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Abstract: Extensions of Einstein’s General Relativity (GR) can formally be given a GR structure in
which additional geometric degrees of freedom are mapped on an effective energy-momentum tensor.
The corresponding effective cosmic medium can then be modeled as an imperfect fluid within GR.
The imperfect fluid structure allows us to include, on a phenomenological basis, anisotropic stresses
and energy fluxes which are considered as potential signatures for deviations from the cosmological
standard A-cold-dark-matter (ACDM) model. As an example, we consider the dynamics of a
scalar-tensor extension of the standard model, the e ACDM model. We constrain the magnitudes
of anisotropic pressure and energy flux with the help of redshift-space distortion (RSD) data for the
matter growth function fog.

Keywords: fluid cosmology; cosmological perturbation theory; scalar-tensor theory; cosmic
structure formation

1. Introduction

The last two decades have seen a tremendous activity within the community of cosmologists and
astrophysicists to find a satisfactory explanation for the results of the observations of supernovae of
type Ia (SNIa), reported in [1-3], which suggested an accelerated expansion of the scale factor of the
Robertson-Walker (RW) metric. The apparently simplest way to account for this behavior is to assume
the existence of a cosmological constant A with a suitable value (see, e.g., [4,5]). From a purely general
relativistic (GR) point of view, A might be seen as another gravitational constant along with Newton’s
gravitational constant. On the other hand, an effective cosmological constant has been associated with
the quantum vacuum (see, e.g., [6]). Taking this into account, the actually measured gravitational
constant might be a combination of a purely geometric and a quantum contribution. This context gave
rise to a number of discussions concerning the cosmic coincidence problem [7-11].

Since accelerated expansion in inflationary models of the early universe is conveniently described
in terms of scalar fields, a corresponding description has also been applied to the current phase of the
cosmic evolution. This is equivalent to making the cosmological “constant" a dynamic quantity. Along
this line, a number of different approaches have been developed which either assume the existence of
some form of exotic matter within GR or modify Einstein’s theory of gravity. In the meantime, a huge
amount of data of various types have been accumulated [12-15].

Facing the multitude of models at hand, one might wish to keep an eye on unifying
phenomenological aspects of different types of description. It is this intention which motivates
the present paper. Our starting point is the observation that any extension of Einstein’s GR can
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formally be recast into an Einsteinian structure with a suitably defined effective energy-momentum
tensor [16,17]. In the presence of an adequate timelike vector field, this energy-momentum tensor
is then characterized by an energy density, a scalar isotropic pressure, an anisotropic pressure and
an energy flux. It has the structure of the energy-momentum tensor of an imperfect fluid [18-21].
Imperfect-fluid dynamics can provide an effective description for cosmological models beyond the
standard model. Anisotropic stresses and/or energy fluxes are typical ingredients of a non-standard
dynamics of, e.g., scalar-tensor theories. A robust phenomenological theory may represent a unifying
framework for approaches that differ in their detailed underlying microscopic dynamics. Since the
anisotropic pressure determines the gravitational slip, a suitable parametrization may be used to
quantify potential deviations from the standard model and, combined with observational data, to put
limits on such deviations. A similar comment holds for heat—flux caused deviations.

The resulting gravitational dynamics depends on the (effective) fluid quantities directly, but
it does not explicitly depend on the detailed underlying microscopic dynamics which is either
unknown or beyond a straightforward and transparent analytical treatment [22]. For a scalar field,
e.g., there is a dependence on this field only through the mentioned fluid type quantities, in the
simplest case energy density and isotropic pressure, but there is no further direct dependence on
the scalar-field details themselves. On this basis, we aim to give a phenomenological fluid-type
description of the cosmological dynamics in which different models are determined by a set of
phenomenological parameters such as an equation-of-state parameter and an adiabatic sound speed
parameter. Additionally, and this is what we consider to be the new aspect of our study;, it is necessary
to introduce analogous parameters for the anisotropic pressure and the energy flux. We split the total
effective energy-momentum tensor into two components, one of them being a pressureless perfect
fluid, the second one an imperfect fluid. The pressureless fluid is supposed to account for some form
of (dark) matter, the imperfect component is intended to provide an effective description of dark
energy. While rather general, such a purely phenomenological description necessarily leaves open the
microscopic origin of these quantities.

One of the tools to discriminate between different models of the cosmological dark sector is
the growth rate of matter perturbations [23-27]. Competing models with similar behavior in the
homogeneous and isotropic background will generally have different predictions for the dynamics of
matter inhomogeneities. As an example, we consider the simplest possible scalar-tensor extension of
the ACDM model. In this minimalist approach, we remain in the vicinity of the standard model at the
present epoch [28]. The present paper advances a preliminary study in [29] where the matter growth
rate was obtained in a simplified manner on the basis of a rough approximation which both avoided
a solution of the full dynamics and neglected the heat flux. Here, we consider the full perturbation
dynamics with the heat flux included.

