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Dark matter and dark energy

Dark matter and dark energy

The cosmic budget

m The usual lore establishes that the universe contains five types
of components:

m Baryons (A jargon for particles formed by quarks and the
massive leptons).

photons.

Neutrinos.

Dark matter.

Dark energy.
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Dark matter and dark energy

Dark matter and dark energy

The cosmic budget

Dark Matter Dark Matter

Dark Energy

Before Planck After Planck
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Dark matter and dark energy

Dark matter and dark energy
The success of the ACDM model

m It reproduces the CMB spectrum.
m It reproduces the matter power spectrum at linear level.

m It predicts an expansion accelerated phase without spoil the
structure formation process.
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Dark matter and dark energy

Dark matter and dark energy
The success of the ACDM model

m The ACDM model is called the Concordance model, since it
fits many observational data simultaneously for some range of
its free parameters.

m But, is it just a simple fitting model as some times it is stated?
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Dark matter and dark energy

Dark matter and dark energy
The problems of the ACDM model

m It requires an important fine tunning on the value of Qpq
today.

m If the origin of he cosmological constant is from quantum
fields in curved space-time, the theoretical value has a huge
discrepancy with the observational value.

m At non-linear level simulations indicate an excess of power not
observed in the local structures.
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Dark matter and dark energy

Dark matter and dark energy

The problems at non-linear level
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Dark matter and dark energy

Dark matter and dark energy
The problems of the ACDM model

m The NFW profile as deduced from simulations:

Ps

p=—"F"-
7

m A phenomenological fit, the Burkert profile:

Po

(o) ()]
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Dark matter and dark energy

Dark matter and dark energy

The problems at non-linear level
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Dark matter and dark energy

Dark matter and dark energy

The problems at non-linear level
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[Gentile et al ApJ (2005)]
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Dark matter and dark energy

Dark matter and dark energy

The problems at non-linear level

Viscous Cosmolog;

Defining the Missing Satellites Problem
(Kauffmann et al. 1993; Moore et al. 1999; Klypin et al. 1999)

The observed Local Group The simulated Local Group
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Dark matter and dark energy

Dark matter and dark energy

Alternatives

m Among the possibilities to cure those problems, we can quote:

m Effects of the baryons,
m Warm dark matter,
m New models for the dark sector.
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Unified models for the dark sector

Unified models for the dark sector
Chaplygin gas

m It is possible, in principle, to unify dark matter and dark
energy into a single fluid.

m The traditional example: The Chaplygin gas model:

A
p = ——, A= constant.
p
B
m Asymptotic behaviour:
a - 0 =pxas dust

a — oo = p=constant, cosmological constant.
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Unified models for the dark sector

Unified models for the dark sector
The generalized Chaplygin gas model

m The equation of state of the Chaplygin gas model can be
generalized:

p = -

1
B 3(1+a)

m It has the same asymptotic behaviour as before, provided
a> —1.

A
—, A= constant.
P
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Unified models for the dark sector

Unified models for the dark sector
The generalized Chaplygin gas model

m One reason to such generalization:

m The confrontation of the traditional Chaplygin gas model with
observation implies that it is not competitive with the ACDM

model.
m But, such generalization leads to a new free parameter, which
it is not so desirable.
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Unified models for the dark sector

Unified models for the dark sector

Buk viscosity models

m Another possibility to unify dark matter and dark energy is to
introduce bulk viscosity:

pt = p—E&(p)ul.
u;’L = 3H.

m It is similar, from the background point of view, to the
Chaplygin gas model if p =0 and if,

§(p) = op”.
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Unified models for the dark sector

Unified models for the dark sector

Buk viscosity models

m For one fluid model there is the following correspondence:
v+1/2=—qa.

m The perturbative behaviour is much more well-behaved, but
the viscous pressure must be much more important than the
adiabatic pressure.
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Unified models for the dark sector

Unified models for the dark sector

The main problems of the Chaplygin Gas
J.C. Fabris, T. Guio, M. Hamani Daouda, O. Piattella, G&C(2011)

m Tension in the estimations obtained from different
observational set of data.

