector-tensor split

We will now perform a scalar-vector-tensor (SVT) split
[110, 111] of the components of the Eulerian perturbed
energy-momentum tensor, dz7*, (2.43), and the equa-
tion of motion of the deformation vector, (2.48). This
will aid interpretation of the various terms.

We use the SVT split as defined in [97]. Schemati-
cally, the components of the metric perturbation, g,
perturbed energy-momentum tensor 67", and defor-
mation vector £#, are split as

6139#1’ — {hvnavaHT}a (2493)
T, — {dp,v°, 0P, 11°, vV 11V, 11"}, (2.49b)
¢ — {fs,fv}. (2.49¢)

We will frequently use the density contrast, d = dp/p.
Under the SVT split, the perturbed gravitational field
equations become [97]

Hh —2k*n = kdp, (2.50a)

2kn = k(p+ P)v®, (2.50Db)

EHY = —2k(p+ P)vY, (2.50c)

h+ 2Hh — 2k*n = —3k0P, (2.51a

h + 6ij + 2H(h + 61) — 2k*>n = —2xPII°,(2.51b

)
)

HY +2HHY = kPIIY, (2.51c)
H®™ + 2HH™ + k*H™ = xPII". (2.51d)

with k = 87Ga?. The set of equations (2.50) are con-
straint equations, and (2.51) are evolution equations.

Gravity sources: scalar The scalar parts of the
components (2.43) are

3p = —(p+ P) (k€ + h), (2.52a)
VS = &5, (2.52b)

0P = —B (ke + 3h) — A(kE + 3h + 2H[kE® + Lh)),
(2.52¢)

PII® = 2u(k& + Lh+3n)
+20 (k€S + Lh + 30 + 2H[kES + Sh+ 3n)).
(2.52d)
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Gravity sources: wvector The vector parts of the
components (2.43) are

vV = €Y, (2.53a)

PIIY = 2u(keY — HY) +2v(k€¥ — HY + 2H[k€" — HY)).
(2.53b)

Gravity sources: tensor The tensor part of the
components (2.43) is

PI" = —2uH" — 2v(H" + 2HHT). (2.54)

Equation of motion: scalar The scalar part of the
equation of motion (2.48) is

(p+ P)[E° + HE] — 3[BH + A(H + H?))E°
+EE (N + 3v)(§° + 2HEY)
+E2 (B + $1)€ = (p+ P)Siii™ (2.55)

where the source due to scalar metric perturbations is

(p+ P)Si™ = —3k(B + gu)h — 4kpn
—Lk(\ + 4v)(h + 2Hh) — kv () + 2Hn).
(2.55b)

Equation of motion: vector The vector part of the
equation of motion (2.48) is

(p + P) [&V + 7'[5\’} — 3[,@7—[ + )\(’H 4 7_[2)}&\/
+k21/(év + 27{5\/) + k2/14£v = (p + P)S[\;]Ctor7
(2.56a)

where the source due to the vector parts of the metric
perturbations is

(p+ P)Sii = kpHY + kv(HY + 2HH"). (2.56b)

The most transparent set of equations we could use to
uncover the underlying physical behavior of the medium
are those for the tensor modes, since they are by far the
simplest. Using (2.54) to replace the tensor source of
(2.51d) yields

H™ + 2[H + 87Ga’v]H™
+[k? + 167Ga®(u + 2HV)|H™ = 0. (2.57)

It should now be clear that (2.57) is the equation of mo-
tion of a massive field, H™, with damping. The damping
has two contributions, each with a different physical ori-
gin. First, there is the usual Hubble damping, but there
is also a term controlled by the coefficient of shear vis-
cosity, v. The mass-term also has two contributions: the
first is a Hubble-independent contribution from the coef-
ficient of shear elasiticity, u. Secondly, the coefficient of



shear viscosity comes in, but multiplied by the Hubble
expansion. In a flat background, (2.57) becomes

H™ 4 167GvH™ + [k* + 167Gu]H™ =0,  (2.58)

further elucidating the physical mechanisms at play.
The second thing we want to illustrate is the non-

adiabatic nature of the medium. A medium is adiabatic

if the pressure perturbation is specified entirely by the

density perturbation. Using (2.52a) to rewrite (2.52c),

we find

B A

A .
D (14392 [ 6p + ——dp.
(1+ )p+p+Pp

0P =
p+P p+P

(2.59)

It is clear that the pressure perturbation is determined by
the density perturbation, and the rate-of-change of the
density perturbation. The non-adiabaticity is controlled
by the coefficient of bulk viscosity, .