In Section 2, we introduce the energy-momentum tensors of the cosmic medium as a whole and
those of the individual components. The general conservation laws are presented in Section 3. Section 4
is devoted to the perturbation dynamics. The relevant metric and fluid quantities are introduced and a
modified Poisson equation is obtained. A coupled system of two second-order equations for the entire
cosmological dynamics is established from which the dynamics of matter perturbations is derived. All
this is applied in Section 5 to the special case of the e ACDM model. In Section 6, we constrain the
parameters that describe deviations from the standard model by contrasting the predictions of this
model with recent redshift-space distortion (RSD) data. Section 7 provides our conclusions concerning
the status of the present approach.
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2. Energy-Momentum Tensors

We assume the cosmic medium to consist of pressureless perfect-fluid type matter (subindex (m))
and a second component, modeled as a general imperfect fluid (subindex (x)). The cosmic substratum
as a whole is then an imperfect fluid as well. It is described by an energy-momentum tensor

Twv = Tomypw + Ty @)

Greek tensorial indices run over 0, 1, 2, 3. The first part, T(m) s describes pressureless matter
through

Tmypw = Ottt (v @)
where u’{m) with u’(lm)u(m) u = —1is the matter four-velocity which may be associated with an observer.
The matter energy density is

Oom = T(m)wu’(lm)uzm). (3)
(For scalar quantities, we use the subindex m instead of (m)). The second part, T, ,is given by the
9 P (x)pv g y
general split with respect to a timelike unit vector u?x),
Ty = Pxtiout oy + Peltopr + Hep + Geout oy T 9 o @)
where u’(x)u(x)y = —1and
1
—_ H — v —
Px = Tyt iy Px = 3h Towr G = 10 Twwet () ®)

1 1
H(X)HV = hl(fx)(yh-(rx)v) T(x)m' = 2 (h((x)yh.(rx)vT(x)UT + h?x)vh-(rx)yT(x)(rT) - gh(x);wh‘(rxr) T(x)(rr (6)
with
w _ " Hv _ oo o _ _
h(x) — gW’ + u(x)ul(/x), h(x)u(x)v = Q(xwu(x) = H(x)‘ulel(x) = H(x)y =0. (7)

(For scalar quantities, we use the subindex x instead of (x)). Here, py is the energy density of component
x and py is its isotropic pressure. The heat—flux vector is denoted by g,), and the anisotropic pressure
by I1),,- In general, the timelike unit vector ul .y does not coincide with ul ) In a scalar-field
representation, e.g., it may be related to the timelike gradient of a scalar field. We shall choose both
four-velocities to coincide in a homogeneous and isotropic background, but they will differ, in general,
on the perturbative level.

For the total energy-momentum tensor, we assume a decomposition with respect to still another
timelike unit vector u¥,

T‘u]/ — pu‘uuy + phyy + I_I’,”/ + q‘uu]/ + qyuy, (8)
where 1
o= T}ﬂ/u’/‘uvl p= ghyUTyw qu = *h;Tvauv/ )
1 1
My = W0y Tor = 5 (WhE Tor + WM Toc ) = Shuh™ T, (10)
with

utuy, = =1, W =g" +utu¥, hu, = quut =T,u" = Hﬁ =0. (11)

In this decomposition, p is the total energy density, p is the total isotropic pressure, g, is the total

heat flux and ITy, is the total anisotropic pressure. The relation between u*, ut‘m) and ui‘x) will be

clarified below.
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3. General Conservation Equations

We shall assume separate energy-momentum conservation of both components. The separate
matter conservation equations are

- u(m)l/T(Vn;;);K = pm,rx”?m) + ®mpm - 0 (12)

and
B TVE . = pmu’g‘m) =0. (13)

(m)v*(m);x

Here, ©,, = u‘é‘m);lx and ub(‘m) = u‘(xm

isotropic background, Equation (12) reduces to

) ﬁu’(gm) is the matter four-acceleration. In the homogeneous and

d
om o 3Hpy =0, (14)
dt
where H is the Hubble rate H = ¢ and a is the scale factor of the RW metric. In this background,
Equation (13) is identically satisfied.
The conservation equations for the x component are

_ u(x)UTE/;);K = px,zxu?x) + @x (px + Px) + qu?x) = 0, (15)

where qu?x) = hﬁq?x);a and

K .a K . 4 K
h?x)vTE/x);K = (px + pX) M(x) + px,vh%;) +V H(x)‘u}{ + hZ(x)Q(x)u + §®h;m(x)Q(x) =0 (16)

with @, = u?‘x);lx and a four-acceleration u‘z‘x) = u?‘x); ﬁufx). We have neglected here terms that will
not contribute in a linear perturbation theory about a homogeneous and isotropic background with
vanishing I1(,),, and q?’x). The pressurefree matter motion is geodesic (u*(‘m) = 0), while the motion of
the x component is generally not. For the background dynamics, one has

dpx
dt

+3H (1+w,) px =0 (17)

with an equation-of-state (EoS) parameter w, that has to be specified for a given model.

The general total energy-conservation equation becomes (neglecting contributions of ;4" with
1y = u,%;l;u/3 and 0, IT" with 0y, = % (0 + Uy — %hwugﬁ) which will be of higher than first order
in a linear perturbation theory)

P+0O(p+p)+Vugh =0, (18)

where p = p ,u" and @ = uf,. For the momentum conservation, we have (again taking into account
only those terms that contribute in a linear perturbation theory)

4
(0 +p) iy + Vup + VI + hydgy + §®hmq’< =0. (19)

In the homogeneous and isotropic background, " = 11, = Il = oux = Wk = % (U — i) =
0. In our linear perturbation theory, we will neglect products of these first-order quantities.

