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‘ Abstract |

The possible entropy production scenarios in the early uni-
verse are revisited. From the particle physics viewpoint we
consider electroweak phase transition (EWPT) in the stan-
dard model (SM) and beyond standard model (BSM) sce-
narios like 2 Higgs doublet model (2HDM) as a source of
entropy influx into the primordial plasma. First order phase
transition in the case of 2HDM is realised. From a cosmo-
logical viewpoint the evaporation of mini primordial black
holes (PBH) in their matter dominated (MD) stage in the
early Universe Is considered for the same. The produc-
tion of entropy and in turn the dilution of preexisting baryon
asymmetry and the dark matter density are considered in
details as well as possible production of entropy as a result
of first order phase transition is discussed qualitatively.

‘ 1. Introduction |

o The thermodynamic quantity, entropy — measure of dis-
order, chaos or randomness.

oIn the early universe, during the course of expansion
when the primeval plasma was in thermal equilibrium, the
entropy density was conserved.
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S ¢ = const. (1)

where P and p are the pressure and energy density of
the plasma, a(t) is the cosmological scale factor and 7'(t)
IS the temperature of the plasma.

o Even though the early universe is associated with ther-
mal equilibrium and entropy conservation, there can be
several instances of non-conservation of entropy.

o Electroweak phase transition (EWPT) from symmetric to
asymmetric phase during universe cooling.

o Primordial black hole (PBH) evaporation in the matter
dominated (MD) stage can pour a significant amount of
entropy into the plasma.

o QCD phase transition at 7" ~ 150 MeV.
o Dark matter freeze-out.

2. EWPT and entropy release in Standard Model
(SM)

Consider the Lagrangian of theory in the following slightly
simplified form:
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(2)
where ¢ — the Higgs field with potential Uy(¢), g =
(+, —, —, —) — signature of the metric with & v — 0—3..

The interaction Lagrangian is:

Lint = ¢ Z ng;[-Xj- (3)
J

The summation is made over all relevant fields x ;. The self-
potential of ¢ with the temperature corrections can be writ-
ten as:
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Here n = 246 GeV — vacuum expectation value of ¢

A = 0.13 — self-coupling of ¢

T' is the plasma temperature and m (1) is the mass of the
x j-particle at temperature T'.

The last term appears due to the thermal corrections.

* The last temperature dependent term in eq. (4) appears
as a result of thermal averaging of the interaction (3). It
includes the contributions of ¢ itself and of all particles ;.

« The summation is made over all the particles and the
functions h;(m,;/T) are positive.
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* At high temperatures, T' > m;(1T'), it is multiplied by a con-
stant factor. At low temperatures, ' < m;(T'), the function
h;(m;/T) is exponentially suppressed, ~ exp|—m;(T)/T].

We are mostly interested in the contribution of fermions.
Their Yukawa coupling constants to the Higgs field are de-
termined by their masses at zero temperature, mr = g .

* The masses of all particles depend on the temperature,
m; = m;(T), because the masses are proportional to the
expectation value of the Higgs field and the latter is pro-
portional to the temperature dependent value of ¢ at the
minimum of the potential (4):
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And correspondingly,
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(8)
Here j = [ Is the index of y s-particle which acquires mass
through a non-zero expectation value of ¢. The summation
in the r.h.s. of this equation is made over all particles, x;
and ¢.

 The oscillations of ¢ around ¢,,,;,, are quickly damped and
hence we take ¢ = ¢,,,.,, and neglect ¢* because the evo-
lution of ¢,,,;,, IS Induced by the universe expansion which
IS quite slow.

*In the range from GeV to keV scale, we find the total
amount of entropy is increased by 13%.. This result is
based on [1].

* In the extended versions of electroweak theory, for exam-
ple, 2HDM or other theories with several Higgs fields, the
entropy release maybe considerably larger.

‘ 3. EWPT and entropy release in 2HDM |

This part of the work is based on [2].

We now move to the minimal extension of the SM, namely
Two Higgs Doublet Model (2HDM). The lagrangian density
in 2HDM is given as:

L= £f + ['Yuk + Lgauge,kin. + £Higgs' (7)

The Individual terms are the Fermionic Lagrangian,
Yukawa Term, Gauge Kinetic Terms and the Higgs
Terms respectively.

The Fourth Term is defined as:

LHiggS — (D’LLCDl)T(DIucD2> ‘|‘ (D'uq)l)T(D,LL(DQ) o %Ot(q)lv (I)Qa T>(78)

where V;:($q, o, T') is the CP-conserving 2HDM potential.
And the CP-conserving 2HDM potential looks like:

‘/tOt<q)17 (I)Qa T) — %T@@(q)b (I)2> _|_ VCW(q)l) CI)Q) _I_ VT(T> (9)
Here we have considered the real sector of type-I 2HDM.

When the temperature of the universe drops down to the
critical temperature 7., a second local minima appears at
the same height of the global minima situated at

<Py >=< P9 >=10 (10)

The critical temperature can be obtained using the expres-
sion:

Viot(@1 = 0,99 = 0,T) = V(P = v, Po = v, T¢),  (11)

where v, v are the second minimas.