We can perform some simple manipulations to provide
evolution equations for the vector sources. First, insert-
ing (2.53a) into (2.53b) yields

PIIY = 2k&¥(p+ 2Hv) — 2uHY
+2u(kvY — HY — 2HHY). (2.60)

Furthermore, inserting (2.53a) into (2.56a) yields

k& (u+2Hv) = 2(p+ P)Sp — vk + 3BHEvY
—L(p+ P)(0" + HoY). (2.61)
Combining (2.60) and (2.61) yields
dpP 1 wk
V=— 1—-3— |v¥ — I 2.62
H( ? dp) 214w (2.62)

which is the equation of motion for the vector part of
the velocity field, sourced by the vector part of the
anisotropic stress. We can obtain an evolution equation
for the vector anisotropic stress by differentiating (2.60),
which yields

PIIY + PIIY = 2u(kvY — HY) + 2v(ko¥ — HY
+2H[kEY — HY] + 2H[kvY — HY]).
(2.63)
Using the equation of motion (2.62) to replace vV, and
the gravitional equations (2.50c) and (2.51c) to replace
HY and HY respectively, the equation (2.63) becomes
. P WH vk
PIIY + | = —
+ {P nr2vH (i w)
P 20*Hk

=2( uk _— -
<,u +u7—[+3v7—[d T 2Hy

202 H
+2m{2{p+u v

+2HV} Zi:(p. +P)v /k;—uZPH"}

(2.64)

} PIIY

)’UV + 4vHHY
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The term on the last line, proportional to 2x = 167Ga?,
contains sums over all matter species, including the vis-
coelastic medium. These terms arose after using the
gravitational equations (2.50c) and (2.51c¢) to replace H"
and HY respectively.

C. Propagation speeds and damping coefficients

The propagation speeds of the scalar and vector modes
of the deformation vector can be read off from (2.55a) and
(2.56a) as the coefficients of k2£5 and k2¢Y respectively.
The damping coefficients can also be isolated, as the co-
efficients of k&° and k&Y respectively. This process yields
the (dimensionless) scalar and vector sound speeds,

4
2= ﬂp i?}f +2Hd, k, (2.65a)
2=t 1oy, (2.65b)

p+P
and the (dimensionless) scalar and vector damping coef-
ficients,

A+ 2u
d. = 3 2.
; Pl (2.66a)
v
d, = k. 2.66b
TP ( )

The sound speeds (2.65) should be compared with those
we derived in the non-relativistic case, (1.19). Note that
the scalar and vector propagation speeds are related via

2 _ B+ 2HA

c Vi L R

2.67
s (267)

and the scalar and vector damping coefficients are related
via
4 Ak
d,=-d,+ ——=. 2.68
e (2.68)

The material properties of the medium can be found in
terms of the sound speeds and damping coefficients via

B = (p+P)[c?— 5 —2H(d. — 3d.)/k],(2.69a)
= (p+P)[c>—2Hd, /K], (2.69b)
A= (p+P)[d. — 3d.] /K, (2.69c)
v = (p+ P)d,/k. (2.69d)

Using these definitions and the condition (2.42) one can
also obtain
dpP
dp

(2.70)

The relationship (2.70) will be very useful, especially
when obtaining the conditions under which material
properties are constant.



III. EQUATIONS OF STATE FOR
PERTURBATIONS

The viscoelastic model of dark energy we have con-
structed can be written in the form of equations of state
for perturbations [46, 112]. These equations of state are
two functions (the entropy and anisotropic stress) which
enter into the perturbed fluid equations, and parameter-
ize all freedom in any dark energy or modified gravity
model. These two functions are equations of state when
they can be written in terms of fluid and metric variables
alone. Once these expressions are identified, the task of
computing observational signatures becomes simple.

The scalar perturbed fluid equations, for a general fluid
(which may have w # 0, entropy, and anisotropic stress)
are given by [28]

5\ C 3H
(1+w) —‘(’“” +2h) et

dP k dP
S = _7-[<1 - 3)1}3 + — {p(ﬂ—wf‘ - %wHS ,

(3.1a)

dp 14+w|d
(3.1b)
where
orP dP
I'=|— - — 2
b (5/) dp> (3:2)

is the entropy perturbation. The equations of state
for perturbations prescribes the entropy and anisotropic
stress in terms of variables which are already evolved.
Put another way, we want to eliminate £° from the en-
tropy and anisotropic stress. We note that the scalar
fluid equations (3.1) are gauge invariant.