In the homogeneous and isotropic background, we identify all four-velocities, i.e. u’(lm) = u‘(‘x) =
u”. Then,

%+3H(1+w)p20 (20)

with
wzg:&:wxﬂx, 0, =2-1-0, o,=2" 1)
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4. Perturbation Dynamics

4.1. Metric and Fluid Quantities

We restrict ourselves to scalar perturbations, described by the line element (in the longitudinal gauge)
ds® = — (14 2¢) dt* +a° (1 — 2¢p) 6,pdx"dx”. (22)

The fluid-dynamical system of perturbation equations will be established by adequately
generalizing the corresponding steps in [30-33]. First-order fluid quantities will be denoted by a
hat symbol. The perturbed time components (tensorial index 0) of the four-velocities are

1
~ ~0 ~0 ~0 5.0 —
Uyg=U = M(m) = u(x) — 2800 - 4) . (23)

We define the (three-) scalar quantities v, v;; and v, by (latin indices denote spatial components)

0" =0y =0, (24)

as well as by

2

o o — 2
a0y = Umya = Uma and a

MAL(ZX) = ﬁ(x)a = Ux,a, (25)

respectively. The perturbed expansion scalar becomes
A 1 .
O=u, = 0= a—zAv — 3¢ — 3H¢, (26)

where A denotes the three-dimensional Laplacian. The corresponding first-order expressions for
e — . H
O, = ) and O, = W) AT

. 1 , A 1 -
O = 300y —3p —3Hp and Oy = —;Avx — 3¢ —3H, @7)
respectively.

With Tg = paswell as T&)O = py and T?m)o = pPm, it follows that, at first order,

P = Ox + pPm- (28)
With
T =(o+p) tatde Te=pmlma  Te = (0x + ) A + 4 (29)
the first-order relation
(04 p) fla+ s = pmil(ya + (Px + Px) Ax)a + 9 (x)a (30)

is valid. According to our restriction to scalar perturbations, the vectors g, and g, are represented by
gradients of scalars, i.e.,

A(x)a = fqxa and  Ga =g, (31)
respectively. This leads to
Pm Px + Px dx — 4
v = Um + Ux + , (32)
ptp " ptp T ptp

i.e., in the presence of heat fluxes the relation between the different velocities is modified compared
with the perfect-fluid case.
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From the perturbed spatial components
Ty = poy+ 105, T4, =0, Thy, = pudh + 110, (33)

we have
poL + 1T, = pudly + 110, (34)

Since I} = H?x)ﬂ = 0, this reduces to

p=Pa, It =11 (35)

(x)a’

4.2. Modified Poisson Equation

Taking into account heat—flux effects in the perturbation dynamics modifies the usual Poisson-type
equation that relates the comoving density perturbations and the gravitational potential 1. Coupling
the 0-0 and the 0-a field equations leads to

Ay = 4rGa? (§° — 3Hgq) = %Hzaz <‘; - 312‘7) , (36)

where we introduced the comoving density perturbation
p°=p—3H(p+p)o. (37)

Then, the (generalized) Poisson equation becomes (in the k space)

2 k2
“3mat e (38)
where
855—3H[<1+p)v+q] (39)
o P

The heat-flux contribution has to be included in the generalized definition of comoving
energy—density perturbations. The quantity ¢ represents a generalized comoving energy—density
perturbation which takes into account also the existence of a heat flux contribution g in addition to the
velocity potential v. Equation (38) with (39) generalizes the well-known corresponding relation for
perfect fluids. Either the potential ¢ or the (generalized) comoving energy—-density perturbation ¢ may
be used as independent variable of the perturbation theory.

4.3. Combination of Conservation and Raychaudhuri Equations

The basic set of first-order perturbation equations can be obtained by adequately generalizing
previous fluid cosmological calculations (cf. [30-33]). The essential ingredient is a combination of the
total first-order conservation equations with the first-order Raychaudhuri equation. The result is

ny (315p PN E B 9P P e L APy
€+(2 2p+3p/ a 2+12p 202 9p’ a2 a?H2a% \ p p/l

920

2 AIT p P\ A 2 A?]H?II
“a ‘[3(1‘p+2¢)asz+3m]azp:°' (40)

where | = 27 encodes the heat—flux contribution and the prime denotes a derivative with respect to

the scale factor a. So far, neither the pressure perturbations p° nor the quantities I and IT are specified.
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In a strict sense, they are to be determined from an underlying microscopic theory along with the EoS.
If such theory is not available, progress can be made through a phenomenological approach.

4.4. Relative Perturbations

With the help of the quantities

c_ P _ 0 : ¢ — P
eI ey "= o )

we define the relative density perturbations (“entropy perturbations")
Sm =D =&y, (42)

as the difference between total and pure matter perturbations. The perturbations of the pressure are

A

the sum of an adiabatic part %pc and a nonadiabatic contribution p,,,,,

ﬁc = %pc + Prad- (43)

For our configuration, the nonadiabatic part explicitly becomes

N o DPxae , Pm(0x+ px) Px { [ pin}
Prad = Px = 5 0T "0 p) px Lox T Px pm o
where
P% = Px +pxv and pg = Px+ pxo. (45)

The combination 7§ — Px p; in Equation (44) accounts for the intrinsic nonadiabatic perturbations
of the x component while the last term appears due to the two-component nature of the cosmic
medium. As a consequence, the fluid as a whole is nonadiabatic even if each of its components is
adiabatic on its own. With p$ = §¢ — py, in the last term on the right-hand side of Equation (44), we
may write

AC AC
Ox + Px Om Ox + Px Ox + Px
Then, the nonadiabatic pressure perturbations are
AC px AC Px (47)

ﬁnad = Px— ;px +pmpx m-
This implies that, through the pressure perturbations, the dynamics of the total energy—density
perturbation € (or 6¢) is coupled to the dynamics of S, (cf. Equation (40)). To obtain the dynamics of
Sm, we combine the conservation equations for the total medium with those for the matter component.