* We've assumed the same algorithm as that of the previ-
ous one, where the oscillations of the Higgs fields around
minimum after it appeared in the course of the phase
transition are damped due to particle production by the
oscillating field.

* But unlike the previous section, analytical calculations
were not possible and hence we treated the problem nu-
merically.

 BSMPT is a C++ package which deals with various prop-
erties and features related to 2HDM and baryon asym-
metry. In this case, the package was used to calculate the
critical temperature 7T, and the vacuum expectation value
V EV and the effective potential V.  » for each benchmark
points.
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Figure 1: The entropy release for four different scenarios
are shown above. The left panel shows the entropy pro-
duction for T, = 139.5 GeV and 151 GeV. The right panel
shows the entropy production for T, = 173.5 GeV (blue
line) and the bottom panel shows the entropy production
forT. = 255.5 GeV (black line).

* As seen from the figures, the entropy production is con-
siderably higher compared to the standard model sce-
nario. The entropy production for T, = 139.5 GeV' ~ 41%
and so on, much higher than the SM scenatrio.

* This entropy release due to the EWPT can considerably
reduce the abundance of frozen out dark matter present
in the universe before EWPT.

4. PBH evaporation as a source of entropy
production

Sufficiently light primordial black holes (PBH) could evapo-
rate in the very early universe resulting in huge amount of
entropy production and dilute the pre-existing baryon asym-
metry and/or the frozen density of stable relics. Some key
points to note:

 We considered PBHs of small masses, such that they
evaporated before BBN.

* They decayed before our time but they can have notice-
able impact in the present.

* They can pour sufficient entropy into the plasma and di-
minish the pre-existing baryon asymmetry and diminish
the relative (with respect to the relic photon background)
density of dark matter particles.

» Baryon asymmetry could be generated due to PBH evap-
oration.

« Dark matter could also be created in this process.

But we neglect these processes and consider only dilution
of baryons and dark matter particles by the PBH evapora-
tion. And this reduction is calculated for 3 different scenar-
I0S.

* Delta function mass spectrum with instant decay approx-
imation.

* Delta function mass spectrum with exact solution (instant
decay is lifted).

« Extended mass spectrum.

To begin with, we consider here the simplest model of PBHs
with fixed mass M| with the number density at the moment

of creation:

dNpg 3

where ;1 IS a constant parameter with dimension of mass.
All the black holes were created at the same moment and
the fraction of the PBH energy (mass) density at production
was:

p(m)
55)’ —e< 1 (13)
Pre

As all the PBHs evaporated, entropy influx into the
plasma took place and this in turn reduced the pre-
existing baryon asymmetry and the dark matter density.



Figure 2: Entropy suppression factor due to PBH decay
In the Instant decay approximation for larger masses up to

maximal mass M = 10° g (left panel) and M = 10° g (right
panel) as a function of BH mass for e = 10712,

We relax the instant decay approximation and solve nu-

merically equations describing evolution of the cosmologi-
cal energy densities of non-relativistic PBHs and relativistic
matter. We take a dimensionless time n = t/73 and the
equations can be written as:

where Ng is the number density of PBH.
We consider a couple of illustrative examples in what fol-
lows, assuming that the function

F(x) = e(M)/z(ns(M)) (17)

is confined between uz,,,, = (M,,;,/My) and x,e: =
(M /Mp). We take 2 examples of F'(z)

e Fi(x) = €0/ (Tmaz — Timin) TOr Tpin < * < Tmae @and F1 =0
for x outside of this interval. Evidently x = 1 should be
inside this interval.

« Fy(z) = $a*b*(1/a—1/x)? (1/x—1/b)*. Here N is the nor-
malization factor, chosen such that the maximum value of
Fy/e =1.

F> can be quite close numerically to the log-normal
distribution with a proper choice of parameters.

d
PBH _ _(3H7 + 1)ppy (14)
dn
d
Prel — 4 Hrp,e + ppi (15)
dn
|
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Figure 3: The entropy suppression factor as a function of
mass is shown in the left panel. The ratio of the entropy
suppression factor of the exact fixed mass calculations (red)
to the instant decay and change of the expansion regime
approximation. The blue line describes the hypothetical ra-
tio equal to unity is shown in the left panel. ¢ = 10~12 in both

Figure 4: The temporal evolution of entropy suppression for
flat mass spectrum Fy(z), Mgy = 10" g and e = 10712 as
a function of dimensionless time n for My = 10" g, a = 1/3,
and b = 4/3 (blue) is shown in the left panel. The same for
F>(z) is shown in the right panel. Red line is the entropy

suppression factor approximately calculated in the instant
approximation.

cases.
The extended mass function has the following form:

dNBH B
= f(M1), (16)
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* As it is shown here, the suppression of thermal relic den-
sity or of the cosmological baryon asymmetry may be sig-
nificant if they were generated prior to PBH evaporation.
This might also lead to subsequent lepton asymmetry,
thus resulting in lepto-thru-baryogenesis.

* This phenomenon can lead to the production of the dark
matter particles but with the present parameters it can be
shown that the amount of dark matter produced is neg-
ligible and does not effect the entropy production. Or in
other words, the stable supersymmetric relics produced
In the process of PBH evaporation would make negligible
contribution to the density of dark matter.

This part of the work is based on [3].
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