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Introduction

Cosmological standard model

Two dynamically dominating components:
Dark Matter (DM), energy density p,,, pressure p, < pm

Dark Energy (DE), energy density p,, pressure p, = wypx

Late-time acceleration of the scale factor in the standard model

One observational signature:
Growth rate of matter perturbations
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Introduction

Exotic matter or modified gravity?

Exotic matter:
» Scalar fields (quintessence, phantom)
» (Generalized) Chaplygin gas
> Viscous fluids

Modifying GR
» f(R) theories
> Scalar-tensor theories
> Rastall’s theory
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Introduction

Outline

> Effective Einsteinian description
» General conservation equations for imperfect fluids
» Effective two-fluid system
> Scalar perturbations (anisotropic pressure and heat flux)
» System of two second-order equations

» Anisotropic pressure and heat flux phenomenologically
» e, ACDM model

» Jordan-Brans-Dicke inspired generalized Hubble rate

> Influence on the growth rate of matter perturbations by
> deviations from the standard background
P anisotropic pressure
> heat flux

> Redshift-space-distortion (RSD) data
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Introduction

Effective Fluid description

» Rewrite field equations in an effective Einsteinian way

» Map additional (compared with GR) geometrical degrees
of freedom onto an effective fluid component

» Effective two-fluid system within GR
» Imperfect-fluid degrees of freedom

» Phenomenological fluid dynamical equations
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Introduction

Example: JBD type scalar-tensor theory

Effective Einstein equations

1
R — EgWR =1’ Tpw

Total energy-momentum tensor
T = Tmyuw + T
Effective fluid

/1 1 w(®) 1 )
Toouw = <¢ - 1) T + 236 [a ®0,% — - g, (VO) ]

1
[V V,® — g, Ud — gm,U]
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Two-component cosmic medium

> Pressureless perfect-fluid type matter T,

> General imperfect fluid T ),

Total energy-momentum tensor (EMT)

T = Ty + T

Winfried Zimdahl Matter growth in imperfect fluid cosmology



Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Matter component

EMT
T(m)ur = PmU(m)U(m)w

Matter four-velocity

uéim) Um)p = — 1

Matter energy density

Pm = T(m)ﬂyu?m)uz’m)
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Imperfect-fluid component

EMT

Teour = PxUGuticagy  Pxhogu + Ny + duguticgy + ooyl
Four-velocity (e.g.,scalar-field gradient)

UétX)U(X)M = -1, hl('l;j) = gwj + UFX) U(VX)

Energy density of component x
Px = T(X)W,Uéix) UE/X)
Isotropic pressure of component x

1w
Px = ghélx) T(X)l“’
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Heat flux and anisotropic pressure

EMT
T = PxUG)ptegy + Pxhoguw + Nixu + degutgr + degr oo
Heatflux of component x
Ao = —hiou Teove Ul
Anisotropic pressure of component x

aT

a T 1
Moo = g hlon Texder = 3R hx) Tegor

Orthogonality
oy Ueaw = Aeutg = Neou by = My, =0
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Total cosmic medium

EMT
ij = puyuy + phuy + I—I/u/ + quuy + qvuy

Total energy density
p= Tuu'u”
Total isotropic pressure
1
pP= ghﬂl/ T/u/
Four-velocity

vtu, = -1, h = g + utu”
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Total heat flux and total anisotropic pressure

EMT
T, = puyuy, + phyy + Ny + quuy + quuy,

Total heat flux
au = _hZ TV(TUU

Total anisotropic pressure

o 1
Ny = hi, by Tor = hG by Tor = Shu " Tor

Orthogonality
" u, = q,ut =N, ut = I_IZ =0

Relation between v*, u! . and u* . ?
(m) (x)
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Conservation equations

Separate conservation

o wo wyo
T =0, T(m) ., =0, T(X) L, =0
Aim: Energy-density perturbations
Ox = pl: 0= Bv Om = Pm
Px p Pm

Matter growth rate determined by J,,

Matter growth in imperfect fluid cosmology
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Matter conservation equations

Projections
—U(my T(my = Pm.ali{m) T Ompm =0

and
(07

(my T(myi = Pmil(m) =0
Expansion scalar and four-acceleration
_ p — B
Om= Uy u(o‘m) = ”?m);,@”(m)
Homogeneous, isotropic background

dpm
T H =
=+ 3Hp, =0
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Conservation equations x component

Projections
_u(x)u T(,;Sn = pX,au&) + eX (pX + Px) + vﬂqé‘x) =0
and

h?X)y T(I;SR = (px + px) [jf’x) + pX,VhElXV)