On this basis, the following second-order equation for S;, can be derived (again generalizing steps
described in [30-33]),

3 P\ S A p* 3 P, P d

g" 42 (1_) m _ nad 9 r_-F na
mt s o) a aZHzaz(erp)JraerpJr 6 2(p+p)

2 1 A1 3 g HAq

= 0. (48)

T32Hat(p+p) | PP (p+p)

As in Equation (40), neither the pressure perturbations p nor the quantities [ (or g) and IT are
specified. The idea now is to determine the pressure perturbations as well as / and I in terms of our
basic variables € and S;, in order to establish a closed system for € and S, from which subsequently
the matter perturbations can be obtained.
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4.5. Perturbations of (an-)Isotropic Pressures and Energy Flux

The pressure perturbations should be considered in the rest frame of the x component. Since the
combination py — %ﬁx is gauge invariant, the first part on the right-hand side of Equation (47) may be
written

P~ %p = pa - %p = por — f}p (49)
with
P = Px + Pavx, P% = Px + Px0x, (50)

where vy is the velocity potential of component x, introduced in Formula (25).
The generalized gauge-invariant comoving energy—density perturbation of the x component is

0% = Px — 3H [(ox + px) vx + gx] - (51)

This definition for p§ parallels the definition of the comoving energy—density perturbation ¢ for
the medium as a whole (cf. Equation (39)).

The speed of sound is defined as the coefficient that relates pressure perturbations and
energy—density perturbations within the rest frame (which in the perfect-fluid case is v, = 0). In the
presence of a heat flux with scalar potential g, a more appropriate definition is

Pr = cifx (52)

with the accordingly defined pressure perturbation

Py = Px — 3H& (14 wx) px0Ox + qx] - (53)

X

Then, the total (isotropic) pressure perturbation on subhorizon scales k? > a? H? are given by

e s 2772
r = E_Elzcgpziizxg—kcgﬂmsm <akI;I <<1> . (54)

Obviously, the pressure perturbations couple the dynamics of ¢ to that of the relative perturbations
Sm. The entire dynamics is given by the coupled system of equations for £ and S;, in which there
appear the so far undetermined quantities / and I1. The simplest and most direct way to obtain a
closed system consists of requiring I and IT to be linear combinations of € and S;,. This is achieved by

a general ansatz for /,

| = ?’fq = ae + BSm, (55)

where & and p are phenomenological coefficients, as well as by a corresponding ansatz for 11,

2
HPH = e+ vSp, (56)

with phenomenological coefficients 1 and v. Notice that relations (55) and (56) are constructed to
parallel the expression (54) for the isotropic pressure. The coefficients # and B quantify the role
of the heat flux on the perturbation dynamics, the coefficients p and v determine the influence
of the anisotropic pressure. As the sound speed parameter cy, the coefficients «, §, y and v
should be calculable from an underlying microscopic theory. Here, these coefficients are entirely
phenomenological. The perfect-fluid case is recovered for « = B = y = v = 0. Phenomenological
relations between anisotropic stresses and energy—density perturbations in different contexts can be
found, e.g., in [34-36]. A different parametrization of perturbations via equations of state was put
forward in [18-20] on the basis of a general scalar-field Lagrangian. Eliminating internal degrees of
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freedom, these authors introduced equations of state for the entropy perturbation and the anisotropic
stress in terms of perturbations of the density, the velocity and the metric perturbations to obtain
closed perturbation equations. Their basic variables are different from ours. The entropy perturbation,
e.g., is one of the two basic dynamical quantities in our context and neither velocity components nor
metric functions do appear explicitly in the system of equations. An imperfect fluid description of
scalar-tensor theories has been recently performed also in [21].

4.6. Coupled System of Equations for € and S,

With relations (55) and (56) together with Formula (54), the set of Equations (40) and (48) becomes
a closed system for ¢ and S;,. The result, after transforming to the k-space (A — —k?), is

ny (3 15p p € (3 pp 9P gF R oq 1twr gl
€ +(2 > +3= + A4 p 2+12p 20 o aZHchQlerw By 2
S, Ko, m
+A27+ a2H2C50m+B2 5 =0, (57)
where
w=P =P _y ., (58)
PP
a=2K 3 (140, (59)
V=St T o)
_, k3 4
B = 1|3 1_E+2£/ i_gi _2 1_|_E 1_B o (61)
1= p T p')a?H? 3a*H* =1 0 o)’
_[s(1op P\ B2 KT 90 P (i p
Bz_[?,(l p+2p,)a2H2 S|V a (1) (1) 8 (62)
and ) . .
v 13 P 3ce Sm Sm g £ _
st |3 (1-8) + 20u] 2o 1Bk 0S 1RG0 S 0 ©)
with ) . .
-1 K 2 (3 (L2 9P _2 ke
M (k,a) = T o [aszceﬂanSC8 (3p+(2+3pl 20 Q 3’| (64)
o 3 2_& 1+wx
Bilko) = g (2 5) T, 65
and

_ 1 K, 2 PN (1 P 9P 3Qu pi P\
Ealka) = MHH”((V)) (33550 rnls) o (%)

1 + Wy 2 k4

—— Oy — U

T+w * 30" (66)
The system (57) and (63) describes the entire linear cosmological perturbation dynamics.

