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ABSTRACT: We study in detail the production of primordial black holes (PBHs), as well as
their mass and initial spin, due to the phase transitions corresponding to radiative symmetry
breaking (RSB) and featuring a large supercooling. The latter property allows us to use a
model-independent approach. In this context, we demonstrate that the decay rate of the
false vacuum grows exponentially with time to a high degree of accuracy, justifying a time
dependence commonly assumed in the literature. Our study provides ready-to-use results for
determining the abundance, mass and initial spin of PBHs generated in a generic RSB model
with large supercooling. We find that PBHs are generically produced in a broad region of
the model-independent parameter space. As an application, we identify the subregion that
may explain recently reported microlensing anomalies. Additionally, we show that a simple
Standard-Model extension, with right-handed neutrinos and gauged B — L featuring RSB,
may explain an anomaly of this sort in a region of its parameter space.
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1 Introduction

The nature of dark matter (DM) is one of the greatest mysteries in physics and a key
observational signals of new physics beyond the Standard Model (SM) of elementary particles.
The role of DM can be played by an elementary particle or by a condensate of some (or
even many) elementary particles.

Regarding the latter case, in the last years there has been a renewed interest in the
possibility that DM might originate from PBHs, black holes formed in the early universe. At
the fundamental level, indeed, black holes, like all extended objects, must be a condensate of
a (generically huge) number of elementary particles. The interest in the physics of compact
objects has been fuelled by the discovery of gravitational waves (GWSs) from binary black
hole and neutron star mergers [1-3].

In many realizations, achieving sufficiently large PBH production leads to ad hoc model
building and/or significant parameter fine-tuning. This is, for instance, the case in single-
field inflationary models [4]. Besides inflation, however, there are other mechanisms for
producing PBHs. One notable example is phase transitions (PTs), specifically first-order
phase transitions (FOPTs). FOPTs are known to produce a sufficient amount of PBHs to
account for a fraction or even the entire DM abundance [5-31]. FOPTs are interesting also
because they leave other potentially observable imprints, such as GWs, and they can be
evidence for new physics, as the SM does not feature such transitions.

In general terms, it is not possible to perturbatively describe FOPTs in models where the
corresponding symmetry breaking arises entirely from the Higgs mechanism, because of the
presence of complex effective potentials [32-34] and other issues at high-temperatures [35-37].
These problems can be avoided in theories where the corresponding symmetry breaking
is mostly induced (and masses are generated) radiatively, i.e. through perturbative loop
corrections! [33, 34]. Moreover, when this radiative symmetry breaking (RSB) occurs the

More generally, it is not necessary for the entire theory to rely on this mechanism; it suffices for a sector
of the theory with sufficiently small couplings to the rest to exhibit this behavior.



corresponding PT is always of first order [33, 34]. The seminal work on RSB is ref. [38] by
Coleman and E. Weinberg, who studied a simple toy model (see also ref. [39] for a subsequent
analysis). The Coleman-Weinberg work was then extended to broader field theories by
Gildener and S. Weinberg [40]. Furthermore, thanks to an approximate scale invariance,
in the RSB scenario the FOPTs feature a period of supercooling, when the temperature
drops by several orders of magnitude below the critical temperature [33, 42]. Supercooling
is one of the key properties of the RSB scenario that validate the one-loop perturbative
approximation (as well as the derivative expansion) [33].

In [22, 33] it was shown that a model-independent description of PTs in the RSB scenario
is possible in terms of few parameters (which are computable once the model is specified)
if enough supercooling occurs; this leads to an expansion in terms of a quantity that is
small when supercooling is large enough.

