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motivation

The accelerated expansion of the Universe is yet shrouded in mystery: what
is its cause?

@ Cosmological constant? — fine tuning
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motivation

The accelerated expansion of the Universe is yet shrouded in mystery: what
is its cause?

@ Cosmological constant? — fine tuning
@ Scalar field (and A = 0)? other fine tuning
@ Modifications to gravity? instabilities, fine tunings

@ Apparent effect due to or ?
insufficient, fine tunings

= keep an open mind

In any (4D projection of) modified gravity model
Xl“/ = —87TGTM1, Xul/ = Guy + Y;uz

hence | can write it as an effective fluid with

Y
G = —87G (TW + G)
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viscous dark energy

Effective fluid description: all parameters are seen as effective functions describing an

effective dark energy fluid.
Standard parameters describing dark energy:

@ equation of state w = p/p. wx = —1, wy = %
2. 2 3aH(c2—c})
@ speed of sound c;: dp = c;0p + ——7—pV.

c2 A not defined (no perturbations), 2 , = 1
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viscous dark energy

Effective fluid description: all parameters are seen as effective functions describing an
effective dark energy fluid.
Standard parameters describing dark energy:
; _ _ _ $2/2-V(e)
@ equation of state w = p/p. wa = —1, wg = Z2rv(6)

a. c 7C2
@ speed of sound c2: dp = c26p + M

c2 A not defined (no perturbations), 2 , = 1

pV.

We add one extra parameter: the viscosity of the fluid €2 W. Hu, Astrophys. J. 506 (1998) 485-494.
As an effective parameter, may describe more exotic models. extra dimensions, non
minimally coupled scalar fields, modified 4D gravity...

Equation for the anisotropy o
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viscous dark energy

Effective fluid description: all parameters are seen as effective functions describing an
effective dark energy fluid.
Standard parameters describing dark energy:
; _ _ _ $2/2-V(e)
@ equation of state w = p/p. wa = —1, wg = Z2rv(6)

2. 2 3aH(c2—c})
@ speed of sound c;: dp = c;0p + ——7—pV.

c2 A not defined (no perturbations), 2 , = 1
We add one extra parameter: the viscosity of the fluid ¢ w. ru, astoptys. J. 506 (1998) 485-494.
As an effective parameter, may describe more exotic models: extra dimensions, non
minimally coupled scalar fields, modified 4D gravity...
Equation for the anisotropy o

T N
a  3(1+w)?a2H

@ motivation: recovers the free streaming equations of motion for radiation
(neutrinos + photons) up to the quadrupole

@ for classic scalar fields ¢ , = 0
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first order perturbation equations for dark energy

CMB — homogeneous and isotropic Universe at large scales.

At z = 1090, during radiation domination, the inhomogeneities are as small as 107°.
Later, when matter becomes dominant, they grow: 4,, 2 1.

Dark energy density perturbations are very small but they are present unless pure A.
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At z = 1090, during radiation domination, the inhomogeneities are as small as 107°.
Later, when matter becomes dominant, they grow: 4,, 2 1.

Dark energy density perturbations are very small but they are present unless pure A.
Dark energy fluid with

@ w =const (= —0.8 in all our plots)
@ 2 =const

@ ¢2 =const

Elisabetta Majerotto (UAM) “What is v?" workshop at GGI Florence - 15/06/2012 5/13



first order perturbation equations for dark energy

CMB — homogeneous and isotropic Universe at large scales.

At z = 1090, during radiation domination, the inhomogeneities are as small as 10~°.

Later, when matter becomes dominant, they grow: 4,, 2 1.

Dark energy density perturbations are very small but they are present unless pure A.

Dark energy fluid with
@ w =const (= —0.8 in all our plots)
@ 2 =const
@ ¢2 =const
) 4 9a’H” (&2 —w) | 3, i
0 = —gE it —g(cs—w)o-i-?)(l—i—w)
;o 2V KRS (14 w)k?
vV = _(1_365)61 + 21 21 [ o]
, 3,8 c? 1%
o = —= -
a 3(14+w)?a?H

+ Einstein equations.
perturbed metric: ds® = a® [—(1 + 2¢)d7> + (1 — 2¢)dx;dz’]
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our aims

Past work was mainly numerical:
@ Constraints from CMB, LSS and SNIa . koivisto and b. F. Mota, Phys. Rev. D 73, 083502 (2006).