It represents the central set of equations for our analysis. As we shall demonstrate in the following,

its solution determines also the gravitational slip and the growth rate of matter fluctuations.
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4.7. Anisotropic Pressure and Gravitational Potentials

The spatial part of Einstein’s equation can be written as
ol 1 acsm a 1 m
where the left-hand side is determined by the difference i — ¢,

A

1 .4 1 1
while the right-hand side of Equation (67) is related to the anisotropic pressure,

. 1 N 1 1
Tg — géabT;’:: = HZ = ;2 (aaah - 3(5abA> IL (69)
It follows that

¥ — ¢ = 87GII, (70)

the difference ¢ — ¢ is directly proportional to the anisotropic pressure. Notice that, in the present
gauge, the quantities ¢ and ¢ coincide with the Bardeen potentials ¥ and &, respectively. The relation
between the comoving total density perturbation e and the gravitational potential ¢ is given by
Equation (38). Combining Equation (38) with Equations (56) and (70), we obtain the relation

k2

between ¢ and ¢. In the limit = v = 0, equivalent to a vanishing anisotropic pressure, we recover
¢ = ¢. In the large-scale limit % < 1 and assuming the S, contribution to be small, one has
Y ~ ¢ as well, but, on smaller scales, both potentials may be different. Using Equation (38) to write
relation (71) in the form

K2 S
¢ = [1+2QZH2 <y+v£)] W, (72)

it is obvious that knowledge of the relation between ¢ and ¢ requires the solution of the entire coupled
system of € and Sy,.

4.8. Matter Perturbations

The final aim is to find the matter perturbations from the solution of the system for € and S;,. From
the definition of S, (cf. Equation (42)) together with §° = e 4 [, it follows that the matter perturbations
are determined by

€ l

= — —S,. 7
1+w+1+w Sm (73)

Sin

These are the perturbations with respect to the rest frame of the cosmic fluid as a whole,
characterized by the quantity v. It is desirable, however, to calculate the matter-density perturbations
in the matter rest frame, characterized by the matter velocity potential v;,. Denoting this perturbation
by &, the relation between both quantities is

(anm =0m — Ovy, :‘an+®(v_vm)‘ (74)

Restricting ourselves to sub-horizon scales again, the matter density perturbations in the matter

rest frame are -
€ aH

o = — — — K 1). 7

W T, " ( < ) 5
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These matter perturbations are directly given by the solution of the coupled system (57) and (63) for ¢
and S, respectively.

The entire setup so far is completely general and does not use any specific model for the x
component. It is also valid for any homogeneous and isotropic background. Since any generalized or
modified (compared with GR) gravitational theory can formally be rewritten as an effective Einsteinian
theory, our formalism is expected to be applicable for a broad range of models. In the following, we
apply this general scheme to a previously established scalar-tensor extension of the ACDM model,
called e ACDM model, which provides us with a non-standard background dynamics. This completes
a preliminary study in [29], where the matter growth rate was obtained in a simplified manner on the
basis of a rough approximation without solving the full dynamics given by Equations (57) and (63)
and without including the heat flux.

5. e ACDM Cosmology

5.1. Jordan—Brans—Dicke Theory

Our example originates from Jordan-Brans—Dicke (JBD) scalar-tensor theory [37-39], which was
inspired by earlier ideas of Mach. Generally, the gravitational interaction in scalar-tensor theories
is mediated by a scalar field in addition to the GR-type interaction through the metric tensor. Our
aim is to find an equivalent GR description of such extended gravitational theory by mapping the
additional (compared with GR) geometric degrees of freedom onto an effective fluid component. The
energy-momentum tensor of this effective fluid will, in general, be of the structure of an imperfect fluid,
i.e., it gives rise to effective anisotropic stresses and energy fluxes which are absent in a perfect-fluid
based GR description. With an effective imperfect fluid description at hand, the perturbation analysis
of the previous sections applies straightforwardly. In particular, it will be possible to calculate the
growth rate of matter perturbations. What is needed, however, is a solution for the homogeneous and
isotropic background which determines the coefficients in the set of first-order perturbation equations.
The background is no longer that of the standard ACDM model, but it has to be the background of
the extended gravitational theory. The first part of this section deals with the issue of how to obtain a
suitable solution for a homogeneous and isotropic dynamics that deviates from the ACDM model.

Starting from a JBD type action (see, e.g., [40-43])

Sl ®) = 51z [ xy/ =g [oR = 202 (V@) — (@) + 51 (510), 76

where S, is the matter part, the Jordan-frame gravitational field equations for scalar-tensor theories are

1
o} <Ryv - zgllvR) = KZT(W)HV
w(P 1 1
+% (aycpaucp — 58w (VCD)Z) +V,V,® — g, (1P — Eguvuf (77)

with ¥2 = 871G and

_ 1 2 dw(P)
D = @) 13 <K =i

(VD)2 + @% - 2u) ) (78)

where T is the trace of the matter energy-momentum tensor

2 S
T(m)l“/ = /_g 5g;4v : (79)
The choice of the symbol T(,,),, indicates that we shall identify this quantity with the matter
energy-momentum tensor of Section 2. In order to relate the entire formalism to the quantities of
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Section 2, we introduce a total effective energy-momentum tensor (cf. Equation (1)) Ty = Ty, +
T(x)jv» where Ty, is an effective part that describes geometric “matter” and has the structure

1 1 [w(® 1 1
Ty = <5 — 1) T + 2 {% (a},cpavcp — 58w (v<1>)2> + YV Vo ® — g0 — Sgull |- (80)

Again, we have used the symbol T,),,, introduced in Section 2, to indicate identification with

pvs
expression (80). The same is true for the sum Tyy = T(;y)y + T(x)yy- With this definition, the field

Equation (77) acquires the Einsteinian form,
1 2
Ryy — ngR = K" Tyy. (81)

Having written JBD theory as an effective GR theory allows us to use techniques developed within
the latter to make statements concerning the former as well. Our focus will be here on the background
dynamics. In a spatially flat homogeneous and isotropic model, one may associate a Hubble rate to the
scalar-tensor dynamics [43]:

2 2
where H = %% is the Hubble rate of the Jordan frame and a is the Jordan-frame scale factor.
Furthermore, assuming the matter component to be pressureless, one has
2 2 2
and , 5
”;—f +3H‘Z£; = ﬁ <K2pm - Z% (’f) - ¢Z% +2u> , (84)

as well as the matter conservation (14).
The structure of Equation (82) suggests the definition

2
Pxa) = oot (1 - 1) - [1“’(@) (aq>> 324 Ly

3 \® 32P |2 P ot ot 2 85

such that Equation (82) takes the form of an effective Friedmann equation 3H? = x2 (pm + Pxq) )
Obviously, oy, is determined by the dynamics of the scalar field, this is indicated by the additional
subscript (D).