From the scalar perturbed fluid variables (2.52a) and
(2.52b) we have

(3.3)

The expressions (3.3) can be used in the pressure per-
turbation (2.52c¢), which can then be used to compute
the entropy (3.2), as well as the scalar anisotropic stress
(2.52d) whilst making use of (2.42) and (2.70). This pro-
cess yields

wl = (d, — 3d,)k™! [”H‘Hé — (14 w)(kv® + ;h)},

(3.4a)

Wl = §(42 -+ [0, - dal) )

d .
X [5 —-3(14+w)n— k—cvz(l +w)(3h + kv® + 377)]

(3.4b)

The expressions (3.4) are equations of state for pertur-
bations; specifically, the entropy and scalar anisotropic
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stress perturbation for a viscoelastic medium. The pref-
actors may look cumbersome, but they allow for an in-
tuitive understanding of the freedom in the equations of
state for perturbations. For example, if the vector damp-
ing coefficient switches off, d, = 0, the relevant equations
of state which describes a medium with this given phys-
ical property can be obtained quickly. This allows us
to place physical restrictions on the medium with ease.
The measurement of the sound speeds and damping coef-
ficients {c?,c?,d.,d,} will allow measurement of the ma-
terial properties {f, u, A, v} via (2.69).

In terms of the material properties {8, pu, A\,v}, the
equations of state for perturbations are

A 2_ g ;
wl = P {W& — (14 w)(kv® + %h)] , (3.5a)
I — _2% {5 —3(1+ w)n]

+2?V {kvs +1h+ 37‘7] . (3.5b)

The expressions for the entropy (3.4a) and anisotropic
stress (3.4b) are gauge invariant. To show this we must
perform a gauge transformation and show that all gauge
artifacts cancel out. We first recall the following trans-
formation rules for the fluid and metric perturbations
from the synchronous gauge to the conformal Newtonian
gauge:

5p = bp— G, (3.6a)
v® = 0 -k, (3.6b)
h = —6(®+ WH) +2[k? — 3(H — H?)](, (3.6¢)
n = ®+HC, (3.6d)
0= &+ HU + (H—H), (3.6¢)

where the hatted variables are those in the conformal
Newtonian gauge, and ( is the gauge artifact. The build-
ing blocks of fields in the entropy and anisotropic stress
are gauge invariant; performing a gauge transformation
from the synchronous to conformal Newtonian gauge re-
veals that

HoA1s — (14 w) (ko® + i)
= HHG (14 w) (ko — 3(P + UH)),

(3.7a)
§—3(1+w)y = 6—3(1+w)d, (3.7b)
Lh+kv® +30 = ko. (3.7¢)

All gauge artifacts have dropped out automatically. In-
terestingly, notice that (3.7c) is just the velocity field in
the conformal Newtonian gauge. Therefore, we conclude
that the equations of state for perturbations (3.4) are
gauge invariant.



In a non-expanding background, H = 0, and the scalar
fluid equations (3.1) can be combined to yield a second
order evolution equation for density perturbations,

0+ k*[wé + wl — 2wll®] = —1(1 +w)h.  (3.8)

On a flat background, the viscoelastic equations of state
for perturbations (3.4) become

wl = (d, — 2d,)é/k, (3.9a)

wIl®* = 3(w—c?)

:CVQ (6—31+w)mn)|.

v

x |0 —3(1 +w)n+
(3.9b)

So, putting the flat-space viscoelastic equations of state
for perturbations (3.9) into (3.8) yields

6+ kd.d + k220
= —3(L+w)h+ 3k (1 +w)(c? —w) [n+ %]
(3.10)

This shows us that density waves are damped, with
damping magnitude d,, and propagate with speed c?.
This vindicates ¢? as being a sound speed. A simple ob-
servation to make from (3.10) is that viscosity plays no
role in the sound speed of the viscoelastic medium: it is
coeflicients of elasticity which generate the sound speed,
whilst the coefficients of viscosity only modify the damp-
ing of density waves. This should be compared with,
e.g., the “viscosity parameter”, c?_, introduced in [90] to
parameterize somewhat adhoc modifications to the per-
turbed fluid equations.

