PHYSICAL REVIEW D 106, 103504 (2022)

Dark radiation as a probe for a phase transition in the early Universe
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The cosmological constant is not necessarily small in the early universe. If a scalar field obtains a
vacuum expectation value after a phase transition (PT), a possibly large cosmological constant could
present before PT. The early cosmological constant (ECC) and the PT process may be detectable from dark
radiation (DR) today, such as in the cosmic axion background. We show that for a broad class of DR
models, the DR density and spectrum are significantly modified by the presence of an ECC. From the
density and the spectrum of the DR today, we can deduce the temperature and the strength of the PT.
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I. INTRODUCTION

The cosmological constant is an enigma in theoretical
physics [1-3]. Its value observed today is very close to zero
[4]. However, in quantum field theory, an unacceptably
large cosmological constant Ay, is expected from vacuum
fluctuations. So an incredibly precise cancellation must be
present between the bare cosmological constant Ag and Ay,
[3]. Various scenarios have been proposed [5,6], but the
cosmological constant problem is unsolved yet.

Even if we manage to achieve cancellation and obtain a
small enough cosmological constant today, a possibly large
cosmological constant could be present in the early
Universe [7], which naturally comes from phase transitions
(PTs). In many extensions of the Standard Model, a first-
order PT occurs in the early universe [8]. PTs occur when a
scalar field, such as the Higgs field—or some combination
of fields—obtains a nonzero vacuum expectation value
(VEV). Such a process leads to a change in vacuum energy
[9]. If we require the cosmological constant almost vanish
today, it has to be large before the PT.

Early dark energy was widely studied recently because
they may help solve the Hubble tension [10-12]. Early
cosmological constant (ECC) may also play an important
role before big bang nucleosynthesis (BBN). It can be
induced by a scalar field and leads to cosmic inflation
[13,14]. ECC can also appear before a PT. Recently a lot of
studies focused on production of gravitational waves from
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early-universe PTs [8,15-17]. A strong first-order PT can
produce detectable gravitational waves [18-21]. If ECC is
important before a PT, the standard cosmology is modified.
It is possible that the universe is not radiation dominated
before BBN. Such nonstandard cosmologies were consid-
ered, mostly focused on early matter domination [22], early
kination domination [23] and low temperature reheating
[24]. Visinelli and Gondolo [25] showed these nonstandard
cosmologies to affect axionic dark matter density today.
Grin et al. [26] considered thermal axion densities in
nonstandard cosmologies, including a low temperature
reheating scenario and a kination scenario. It has also been
proposed to probe the early universe from axionic dark
matter today [27].

Dark radiation (DR) has the potential to become another
messenger of the early universe in addition to gravitational
waves. Among the candidates of DR, a particular interest-
ing example is axions or axionlike particles (ALPs). These
particles are physically well motivated and interact weakly
with the Standard Model [28,29]. They are created in the
early universe, and may contribute to both dark matter and
DR in different axion production mechanisms [30]. Such
cosmic axion background (CAB) could be detectable,
using ADMX-like resonant cavity [31]. Other DR candi-
dates include dark photons [32,33], minicharged particles
[33,34], etc.. In this paper, we study the effects of ECC and
PTs on DR density and spectrum. We will show that it is
possible to extract the detailed evolution of early universe
from today’s DR density and spectrum.

II. PHASE TRANSITION

Consider a PT induced by a scalar field. At high
temperatures the scalar field is in symmetric phase, and
we take its VEV as (¢) = 0. As the temperature of the
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universe dropped to 7', the critical temperature of the PT, a
second minimum at ¢ = ¢,. of the effective potential of the
scalar field becomes degenerate with the minimum of ¢ =
0 [15]. When T < T, bubbles start to nucleate from the
false vacuum. These bubbles expand and collide until all of
the false vacuum disappears. The percolation temperature
[15,35] T, is the temperature that the probability of false
vacuum is roughly 71%. The temperatures 7. and T,
correspond to cosmic time 7, and 1, respectively.