5.2. |BD Inspired Effective Background Model

Here, we recall the basic elements of the previously established homogeneous and isotropic
scalar-tensor extension of the ACDM model [28]. Its main characteristic is an explicit analytical
expression for the Hubble rate in which deviations from the standard model are described by a
single constant parameter which also governs the effective scalar-field dynamics. The background
relations are found through a specific solution of the effective fluid dynamics in the Einstein frame
which subsequently is converted into the Jordan frame via a conformal transformation. To make
our presentation self-contained, we summarize the main steps of the corresponding derivation. The
starting point for the background analysis is the Einstein frame. The reason for this apparent detour is
that it is the Einstein frame in which it is possible to obtain a solution of the dynamics.
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5.2.1. General Einstein-Frame Dynamics

Generally, the Einstein-frame dynamics with a metric g, follows from the (so far considered)
Jordan-frame dynamics with a metric g, through the conformal transformation

1. N
S = H&w = 220(9) Suv (86)

together with a redefinition of the potential term,

_ u(e)
(9) = 5262 (87)
Moreover, one has
2 2 2
L (deN N R )
492 \ dg do 4w (P) +6

For an RW metric and assuming u" . = u*, the general relations simplify considerably. With the
& U(m) g pliity Yy

Einstein-frame scale factor 4 and the Einstein-frame time coordinate f the Einstein-frame Hubble rate

A = 192 hecomes
. 1 /de\*
Om + E <df> +V

adt
where g, is the matter-energy density in the Einstein frame. Quantities with a tilde have their meaning
in the Einstein frame, those without a tilde refer to the Jordan frame. Different from the Jordan-frame
dynamics, the matter part is not separately conserved but obeys the equation

g

3 / (89)

7P (90)

Here, V, = g—v. The time coordinate ¢, the scale factor a and the matter energy density p;, of the
Jordan frame are related to their Einstein-frame counterparts by
dt = e’df, a=¢a and Om = e~ Om, (92)
respectively.

5.2.2. Interacting Fluid Approach in Einstein-Frame Dynamics

We associate an effective energy density 0, and an effective pressure p, to the scalar field by

1 (de\* 1 (de\*
respectively. Equation (91) then takes the form

oy ... dpdb_
7 +3H(1+w)pq,f—Q:—ﬁﬁpm,

(94)
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v

where @ = ﬁ is the Einstein-frame EoS parameter for the scalar field. Equation (90) can be written as
~ U S dp o Om d
P = pnod 2f(8) = T+ 3Hp = p}"dé, = f=), (95)

where the function f encodes the effects of an interaction between matter and (Einstein-frame) scalar
field. Assuming a power-law behavior of the interaction function f (),

f(a)=a"", (96)
the explicit solution of Equation (94) for a constant EoS parameter then is
- -~ a -~
p(p — ptpo'd73(l+w) _ ﬁmo 573(1+w) [ dﬁg [1-3w‘ (97)
ap a

To obtain the explicit solutions (95) with (96) and (97) was the main motivation for considering
the Einstein frame. This implies the expression

Q = 3mHp, (98)

for the interaction term Q, defined in (94). In the simple case of a linear dependence

K2
(¢) =K, 10+ 6 ®9)
it follows that [28]
D = eiZK‘P = giZh — ﬁ76m — gflirgm. (100)

with Formula (100), we found an explicit expression for the scalar-field variable without having solved
the basic scalar-field equation. We have solved the system of energy-balance Equations (90) and (94)
under the assumptions (96) and (99). This solution implies an explicit scale-factor dependence of
@ (or ¢) which does not necessarily have to be a solution of the original scalar-field Equation (78).
Instead, it obeys an alternative effective second-order equation with an alternative effective potential
that does not coincide with U [28]. The point here is that the dynamics on the level of the fluid energy
densities do not require the exact solution of the scalar-field Equation (78). On the other hand, the
specific features of our fluid dynamics imply the existence of the effective scalar field ® of the form
of (100). Under such condition, the dynamics for @ = —1 are explicitly solved, which results in the
expression [28]
Q ~ 8mGp
m0 0,0 = 31:1%7110

72 A ~—3
H — eK(PM + 1

I:T%_ 1—m C1—-m’ (101)

for the Einstein-frame Hubble rate. Having used the Einstein frame to explicitly solve the background
dynamics, we now turn back to the Jordan-frame dynamics.