The important point to take away from the equations
of state for perturbations (3.4) is that the theory has
prescribed which gauge invariant combinations are used
to construct wl' and wlI®.

IV. TIME VARIATION OF THE PHYSICAL
PROPERTIES

Constraining free functions of time with cosmological
data is very hard to do, and so it is useful to have a con-
sistent parameterization in which all of the freedom is
contained within constants. A priori, all material prop-
erties, sound speeds, and damping coefficients are func-
tions of time. If any of these lose their time variation, or
if it is prescribed in some way, the theory tells us what
that means for the time variation of the other parameters.
This is seen most easily by the relationships (2.42) and
(2.69). We shall see that our material model can consis-
tently have all its freedom parameterized by constants,
but that comes with important consistency conditions
which we can derive.
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Clearly, a few choices are possible; we will elucidate
two cases which seem rather natural. In our first case
we will take the sound speeds and damping coefficients
{c?,c%,d,,d,} to be constant, and let the material prop-
erties {8, \, p, v} vary in time. The second case is exactly
the opposite: the material properties are constant, and
the sound speeds and damping coefficients are time vary-
ing.

As for the cosmological background, the equation of
state parameter, w = P/p, is of paramount importance
in dark energy cosmology, as is its possible time varia-
tion; parameterizations have been devised which aim to
capture this possible variation for various models. Our
model of a viscoelastic medium gives us the allowed time
variation “for free” as we will show. However, our focus is
to show under what circumstances w becomes constant,
and what subsequent conditions get placed on the rela-
tionship between the material properties.

Since P = wp and P/p = dP/dp, without loss of gen-
erality one can obtain

w—p(dP—w>
p\dp '

Using our expression for P which came from requiring
time diffeomorphism invariance, (2.41b), we find

(4.1)

W= —% [,BH FAHAH?) - HA + w)wp} . (42

This is an evolution equation for the equation of state pa-
rameter, w. The particular combination of the material
parameters,  and A, that give w = 0 is

BH 4 MH + H?) = H(1 + w)wp. (4.3)

When @ = 0, the relationship (2.70) becomes the con-
straint

(H—H)(d, — 3d,) = (w— 2+ LAEH.  (4.4)

In what follows we will keep w as constant, and then
take the sound speeds and damping coefficients to be con-
stant, and then the material properties to be constant,
and derive the susequent consistency conditions. The
physical implications of this are summarised in Figure 1.

A. Constant sound speeds and damping coefficients

We now proceed with the first of our special cases:
when all of the sound speeds and damping coefficients
are constant,

d,=d =&=&=0, (4.5)

the only way to satisfy the constraint (4.4) for arbitrary
Hubble expansions H is to set

d,—3d, = 0, (4.6a)

w—c?+ 3 = 0. (4.6b)



Viscoelastic material model

constant

{8, )\, v}

constant

{Cg, C\2/1 dS’ dV}

adiabatic
anisotropic stress

non-adiabatic
anisotropic stress

Figure 1:  Schematic illustration of what happens to the
physics of the material when either the sound speeds and
damping coefficients are constant, or the material properties
are constant in the viscoelasic material model. In both cases
there is anistropic stress, but forcing the sound speeds and
damping coefficients to be constant means that the medium
is adiabatic. These points are discussed in detail in Section
IV.

After imposing the constancy conditions (4.6) and w = 0,
the viscoelastic equations of state for perturbations (3.4)
become

wl' =0, (4.7a)

wll® = 2(w—c?) [5 —3(1+ w)n]
+3d. k(14 w) [kvs + 31 + ;h] . (4.7b)

We now see that the medium is adiabatic, and there are
three constants which parameterize the scalar perturba-
tions of the viscoelastic medium: {w,c?,d.}. We stress
again that it is consistent to have these parameters be-
ing constant. It is interesting to note that the viscoelastic
anisotropic stress (4.7b) can be written in terms of the
anisotropic stress for a perfectly elastic medium via

= wllI®

ela

d )
wIT;, + ﬁk_lwnflav (4.8)

where

ully, = Y- 530+ wh). @9

B. Constant material properties

Our second special case is where we allow the sound
speeds and damping coefficients to be time dependent,
but constrain the material properties {3, u, A\,v} to be
constant. From the condition (4.4) we see that this is
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respected by the equations of state we presented in (3.5),
and repeat here for completeness:

wl = ﬁ% {Hj{’ﬂs — (1 +w)(kv® + ;h)], (4.10a)
s _ _ont2Hy o
wIl® = —2 P {6 3(1+w)77]

2 .
+?V {kvs + L+ 377] . (4.10b)

There are now four constants which parameterize the evo-
lution of the medium, {w, A, i, v}. The medium has re-
tained its non-adiabaticity, and it is controlled by the
coefficient of bulk viscosity.