We assume that the PT occurred after inflation. To avoid
effects on BBN, we require 7, > 1 MeV. The ratio
between the ECC density and the radiation density at 7',
is an = pa(T,)/pr(T ), representing the strength of PT.
a, can naturally reach order unity for a strong PT [15]. The
ECC decay rate when PT occurs is I'y. The decay rate per
volume is I'y/V ~A(T)exp [-S3(T)/T], where S3(T) is
the three dimensional Euclidean action [15]. For early
universe PTs, thermal fluctuations dominate the decay rate.
In such a case, the prefactor is A(T) ~ T*[S5(T)/(22T)]*/?,
which is independent of initial bubble radius.

The comoving bubble radius at # for a bubble nucleated
at time ¢ is [15],

(e 1) = / "dtr, (1) el (1)

where v,,(¢") is the bubble wall velocity, a(z) is the scale
factor. The false vacuum probability is P(r) = e~/() [15],
where (¢) is a weight function,

(1) = / " () (Z((tt ;)3 r%ﬂr(t’, z)ﬂ. 2)

For fast PTs, We can neglect the change of scale factors
during PT and »,, can be taken as a constant. We can also
expand I'(¢#) near the percolation time [15], I['(z) =
I(t,)e’'"="»), where the factor § characterizes the duration
of PT. A dimensionless parameter f is defined as f =
p/H(t,). For fast PTs we can integrate Eq. (2) to obtain
(1) = 1,eP'=»), where I =8zv3T'(¢,)3~*. Using P(t,) =
0.71 we find I, = 0.34.

III. PHASE TRANSITION EFFECTS ON DR

We consider an ECC with an initial density p,o. During a
PT, the false vacuum decays and the energy converts to
kinetic energy of fluid and sound waves propagating
through it (we neglect the energy of sound waves here).
Then the motion of fluid dissipates to reheat the universe. If
we assume that the universe is still uniform on the scale
L > R(t), where R(t) is the mean bubble separation, we
can average these velocities as (v;v;) = v*5;;/3. We find
that on average the contribution of kinetic energy to cosmic
expansion is the same as radiation, with an equation of state
p = p/3. Hence after averaging over a length scale L we

find the total energy density except ECC, p, = pr + Piins
behaves the same way as radiation. So we have

L4 at) = PapnoP(0). 3)

d
a*dt

After the PT we take the effective particle numbers,
g.(T), and the effective entropy degrees of freedom,
9.s(T), from Ref. [36]. Before and during the PT, the
temperature is of order O(100 GeV). Hence it is a good
approximation to treat g,(7) and g.5(7) as constants.

In the following we will consider three classes of
different DR production mechanisms.

(i) Model I: A heavy nonrelativistic parent particle X
spontaneously decays into two particles, Y and Z,
where Y is a stable light particle and becomes DR
today, while Z may be identical to Y (Model Ia) or a
particle much heavier than Y (Model Ib).

(ii) Model II: A nonrelativistic particle pair of X’
annihilate into two light stable particles Y’ which
become the DR today.

(iii) Model III: DR is created with a temperature-
independent intrinsic spectrum that cannot be ap-
proximately treated as a 5-function like in Models I
and II, but has a width. For example, the heavy
nonrelativistic particle in Model I may decay to three
particles, one of which becomes DR. Another
possibility is the Doppler broadening of Model I
caused by the thermal velocity of X.

In all models discussed here, axions can play the role of
DR. Axions produced from parent particle decay like in
Model I have been discussed in Refs. [30,31]. In this paper,
the term “intrinsic spectrum” means the DR energy
spectrum calculated from DR production mechanisms
under a certain temperature, which is independent of
cosmology.

We define the energy spectrum as p(w) = dppr/dw,
where ppr is the DR density. We also define [31]
Qpr(@w) = (1/p.)dppr/dInw, where p. is the critical
density at present. We neglect the DR particle mass. The
energy spectrum can be obtained from,

a(t()) T> i ( 4)

a31(t)(;1t {p (wi((tf)>)a3(t)] :F<“’ a(r) "%

where £ is the present time, @ is the DR energy at present,
px represents a set of particle densities from which DR is
created. The term on the right-hand side is a quantity
related to the DR production rate.