The objective of the present work is to use such model-independent approach to explore
the generality of the PBH production mechanism in perturbative FOPTs, without the need to
specify a particular model. Since the approach is model-independent, this helps identify not
only possible parameter fine-tuning, but also possible fine-tuning in model space. Another
motivation for this general analysis is the fact that can lead to the identification of the
parameter space where the produced PBHs can have observable effects and even account for
DM; this can be very useful to determine if and when a given model predicts PBH DM without
repeating the analysis individually. To maintain model independence, we focus here on a PBH
production mechanism that always operates in RSB theories with large-enough supercooling.
Such a mechanism has been studied in a number of papers (see e.g. refs. [7, 13, 16, 18, 20]) and
exploits the non-zero probability (which is sizable if supercooling is strong) that some patches
of the universe undergo RSB later than the average of the other patches (here called the
background). We refer to this as the late blooming mechanism. While other mechanisms for
PBH production and alternative DM candidates could contribute to the total DM abundance
in specific models, these require analysis on a case-by-case basis within the RSB framework.

One of the key assumptions that, so far, has often been made in PBH production through
supercooled PTs is that the (false-vacuum) decay rate is an exponentially growing function
of time, with a time constant given by the logarithmic time derivative of the decay rate
evaluated at the nucleation time, 5. Another purpose of this work is to fill this loophole
and justify this approximation in the class of perturbative theories featuring supercooled
FOPTs.2 Once this justification is given, it is possible to understand that the smaller 5/H,,
is the more efficient the late-blooming mechanism turns out to be, where H,, is the Hubble
rate at the nucleation time.

Generically, § is one of the key parameters in FOPTs, so here we also aim at studying
the 8 dependence of the scale factors, Hubble rates and energy densities for the background
and the late-blooming patch.

The paper is structured as follows. In section 2 (and in the appendix) we will provide
a fresh look at the late-blooming mechanism in general supercooled FOPTs. Section 3 will
be then devoted to the study of this PBH production mechanism in the general framework

2Ref. [41] pointed out that this is a challenging task working in a model where symmetry breaking arises
entirely from the Higgs mechanism.



of perturbative theories featuring supercooled FOPTs, with RSB. There, in subsection 3.1
we will address the issue of the time dependence of the decay rate. Also, in subsection 3.2
we will calculate, through the large-supercooling model-independent approach, the PBH
abundance, mass and initial spin, varying the model-independent parameters. Section 4
provides a detailed summary of the main results and the final conclusions.

2 A fresh look at a PBH-production mechanism

In this section we re-examine the late-blooming mechanism for PBH production in a FOPTs
(see e.g. refs. [7, 13, 16, 18, 20, 27] for an introduction). The basic idea behind it is strongly
linked to the probabilistic nature of the false-vacuum decay in a FOPT: there is a non zero
probability (of thermal and/or quantum nature) that some patches of the universe remain in
the false vacuum for a longer time than the background (i.e. than the average time of the
other patches); this creates a sufficiently-high mass excess between the late patch (LP) and
the background, such that the overdense region collapses to a black hole.

We will assume that the universe is filled with radiation just before the FOPT occurs.
The decay of the metastable vacuum is energetically favorable from the time t. where the
temperature T goes below its critical value T.. After t., true vacuum bubbles may start to
appear and at a certain time t.q the temperature reaches a value Ti,q at which the radiation
energy density pr equals the difference AV between the false-vacuum and true-vacuum
energy densities:?

2

%g*(Teq)T‘l = AV, (2.1)

eq
where g.(T') is the effective number of relativistic species at temperature 7.

The (finite-temperature) decay rate per unit of three-dimensional volume of the false
vacuum [43-46], I', can be expanded for a generic time ¢ around the nucleation time ¢,,, when
the PT starts to be effective, defined here as the time when I'(t,,) = H(t,)*, also* H = a/a
is the Hubble rate and a is the scale factor:

D(t) = D(tn)exp(B(t — tn) + Bat — tn)? + Ba(t —tn)* +...). (2:2)
The parameter [ is defined by

1 dI) (2.3)

PETw dr |,

and has been interpreted as the inverse duration of the PT in models with large-enough
supercooling [47-49]. Neglecting the coefficients (32, s, . ..) of the higher powers of t — t,
leads to

D(t) ~ Hleflttn), (2.4)

3In this work we use units where the Boltzmann constant, the speed of light and the reduced Planck
constant are all equal to one.
4As usual a dot denotes a time derivative.