V. VISCOSITY AND COUPLED DARK
ENERGY THEORIES

We have constructed the gravitational field equations
that describe a viscoelastic medium. An interesting ques-
tion is to ask what types of gravitational theories, of a
more conventional type, yield field equations which have
a similar structure to those for a viscoelastic medium. In
previous work, we uncovered a correspondance between
the perfect elasticity theory and time diff. invariant mas-
sive gravity theories [113].

To uncover what type of gravity theory could yield
something which looks like our viscoelastic theory, we
will begin by understanding precisely how the viscous
terms modify the perfect elastic theory (which we already
know corresponds to a Lorentz violating massive gravity
theory). One of the obvious differences is that the perfect
elastic theory could be constructed from a Lagrangian,
but the viscous term cannot. This is a well known issue
— dissipative systems do not come from a Lagrangian.

In this section, we will consider a theory which contains
conventional matter, contributing an energy-momentum
tensor TH” to the gravitational field equations, and a
viscoelastic medium which is the sole contributor towards
the dark energy-momentum tensor UH".

As seen in the short review we gave in Section 1B,
the equations of motion for dissipative systems can be
constructed from a pair of invariants: the potential and
Raleigh functions. Here we will write down specific forms
of these invariants for the relativistic viscoelastic solid
we have been discussing. The energy-momentum tensor
can be constructed from a pair of quadratic invariants,
namely the Lagrangian for perturbations, £,,,, and the
generalized Rayleigh function, R,,; via

OR 2y
66, K

1 4 Sﬁ{z}

UM = — =425 4y
2 55Lg/w

+ U976 gas |-

(5.1)



The appropriate invariants that describe the relativistic
viscoelastic medium are

= %WﬂyaﬁéLguu(ngaﬁv
Ry = sVHP5 K6, Kap.

(5.2a)
(5.2b)

Using (5.2) to compute (5.1) gives precisely the energy-
momentum tensor we presented in (2.21). The tensor
WhveB is exactly that which we defined in (2.22). If
we are using this formalism in which the Rayleigh func-
tion Ry, is used to compute the viscous contributions to
5. UM then the viscosity tensor V#**# gains some more
symmetries in its indices:

yrvad — y(w)(ap) — yabuv, (5.3)
This additional
anisotropic media.
It is not possible to redefine £,, to incorporate the
viscous contributions that are encoded in R,,;, in order
to be able to compute §,U*” from the single quadratic
invariant £,, in the conventional manner, namely via

1, 0L
T

symmetry is only important for

(SLU/“/ —— + U}Ll/g()tﬁ(ngaB . (54)

LYuv

That said, we can “reverse engineer” the action for per-
turbations that gives the required field equations after
using the variational principle. To see this, suppose that
we have an action for perturbations given by

Spy = /d4x V=g |:(87r1G(SEGHV — 0T — 6EUMU)6E9MV
%-2€(u(5E‘7V)[f“V —>5E17”) , (5.5)

up to the addition of total derivatives. The variational
derivatives of the action Sy,, with respect to the fields
Ougur and &* yields

)
= Sizy = 0wGH —8TG[8TH” + 6sUHV](5.6a)
65E9uu
)
5 S = B(VuU) b, (5.6b)

Demanding the vanishing of the variational derivatives
(5.6) in accord with the principle of least action yields
the field equations

5o GH =
55 (V,UM) =

8TG[6TH + 5, UM,
5o F".