5.2.3. Effective Hubble Rate

The transformation to the Jordan-frame Hubble rate via
H=e¢bt(1+43mA (102)
leads to the explicit effective Hubble rate [28]

H? . AQm0a73

— = +[1— AQ0) @, (103)
H2 )
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where

(1+3m)*’ 1—m

m0 (104)
and @ is explicitly given in terms of the scale factor by Relation (100). Formula (103) represents
an explicit analytic solution for the Hubble rate of our eo ACDM model. The scalar ® modifies the
cosmological dynamics compared with the GR based ACDM model. For ® = 1, equivalent to m = 0,
we recover the ACDM model. For any ® # 1, equivalent to m # 0, the expression (103) represents a
testable, alternative model with small (|m| < 1) deviations from the ACDM model. It is Formula (103)
which allows us to apply the general perturbation dynamics of the previous sections to a specific class
of non-standard models. To motivate the result, (103) has been the main purpose of this section. The
dependence of the Hubble rate (103) on the scalar ® changes the relative contributions of matter and
the dark-energy (DE) equivalent compared with the ACDM model. Deviations from the ACDM model
are entirely encoded in the constant parameter m with |m| < 1. The fractional matter contribution is

Qm0a73

Om
Qp=—-= 1
" 0 AD 10,0073 + [1 — AQyo] @7 (105)

the geometric “matter” part contributes with )y = 1 — Q. For different values of m, the

fractional abundances (), and (), are visualized in Figure 1. Postulating a conservation equation

px +3H (1+wy) px = 0, where py = p — p;, now replaces Expression (85), this corresponds to an

effective, time-varying EoS parameter w, of the geometric DE,

12 (1= AQy0] @ + Qoa 3 [ i A0~ —1]
[1— AQyo] @ + Qoa—3 [AP~1 —1]

(106)

- —=- m=0.001
—— m=0.01

....................

(a) (b)

Figure 1. Matter fraction (), and geometric energy fraction (), for negative (left) and positive (right)
values of m.

For m = 0, it reduces to the ACDM value wy = —1. At a high redshift, one has

[ aet -1

[AD-T —1]

Wy A —

(a < 1). (107)

This value may be close to zero, i.e., the geometric DE may mimic dust in this limit, but the
effective energy density p, will be negative for m > 0. It crosses py = 0 in the redshift range 10 > z = 4
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for the values of m chosen in Figure 1. This behavior reflects that fact that the x-component is very
different from a conventional fluid. The total EoS is well behaved throughout as is demonstrated in
Figure 2. At the present time, the effective EoS parameter is

2m
13 T 3mQuo
=14 =1). 108
For small |m|, this remains in the vicinity of w, = —1. In the far future, w, approaches
2m
-1+ ——— 1). 1
Wy —|—1+3m (a>1) (109)
0.2 | | | | 027

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a a

(a) (b)

Figure 2. Total EoS parameter w = % for various negative (left) and positive (right) values of m.

From a statistical analysis using Supernovae data, data from the differential age of old galaxies

that have evolved passively and baryon acoustic oscillations, we found a best-fit value [28] of m =
0.004H0011(10) +0.017(20)

EE-0.011(10) —0.017(20)°
deviations. Even a very small non-vanishing value of |m| will modify the standard scenario of

structure formation. The quantitative analysis to follow will rely on the use of the effective Hubble
rate (103) for the background coefficients of the perturbation equations.

This is compatible with the ACDM model, but it leaves room for small

6. Growth of Matter Perturbations

Now, we combine the general imperfect-fluid perturbation dynamics, established in Section 4,
with the e ACDM background model of the previous section. The variable of interest, the fractional
matter perturbation &, in Formula (75), is obtained via the solution of the coupled system (57) and (63)
for e and S, respectively. Since on sub-horizon scales gauge issues are less important, we shall omit
from now on the superscript c;; and denote this quantity simply by d,,. It is convenient to use also
the linear growth rate f defined by f = dIné,,/dIna. In most cases, observational data are provided
for the combination fog where 03 is the root-mean-square mass fluctuation in spheres with radius
8 h_lMpc [44]. In the linear regime, one has [23]

o8(z) = 5((211(22)0)08(2 —~0) (110)



Universe 2019, 5, 68 17 of 23

and

fon(s) = ~(1+2) FEZ L (2), a1

For the matter distribution variance today, we assume og(z = 0) = 0.8, which is compatible
with standard fiducial cosmology as determined by the Planck satellite [12]. This value is biased with
respect to the variance in the distribution of galaxies but the combination fog is independent from
the bias factor [44]. The data of RSD measurements of fog used in our analysis are listed in Table 1.
In the following, we study the influence of some of the model parameters on the growth of matter
perturbations. Differences to the ACDM model may already occur if there are isotropic pressure
perturbations, described by a non-vanishing sound speed parameter. Our analysis shows that values

of the order of 2 > 10~* are necessary to produce a noticeable impact (Figure 3).

0.7r

06-

0.48- —

L — ACDM fog(z) 046} -
— — 210 -
0.2F *=10 ,
c:2=10"5 0.44

Figure 3. Dependence of fog(z) on z for a non-vanishing sound-speed parameter (imn =a = =y =
v =20).

Figure 4 shows the fractional matter energy density perturbations J,, as a function of the scale
factor if only the parameter m is modified (different values of m for « = p = y = v = 0) with respect
to the ACDM model (m = 0). The dependence of the growth rate fog on the redshift for these values
together with the data points is shown in Figure 5. Positive values of m enhance the matter growth,
negative values diminish it. Figure 6 visualizes the scale-factor dependence of the fractional matter
density perturbations for different values of the anisotropic stress parameter y form =a = =v = 0.
The corresponding growth rate fog for different values of y is shown in Figure 7. Deviations from
the ACDM model require values of y of the order of [10~1°|. Finally, we demonstrate the impact of a
non-vanishing heat flow, represented by the parameter &, on the growth rate (see Figure 8). The heat
flux basically causes a shift of the ACDM curve (upward for « > 0, downward for & < 0).
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Table 1. Data points for our analysis. The first 18 entries represent the “Gold” set of [45]. The entries
19 and 20 are taken from [46,47], respectively. The last three values have been reported in [48].