Let us consider Model I first. We neglect the velocity of
X at first and come to it later. The densities of X and Y
particles satisfy,

1d

Ea (an3) = —Txpx. (5)
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I'ypx. (Model Ia),
L2 (prat (6)
— a = m2—m2
aarY M Typy,  (Model Tb),
X

where [y is the decay rate of X, and my and m, are masses
of X and Z, respectively. The spectrum of DR particles
when they are created is very close to a d-function,

where the upper expression is for Model Ia and the lower
one is for Model Ib. The coefficient ahead of the §-function
is determined by integrating over @ in Eq. (4) and then
comparing it with Eq. (6). Integrating Eq. (4) over time, one
gets

20y px (t.) (a(te)) ’ (Model Ia>

H(le)mx a(fo)

el () (att))’ ®)
r te a(t,
Hx(ix)mx (“(%)) ’ (MOdel Ib)’

where ,(w) is the time 7 that makes the argument of the
o-function in Eq. (7) vanish. Note that for Models Ia and Ib
the definitions of ¢, are different.

The evolutions of p, and p,, as well as the effects of the
PT on DR spectrum for Model Ia are shown in Fig. 1. As
shown in the bottom panel, PT leaves a kink in DR
spectrum p(w). This is because p, + p, changes slope at
PT (as can be seen in the upper panel) and H(z,)
VP, +pa in the denominator of Eq. (8). Although the
Hubble parameter is continuous across a fast PT, its time
derivative dH /df changes suddenly, which leads to the kink
in DR spectrum. We fix ﬁ = 20, which is a reasonable value
for ap ~ 1 [15]. In the figure, each DR energy o corre-
sponds to a time in early universe when such DR particles
are produced, as marked in the top horizontal axis. For
Model I, the DR spectrum can be used to probe PT occurred
near 7, ~ 1/Ty.

Model II can be dealt with similarly. The result is,

A, an)
plo) = e o) ©)

where ¢ is the cross section of pair annihilation, and v is the
relative velocity between the two particles. We have
considered the case where (ov) approaches a constant
for low-energy scattering [37]. Here £, is the time when the
DR particles with a present energy w is produced, satisfy-

ing wa(ty)/a(t,) = my.
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FIG. 1. Top: evolution of p;, p,, and total density p, + p, in our
PT model. Bottom: the DR energy spectrum in Model Ia for
standard cosmology (ST) and cosmology with a PT. We have
marked the part of the spectrum where DR is produced before,
during, and after the PT. We have used ay = 3, T, = 100 GeV,
my =20 TeV, and I'y = 3 x 107!* GeV.

Figure 2 shows the DR spectrum when we change the PT
strength a, and temperature 7', with J = 20 being kept
fixed. For both Models I and 1II, the upper panel of Fig. 2
shows that an ECC followed by a PT leaves a kink in the
DR spectrum. The position of the kink of the curve moves
leftward as T, increases. For larger values of a,, the kink
becomes more apparent.

The total density of DR decreases if a PT occurred as
shown in Fig. 2. The suppression of DR density is mainly
due to reheating, during which the density of particles is
unchanged while the temperature rises. Hence the universe
must expand more to cool down to present cosmic micro-
wave background (CMB) temperature, which dilutes the
DR density. In Models I and II, the DR particles created
before and after the PT are both diluted. For a fast PT, the
temperature rises roughly by a factor (1 + a,/0.71)/4
compared with the standard cosmology. Hence we have
approximately ppg/ppr;s (1 +ax/0.71)7".

For Models I and II, each frequency in DR spectrum
corresponds to a specific time in the early universe. Lower
frequency corresponds to earlier time and vice versa. As an
estimation, let us consider Model Ia in standard cosmology.
From Eq. (7), the DR particles with energy  at present are
created at a cosmic time t¢,, satisfying wa(ty)/a(t,) =
my/2. Due to entropy conservation, g¢,s(T)T3a’ is a
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FIG. 2. DR spectrum for different parameters in Model Ia
(upper left), Model II (upper right), and Model III (bottom). For
Models Ta and II, T, = 100 GeV is fixed and a, varies for solid
lines, while ay = 3 is fixed and T, (unit GeV) varies for dashed
lines. For Model III, we keep ay = 3 and T, = 100 GeV fixed
and vary A (unit TeV) in the bottom left panel. In the bottom right
panel A = 6 TeV is fixed, and @, and T, (unit GeV) vary. a, =
3 is fixed for solid lines, while for the dashed line we choose
T, =100 GeV. We take my = my = 20 TeV, 'y =3 x 10~
GeV, and (6v) = 107 cm? here.

constant. Hence we can convert ¢, to temperature 7 when
DR is created,

_mx g (To) Ty (10)
2 g&(m @

where Ty = 2.725 K is the present CMB temperature. DR
frequency 1073 eV < @ < 1072 eV shown in Fig. 1 corre-
sponds to an early universe temperature 80 GeV < TS
798 GeV.