m Problems at perturbative level: the speed of sound.
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Unified models for the dark sector

Observational tests

SN versus power spectrum

ook L
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Unified models for the dark sector

Observational tests
The speed of sound

m The parameter o can not be negative:

vz—@—a A
S_gp_ pa+1'

ma<0 = v2<0.

s
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Viscous models

Viscous models

Eckart formalism

m The viscous model constructed by using the Eckart's
formalism give the same results as the Chaplygin gas model
for the background if the bulk viscosity coefficient is chosen
such that,

£(p) = &op”.

m But, at perturbative level new features appear.
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Viscous models

Viscous models

Eckart formalism

m In the bulk viscosity case, the problem of the speed of sound
is very different.

m This comes from the perturbation of viscous pressure.
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Viscous models

Viscous models

Eckart formalism

m For a general barotropic fluid, with pressure given by p = p(p),
6p=p'sp="L5p=v26p.
P

m For a viscous fluid in the Eckart formalism, with
p = —&(p)ul,, we find

h
op = —3HE6p— §<9 — 2) .
No direct relation to the sound speed.
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Viscous models

Viscous models

Eckart formalism

m However, at least in the Eckart formalism, the good region in
the space parameter to fit the supernova data, does not
overlap with the good region to have the agreement with the

power spectrum data.
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Viscous models

Viscous models
2 dimensional PDF - Qo = 0.0

05
02T T T T T o
00 0ol H
“0af i
05
V = -04f s
-10
06} H
os| 4
s
n n — n n 10k . . . . d
022 023 024 025 026 000 002 004 006 0.08 0.10
& <
S0 S0

Jilio C. Fabris Departamento de Fisica - Universidade Federal do Espirito Santo

Viscous Cosmolog;



Viscous models

Viscous models
2 dimensional PDF - Qpo = 0.7
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Viscous models

Viscous models

Non-linear matter agglomeration

H. Velten, T. Caramés, J.C. Fabris, R. Batista, PRD(2014).

m Viscous models suffer from difficulties to give a unified
description of the dark sector.

m However, a viscous dark matter model alleviate the problems
of excess of power of the ADCDM model.
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Viscous models

Viscous models

Non-linear matter agglomeration
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New possibilities for viscous moc

New possibilities for viscous models
Miiller-Israel-Stewart formalism
J. Fabris, O. Piattella, W. Zimdahl, JCAP(2011).

m The Ecakart formalism is non-causal.

m A causal formalism is given by the Miler-Israel-Stewart
formalism.

m In this case, the viscosity pressure is defined by an equation:

« 1 (¢/r)° T°
M= 00— 5 0= 05— |

where 7 is a relaxation time and T is the temperature. The
bullet e denotes

ne:=u'v,n,

i.e. derivation along the fluid wordline.
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New possibilities for viscous moc

New possibilities for viscous models

Miiller-Israel-Stewart formalism

m There is a truncated version of this formalism.

m The viscous pressure is then defined as,

N+ M= —6C .
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New possibilities for viscous moc

New possibilities for viscous models

Miiller-Israel-Stewart formalism

m But there is still problems, mainly concerning the ISW, at least
with some assumptions for the free parameters of the model.
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New possibilities for viscous moc

New possibilities for viscous models

Miiller-Israel-Stewart formalism
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Shear viscosity

Introducing shear

m Until now we have considered only bulk viscosity.

m Shear viscosity does not contribute to the background
equations for a homogeneous and isotropic universe.

m But, can it contribute significativily at perturbative level”
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Shear viscosity

Introducing shear
C. Barbosa, J.C. Fabris, R. Ramos, H. Velten, arXiv:1702.07040

m Let us consider the following equations:

1
R — Egle —Ngu = 87GT,,,
T™ = putd” —p(g"’ — uvtu”)+ ATHY,

ATH = qnut” + o — uPV, (u'u”)]

2
+ (f — 377> (g" — utu”) V,uP.
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Shear viscosity