Index Data set z fog(z) Year Notes

1 6dFGS +Snla  0.02 0428 = 0.0465 2016 Qom, 11, 75) = (0.3, 0.683, 0.8)

2 Snla + IRAS  0.02 0398 +0.065 2011 (Qom, Q) = (0.3, 0)

3 2MASS 0.02 0.314+£0.048 2010 (Qom, Q) = (0.266, 0)

4 SDSS-veloc 0.10 0.370+£0.130 2015 (Qom, Q) =(0.3,0)

5 SDSS-MGS 015  0.490 +0.145 2014 (Qom, 1, 03) = (0.31, 0.67, 0.83)

6 2dFGRS 0.17  0.510+0.060 2009 (Qom, Q) =(0.3,0)

7 GAMA 018 036040090 2013 (Qom, Qi) = (0.27, 0)

8 GAMA 0.38 0.440 £ 0.060 2013

9 SDSS-LRG-200  0.25  0.3512 +0.0583 2011 (Qom, Q) = (0.25, 0)

10 SDSS-LRG-200 0.37  0.4602 4+ 0.0378 2011

11 BOSS-LOWZ 032 0384+ 0095 2013 (Qom, Qk) = (0.274, 0)

12 SDSS-CMASS  0.59 0.488 0.060 2013 (Qqy, h, 0g) = (0.307115, 0.6777, 0.8288)
13 WiggleZ 044  04134+0080 2012 (Qom, h) = (0.27,0.71)

14 WiggleZ 0.60 0.390 £ 0.063 2012

15 WiggleZ 0.73 0.437 £ 0.072 2012

16 Vipers PDR-2 0.60 0.550 £ 0.120 2016 (Qom, Qp) = (0.3, 0.045)

17 Vipers PDR-2 0.86 0.400 £ 0.110 2016

18 FastSound 140 0482 +0.116 2015 (Qom, Qk) = (0.270, 0)

19 SDSS-IV 152 042040076 2018  (Qom, Qph2, o) = (0.26479, 0.02258, 0.8)
20 SDSS-IV 152 039640079 2018  (QomQph2, o) = (0.31,0.022, 0.8225)
21 SDSS-IV 1.23 0.385+0.099 2018 (Qom, 03) = (0.31,0.8)

22 SDSS-1V 1.526 0.342 £ 0.070 2018

23 SDSS-1IV 1.944 0.364 £ 0.106 2018

2.0F 3

— ACDM 7
— — m=+0.01
m=-0.01 ’
— — m=+0.02 7

— — m=002 Vs

0.5+

k=0.1hMpc™

70.0 0.2 0.4 0.6 0.8 1.0

a

Figure 4. Matter growth for various values of the parameter m witha = g =y =v = c2 = 0.
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Figure 5. Dependence of fog(z) on z for different values of the parameter m witha = f=p =v =

2 =0.
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Figure 6. Matter growth in the presence of anisotropic stresses (n =a = =v =c¢
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Figure 7. Dependence of fog(z) on z in the presence of anisotropic stresses (m = a = g = v = ¢2 = 0).
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Figure 8. Dependence of fog(z) on z in the presence of heat fluxes (m = f = y = v = 2 = 0).
7. Conclusions

We have established a general phenomenological scheme for implementing (effective)
non-equilibrium effects in a fluid description of the cosmological dark sector. This comprises both
“true" dissipative effects within Einstein’s GR, assuming that the cosmic substratum behaves less simply
than taken for granted in the usually applied perfect-fluid approach, and those features which originate
from a re-interpretation of geometric terms in modified gravitational theories in terms of effective
fluid quantities. Using a combination of the fluid conservation equations with the Raychaudhuri
equation for the expansion scalar, the complete first-order, scalar perturbation dynamics have been
reduced to a manifestly gauge-invariant coupled system of two second-order differential equations
for the total and the relative energy—density perturbations. We clarified how a heat flux (effective
or “true”) modifies the Poisson-type equation for the gravitational potential. A characteristic feature
of our approach consists in the introduction of phenomenological parameters with the purpose to
make the fluid dynamical equations a closed system. The relevant relations by which these coefficients
are introduced are inspired by the manner that the speed of sound is conventionally introduced
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on a phenomenological basis. In a standard perfect-fluid description of the Universe, such relation
between the perturbations of (isotropic) pressure and energy density is required to close the system of
perturbation equations. Here, we are generalizing this procedure by adding relations of a similar type
which take into account anisotropic pressure and heat flux. As in the case of a phenomenologically
introduced sound speed, a derivation from an underlying fundamental theory is left open. Even
for the sound speed parameter, an analytic microscopic justification does exist only in special cases.
This obvious shortcoming of the phenomenological theory is the price to pay for obtaining a robust,
transparent and in large part analytical description of the inhomogeneous dynamics.

Our analysis is preliminary since it so far gives only a very rough account of the relevance of
different (effective) dissipative phenomena on the growth of matter inhomogeneities during the cosmic
history. At this point, also in view of the large error bars of the data, only order-of-magnitude estimates
are possible. Our approach allows for deviations from the standard model as long as these deviations
are small. Additional information is also needed to decide whether deviations from the standard
model which are likely to be tiny, can be attributed to deviations from Einstein’s GR or to a “real”
non-equilibrium nature of the cosmic substratum within GR.

In a general scalar-tensor theory, all the effective fluid quantities energy density, isotropic pressure,
anisotropic pressure and heat flux are given in terms of the perturbations of the scalar field [16,21].
However, this dependence, while exact, is rather involved and, to obtain observationally relevant
quantities, it needs numerical implementation at a much earlier stage compared with the scheme
presented here. Of course, a final justification of this scheme will require a sound microscopic
foundation, a problem we hope to deal with for specific cases in future work.
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