where H,, = H(t,). In section 3 we will show that this approximation is valid in the RSB
PTs, which feature a large amount of supercooling.
The strength of the FOPT is defined as usual by

where T, is the nucleation temperature, the temperature at ¢ = t,.
Following [20] we will assume that the full energy density p is given by the sum of pr
and the vacuum energy density py:

p=pv +pr. (2.6)

The formation of a bubble of true vacuum inside a false-vacuum environment is a probabilistic
process so there is a non zero probability that in the ith patch of the universe no bubble
forms until a time ¢,, > t,. In this case, at some point the radiation energy density outside
such LP is smaller than the radiation energy density inside the LP (radiation energy density
decreases with time). So, the LP eventually collapses if the mass excess between the inside
and the outside of the LP is large enough, which occurs if ¢, is sufficiently larger than %,.
To study the probability that a PBH forms via such late-blooming mechanism and estimate
the PBH abundance, we will model this system through a LP and some overall (average)
background. The energy densities pr and py will depend on the time ¢ and on the instant
tn, when the first bubble forms: for the background we will set ¢,, = t., while for the LP we
choose t,,, = tElBH, where tElBH is the smallest time that allows the mass excess ¢ (that will
be precisely defined below) to reach the critical value, d.. We will approximate the various
energy densities associated with a patch with their space averages in the given patch, such
that these quantities are homogeneous by construction. In the numerical calculation we will
use the benchmark value® §, = 0.45, unless otherwise stated.

Since I' increases exponentially with g at ¢ > ¢, if (2.4) holds (which is the case in
RSB PTs, see section 3) smaller values of 5 lead to a longer period of vacuum domination
and to the possibility of a larger difference between ¢,,, and ¢,,. This explains why smaller
values of 3 corresponds to a larger PBH production and, as a result, why a supercooled
PT can lead to a significant amount of PBHs.

For the background we have:

Plt) + 428 ph (8) = — b (1),

ap(t) P50 +pb(t) ) (2.7)
ap(t) — 3ME

while for the LP
Plrlt) + 425 ol (1) = =l (1),
a(t) _ [ O+e(t) ! (2.8)
ar(t) — 3MZ

5This value for the mass excess in the Hubble-size LP has been calculated in the context of cosmological
PBHs, see e.g. [50-53].



where Mp is the reduced Planck mass and we understood the dependence on tn,. Also, we
labeled the functions corresponding to the background and the LP with b and I, respectively.
This notation differs from that of [13, 20] and transparently shows that there are two Hubble
rates, one for the observer in the background, Hy, = ap/ap, and one for the observer in the
LP, H; = a;/a;: in fact we expect that a period of exponential expansion first occurs in
the whole universe and then continues only in the LP (until it eventually stops even there
thanks, as always, to vacuum decay). This is possible only if two observers inside and outside
the LP measure different Hubble rates.

We can write the time-dependent vacuum energy density py (t) after bubbles start
to form as

pv(t) = AV E(t, tn,). (2.9)

The time-dependent factor F'(t,t,,), which satisfies the condition F'(t,,,t,,) = 1, has been
previously determined and discussed in [54, 55] (see also [20]):

t 4
F(t,t,,) = exp (—/ dt'F(t')a(t’)ggﬂr?’(t,t’)) = ¢ 1(ttn;) (2.10)

tni

where

r(t,t') :/t’ ;(l% (2.11)

is the comoving radius at time ¢ of a bubble that formed at time ¢, assuming that the bubble
walls propagates at the speed of light. This is the case in supercooled PTs, such as those
associated with RSB, because the long-lasting exponential expansion that occurs in these
PTs dilutes preexisting matter and radiation.’

