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Thermal production of early dark matter from van der Waals fluid

Introduction
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Fromalism

The simplified model we consider consists of a real scalar dark matter (DM) minimally coupled to
gravity and the standard model (SM)

1
S = /dd ( R— —g“”@ PO —V (¢ )) &,

The metric of a spatially flat homogeneous and isotropic universe in FLRW model is given by:
3

ds® = —dt* + a*(t) E (d,r ) :
|
we introduce the effect of inflaton decay

6+ (BH+TD)p+ V' (¢) =
Generally, the Klein Gordon equation in a simple form

¢+ (3H + N2T) ¢ + 8,V (¢) = 0,
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Dark matter particle from inflaton field

The Klein Gordon equation is

¢+ (3H + NT') ¢+ 94V (¢) = 0,

T 5 .
ﬂfJ-i-SHqD-l-a—@V(qa)ﬁ-(ﬁF_l& (2}“;9)—0.

) -

1
the DM decay | REn (Diﬂtf o s Dﬂf} = —.

The total decay rate of ¢-particlesis 1 ;,;, = | + i
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Dark matter particle from inflaton field

The blue curve describes the evolution of
the total decay decreases during

inflation according to [, . The red curve
describes the evolution of the [;; with Inflation
respect to [. The band (No DM decay) is the A=0
domain where there is no production of

the field particles, neither the inflaton nor
the DM particle. The orange domain is the
period of inflation and reheating.
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Dark matter particle from inflaton field

the scale factor evolves as

Inflation Vers (@)

Reheating and beyond Verr (@)

The mass of small fluctuations around ¢,,,;, give a new
scalar field mass as effective mass by

-mf‘:ff = m + )2

2

Let us consider first the decay rate of the particle interaction [ = é’—‘—mcﬁ
T

where m, is the inflaton mass scale and y denotes the effective Yukawa coupling

1672
9 5
M = —5¢° + A°.
ylo
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The van der Waals gas

we will study the formation of real gas of field ¢ and we give a thermodynamic interpretation of the
production of DM particles by the number density and the DM thermodynamic variables.
Notice that the energy density Po and pressure P¢ stored in the scalar field are
-2 | l-2
ps =V (9) = 50 . 5+ V(9) =50 .
| 2 | 2

We assume that the scalar field is the inverse of the thermodynamic volume. In this case, the
field ¢ becomes very intense if the volume which contains these particles is very small.

i 2
m ¥ A7

( C 2M "?Vg) o m? =M M2m2, gyt
g ef f MpTe e el

We can also deduce the temperature of attraction between the particles of DM gas as

& oI
T¢ . =DM

T2l d? 2mZ,
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The van der Waals gas

n’Ty =1, nb=0.2, na=0.5

n*Ty =0.75 nb = 0.3, na=0.5

n’Ty =0.75, nb = 0.3, n?a= 1.5
n’Ty =1, nb=0.02, na=>5

n*Ty =2, nb=0.02, n*a=0.5

P¢—V isotherms of the van der Waals equation of state.
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Reconstructing Boltzmann equation in inflation

we have studied the possibilities for reconstructing the interaction between the DM particles from the van der
Waals equation. In this section, we study the reconstruction of the Boltzmann equation of the inflaton interaction
using the same equation of state.

The production of DM particles after the first inflaton oscillation is described by the number density of DM

g .. & fﬁ _rrd (2N T
PR TR I A L R

The evolution of the DM number density for scalar DM is given by the
Boltzmann equation dn..
3 Lied

— + SJHTL,;a — (JU}Q—H}:_DJII (ﬂi o T.'_.% ) ,

=)

dt
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Reconstructing Boltzmann equation in inflation

for fixed temperature we get

av; = -
( >¢—}cﬁ=DM ¢E}le'3b dt

QE_:jIIETqﬁ d (P.‘-\ - PA)

P+ Py

ANg? 1.2 ANp? 1.0
S : e _P : = — .I P = H

then, the cross section reads

ild..?;:\th.j) (Tﬁ-eff)d 1
ov T — , exp (—3Ht).
( >¢—}¢}_DM ( o \ i 5 w}t)z P ( )

(V) 4 =D 1 B ( 100M eV ) !
(ov), A '
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Reconstructing Boltzmann equation after inflation

The DM particle density is described by the Boltzmann equation after

inflation
NpM = Meffy/ N bﬂfp@ = QTﬂEff1H ﬂfpr -
DM

dﬂ-ﬂﬂf = dA )
77 +3Hnpy = ﬂ*qufi[}g exp (—SHt) '

then, the cross section reads

—doas M
(V) prrspne ~ T3 )‘(1+ 2)”.

Npa — ﬂeq
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Reconstructing Boltzmann equation after inflation

(GU)¢—>DM/(UU)0

(oV)pm—pm/{(OV)4

The evolution of DM cross section as
a function of A\. The cross section ’
OU 4 . pm Fepresents a barrier of all

cross section

OU pv - pm*
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Reconstructing Boltzmann equation after inflation
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B Conclusion

We investigated the production of dark matter particles after inflation.

During reheating, we have considered that the field ¢ (inflaton) stabilizes and becomes a
dark matter candidate. During reheating, there is an appearance of the decay rate of
the particle interaction in the Klein Gordon equation.

By a new technique, we have shown a quadratic form of scalar potential after inflation.
We have developed an approach to the dark matter evolution, and we have found that A
represents the field $ mass after ¢-stabilization. In this case, the mass A describes the
dark matter after inflation.

We have studied the thermodynamic properties of dark matter by different mechanisms
resulting. We have shown the reconstruction of the interaction between the DM particles
from the van der Waals equation

We have examined the effect of the redshifts during and after reheating on the dark
matter cross section. We have studied the thermodynamic interpretation of DM stability.
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