. 4 ;
+Vﬁn(x)/u{ + hZ(X) d(x)v =+ gehun(x) qex) =0
Expansion scalar and four-acceleration

e ‘o« B
Ox = Uiy Uy = H(x):8Y(x)
Background
dpx
dt

+3H(1+wy)px=0
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Two-fluid cosmic medium Energy-momentum tensors
Conservation equations

Total conservation equations

Energy
p+O(p+p)+Vug" =0

Momentum
. . 4 .
(p + p) u, + VMP + V”l—l,m + thI/ + gehunqh =0
Background

dp

3H (1 -0
i (1+w)p

EoS parameter
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

First-order perturbations

Metric
ds? = — (1 +2¢) dt? + a? (1 — 2¢) d,pdx?dx®
Perturbed time components of the four-velocities
o =10" = f’(m) = fl(x) = 5300 =—0¢

Velocity potentials
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Modified Poisson equa ation

Perturbation dynamics sotropic a ropic pressure perturbations
Matter pc‘vnnbmons

Total and component quantities

Linear order
p = Px + Pm, P = bx
(:0 + P) Ua+qa= pma(m)a + (px + pX) a(x)a + d(x)a

Scalar perturbations
9d(x)a = 9x,a da = (q,a

Relation beween velocities

Pm v +Px+px X+qx_q

p+p " p+p p+p
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Poisson-type equation

Combining 00 and Oa field equations

2 k2

YR

Generalized comoving density perturbations

c=6-3H [(1+w)v+ﬂ
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Modified Poisson equation
Relative pertu ons

Perturbation dynamics Isotropic and ¢ tropic pressure perturbations
Matter perturbations

Relevant variables

Scalar part 1 of the anisotropic stress tensor
mpn 1 mn
Moy = | h3'hy — ghabh M m.n

Heat flux varable /

| =3HY
p

Generalized comoving pressure perturbations

< |
Il
< o

—3sz1+wmp+i
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Inhomogeneous 2nd order equation for ¢

Combination of total energy-momentum conservation and
Raychaudhuri equation

315 e [3 9p2 pf
z—:”+<—p+3p>‘€—[+12p—p—9p]8

2 AV p P\ A 2 A2 H2M
e K ey Lt c - =0
[ ( o ﬂ’) 32H2+334H4] a® p

Closed set of equations?
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Relative perturbations

Difference between total and pure matter perturbations

4]

Sm=———
T 14w

Om
Non-adiabatic perturbations
AP
P = =P+ Pnad
p

Coupling to S,

Pnad = ﬁ; - pPx+ pm;

Winfried Zimdahl Matter growth in imperfect fluid cosmology



Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Inhomogeneous 2nd order equation for S,

Combining total and separate matter conservation equations

o 3y P\ Su_ 1 B
mo2 p) a a2H2a2(p+p)

_|_3,6:73d+9<7 B, 1P) ﬁnad

7+ - - -

ap+p 6 o 2p)a2(p+p)
2 1 A>T

3a’H?a* (p+ p)
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Modified Poisson equation
Relative pertu ons

Perturbation dynamics Isotropic and sotropic pressure perturbations
Matter perturbations

Isotropic pressure perturbations

Rest frame (of the x component)

e 2a4c
px - CEpX

Comoving variables:

ﬁi = px — 3H [(1 + Wx) PxVx + qX]

PE = Py — 3HEX[(1 + W) v + ]

X

2

Effective sound speed parameter cZ

Generalized rest frame
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Modified Poisson equa ation

Perturbation dynamics i ropic pressure perturbations
Matter perturbations

Non-adiabatic and total pressure perturbations

Non-adiabatic part

I/)nad 2 px Q 32H2
=(2-=)(1- 20 1
s (2 5) (o) s (G

Total (isotropic) pressure perturbation on subhorizon scales

NE
p—:cs2 1- L £+ 2QmSm
1) 1+w

Coupling to ¢ and S,

Closes perfect-fluid dynamics
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Modified Poisson equation
Relative pertu ons

Perturbation dynamics Isotropic and sotropic pressure perturbations
Matter perturbations

Anisotropic pressure perturbations

Coupling to € and 5., 7

Ansatz
H2nN
—— = pue+vSny
p

Similarly

3H

= Closed system of equations for ¢ and S,
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Closed system of equation for ¢ and S,

Coupling of total and relative density perturbations

3 15p P e’
"1 - =5 +35 + A(k) | —
€ +<2 2 5 + o + A1 (k) ;

127_77_ = c2Q, — By (k
2+ p 2p? 9p’ 2H2 X Ly i )]32

|:3 9 p2 p/ k2
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

2nd order equation for relative density perturbations

3 p 3c? Ry S
" ~ _F £ ~m ~m
Sm’" + [2 (1 ,0> + T me} . + My (k) 2

€ €
Ei(k)— + Ex(k)— =
+1()a+ 2()a2 0
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Modified Poisson equation
Relative perturbations