Substituting (2.9)—(2.10) in (2.7)—(2.8), we obtain two systems of integro-differential
equations (IDEs) that differ only for the choice of ¢,,. Note that this substitution introduces
a dependence on f and t,, because of (2.4) and the fact that F'(¢,t,,) depends on I". Note also
that the dependence on ¢, is equivalent to a dependence on a because the time/temperature
relation Hdt = —dT/T implies

exp (4 /: dt’H(t’)) = (TTG:>4 = q, (2.12)

where we used (2.5).
Now we define

le(t> tni) - pllj%(ta tc)
Ph(t,te)

ot tn,) = , (2.13)
where ph(t,t,,), with @ = b,1, is the solution of the IDEs for p%, at time ¢ taking t,, as
the instant when the first bubble forms. We recall that in our approach we approximate
the energy densities with their space averages in separate patches. For example, pﬁ,% is the
average of the radiation energy density over the LP under study and pf]’w2 is the total average

SWhen the bubble walls propagate at speed v, one has to replace r(t,t') = ftt, dt vy () /a(t).



of the radiation energy density (over all patches). Therefore, inside a given patch the energy
density is approximated with a homogeneous quantity. In this approximation § is a measure
of the mass excess in the LP. Defining . as the value of ¢t when 0(¢,¢,,) is maximal, we
have, given our previous definition of tEZBH,

S(tmax> ty ) = O (2.14)

One can calculate tngH and tmax by solving the two systems of IDEs. Our integration
strategy is illustrated in appendix A.

It is important to note that, once a value of ¢ such that (¢, t,,) = d. is reached and,
therefore, the collapse starts, our model has to be extended to include further inhomogeneities
if one wants to follow the collapse process because in the model the patches are separately
approximated by homogeneous regions. For t,, = tEZBH such a value of t is tmax. In
particular note that the curvature perturbations cannot be captured here as they represent
inhomogeneities over the homogeneous background. Nevertheless, in the definition we use, §
is a measure of the mass excess in the overdense patch and so it is an estimate of the ¢, which
includes non-linear effects, defined in [51] (and also in [52]), because we interpret our energy
densities as the result of space averages in separate patches. Note that, unlike in other works,
the definition of ¢ in [51] is manifestly gauge invariant and ref. [51] uses a method that provides
a non-perturbative description of large amplitude metric perturbations. What we could do in
our approximated approach (where separate regions are approximated as homogeneous and
isotropic) is to compute if and when § exceeds the critical value for gravitational collapse.
This means that after ¢, one must start including inhomogeneities and, therefore, extend
the current approach if one wants to study the details of the collapse process. The time ty,ax
is really the maximal value of ¢ for which one can trust the present approximation.

In figures 1, 2 and 3 we show the time evolution of the scale factors, the Hubble rates, the
Hubble radii and the energy densities both for the background and the LP, as well as the mass
excess in the LP, as functions of time, setting, as examples, the following values of 5/ H,, and t,.

e f/H, =9 and t, = 3.4teq (which corresponds to a ~ 99.7). For these values we
obtained
tr P~ 45T g, tmax = 5.48 teq. (2.15)

e B/H, =5 and t, = 3.4t (which again corresponds to a = 99.7). For these values we
obtained
trBH ~ 4,38 teq, tmax = 6.14 Leq. (2.16)

In the plots we used the dimensionless variables

A . 1 p t
H = Ht Ry =—, p= —, —
eq> H o P AV T teq

(2.17)

In the left plots of figure 1 we can see that the scale factors evolve in the same way at the
beginning, but then inflation ends first in the background and only later in the LP. The
right plots of figure 1 show the evolution of the two corresponding Hubble rates and we see
that, at the beginning they are equal, up to the vacuum domination era, when an inflationary
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Figure 1. Evolution of the scale factors (left) and Hubble rates (right) for the background and
the LP.

expansion takes place and the Hubble rate equals a constant, Hy; in particular we see H is
very close to H,, in that period. Then the inflationary expansion stops and the Hubble rates
start to decrease first in the background and only later in the LP. The two different durations
of the inflationary expansion for the background and the LP are also clear in figure 2, showing
the corresponding Hubble radii. In the left plots of figure 3 we see that the radiation energy
density decreases initially both in the background and in the LP, then after 7, = ¢, /tcq, the
quantity ﬁll’i. = plj% J/AV starts to increase because of the bubble nucleation and then starts
to decrease as expected for a radiation energy density. The same is true for f)lR = le AV,
which, however, starts to increase only after T,PL)Z_BH = tf{?H /teq- In the right plots of figure 3
we can see the behavior of ¢, which reaches its peak, d., at Tmax = tmax/teq-

Figures 1, 2 and 3 also show the dependence on 3/H,. Decreasing 3/H, the time
scale of the evolution becomes larger (as expected) and T,EZBH becomes smaller. In other
words, for smaller values of §/H,, the minimal 7,, required to reach a given mass excess in
the LP (6. = 0.45 in the plots) becomes smaller. So the PBH production becomes more
efficient decreasing (3/H,,.

