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Effect of inhomogeneities on the average expansion
Large-scale structures in quintessence cosmology
Non-linear spectrum of matter perturbations

N. Tetradis University of Athens
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Basic assumptions: Homogeneity and isotropy

ds? = —dt? + a?(t)d;dx' dx!

a\’ _ 8nG
a) ~ 37
a 47G

5= 3 (P*+3p)

Inhomogeneities can be treated as small perturbations of this
background
Indications for the acceleration of the cosmological expansion

1) Distant supernovae
2/ Power spectrum of the galaxy distribution
3/ Cosmic microwave background

For acceleration: p < —p/3

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model
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Could the acceleration of the cosmological expansion be related
to the appearance of inhomogeneities in a pressureless
cosmological fluid (dark matter)?

N. Tetradis University of Athens
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All the information about the expansion of the Universe is
obtained through light signals.

Study light propagation in an exact background that mimics a
Universe with structure.

Calculate observables: Luminosity distance of a light source a
function of its redshift.

P. Apostolopoulos, N. Brouzakis, N. T., E. Tzavara
astro-ph/0603234, JCAP 0606:009, 2006

N. Brouzakis, N. T., E. Tzavara
astro-ph/0612179, JCAP 0702:013, 2007
astro-ph/0703586, JCAP 0804:008, 2008

N. Brouzakis, N. T.
arXiv:0802.0859 [astro-ph], Phys.Lett.B665:344-348,2008
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The evolution of the density profile for a central underdensity
surrounded by an overdensity.

N. Tetradis University of Athens
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Consider photons emitted within a solid angle Qs by an isotropic
source with luminosity L. These photons are detected by an
observer for whom the light beam has a cross-section A,.

The redshift factor is
ws ko

bz =—= ==,
Wo kg

The energy flux f, measured by the observer is

L L Qs

T 47D2  4n (L+2)%Ao

fo

Integrating the optical equations allows the determination of the
luminosity distance D, as a function of the redshift z.

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model



Inhomogeneities and expansion
0O0000e00

Observer at the center of a large hole

Figure:
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The distribution of luminosity distances for various redshifts in the
LTB Swiss-cheese model for inhomogeneities with length scale 40 h~! Mpc.
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Same as before for a characteristic scale of 400h~—* Mpc.
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It seem unlikely that the acceleration of the cosmological
expansion can be attributed to the growth of inhomogeneities.

Negative pressure is needed.

The simplest scenario assumes the presence of a cosmological
constant.

The quintessence scenario can provide a dynamical explanation
for the smallness of the present value of the vacuum energy.

We shall discuss coupled quintessence: a quintessence field
coupled with dark matter (or neutrinos).

What kind of new structures can appear in such cosmologies?
Are they observable?

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model
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Action

5= [ %73 (g~ 3o ~ V@) -3 [ misx)dn.

with dr = \/ —0,uv(xi)dx/ dx” and the second integral taken over
particle trajectories.

Equation of motion

1 0 , 09 du dInm(g(x
\/?gm <\/—_gg" 5‘xV> :@_w (TM)#IL'

N. Tetradis University of Athens
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Homogeneous background

du + dInm(¢)

do do
dInm(¢)

do
H? = 87;6< ¢2+U(¢>)+p>

$+3Hop = (p —3p)

p+3Hp=— (p—3p)é

N. Tetradis University of Athens
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Metric:
ds? = —B(r)dt? + r2(d6? + sin® 0 d¢?) + A(r)dr?.
Fermi-Dirac distribution at every point in space:

f(p) = [exp ( P2+ sz(ﬁ()r)) - M(r)> +1

=il

The Einstein equations give:

T(r) =To/vB(r), p(r) = po/+/B(r).

N. T.
hep-ph/0507288, Phys. Lett. B 632: 463-466, 2006
N. Brouzakis, N. T.
astro-ph/0509755, JCAP 0601:004, 2006
N. T., J.D. Vergados, A. Faessler
hep-ph/0609078, Phys. Rev. D 75 (2007) 023504

University of Athens
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The coupling between DM and the quintessence field generates
an attractive force between DM particles.

The typical DM velocity is larger than in the decoupled case.
Implications for DM detection.

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model



Inhomogeneities and expansion Large-scale structures in quintessence cosmology Non-linear matter power spectrum Conclusions
00000000 [eYoloYele] Yolo} 0000000000000000000 o

0.0

0 50 100 150 200 250 300
r

A typical configuration

N. Tetradis
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The mass to radius relation.
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N. Brouzakis, N. T., C. Wetterich
e-Print: arXiv:0711.2226 [astro-ph] , Phys. Lett. B 665 (2008) 131
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Study the formation of structure in the distribution of dark (and
baryonic) matter.