These are perturbed gravitational field equations, where
the dark energy-momentum tensor satisifies a perturbed
sourced conservation equation. These sources (or, one
can think of them as being forces) are due to a coupling
in the action between the fields that constructed dzF",
and the {#-field: it was the §,0xF*-term.
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We can now use this way of thinking to isolate the
term in the action which gives rise to the viscoelastic
behavior. We will start from the Lagrangian for pertur-
bations that gives the elasticity theory, (5.2a). The dark
energy-momentum tensor is constructed from the single
quadratic invariant £, given by (5.2a) using the con-
ventional expression (5.4) and yields

5, UM = —L[WHr el + UM P15, gogp. (5.8)

In the case of perfect elasticity the energy-momentum

tensor satisfies the conservation equation, 65(V,U*) =

0. In anticipation, we modify the conservation equation
to include the influence of a force,

0u(V, UMY) = 0, F". (5.9)

If we want the field equation (5.9) to be identical to that

for the viscoelastic medium, namely (2.30) with (2.29)

for 6zT*+,, then we require the force term to be given by

6 FY =4V, (VFP5 Kop). (5.10)

Putting (5.10) for §zF* into the last term of the action

(5.5) and integrating by parts, yields

Sy o S = / d'ey/=g [W%vap&}
(5.11)

and using (2.7), this can be written as

visc 1 A%
shisel 5/d‘*a:\/fg [V” 5 Ky (8190 —(5Egp0):|.
(5.12)

The second manipulation highlights the fact that the “ex-
tra term” is related to the difference between two metric
perturbations. We could use (A21) to replace 6, K, with
0K, and the appropriate derivatives of {,. Putting
these peices together, the action for perturbations that
yields the viscoelastic theory is

Spy = / d*z /=g [02R+ 167GO*L,,

_iwuyaﬂéLguuéLgaﬁ + VPUIW(SLKHVVP&T )
(5.13)

where 0" X = ﬁé”(ﬁX) is the measure-weighted
variation operator.

The outcome of this is that we can think of the vis-
coelastic theory in two ways:

1. The first is as a prescription of an energy-
momentum tensor, which requires the pair of
quadratic invariants: the Lagrangian for perturba-
tions L;,, and the Rayleigh function R ;.



2. The second, is to think of the theory as a coupled
massive gravity theory: the viscous term acts like a
dissipative force on the right-hand-side of the con-
servation equation.

This line of reasoning is useful as a tool-box for con-
structing consistent generalizations and modifications of
the viscous field equations; although, it must be said that
one would lose the neat physical interpretation of the
theory describing a material. Only using the metric, the
most general force will be constructable from an expres-
sion of the form

ot = C(lé?ﬂ(ngaﬁ + Cﬁ;\aﬁV,\&gaﬂ

AP,V 6, o + -+ - (5.14)
The tensors C*" contain all freedom in the theory:
the number of components of these tensors prescribes
the number of free parameter or functions needed to
characterise the theory. Truncating to the first three
terms above, the term in the Lagrangian for perturba-
tions which will yield the source to the perturbed conser-
vation equation is

EubsF" = CUPE,u0gas + O €,V 0L gap
+OBPE VAV 500 0as
= (CI7 = VACH*P)E,01 90
—CH PV 36401905
~(VACE )&V 56,905

—Cl 7 V€4V 501 gas- (5.15)

To go between the equalities we integrated by parts.

VI. DISCUSSION

In this article we reviewed, developed, and advocated
material models of dark energy. As should be clear from
our presentation, these are rather different in nature from
the conventional scalar field theories or modified gravity
theories — the material models are built in order to in-
clude the effects of a physical medium.

In the development of the material models, our main
results are

e (2.21), the variation of the energy-momentum ten-
sor,

e (3.4), the viscoelastic equations of state for pertur-
bations.

We have seen that it is natural for the medium to
have constant equation of state parameter, w. This
makes comparison against observational data much sim-
pler than if w were to be time varying. We also saw
that the medium can have constant sound speeds and
damping coefficients, but that enforces adiabaticity of
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the medium (anisotropic stress is retained). On the
other hand, if the material properties are constant in-
stead of the sound speeds and damping coefficients, then
the medium remains non-adiabatic, where the size of the
entropy perturbation is controlled by the coefficient of
bulk viscosity alone. These two cases are summarised in
Figure 1.

The use of a Rayleigh function may aid the systematic
construction of coupled dark energy models: it will cer-
tainly allow all of the freedom to be identified from all
theories with given field content.