Introducing shear

m We set the adiabatic pressure equal to zero:
p=0.

m Hence, the bulk viscous pressure becomes, using the Eckart
formalism,

pPB = —EU;M“.
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Shear viscosity

Introducing shear

m Using a FLRW metric the Friedmann equation reads

=\ 2

a 81 G A
H=(2) =20+ 5,

(a) 3 T3

m By defining the fractional densities,
Q, =8rGp,/(3H3), Qa=N/(3H3),

where Hj is the present value for the Hubble parameter, then
the Friedmann equation becomes

H? = H2 (Q, + Q).
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Shear viscosity

Introducing shear

m Using now the fluid equation for p,,
Pv + 3H(pv + pv) =0,

we can obtain an equation for the fractional density 2, as

Q,
+30,(1+wy) =0,

ada

where we have defined the fluid equation of state parameter
for the viscous dark matter fluid, w,, as

_ Pv 3H¢

Wy = — = — )
Pv Pv
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Shear viscosity

Introducing shear

m It will be useful to define dimensionless bulk and shear
viscosities,

£ =24nGE¢/Hy, 1j=24nGn/Hp.

m We will also assume a general form for the viscous coefficients
such that,,

3
U

(QV/QVO)V €0a
(QV/QVO)A No,

where the exponents v and A are real numbers, while & and
7o are constant parameters.
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Perturbative dynamics

The metric

m The line element for scalar perturbations in an homogeneous
and isotropic flat Universe is

ds? = a%(7) [—(1 + 2¢)d7? + (1 — 2¢)§;;dx’ dx’] ,

where 7 is the conformal time and ¢ and ) are the metric
perturbations, which are in general equal in the absence of
anisotropic stresses, e.g., shear viscosity, but for dissipative
processes, as it will be considered here, they are independent
functions.
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Perturbative dynamics

Perturbed equations

m The perturbed (0, 0)-component of the field equations, in
momentum space, are,

3
— K2 = 3H (Y + Ho) = SQ HGa"A.

m The (0, /)-component is

3
— K2 (Y + Ho) = SHiQy (1+ w) 20.
The symbol "7 " corresponds to a derivative with respect to

the conformal time and k is the (comoving) momentum.

m The following definitions were used:
/

A =dp/p, H:%
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Perturbative dynamics

Perturbed equations

m Finally, the evolution of the potentials ¢ and ¢ are encoded in
the i — j component of the Einstein equation,

[1//’ +H2Y+¢) + QH +H?) o+ %v (¢ — w)} 8
— %a,aj (¢ — ) = 4w Ga*s T}

where
3H

/ .
G 5
a a

5T = 5p5j—5(5u7;,, .

) o~ 69
; 2
— ng™*s] <5uk7/ + Oup e — 3325u7’m5k/> .
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Perturbative dynamics

Perturbed equations

m For i # j case of the above equation we find

k2 3H?
_7(45—7/1):7779'

m One notices that ¢ # ¢ if n # 0.

m This property is also verified for modified gravity (f(R) for
example).
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Perturbative dynamics

Quasi-static approximation

m We are interested in the evolution of small scale (inside the
Hubble radius) perturbations along the matter dominated
period.

® In such situation, the Newtonian potentials ¢ and i almost
do not vary in time.

B quasi-static approximation for these quantities is a good
approximation.
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Perturbative dynamics

Quasi-static approximation

m The continuity equation can be written as

2
A~ 3Hwy A + (14 2w,)(a0) — 9”/3255) ~0.

m The (0-0) component of the Einstein's equation becomes

— k%4 ~ gQV"HgazA.
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Perturbative dynamics

Quasi-static approximation

m By combining the previous equation, we find,

0y + |H(1—3 wy kz(ng%ﬁ)
(a0) + (1= W‘/)_}—1—|—W‘,+ ap(l+ wy)

(af)

k2w, v Ko wk*(5¢) 0

THO T w) Tiw Eltw)
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Perturbative dynamics