The evolution of inhomogeneities depends on the cosmological
background.

The matter spectrum at various redshifts reflects the detailed
structure of the cosmological model.

Comparison with observations of the galaxy distribution can
differentiate between models.

Baryon acoustic oscillations: 100 Mpc range.

Analytical calculation of the matter spectrum beyond the linear
level.

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model
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Action

5= [ %8 (R - 30 o~ V@) -X [ mlstxan,

with dr = \/ —0,uv(Xi)dx/ dx” and the second integral taken over
particle trajectories.

Equation of motion
1 0 , 00\ dU dInm(g(x))
V=g ox» (ﬁ ¢ 5‘x”> “d5 - de (ol
M=1
B(¢) = —dIn m(¢)/d¢.

University of Athens
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Ansatz for the metric
ds? = a®(7) [(1 + 29(r, X)) d7* — (1 — 29(7, X)) dX dX]

with ¢ < 1.
Scalar field

¢(7,X) = ¢(7) + d¢(7,X),
with §¢/¢ < 1. In general, ¢ = O(1) in units of M.
Density field

p(7,X) = p(7) + dp(7,X),
with dp/p < 1.

Velocity field
|oV] < 1.

N. Tetradis University of Athens
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Our aim is to take into account the effect of the local velocity field
oV, when this becomes significant because of large field
gradients.

For subhorizon perturbations with momenta k > # = a/a, the
linear analysis predicts |6V| ~ (k/H)® ~ (H/K)(6p/p)-

We assume the hierarchy of scales: ®, 5o /¢ < |[0V| < dp/p < 1.
As we are dealing with subhorizon perturbations, we assume
that the spatial derivatives of ®, ¢, 6V dominate over their time
derivatives. We also assume that a spatial derivative acting on ®,
d¢ or 6V increases the position of that quantity in the hierarchy by
one level: V& is comparable to 6V, while V2® is comparable to p.

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model
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The evolution of the homogeneous background is described by

1 1- = 1
2 _ 2 = 2 2 — 2
H —g[a i:§12pl + Eﬁi’ +a U(¢)] = §a Prot
pi + 3Hp = — B op

=) 2, d -
branb——a (2@ - X A,

with pot = Y pi + %/(2a2) + U(9).
For the CDM we set 51 = 3, while for BM, because of strong
observational constraints , we set 3, = 0.

N. Tetradis University of Athens
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Poisson equations
Vg =—a?y Biop=—-3> BH
i i
V2o zlazz Spi = 342 > Qi
2 : 1 — 2 : 1Y

with Q;(7) = pi a/(3H?).
Continuity and Euler equations

8+ 3H0p + V(5 + 6p1)0V] = — Biddp
8V, + (H — Bi9)0V; + (0% - V)oVi = — Vo + BV 5.

N. Tetradis University of Athens
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Fourier-transformed density contrast and velocity field:
6 = opi(k,7)/pi and i(k, 7) = V - dvi(K, 7).
They obey

Si(k,T)—l-ei(k,T) = —/d3k1 d3k2 5D(k—k1—k2)5z(k1,kg)@i(kl,T) 5i(k2,7

where (ki kz) = ky - (k1 + kz2)/kZ, and

37‘[2 ZJ Qj(zﬁl 6] + 1)5] (kv T)
2

—/d3k1 d%ks 0 (K — Ka — ko) (K1, ko) 6 (Ke, 7) 6 (Ko, 7),

bi(k, 7)+(H — G )0.(k T) +

where (ki ko) = (k1 4 k2)?ky - ka/(2kZk3).

University of Athens

Resummation of cosmological perturbations and the cosmological model
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Define the quadruplet

dcom (K, 1)
e1(K,n)
_ bcom(k,n)
p2(k,n) 7]

— e_n 5
w3(k,n) dem (K, )
ea(k,m) _ Osm(k,n)

H

where n = Ina(7).
The equations of motion become
Iypa(k,n) + Qabpn(K,n) = €"yavc (K, =K1, —K2)pb (K1, 1)¢c (ka, 7)-

The indices a, b, c take values 1,...,4. Repeated momenta are
integrated over, while repeated indices are summed over.