An interesting (and, depending on ones point of view,
important) issue we have thus far shyed away from is the
question of the nature of the material we are supposedly
describing. That is: do we expect there to be some gen-
uine viscoelastic solid pervading the Universe which is
the direct cause of cosmic acceleration? If the answer
is “yes”, then one can begin to ask questions about the
micro-physical origin of the material. The idea of “frus-
tated domain wall networks” was pursued for some time
[94, 95, 97, 114-116], but only as a single example of a
possible realization of the medium (the idea somewhat
relied on an observationally incompatible value of the
dark energy equation of state parameter, w); of course,
there may be some other set of structures in the Universe
whose coarse grained dynamics are similar to a viscoelas-
tic solid. If the answer is “no”, then the formalism de-
veloped here should be thought of as a useful gate-way
for importing relevant, consistent, and useful mathemat-
ical descriptions from solid-state physics into cosmology,
in our example. This, rather useful, agnostisism is rife
in the implementation and useage of generalized descrip-
tions of cosmological perturbations, in, for example, the
“PPE” [36, 39], “EFT” [38, 43, 44|, and equations of
state for perturbations [40, 41] approaches. Each of these
approaches may be employed in two “modes”: (1) to
describe the dynamics of perturbations for an explicitly
given theory, and (2) as a prototype for the evolution of
some unknown theory whose dynamics can be described
by the particular flavour of the formalism which is writ-
ten down. These two “modes of use” are something of an
asset to these generalized descriptions, and are the ana-
logue of the agnostisism outlined above. We do not offer
a definitive opinion, and prefer to keep an open mind as
to the possible “reality” of the material.

The theoretical basis for material models of dark en-
ergy outlined here is only the beginning of a programme
of research centering around these models. In addition
to delving deeper into uncovering issues of a more theo-
retical nature, such as the behavior of the medium in the
strong-field regime, we will need to ascertain the observa-
tional compatibility of the material models. For instance,
one should note that the theory naturally prescribes new
evolution rules for vector (2.64) and tensor (2.57) modes,
which should result in priors on the allowed values of
the material properties. The way of writing all results
as equations of state for perturbations (see Section III)
makes this rather simple for implementation into numer-



ical codes (such as CAMB [117]). As pointed out in the
Introduction, we are preparing a paper which will con-
tain the observational constraints on the sound speed for
a perfectly elastic solid [103].

The nature of the dark energy, and the possibility of
non-GR gravitational physics is one of the major open
problems in modern cosmology. The material models de-
veloped in this article are a novel alternative to the ubiq-
uitous scalar field models, and provide an almost unique
way in which consistent modifications to gravity can be
written down which (a) are parameterized by a small
number of constants, and (b) have direct physical inter-
pretation.
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Appendix A: Variations
1. Variations and orthogonal tensors

A covariant tensor is one with only lower indices, and
an orthogonal tensor is one which has vanishing contrac-
tions with the time-like unit vector u* on any of its in-
dices. After decomposing the metric g, = Yu — Upty,
one can obtain the following useful identities for varia-
tions:

oput = %u“u“uﬁéLgag, (Ala)
OLuy, = (’yo‘u—%uuuo‘)uﬁtﬂgaﬁ, (Alb)
SV = Ouguw + 20 (V) — Sunyu®)u’ S gags,
(Alc)
.g"" = —g"*g" 81908, (Ald)

5.0, = g°°(Vu0uguys — 3VpbLgu). (Ale)
Another useful identity is

MV — Al

One should be careful when raising and lowering in-
dices; for any symmetric 2-tensor A*Y, the perturbed
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contravariant components are related to the perturbed
covariant components via

LA = g"g™ 8, Aag — 2401 g105, gop. (A2)
For any quantity constructed as

0B
0B v = 226 YaBs
LDy 87046 L YapB

(A3)

the identity (Alc) can be used to replace the variation of
the strain 4,73, giving

0B, 0B,
= + 2y, (v ) — 2ugyu® w2 6,.gas.
a')/a,@ a’}/pa (p( ) 2 ) ) LIep
(Ad)

0B,

Note that in the case where 0B,,,,/07,, is orthogonal on
all indices, the “complicated” term above vanishes. For
a symmetric orthogonal tensor C,,,,,

O(Yup e CP° ocre N
- (%gz 5 ) = Vuelr g +2C (AP,
(A5)

aC,,
8’70( B

This will be useful in computing the contravariant com-
ponents of orthogonal tensors from the covariant ones.

If X,, is a covariant orthogonal tensor function of
strain, then

0X 0X
5 Xy = ZoBL Gy = b
LAy 8'Yaﬁ LYap a’Yaﬂ L9apB,

(A6)

where the fact that term 0X,,/07v.s is orthogonal on
all indices has been used after (Alc) was inserted. Using
(A5) and (A6), we see that the contravariant components
of the variation of an orthogonal tensor function of strain
are given by

190, 4atd
Yap

XM = +2X P |5 gas.  (AT)

If Y, is an orthogonal covariant tensor function of strain
and rate of strain, then

oY,
5LYW/ = WuﬁéLf}/aﬁ +

Y.,
ap

OLAagB- A8
B

In what follows we will be concentrating on computing
0, Y*  and learning how to replace the variation of the
rate of strain with space-time fields.