@ Forecasts on how well future CMB experiments will constrain an early, cold and
stressed dark €Nnergy. E. Calabrese, R. de Putter, D. Huterer, E. V. Linder and A. Melchiorri, Phys. Rev. D 83 (2011) 023011

[arXiv:1010.5612
@ constrain extra neutrino species. M. Archidiacono, E. Calabrese and A. Melchiorri, Phys. Rev. D 84 (2011) 123008

@ different approach: anisotropy not simply described by a viscous term a. galesteros, L.
Hollenstein, R. K. Jain and M. Kunz, arXiv:1112.4837; L. Pogosian, A. Silvestri, K. Koyama and G. -B. Zhao, Phys. Rev. D 81 (2010) 104023; A.

Silvestri, Nucl. Phys. Proc. Suppl. 194 (2009) 326
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Past work was mainly numerical:
@ Constraints from CMB, LSS and SNIa . koivisto and b. F. Mota, Phys. Rev. D 73, 083502 (2006).

@ Forecasts on how well future CMB experiments will constrain an early, cold and
stressed dark €Nnergy. E. Calabrese, R. de Putter, D. Huterer, E. V. Linder and A. Melchiorri, Phys. Rev. D 83 (2011) 023011

[arXiv:1010.5612

@ constrain extra neutrino species. M. Archidiacono, E. Calabrese and A. Melchiorri, Phys. Rev. D 84 (2011) 123008

@ different approach: anisotropy not simply described by a viscous term a. galesteros, L.

Hollenstein, R. K. Jain and M. Kunz, arXiv:1112.4837; L. Pogosian, A. Silvestri, K. Koyama and G. -B. Zhao, Phys. Rev. D 81 (2010) 104023; A.

Silvestri, Nucl. Phys. Proc. Suppl. 194 (2009) 326
Our goals:

@ find analytical solutions in simple assumptions (matter domination, fluid
description)

@ use them to understand general behaviours of viscous dark energy fluid

@ and to predict observable effects: matter power spectrum, growth of matter
perturbations, ISW (integrated Sachs-Wolfe) effect.
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analytical solutions

5 — 3(1 + w)? ¢o
3c2(14+w) +8(c2 —w)c2 k?
V. = —-3aH (cf - w) 1
B 8012) (cz — w) oo
7 T32(1+w) + 8(c2 — w)c2 k2
Remind that

aH = HovV Qma_l/2
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analytical solutions

5 — 3(1 + w)? ¢o
3c2(14+w) +8(c2 —w)c2 k?
V = —-3aH (cf fw) 1
8c2 (cz — w) oo &
7T 7321t w) +8(2 —w)e k2
Remind that

aH = HovV Qma_l/Q
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107° 107

numerical solution computed with CAMB for
a model with ¢2 = 1074, ¢2 = 0 and

w = —0.8 for the mode k = 200H,
approximated solution for ¢2 = 0
approximated solution for ¢2 # 0

a at which the mode enters the causal
horizon

radiation omitted for visualisation purposes
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analytical solutions

3(1 +w)? ¢o
3c2(14+w) +8(c2 —w)c2 k?
—3aH (cf - w) 1)

8c12, (cf — w) do

3c2(1 4+ w) + 8(c2 — w)c2 k?

Remind that

aH = HoV chfl/g

[

ke ~ aH
,*—§o‘—|—§ 012’ v
T oa 3(1+w)?a’H

Elisabetta Majerotto (UAM)
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numerical solution computed with CAMB for
a model with ¢2 = 1074, ¢2 = 0 and
w = —0.8 for the mode k = 200H,
approximated solution for ¢Z = 0
approximated solution for ¢2 # 0
a at which the mode enters the causal
horizon
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radiation omitted for visualisation burposes

Florence - 15/06/2012 7/13



analytical solutions

P 3(1 +w)? ¢o

T3c2(1+w) +8(c2 —w)e2 k?
V. = —-3aH (cf - w) 1

B 8c2 (cz — w) oo
7 T32(1+w) + 8(c2 — w)c k2
Remind that

aH = HovV Qma_l/2
kc% ~aH
, 3 .8 ¢ 1%
o=——0o

a + 3(1+w)?a2H
effective sound speed:
2, 8 (Ci —w) o

2 — —_ 7
Colt =¥ 3 0 ) @

100F
10f

g If
)

0.1F

numerical solution with & = 200H, for
different values of ¢2:

2 =10"%, 102, 1073, and 10~°
vertical lines: a at which each mode enters
the anisotropic horizon

2 =102

radiation omitted for visualisation purposes
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observable effects: matter power spectrum

