08-13 February, 2009 Workshop Nova Fisica no Espaco

DM particles:
How warm they can be?

llya L. Shapiro
Universidade Federal de Juiz de Fora

Based on collaboration with:

Flavia Sobreira (IFT/UNESP)
Guilherme de Berredo Peixoto (UFJF)
Julio C. Fabris (UFES)

gr-qc/0412050 - Mod. Phys. Lett. 20A (2005) 2723
arXiv:0806.1969 - JCAP 02 (2009) 01.



Brief Contents

Our purpose is to consider a universe filled by a WDM, using ideal
relativistic gas as a model. For this end we construct a simple
approximation for relativistic gas of massive particles (RRG model).

The equation of state is given by an elementary function and admits
analytic solution of the Friedmann equation.

We analyze density pertubartions in the RRG model and impose an upper
bound for the velocities of the WDM by using the LSS data.

Assuming that DM is formed by noninteracting particles forming ideal
gas, the density perturbation analysis tell us to which extent the DM

content can be hot or at least warm, independent on the physical
nature of this content.



Relativistic Gas

Consider the Universe filled out by a gas of relativistic particles. The
equation of state for this gas is known since 1911 (F. Juttner).

Starting from the Maxwell distribution we arrive at

K3(pq/P) ,
Ko(pg/P) ™

Here ra = Nmc?/V s the density of the rest mass and

oy e

pm(P) = - P.

IS the modified Bessel function.

Not really useful to resolve de Friedmann equation !




Model of reduced relativistic gas (RRG)

Instead of using the Maxwell distribution we assume that all particles
have equal kinetic energies.

This is what we call the “Reduced Relativistic Gas Model" (RRG).

The simplified state equation is
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Maxwell x RRG

What is the difference between RRG and the maxwell case?
Comparing the two distributions numerically, one can obtain the plot of

5, = lo=pml  p.

The difference with the Maxwell distribution is always below 2.5% .



Dependence on the scale factor

From the relation 33 = —
we can easily find Very important

a6  ragr® 1/2 parameter!!
pla) = [Pl (;) + p5 (—) ] :

where o1 and p> depend on the initial data.

We can write that fojmula as:
Note that in the extreme cases:
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p1 =0, p~a 7 radiation

and ~¢ s the present day critical density.



Soelving the Friedmann equation

(a)Q k  8nG
a a2 3 P

For simplicity, we consider k. = (. The solution has the form:

(a2 -+ b2)3/4 = \/67TGp1 - 1

The RRG model interpolates between the era dominated by the radiation and
the era dominated by the dust.

P < prp — a =~ t1/2 radiation

p1 > po = a ~ 12> dust



The plot of conformal factor versus time.

a

The presence of the RRG accelerates the expansion of the universe
compared to the pure radiation case



The dimensionless parameter b shows whether the velocity of RRG particles
is large or small or,

in other words, whether the matter is “cold”, or “warm”, or hot.

In order to better understand the physical sense of this parameter, let's
express it in the form:

Pd B
po / 1 _ [32

Means that the particles are norelativistic and RRG is nothing but
the dust, but for small velocites one can just set b6 = 3.

b — oo  Particles are ultra-relativistic.



Perturbations spectrum

Let us consider the simultaneous perturbations of metric, energy
density and 4-velocity in the co-moving coordinates

p—p(140), gw— g+ hw, U = U 400"

In the synchronous coordinates we have "o, = O . The perturbation of
the pressure is given by

op(l — )
3

OP =

where r=r1(z) = p?i(z)/pQ(z) :



In this way we arrive at the 00-component of the Einstein equation

B 2h _ N (2 —1) 5
(14 2) g ’

h

where h =0 (hk.k./(laz) :

Here the functions 9(z) and fi(z) are defined as

(14+2)H
3[H2 — QVHF(1 + 2)2]”

() = o(z) _ (142)(H2) - 2Q0HZ (14 2)

plz)  [H2-QUHA(1+2)Y(4-1)



Other equation follow from the variation of the conservation law (v,7/) =0

y 1 (L+2)p, . 4 —r h v
5 — 4 —p— 5 - =0,
A+, P sgaray T T
and
L0 s R4l
F_ _ 0 =0,
+(p 4 —r 14z fl) a H 4 —r |

where 1 :fl(Vk,dUk’) and we used Fourier expansions

g
v(Z,t) = /(( v(k,t) eF T

Bk~
5(7.t) = /(‘ 5(k.t) eF T

k= |k|.



Numerical analysis

The numerical analysis was performed using a transfer function that assume
a scale invariant primordial spectrum, and determine the spectrum today
considering th Universe with the cosmological constant and filled by DM.

Using the transfer function we can fix the initial conditions at the redshift

after the recombination epoch.

The relevant quantity to be compared with the 2dFGRS observational data
is the power spectrum parameter defined by P = 5;1 ,where Or isthe
component of the Fourier transform of the density contrast () , whichis
computed by integrating the equation for the cosmic perturbations for a
given value of K and with a given initial conditions.



Power spectrum for the values b = 10-®> and for b = 104
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Power spectrum for the values b =2 x 104 and for b =103

W

ad

[

H

¥

t by
[ ts iiiil!; ]
\‘.‘ w\“
"'"'II
[NV
1 [ H
| |' i
[ Il I.'"f\\l
IlI |
| | |I II
L
i
| || (o
| l | |I I|
. . . | . | . |.| I||. I| A
-2 -1.8-1.6 -1.4 -1.2 -1 -0.8

Log,, k/h [Mpc™"]




30000 AN .

[
-
P
P
=
T
!

20000 |

PDF

15000 | Y .

10000 [

5000 [ \ ]

D -_I 1 1 1 | 1 1 1 | 1 1 h..l---. . I- 1 1 1 1 1 1 1 I_-
0.0000 000002 0.00004 0.00006 0.00008 0.0001

b

Probability distribution for the parameter b. The probability becomes
essentially zero forb 25 x 10 -°



Discussions and conclusions

We have considered the structure formation in the model where DM is
described by the ideal relativistic gas of identical massive particles. As a result
we arrive at the strong limit on the parameter b, which should satisfy the upper
b<3—4x10">. This is equivalent to the upper bound on the
velocities of the v < v, =3 — 4 x 107 °c = 10 — 12km/s.

The red-shift behavior of the DM velocities has a standard form,
V(z) ~ Tewe.

This result does not mean that the actual velocities of DM particles can not be
greater than the «+,, Both DM and baryonic matter can acquire an extra
kinetic energy after the galaxy starts to form and the linear regime of the
cosmological perturbations can not be applied. The result is valid only in the
linear regime. However, the model presented above enables one to consider a
number of interesting generalizations, including interacting BM or/and DM.