Now, note that the exponential in (2.10) represents the probability that a given point in
space remains in the false vacuum at time ¢, assuming that no bubble formed before ¢,,. One



Figure 2. Evolution of the Hubble radius for the background and the LP.
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then needs to know the probability Psury(tn,, tmax) that in a LP at time ¢y (the maximal
time before the collapse for t,, = tEZBH) no bubble formed before t,,. This probability was
originally determined for a Hubble patch of radius H ! (¢max) (the Hubble radius at tyay)
in [7] and re-derived in [20]:

t”i
Psurv (tn;, tmax) = €xp [— / dt'T(t)a(t' )3V (' tmax) | (2.18)
te
where
VI fne) = Ry (tna) + 7t ), Rur(t) = ———— (2.19)
s Umax 3 H \!max maxs ) H = (I(t)H(t) .

and all quantities refer to the LP.
The exponential in (2.18) decreases very rapidly increasing t,,, so the collapse probability
is estimated as

Pcoll = Psurv(tS?Ha tmax)- (220)

The exponent in (2.18) decreases very rapidly also increasing 3, as clear from (2.4) (justified
in subsection 3.1 for RSB). So, it is again clear that smaller values of  corresponds to
a larger PBH production.

We find that our numerical results (see appendix A for our method of integration) are
well described for o« > 10? by the following fitting function:

bp
Pcoll ~ exp [_GP <I§> (1 + 5C)CPHB"] ’ (221)

with ap & 0.5646, bp ~ 1.266, cp ~ 0.6639 in agreement with the result in [20], varying o,
around 0.45. Note that the large-a limit (o > 10?) is all we need to apply the late-blooming
mechanism to supercooled phase transitions, such as those with RSB [22, 33].

The rest of the derivation of the PBH fraction of DM, fppu, and the PBH mass, Mpgy,
parallels that in [20, 56], to obtain

Peoll Teq 20 \'?/140MeV
~ Mppy ~ M, 2.22
Jeen ~ G5 10772 500GV PR = O < g*(Teq)> T, ) (222)

where M is the solar mass.
On the other hand, we find that the initial spin of the PBH at the time of creation’
can be expressed as

2.1x 1073

Q M
23.484 — 1.251og,o(fpen) — 1.25log, ( (f;é‘“) — 0.6251og;, <101PSBH>
: g

(a2) ~ (2.23)

Here 4/(a?) is the root mean square (RMS) value of the dimensionless Kerr parameter a.
and Qcpum =~ 0.26. In the Boyer-Lindquist coordinates the Kerr parameter of a rotating

"The authors of ref. [57] have studied the initial spin of PBHs created from FOPTs. However, the curvature
perturbation considered in that article does not consider very high values of o and hence is not compatible
with the RSB scenario.



black hole is given in terms of its mass and absolute value J of angular momentum by (for
our choice of units) ax = J/Mppp, which has the dimension of the inverse of a mass. The
dimensionless Kerr parameter a, can be expressed as® a. = ax /(G nMppn), where Gy is
Newton’s constant. We will refer to a, as the spin of the black hole.

The expression in (2.23) has been derived by using the result of ref. [58] for \/@ and
the fact that the PBHs are produced in the radiation-dominated era after the RSB PT with a
mass given by the mass inside the sound horizon H~1/v/3 [20]. Ref. [58] followed in turn the
treatment of refs. [59, 60], except that [58] used a power spectrum of the curvature perturbation
that is more suitable for first-order phase transitions. However, as mentioned in ref. [59], the
generation of the PBH spin is only generated if two conditions are satisfied. One is that the
overdense regions, which eventually collapse, must be non-spherical. The second condition is
that the velocity shear must be misaligned with the collapsing object’s inertia tensor.