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Anisotropic pressure and gravitational potentials

Spatial part of Einstein’s equations
~~a 1 a/m Fa 1 Fm
Gb — *5me = 87TG <Tb — 5abTm>
3 3
Left-hand side
Gy — §52Gm =2 <3a3b 3 abA) (Y — o)
Right-hand side

A 1 1 1
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Modified Poisson equation
Relative pertu ons

Perturbation dynamics Isotropic and sotropic pressure perturbations
Matter perturbations

Gravitational slip

Difference of gravitational potentials
¥ — ¢ = 8mGIl
With
H2M
— =pue+vSny
p

¢

Gravitational slip: v

k? m

Solution of the system for ¢ and S, required
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Modified Poisson equation
Relative pe tions

Perturbation dynamics Isotropic and anisotropic pressure perturbations
Matter perturbations

Matter perturbations

Relative perturbations

4]

S, = ——
m 1+ w

—6m
Comoving density perturbations

e=0—3H |:(1—|—W)V—|—q:|
p
Comoving matter perturbations

€ a2 H?
om=—"—"——5, 1
14+ w < < >

Matter perturbations determined by ¢ and S,
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Jordan-Brans-Dicke inspired model

Application

Extended ACDM model inspired by
Jordan-Brans-Dicke theory
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Jordan-Brans-Dicke inspired model

JBD type scalar-tensor theory

Jordan-frame action

(g ) = 5z [ d*v/E |OR— “0) (VOP - U(®)+T (510)

Matter part
¥, = / d* XV gL (&)
Energy-momentum tensor

. _ 2 0Xm
(m)py = J/—g oghv
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Jordan-Brans-Dicke inspired model

Field equations

Modified Einstein equations
1 )
® <RW - 2gWR> — &2 Ty + “’( ) (a 9, — gW (Vo) >

1
+V VvV, — g;u/‘:]q) g;wU

Scalar-field equation

1 dw(P) du
Ob=— ([ k°T - Py +db— -2U
20(®) + 3 <“ g6 (VO + o5y )
Matter conservation
TH. =0
(m);v
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Jordan-Brans-Dicke inspired model

Map additional (compared with GR) geometrical degrees
of freedom onto an effective fluid component

Effective two-fluid system within GR

Gravitational dynamics does not depend on the details
of the (underlying) scalar-field dynamics

Phenomenological fluid dynamical equations
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Jordan-Brans-Dicke inspired model

Effective Einstein equations

Rewrite scalar-tensor equation

1
R — EgWR =1’ Tpw

Total energy-momentum tensor
T = Tmyuw + T
Effective fluid

/1 1 w(®) 1 )
Toouw = <¢ - 1) T + 236 [a ®0,% — - g, (VO) ]

1
[V V,® — g, Ud — gm,U]
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Jordan-Brans-Dicke inspired model

Scalar-tensor theory

Background Hubble rate

2

K Pm 1
H? = =0 —

3¢ +3<l>

2 ¢

2
1w(®) <aq>> a0 L
ot

9 1y
ot 2
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Jordan-Brans-Dicke inspired model

Solution of the dynamics?

» Choose a potential
» Solve the FLRW background dynamics (numerically)

> Use the known background dynamics to solve the
(linear) perturbation equation (numerically)

» Calculate the growth rate of matter perturbations

Here: use only fluid dynamical equations
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Jordan-Brans-Dicke inspired model

esACDM model: modified background dynamics

Hubble rate explicitly

H?  AQmoa3
= IO 1 - AQu] @
2 o T [ o]
—6m (1+ 3m)2
® = at+am A= ——

1-m

Consequence of the fluid dynamical equations
Scalar ® modifies the cosmological dynamics

¢=1< m=0: A\CDM

W.C. Algoner, H.E.S. Velten, WZ, JCAP 11 (2016) 034
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Jordan-Brans-Dicke inspired model

Effective EoS

Total energy density
p= AL+ po (1 — AQo) &
Define
A
Px =P = Pm= 5_1 pm+P0[1_AQm0]¢

dpx
dt

+3H(Q+w)px=0
Effective EoS

1+3m 1+3m
[1 — AQumo] ® + Qmoa 3 [Ad—1 — 1]

2m 11— AQumo] ® + Qmoa3 [”—’"Adrl - 1]
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Jordan-Brans-Dicke inspired model

Total EoS parameter

-1.0 -1.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure: Total EoS parameter for various negative (left panel) and
positive (right panel) values of m.
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Jordan-Brans-Dicke inspired model

Growth for a typical scale

Growth function
f_ dIndy,

dlna

Observed quantity fog
og:rms mass fluctuation in spheres with radius 8h—1Mpc

Data sets of RSD measurements of fog
(SDSS, BOSS, WiggleZ, Vipers, 6dFGS ...)