2=5x10"%and ¢z =107°

1.OSF T T H T
o LoapS(
= N
X 1.03fF \\
[a]
[
&E ] \
g 1.02 \
X \S
€ 1.01f
< N
1.00f
0.99L 1 PR ST | M .E......I
0.01 0.1 1

k(h Mpc'l]
numerical solution using CAMB
our analytical solution

sound horizon
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observable effects: matter power spectrum

2=5x10"%and ¢z =107°

1.OSF T T T T

Loals ] @ our approximation of d,, is of
= AN : the same order of magnitude
< 1.03f \ H 1 fth ical soluti
S \ i of the numerical solution —
2 102} AN ; good result for second order
%’é 1.01 —\ 1 quantity
o H

1.00} S~—

0.99L 1 PR ST | M .E......I
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sound horizon
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observable effects: matter power spectrum

2=5x10"%and ¢z =107°
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X 1.03fF \ H ] . )
a \ : of the numerical solution —
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= ook SN—_ @ once matter perturbations
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observable effects: matter power spectrum

2=5x10"%and ¢z =107°

1.OSF T T T T
Losks ] @ our approximation of ¢, is of
= AN : the same order of magnitude
< 1.03f \ H 1 . ;
a \ H of the numerical solution —
%E 102k \ i ; d It f d ord
S L N i good result for second order
< 101.—\ E . quantity
g H
= oo S— i @ once matter perturbations
enter the anisotropic horizon,
R R the solution tends to the
Kih Mpc-1] unclustered dark energy
. . . P solution.
numerical solution using CAMB
our analytical solution @ very small effect

sound horizon
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observable effects: growth factor

In LCDM:
@ radiation domination: dark matter perturbations grow logarithmically with a
@ matter domination: dark matter perturbations grow linearly
@ dark energy domination: growth of dark matter perturbations is suppressed.
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observable effects: growth factor

In LCDM:
@ radiation domination: dark matter perturbations grow logarithmically with a
@ matter domination: dark matter perturbations grow linearly
@ dark energy domination: growth of dark matter perturbations is suppressed

Growth function: G (a) = 72 can be written as G (a) = eXp{ I Q (o) 44 }
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observable effects: growth factor

In LCDM:
@ radiation domination: dark matter perturbations grow logarithmically with a
@ matter domination: dark matter perturbations grow linearly

@ dark energy domination: growth of dark matter perturbations is suppressed

Growth function: G (a) = ;=% can be written as G (a) = exp{ I Q ()4, }

(ao0) ag
Define clustering parameter @ and anisotropic stress parameter : o. sapone, M. kunz Phys. fev. D
80 (2009) 083519

op 1—Qm a3
Q-1 = —F—=—"""1+w) o
w 9 5 a—1—3w (13
T] = g—l:—iHo(l—Qyno)(l‘Fw)W
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observable effects: growth factor

In LCDM:

@ radiation domination: dark matter perturbations grow logarithmically with a
@ matter domination: dark matter perturbations grow linearly
@ dark energy domination: growth of dark matter perturbations is suppressed

Growth function: G (a) = ;=% can be written as G (a) = exp{ I Q ()4, }

(ao0) ag
Define clustering parameter @ and anisotropic stress parameter : o. sapone, M. kunz Phys. fev. D
80 (2009) 083519

op 1—Qm a3
Q-1 = —F—=—"""1+w) o
_ ¥ 9 2 a7 ci
n = E—lz—EHO(l—QnLO)(l—F’IU)W

Express v as a function of Q and 7 e.v. Linder and RN. Cahn, Astropart. Phys. 28, 481 (2007)

3(1-—w—-A(Q,n) (1+n)Q-1
- 5— 6w : A@mn) = 177(]2m(a)
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observable effects: growth factor

31-—w—-A(Q,n))
5 — 6w

(1+n)Q-1
1—Qm(a)

v = A(Q,n) =

@ the presence of dark energy perturbations, c2, when anisotropic stress is 0,
always gives v < yLcpm — faster growth of matter perturbations
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observable effects: growth factor

3(1_w_A(Q777)) A(Q’n)7(1+n)Q_1

= 5— 6w 1— Qm ()

@ the presence of dark energy perturbations, c2, when anisotropic stress is 0,
always gives v < yLcpm — faster growth of matter perturbations

@ in some modified gravity model, e.g. DGP, v > vLecpwm
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observable effects: growth factor

7:3(1—10—14(@777)) A(Q’n):(1+n)Q_1

5 — 6w 1—Qp (a)