The collapsing regions in the mechanism we focus on are nearly-spherical, but not
entirely spherical, which satisfy the first condition. This is due to the fact that there
exists many true vacuum bubbles in a delayed patch when the collapse takes place in the
radiation-dominated era.

The second condition is satisfied as a mean statistical property [61, 62], where Gaussian
distributions of the relevant quantities are assumed. The plausibility of this assumption
comes from the fact that the PBH abundance from the present mechanism is the result of
the contribution of a large number of patches. Calculating the angular momentum of each
collapsing object would be more involved and is out of the scope of the present work.

3 General supercooled phase transitions from RSB and PBHs

We now apply the PBH production mechanism of section 2 to the class of theories (or, more
generally, sectors) where symmetries are broken and masses are generated radiatively [38, 40],
at least in some regions of their parameter space. As mentioned in the introduction, these
RSB systems feature supercooled FOPTs and can be analysed through perturbative methods.
In the first part of this section we recap the features of RSB and the corresponding PTs that
are needed to understand the original results of this section (subsections 3.1 and 3.2). For
the proof of any non-trivial statement in this first part we refer to refs. [22, 33].

RSB can occur when the classical theory features a flat direction in the space of scalar
fields? ¢,. We can parameterize such direction as ¢, = v,), where v, are the components of
a unit vector v, i.e. v41, = 1, and Y is a single scalar field. Inserting this parameterization

in the generic no-scale potential.'®
)\abcd
A1 ¢a¢b¢c¢da (3.1)
8In the international system of units ax = J/(Mppuc) and a. = axc®/(GnMpgn), where ¢ is the speed
of light.
9We consider a generic number Ng of scalars (a=1,...,Ns), so we can take the ¢, real without loss

of generality.

10Unlike the matter sector under study, gravity is assumed to be the Einsteinian one at the energies that are
relevant for this work. It is possible, however, to construct a classically scale-invariant theory of all interactions,
gravity included, where scale invariance is broken by dimensional transmutation [63—68] at energies above
those of interest here.

,10,



where A\gpq are the quartic couplings, one obtains the RG-improved potential of x:

V(x) = 1 O (Ax(u) = 31!>\abcd(,u)VaVchVd>7 (3.2)

where p is the renormalization scale. Including the one-loop correction, the quantum effective
potential reads

B X L\ 4
\% =—|log=> —- 3.3
() =7 g )X (3.3)
where x( is a free non-vanishing parameter with the dimension of energy,

P,

and [ is the energy scale where the flat direction appears, A, (f1) = 0. When B > 0 the potential
in (3.3) has a minimum at yo # 0 and this can trigger RSB. Including thermal one-loop
effects, one always obtains an effective potential that admits the following large-supercooling
expansion (barring an additive field-independent constant)

m*(T) , K(T) 5 MT) 4

Ver (. T) = ==X = —57X" = ==X+, (3.5)
where - 5
2y = 9L _T — 310 X0
mA(T) == kD)=,  AMI)=plg, (3.6)

9> =Y mem(0)/x +me ) 3= mmi ()X (3.7)
b

Here the my, and my are the background—dependent bosonic and fermionic masses, respectively,
the sum over b runs over all bosonic degrees of freedom and n, = 1, 3 for a scalar and a vector
degree of freedom, respectively. The quantities g and § turn out to be y independent and
they always satisfy § < g. We don’t restrict the number of bosons and fermions and we work
with Weyl spinors for generality. This allows us to be model independent.

When the parameter

U (3.8)

63 log %%

is small for the relevant temperatures, which occurs for a large-enough hierarchy T' < xq
(large-enough supercooling), for our purposes one can treat the cubic-in-x term in (3.5)
perturbatively, together with the additional terms in the dots. This perturbative approach
is named the “supercool expansion”. For example, setting those terms to zero one obtains
the supercool expansion at leading order (LO), where the full effective potential can be
approximated by

m*(T) 5 NT) 4

X — =X (3.9)

— 11 —



When there are several degrees of freedom, say N, with dominant couplings (all of the
same order of magnitude) to x the supercool expansion is actually valid even for larger
values of e. This is because §2/g% < 1/ V/N. The supercool expansion becomes even more
accurate if there are much more fermions than bosons with dominant couplings to y as
only bosons contribute to g.