Finally we briefly discuss Model III and more general
models. As an illustration, we use a Gaussian line profile
instead of a &-function as used in Model Ia,

a(ty) _ my\2

a(ty) Typx(1) (e a(r) -3
I'wo—=,px, T | === - , (11
(w a(r) Fx ) Jra P A? (11)

where the parameter A characterizes the line width. We
expect that as A increases to a large enough value, the kink
caused by a PT will be smoothed out. In Model Ia, if we
consider the thermal velocity of X, a Doppler broadening
appears, which corresponds to a Gaussian line profile with
A% = myTy/2 for Ty < my, where Ty is the temperature
of X. If X is still in thermal equilibrium with Standard
Model particles, Ty is just the photon temperature T,.
Otherwise, Ty < Ty when X becomes nonrelativistic.

For my =20 TeV and Ty ~ 100 GeV, Doppler broad-
ening only introduces a small correction to Fig. 1. The
DR spectrum in Model III is shown in the lower panel of
Fig. 2. The total DR density is suppressed as before. If DR
is created before PT, the peak frequency is redshifted,
otherwise it is almost unchanged, as shown in the lower
right panel of Fig. 2.

Using the same method we can generalize the result to
the case of temperature-dependent intrinsic spectrum.
There is one important exception—as discussed below, if
the energy of DR when it is created is proportional to
temperature 7', we cannot learn about the universe evolu-
tion from the DR spectrum alone.

The kink in DR spectrum in Models I and II is mainly
due to the change of Hubble rate. Hence it is natural to ask
whether other processes that modify the Hubble rate in the
early universe produce similar effects. Consider a compo-
nent N with an equation of state p = wp withw < 1/3. The
ratio of the density of N and radiation density reaches a
maximum py/pg = a (@~ O(1)) at a temperature T, and
then quickly decays to radiation with a constant decay rate
I'y. The universe is still radiation dominated except near
T,. Such a process decreases the DR density and may
produce a similar kink in DR spectrum. In the upper left
panel of Fig. 3 we plot the DR spectrum for different w with
a=3and y =Ty/H(t,) = 20. a is related to reheating
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FIG. 3. Upper left: DR spectrum in Model Ia with my =
20 TeV for PT and cosmology with a short period of early
component N domination, whose equation of state is p = wp. We
take a = 3, ay = 2.13,and T, = 100 GeV here. Upper right: the
superposition of DR spectrum (solid lines) in Model Ia with my =
3 TeV and the thermal spectrum. The thermal spectrum is shown
as two dashed lines on the left. Lower left: d*p(w)/d(In w)? shows
a peak near PT. Here p(®) includes the thermal spectrum and DR
spectrum in Model Ia with @y =3, T, = 100 GeV. Lower right:
The same as the figure in lower left with § = 20, @y = 3 but with
different T, (solid lines). The dashed line is for Model IIT with
A =200 GeV and T, = 100 GeV.

103504-4



DARK RADIATION AS A PROBE FOR A PHASE TRANSITION ...

PHYS. REV. D 106, 103504 (2022)

103

DMradio HAYSTAQ

ADMX

Planck

CMB-S4 s

10¢ 107 106 105  10~*
w(eV)

FIG. 4. The CAB detection sensitivity [31] for an axion-photon
coupling g,,, = 0.66 x 1071 GeV~'. The sensitivity of Planck
[38] and projected sensitivity of CMB-S4 [39] are plotted by
assuming that the energy w of CAB extends one order of
magnitude. We neglect axion mass here. We also plot the DR
spectrum for Models Ia (solid), Ib (dashed), and II (dash-dot) for
both standard cosmology (blue) and with PT (orange). PT
parameters are taken as a, = 3, T,= 100 GeV, and /? = 20.
We have taken my =20 TeV, m; =19.5 TeV, and I'y =3 x
10~ GeV here. For Models Ia and Ib, initial densities are chosen
such that DR contributes AN = 0.1 in the standard cosmology.

and can be roughly inferred from DR density observed and
DR density in the standard cosmology. The case with w =
0 is the early matter domination model, which produces a
kink that is barely visible. Even if we increase a, the kink
does not become more apparent. A smaller w produces a
larger kink for a fixed a. We also plot the DR spectrum for
PT, with @y =3 x0.71 and T, = 100 GeV. The factor
0.71 is introduced to give the same initial ECC density for
the cases of w = —1 and PT. For w = —1, the shape of DR
spectrum becomes the same as PT discussed before. From
the depth of the kink we can determine whether w = —1,
which is the case for PT.