Quasi-static approximation

m Moreover,

adH 3 H?2
2 I ), -2
H da (L +w)Ss,

and

v Q, H?
ad:; = 3w, (1 4+ wy) (1 —v— 0> .
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Perturbative dynamics

Quasi-static approximation

m In the quasi-static approximation, it is possible to have a
unique equation for the density contrast:

d’A 3 H dA
2 0 2 2
e — 20,3 + A+ k*B)a— + (C+K?D)A=0.
a d32+(3 S AT >ada+( + k*D) 0
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Perturbative dynamics

Quasi-static approximation

m The factors A, B, C and D appearing in the above equation
are defined as

3wy
A = 17 20, [2u(1+wv)+3
H3 2wv R
+ 4w, — wVQVI_P:| Tre )
5 wy(1+ 3R)

C3H222(1+w,)’

Jilio C. Fabris
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Perturbative dynamics

Quasi-static approximation

3(1 — v)wy ) 2(1 — 3v)w?
C = =7 [-3y(1-2 7 5] + =~ —TYR
" [—3u(1 = 2w) + 7w, + 5] + Ty
N 3Q, Hg 3(1711)(,0\,(40)3—1—5&}\,—!—2)71+2Wv ’
2 H? 142w, 14+ w,

w2(1+ 4R)
D = v~ 37 (1_
H2a2(1 + WV)( v+

vwy (L42w,) [ 2, \"
1+ Wy QvO 7
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Perturbative dynamics

Quasi-static approximation

m In the absence of bulk viscosity, w, — 0,
wyR — —ijH/(3Hp2,) and the above expressions for the
factors A, B, C and D reduce to

2ii H

A= L
302 Hy’

B -
2722Q, HHq

¢ =0, D=0,

and we can see explicitly how the differential equation for the
density contrast depends on the shear.
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Perturbative dynamics

Linear growth of viscous dark matter halos

m we show the results for the linear evolution of the density
contrast A considering the scale k = 0.2h Mpc™?, which
corresponds to the scale for typical galaxy clusters.

m According to the ACDM standard cosmology, such objects
became nonlinear, i.e., the density contrast approaches A ~ 1
at recent times, when the scale factor is a,; ~ 0.5, or
equivalently, at redshift z,; ~ 1.

m In all of our results the initial conditions are taken at the
matter-radiation equality and they are set with the help of the
CAMB code.
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Perturbative dynamics

Linear growth of viscous dark matter halos
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Perturbative dynamics

Linear growth of viscous dark matter halos
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Perturbative dynamics

Linear growth of viscous dark matter halos
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Perturbative dynamics

Linear growth of viscous dark matter halos
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Perturbative dynamics

Linear growth of viscous dark matter halos
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Perturbative dynamics

Constraints from redshift space distortions

m The features presented by dissipative effects on the linear
perturbation theory can also be studied via the growth rate of
matter fluctuations data.

m Observational projects have inferred from large scale
clustering the redshift-space-distortion based f(z)og(z) at
different redshifts.
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Perturbative dynamics

Constraints from redshift space distortions

m The redshift space distortions observable combines the linear
growth rate f,

D(a) = AA((;)) = f(a) = cll;lln)ga)7

with the variance ¢ of the density field smoothed on 8h~1
Mpc scales.
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Perturbative dynamics

Constraints from redshift space distortions
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Perturbative dynamics

Constraints from redshift space distortions
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Perturbative dynamics

Constraints from redshift space distortions
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Perturbative dynamics

Constraints from redshift space distortions
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Conclusions

m Is the ACDM simply a fitting model for the dark sector of the
universe?

m In any case, the anomalies at non-linear level remain an
enormous challenge.

m Among the possibilities to cure these anomalies, a more
realistic model for dark matter is one to be considered.

m It implies, among other aspects, to take into account
dissipative effects.

m In general, good results if only dark matter is a viscous fluid,
with £y < 1078, This is similar to warm dark matter with a
particle mass < 1 keV.

m Is there any degeneracy with modified gravity?
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