When the supercool expansion breaks down one can still perform a perturbative treatment
of this general system as long as € is not large, say at most of order 1, i.e. ¢ < 1, which
still requires some supercooling. In this case the cubic-in-x term in (3.5) should be treated
exactly, like the quadratic and quartic ones. Instead, the terms in the dots of (3.5) can still
be treated perturbatively. This perturbative approach is named the “improved supercool
expansion” and has a larger regime of validity of the supercool expansion previously defined.
In the improved supercool expansion one can approximate

_ m2(T k(T T
Vet (x, T) =~ 2()X2 - (?))x?’ - (4)x4,

treating all coefficients m, k and A exactly.

(3.10)

In both the supercool expansion and the improved version the decay rate of the false
vacuum is dominated by the time-independent bounce. The corresponding three-dimensional
action S3 is given by

Sy ~ 63%, c3 = 18.8973.. . (3.11)

in the supercool expansion at LO, while, in the improved approximation of (3.10), S5 is

well fitted by

1+ exp (—k:/ (m\F)\))
2k2 + 9Am?

for the values of the parameters that are relevant for us.!! The simple form in (3.11) allows

Sz =~ 27mm? (3.12)

for an analytical determination of T,

N 16a’ — /

T, =~ xoexp ( c 86a ‘ ) ) (3.13)

where B

4v3M
o =39 o= 4log@ (3.14)

V126 VB xo

and of §/H,
/

£ a (3.15)

0y~ o xa/T)
Numerical calculations are instead used to obtain T;, in the improved approximation of (3.10).
In the present paper we performed a refined numerical calculation for better accuracy.

The great advantage of these expansions is that they allows us to have a model-independent
approach: everything can be expressed in terms of few parameters (xo, 3, g, §, ...) that
are computable once the model is specified. We will then use such a model-independent
approach in this paper.

"The derivative corrections to the canonical kinetic term of x and the higher-derivative corrections turn
out to be negligible in this approximation.
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3.1 Time dependence of the false-vacuum decay rate

Since the time-independent bounce always dominates for RSB PTs in both the supercool
and improved supercool expansions, I' can be approximated by

I ~ T*exp(—S3/T). (3.16)

Also, in theories with RSB, using (3.3),

BX4
AV = &2 Nl
|4 16’ (3.17)
which leads to
\/EX% 4 155)(%
H = —= T = —5—7rr—- 3.18
! 4v/3Mp 4 8rlg. (Teq) ( )

We now prove that the approximation for the time dependence of T" in (2.4), which is
widely used in the context of PBH production from FOPTs, is valid and it proves to be
increasingly accurate as the degree of supercooling becomes larger.

To understand this result let us consider the phase of the evolution of the universe since a
time close to t,,. We can do so because vacuum decay is not effective at much earlier times. So,
we can approximate H(t) ~ H (constant in time) since the spacetime exponentially expand
at those times before vacuum decay occurs. Note that here we have used the presence of

supercooling, which tells us that the energy density is dominated by the vacuum contribution
at t,. Using dt = —dT/(TH) ~ —dT /(T H) we find

T(t) = Ty frt=tn), (3.19)

Let us consider now the supercool expansion at LO; as we will explain, the extension to
higher orders and even to the improved supercool expansion can be easily obtained. In
this approximation

Ss m c3g a a

— R 3 = = = ~ ,
T " FTA T V12BlogX ~ X +log Ly X+ Hy(t —ty)

(3.20)

where we have defined X = log %—2 and in the last step we used (3.19). Inserting now this

result and (3.19) in (3.16) gives

a/
I(t) ~ T} — —AH(t—t,) . 3.21
()~ Thexp (— = — A~ ) 321
Expanding for ¢ around ¢,, the first term in the exponent,
1 L Hi(t—ty) | (Hit—tn)\’ o (Hi(t—t)\"
W —_— 1 - X + X + .. + (_1) T + o oee (3.22)

we can clearly see that the constant and O(t —t,,) terms reproduce the right-hand side of (2.4)

because a’/X equals S3/T at t = t,, and
CLIH[
X2

—AH; ~ 3 (3.23)
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according to (3.15). The order of magnitude of the generic O(t — t,,)* term in (3.22) can
be estimated by noting that