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model
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The non-zero components of the effective vertices v are

A(ke. k
y21(K, k1, k2) = w
v222(K, k1, k2) = (K1, k2) dp(k + ki + kz)
( (ks Ka)
2
7444(k, k37 k4) = ﬁ(k3, k4) 5D(k o k3 + k4)

v343(K, k3, ks) =

op(k +ki+kz) =

dp(K + ks +ka) =

T112(K, k2, k1)

v334(K, ks, k3)

The Q-matrix, that defines the linear evolution, is

1 -1
Socou(2s?+1) 2-pF+ 2%
2 CDM En

0 0

3
)
>$lcom 0

N. Tetradis

0 0
3
——-Q
>{lem 0
1 -1
3 H
_ 0 2 It
2 BM a4 %

University of Athens
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Define the spectra, bispectra and trispectra as

(pa(k,mMepn(d,m)) =do(K + q)Pan(k, )
(ea(k,m)en(a;m)ec(P;n)) =0p(K +d + p)Banc(K,q,P,7)
(pal(k,n)en(a,m)ec(pP,m)ed(r,n)) =0o(K 4 a)dp(P + r)Pab(K, 7)Pcd (P, 1)
dp(K 4 p)dp(a + r)Pac(k, 7)Psda(d,n)
(
(

+

dp (K +r)dp (d + P)Pad (K, 17)Pbc(d, 1)
5D k = p = q + r)Qade(k’ p,q, rvn)’

+ +

N. Tetradis University of Athens
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Essential approximation: Neglect the effect of the trispectrum on
the evolution of the bispectrum.

In this way we obtain
8nPab(I(, 77) — _Qacpcb(k7 77) — chpac(k7 77)
+ en/d3Q[’Yacd(ka —0,9 — K)Bpea(k, —q,q — k)

+ Ybed (k’ —q,q — k)BaCd (kv —q,9 — k)]v
0yBanc(K, =0, q — k) = —QadBabc (K, —0,9 — K) — QpgBagc(k, —q,q — k)
— QcdBanda (k, —0,9 — k)

i Ze"/d3q [Yade (K, 0,0 — K)Pan (9, 7)Pec(k — 1,

+ ’dee(_q’ q- kv k)Pdc(k —q, T/)Pea(kv 77)
+ ’che(q = kv k’ _q)Pda(k’ U)Peb(q, 77)] .

N. Tetradis University of Athens
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The field has a potential V (¢) ~ ¢~%, with a = 0.143.

The present-day energy content of the Universe has
Qpe = 0.743, Qcpw = 0.213, Qpy = 0.044.

The Universe is assumed to have vanishing spatial curvature
(Q« = 0), current expansion rate Hy = 71.9 km s—* Mpc—1.

The mass variance is taken og = 0.769, as calculated from the
linear spectrum.

F. Saracco, M. Pietroni, N. T., V. Pettorino, G. Robbers
arXiv:0911.5396[astro-ph], Phys. Rev. D 82 (2010) 023528

N. Tetradis University of Athens
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Density-Density Power Spectra at z=0 (3=0.05)
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Comparison of results from N-body simulations and our calculation
(8 = 0.05). We display the ratio of the non-linear and linear spectra for z = 0.

N. Tetradis

University of Athens
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BAO Baryonic Matter Density-Density Power Spectra at z=0 for different B
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Baryonic matter density-density spectra for various s at z = 0,
normalized with respect to the a smooth spectrum.

Tetradis versity of Athens
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BAO Power Spectra at z=0 (8=0.1)
1.7 T T
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dd dv w
Pop Ppp™ === Ppp

Spectra for 5 = 0.1 at z = 0, normalized with respect to a smooth
spectrum.

N. Tetradis
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No coupling between dark matter and dark energy.
One massive species: baryonic+dark matter

Dark energy fluctuations are negligible.

Equation of state p/p = w(z)

aw(a)  Agans
a4+ ayans & + Atrans
a=1/(1+z) is the scale factor.
W(a) = Wo + (1 — a)Wy
ayrans COrresponds to the “transition epoch”
At small redshifts

w(a) =

w(a) =wp + (1 — a)ws.
We describe the various models through wy = w(z = 0),
w/ = dW/dZ|Z:0, and Atrans-

N. Brouzakis, N. T., arXiv:1002.3277[astro-ph]

N. Tetradis University of Athens
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Linear and non-linear spectra at z = 0, for wo = —0.8, w’ = —0.7,
normalized with respect to a smooth spectrum.
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N. Tetradis University of Athens
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The fractional shift of the maximum, minima and nodes of the
non-linear spectrum, as a function of redshift, for wo = —0.8, w’ = —0.7.

N. Tetradis University of Athens
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The fractional shift of the first maximum from its location for sCDM,
as a function of wo and w’, at a redshift z = 0.366.

N. Tetradis University of Athens
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The inhomogeneities in the matter distribution have a very small
effect on the average acceleration.

Novel large-scale structures can appear in quintessence
cosmology.

The spectrum of matter perturbations is a very useful tool in
order to differentiate between cosmological models. The
non-linear corrections to the spectrum must be evaluated
carefully in order to compare with astrophysical data.

N. Tetradis University of Athens

Resummation of cosmological perturbations and the cosmological model
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