@ the presence of dark energy perturbations, c2, when anisotropic stress is 0,
always gives v < yLcpm — faster growth of matter perturbations

@ in some modified gravity model, e.g. DGP, v > vLecpwm

@ in our model it can happen that v > yLcpas, but even if we assume the viscosity
term to be ¢2 = 1 then A(Q,n) ~ —1.5 x 10~° for scales k ~ 200H,
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observable effects: ISW

¢= ST = (52452 )ar= [ W () Ao )

Th

3 HiQm d 1
We (X):g Ok2 OQQH%{G<(I,,]{)Z((J,,]C)} Z:Q<1+§77)
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observable effects: ISW

_AT(R) [ (09 oy,  [Xu
¢= T _/(E+E)d7_/o dxWe (x) Am,o (k)

3 HiQm d 1
We (X):g Ok2 OQQH%{G<(I,,]{)Z((J,,]C)} Z:Q<1+§77)

Cy = C¢¢ = ISW-auto correlation spectrum

1.x 1078k
g
d ~
=~ 1.x107°f Sl
% o~ =0
= Lx107' o~ ;=107
NS NN c2=10""
S \\

L.x107"¢ .

2 4 10 20 50 100
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observable effects: ISW

What determines the (small) effect? How does it depend on the model parameters?
— Use our analytical solution!
(2G) G

SU =00 0Y 2 E (14 5Y)

@ G’ < 0 when dark energy starts dominating because it slows down the growth of
perturbations

@ Y’ can be positive or negative — contributions can add or cancel.
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observable effects: ISW

What determines the (small) effect? How does it depend on the model parameters?
— Use our analytical solution!
(2G)
da

G
=G'S+GY ~G'(1+ @Z)

@ G’ < 0 when dark energy starts dominating because it slows down the growth of
perturbations

@ Y’ can be positive or negative — contributions can add or cancel.

2
A2 = [HCCHHeD 00 LT _ (514 5/G/G)?

& 03} 2 =10""
: 2-10"3

o6k Cy =
’ c2=10""

04

0.001 001 0.1 1
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observable effects: ISW

What determines the (small) effect? How does it depend on the model parameters?
— Use our analytical solution!
G

axG) ., S G
5. =0SHOY =G+ 5)

@ G’ < 0 when dark energy starts dominating because it slows down the growth of
perturbations
@ Y’ can be positive or negative — contributions can add or cancel.

2
A2 — {d(G(a,k)E(a,k))/da} — (=4 E’G/G’)2

dG(a)/da
1.0010
1.0004}
o 2=0
0.9998} =1
cf =1
0.9992}
0.001 001 0.1 1

a
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summary

@ we have studied an imperfect fluid dark energy with non-vanishing
viscous anisotropic stress. parameters: w, 2, c2.
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summary
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@ we have found analytical solutions for dark energy density and velocity
perturbations which match very well numerical results.
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summary

@ we have studied an imperfect fluid dark energy with non-vanishing
viscous anisotropic stress. parameters: w, 2, c2.

@ we have found analytical solutions for dark energy density and velocity
perturbations which match very well numerical results.

@ we have looked at observable effects: matter power spectrum, growth
function of matter perturbations and ISW, using the Q, n parameters

Elisabetta Majerotto (UAM) “What is ©?” workshop at GGI Florence - 15/06/2012 13/13



summary

@ we have studied an imperfect fluid dark energy with non-vanishing
viscous anisotropic stress. parameters: w, 2, c2.

@ we have found analytical solutions for dark energy density and velocity
perturbations which match very well numerical results.

@ we have looked at observable effects: matter power spectrum, growth
function of matter perturbations and ISW, using the Q, n parameters

@ observable effects are small but in principle ¢2 and ¢2 can be measured
separately by using observations which probe both @ and 7, e.g. galaxy
power spectrum and weak lensing.

Elisabetta Majerotto (UAM) “What is ©?” workshop at GGI Florence - 15/06/2012 13/13



summary

@ we have studied an imperfect fluid dark energy with non-vanishing
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@ we have found analytical solutions for dark energy density and velocity
perturbations which match very well numerical results.

@ we have looked at observable effects: matter power spectrum, growth
function of matter perturbations and ISW, using the Q, n parameters

@ observable effects are small but in principle ¢2 and ¢2 can be measured
separately by using observations which probe both @ and 7, e.g. galaxy
power spectrum and weak lensing.

@ work in progress: compute forecasts on how well it will be possible to
measure c2, ¢ from the Euclid galaxy survey.
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