The variation of the rate of strain tensor is given by

0w = 20,K,, = 2V, 0.0, — 2ua6LFO‘W. (A9)
And so it follows that
Y, Y,
D — 1 5. K., A10
Map 0T 0K P (A10)



meaning that (A8) becomes

Y, dY,

oY = WéLgngri’;;&LKaﬁ. (A11)

0K,
Since Y}, is an orthogonal tensor, using the identity (A1f)
we obtain

Y., oy r”
= YupVveo 53—
8'7aﬁ e 8'7

+29 VP, (Al2a)

Y, oy o

= e Al12
a)\aﬁ YupTvo a)\aﬁ ( b)

The expression (A11) will prove very useful.

2. Variation of the extrinsic curvature tensor

We will now show how to compute 6, K,3 in terms of
its Eulerian perturbation, d; Kz, and the corresponding
contributions due to the deformation vector £*. Since
by definition K, = V,u,, the components of the La-
grangian perturbed extrinsic curvature tensor are given

by

6LK/,LV = V(/1,6Luy) - U’a(sLFaMu (A13)

Using (A1b) and (Ale) for the components of the per-
turbed time-like vector and Christoffel symbols in (A13)
yields
6K, = %[Kw,uauﬁ + Q'yO“HKﬁV](SLgaﬁ
+% [u”‘uﬁuwv”u) + Wo‘ﬂvﬁyu"

—ZV(QMUB)UVUU]VUJLgQB. (A14)

The projections of (A14) are
Q’YMAlyyﬂ—éLK;u/ = ’Ya)\fyﬁﬂ—uavo(SLga,B
—|—[K>\Truau5 +2'ya,\KB7T}5Lgaﬁ

= VaAfyﬂwLuéLgaﬂ + K)\ﬂ'uaUBéLgozﬁv
(Alba)

— 28 K = [$uuPy, — 29 P TV 08, gag
= %'y Vo (u® uﬂéLgag)—K(a#uB)(SLgaﬁ
_2UA’Y(QILV/\(UB)5LQ(X,B)7 (A15b)
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uu”6, K, = 0. (Albc)
Replacing the Lagrangian variation of the metric with the
Eulerian variation and corresponding Lie derivative, (2.7)
elucidates all contributions in the Lagrangian perturbed
extrinsic curvature tensor (A14) due to the deformation

field:

0K = HKuwuu’ + 2%, K ) [6ugas + 2V (a&p)]
+%EUQBHV [VJ(SEga/g + 2VUV(Q§5)], (AIG)
where we defined, for convience, the tensor
E”O‘ﬂw = (u”‘uﬂu(u'y"y) + vo‘u'yﬁ,,u” - 27(0‘Mu5)u,,u").
(A17)

It is also enlightening to write the Lagrangian pertur-
bations d,u, and 6, I'“ v 1D terms of their Eulerian per-
turbations and the contribution due to the deformation
field. After using (2.7) in (Alb) and (Ale) we find

Oruy = Ouuy
+2(v%, — %u#ua)uﬁv(agﬁ), (Al18a)
5T, = 6T,

+V(uvy)§a + Ra(uu)ﬁfﬁv (Algb)

where the Eulerian perturbations are given by the usual

expressions,

Opuy = ('Yau - %uuua)uﬁéEgaﬁ, (A19a)

6EFQHU = gaﬁ(v(M(sEgu)ﬁ - %vﬁ(sEg/l,l/)? (Algb)
and the background Riemann tensor is defined as

(VVVQ — VQVV)E# = Rﬁ/wafa- (A20)

Hence, using (A18) in (A13) gives the desired expression,
namely

0 Ky = 0Ky +2ul%y? (V) Vals
—uuPu(, V) Vals — u*V(, Vi a
+2[(7 (= gugut) K7y + K )]V (a€s)
—ua R (1)5E". (A21)
Note that the third and fourth line drops out on a flat
background (since there, K, = 0 and the Riemann ten-

sor vanishes). We gave explicit expressions for the com-
ponents of (2.28) in (2.39).
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