Typical scale: k = 0.1hMpc~!: £ ~1.8.10°

a2Hz?
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Jordan-Brans-Dicke inspired model

Table: 23 data points.

Index Data set z fog(z) Year Notes

1 6dFGS + Snla 0.02 0.428 £ 0.0465 2016 (Qom, h, og)= (0.3, 0.683, 0.8)

2 Snla + IRAS 0.02 0.398 + 0.065 2011 (Qom, 2x)=(0.3, 0)

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

4 SDSS-veloc 0.10 0.370 + 0.130 2015 (Qom, 2x)=(0.3, 0)

5 SDSS-MGS 0.15 0.490 + 0.145 2014 (Qom. h, og)= (0.31, 0.67, 0.83)

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

7 GAMA 0.18 0.360 + 0.090 2013 (Qom. Qx)=(0.27, 0)

8 GAMA 0.38 0.440 + 0.060 2013

9 SDSS-LRG-200 | 0.25 | 0.3512 + 0.0583 | 2011 (Qm. Qk)=(0.25, 0)

10 SDSS-LRG-200 0.37 0.4602 + 0.0378 2011

11 BOSS-LOWZ 0.32 0.384 + 0.095 2013 (Q0m. Qk)=(0.274, 0)

12 SDSS-CMASS 0.59 0.488 =+ 0.060 2013 (Q0m, h, og)= (0.307115, 0.6777, 0.8288)
13 WiggleZ 0.4 0.413 + 0.080 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, 2)=(0.3, 0.045)

17 Vipers PDR-2 0.86 0.400 £ 0.110 2016

18 FastSound 1.40 0.482 + 0.116 2015 (Qom» Qk)=(0.270, 0)

19 SDSS-IV 1.52 0.420 + 0.076 2018 (Qom, 2ph%, og)= (0.26479, 0.02258, 0.8)
20 SDSS-IV 1.52 0.396 + 0.079 2018 (Qom.Qph?, og)= (0.31, 0.022, 0.8225)
21 SDSS-IV 1.23 0.385 =+ 0.099 2018 (Qom, og)=(0.31, 0.8)

22 SDSS-IV 1.526 0.342 £ 0.070 2018

23 SDSS-IV 1.944 0.364 + 0.106 2018
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Jordan-Brans-Dicke inspired model
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Figure: Matter growth if only the background is changed.
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Jordan-Brans-Dicke inspired model

k=0.1hMpc

0.0 02 04 06 08 10

Figure: Matter growth in the presence of anisotropic stresses.
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Jordan-Brans-Dicke inspired model

Figure: Dependence of fog(z) on z if only the background dynamics
is changed.
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Jordan-Brans-Dicke inspired model

— AcOM
02 = — =10

p=-10-10
— = p=t0"
— = p=r0

Figure: Dependence of fog(z) on z in the presence of anisotropic
stresses.
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Jordan-Brans-Dicke inspired model

Figure: Dependence of fog(z) on z in the presence of heat fluxes.
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Jordan-Brans-Dicke inspired model

Discussion: general dynamics

» General phenomenological scheme for implementing
(effective) non-equilibrium effects in a fluid description
of the cosmological dark sector

> Modified Poisson equation for the gravitational potential

> Phenomenological relations for anisotropic pressure and
heat flux

> Manifestly gauge-invariant coupled system of two
second-order differential equations for the total and the
relative energy-density perturbations
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Jordan-Brans-Dicke inspired model

Discussion: JBD inspired model

» Minimal extension of the standard model: e, ACDM
» Modified background dynamics analytically
» Phenomenological fluid dynamics: matter growth rate

» Observational constraints on anisotropic stresses and
heat fluxes
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Jordan-Brans-Dicke inspired model

Observational constraints

» Deviations from the ACDM background (parameter m)
» Magnitude of anisotropic stresses (parameters . and v)

» Magnitude of heat fluxes (parameters v and [3)
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Jordan-Brans-Dicke inspired model

HAPPY BIRTHDAY ILYA!

ied Zimdahl Matter growth in imperfect fluid cosmology



	Introduction
	Two-fluid cosmic medium
	Energy-momentum tensors
	Conservation equations

	Perturbation dynamics
	Modified Poisson equation
	Relative perturbations
	Isotropic and anisotropic pressure perturbations
	Matter perturbations

	Jordan-Brans-Dicke inspired model