Besides the DR particles created from above models,
there always exist a thermal population of DR particles.
These DR particles should have a decoupling temperature
T, higher than TeV scale, so that its interaction with
standard model can be neglected. The temperature of the
thermal spectrum is [31] 7 = T(g,5(T0)/g.s(T4))"/?. The
thermal spectrum contributes ANy = 0.0268. If a PT
occurred after DR particle decoupling, the temperature
of the thermal spectrum will be further suppressed, as
T' ~ T(1 4 a,/0.71)~"/*. The superposition of the thermal
and nonthermal spectra from Model Ia (neglect Doppler
broadening) also exhibits a concave feature shown as the
brown solid line in the upper right panel of Fig. 3. However,
as long as the PT is fast with > 20, the concave feature is
different from the kink produced by PT. PT corresponds to
a sharp turn in DR spectrum. If we have the ability to

measure the DR spectrum precisely, the second derivative
d’p(w)/d(In w)? can be obtained. The kink caused by PT
corresponds to a distinct peak of d>p(w)/d(In @)? shown in
the lower two panels in Fig. 3. This is because d In H/d In ¢
changes quickly during a fast PT. The peak still exists if we
instead consider Model III with a small width A, shown as
the dashed line in the lower right panel of Fig. 3.

Consider the case where DR is made of axions. The
sensitivity [31] of various experiments and the CAB from
Models Ia, Ib, and II are shown in Fig. 4 in solid, dashed
and dash-dot lines respectively. We do not include Model
IIT in the figure because its spectra lie very close to Model
Ia. We neglect the axion mass here. For the QCD axion, we
may need to include the mass effect for both the spectrum
and the detection sensitivity. We note that if we choose m,
to be very close to my, the whole CAB spectrum moves
leftwards. If the axion mass is negligible, and there is a fine
tuning between my and m so that they are almost equal, it
is possible that the CAB is within the sensitivity of the
DMradio experiment.

IV. DISCUSSION

ECC naturally arises if a PT occurred in the early
universe. If there are some DR particles created around
the PT temperature, they will carry the information of the
early universe. DR density will generally decrease if DR
particles are created before or near a PT. The change in the
shape of DR spectrum depends on DR production mech-
anisms. If the intrinsic spectrum is a d-function, like in our
Models I and II, PT leaves a unique kink in the DR
spectrum. For more general intrinsic spectra like in Model
I, although the distortion may be smoothed out, we can
still find the trace of PTs from a combination of peak
frequency and DR density. In such case PT and early matter
domination can only be distinguished with precise knowl-
edge of DR production.

We note that if DR particles are created at temperature 7'
from relativistic particles, the DR particle energy when it is
created is wy; ~ T. Because of the scale factor a ~ 1/T (this
is true if g, can be treated as a constant), the energy of DR
particle now is @ ~ wra/a(T,). We find that DR particles
created at different temperatures turn out to have the same
energy today, and information of the early universe
evolution is degenerate. Hence for such processes, the
DR spectrum alone is not a good clue for early universe
evolution. We require that the DR production mechanism
should involve at least one nonrelativistic particle, in which
case DR particles with different energy correspond to
different emission time in the early universe.

DR density may be detected in CMB observations, like
CMB-S4 [39], which is sensitive to AN ~ 0.02. If we
detect the DR and find its density smaller than expected, it
is still not enough to reach the conclusion that an early-
universe PT occurred. If we have the ability to measure
the DR spectrum, the situation becomes much better.
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The spectrum provides information of the PT temperature
and strength, which can be compared with the decrease of
total DR density. If DR is made of axions, we may detect it
in resonant cavity experiments that are used to search for
axionic dark matter. These experiments are sensitive to the
axion energy and can be used to detect the shape of the
CAB spectrum. However, for most hot axion production
mechanisms, the current sensitivities are not enough for
detection.
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