Hi(t —tn) _ (7 =) (3.24)

X V3X
where we used (A.1), (A.2) and (A.3) and so H; = Heq/V2 = v/(V/3teq). Now, in the
supercool expansion X is rather large. Indeed, X is typically more than an order of magnitude
larger than 1/e evaluated at Tj, (as f is typically of order ¢g*/(47)?) and v/3X/v is even
larger (see (A.1)). So, as long as one is interested in time differences 7 — 7, that are small

compared to v/3X/7v, as we do,'? (2.4) is a good approximation, which becomes increasingly
accurate as the supercooling (namely X) increases.

Note that this is an order-of-magnitude estimate and, as such, it remains valid considering
the higher-order corrections in the supercool expansion. Moreover, even in the improved
supercool expansion, since € is at most of order 1 and f3 is typically of order g*/(47)?, the
suppression factor v/(v/3X) is rather small, typically at most of order of few %. We have
also numerically checked this with the fit in (3.12), which is valid in the improved supercool
expansion where the effective potential is approximated as in (3.10).

3.2 PBH abundance, mass and initial spin

We now use the previous results to study the PBH abundance, mass and initial spin cor-
responding to a generic theory with RSB.

We compute fppg by using the first expression in (2.22) and (2.21) and inserting the
value of 8/H,, previously determined: in the approximation of (3.9) we use the formula
for 5/H,, given in (3.13)—(3.15), while in the approximation of (3.10) we use the numerical
approach illustrated in ref. [22] (but performed here with better accuracy).

In theories with RSB, on the other hand, Mppy can be obtained by combining (2.1)
with the second expression in (2.22):

212\ /2 /280 MeV \ 2
(1) (202

with no dependence on g,. On the other hand, fpgy has a dependence on g, due to the
dependence on g, of Tyq. However, this dependence is very weak, being proportional to
1/ VG- In the numerical results below we will use a reference value g, = 102 (around the SM
value); but variations keeping this order of magnitude produce very small modifications.

As far as the initial spin is concerned, \/@ can be obtained by combining the results
for fppy and Mppy discussed above with the expression in (2.23).

We now illustrate the dependence of 5/ H,,, fpea, Mppu and \/@ on the parameters
of the model-independent approach valid for RSB theories with large-enough supercooling.

In the following plots we highlight the parameter space that allow for a significant PBH
production between fppy = 1 and fppy = 10710, Also, we represent in dark gray the region
of the parameter space where there is no solution of the equation determining 7,,. We also
considered the constraints on the PBH abundance: the accretion constraints due to the

12Tndeed, in the example of figures 1, 2 and 3 the relevant values of 7 — 7, are smaller than ~ 3.
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CMB [69], the merging constraints from LIGO/VIRGO data [70], microlensing constraints
(HSC [71, 72], Kepler [73, 74], OGLE! [76, 77], EROS [78], MACHO [79], Icarus [80],
SNe [81]), cosmic ray constraints ([82-84]), BBN constraints [83] and BBN/CMB bounds
on the reheating temperature [85-87]. In the plots we represent these constraints as follows:
Light Gray: BBN/CMB constraint requiring that the reheating temperature be smaller
than the neutrino decoupling temperature ~ 5MeV; Orange: CMB accretion constraint;
Dark Green: merging constraint, Pink: microlensing constraints, Blue: CMB evaporation
constraint, Yellow: cosmic ray constraints, Light Green: BBN constraint. The observation or
search for GWs necessarily produced by these PTs lead to further constraints; these have
been studied extensively and in a fully model-independent way in ref. [33].

In figures 4, 5 and 6 we use the supercool expansion at LO where the effective potential
is given by (3.9). Note that in the red region (where € > 1) the supercool expansion does
not necessarily break down: for example, as discussed at the beginning of this section,
it can still be valid if there is a sufficiently large number N of degrees of freedom with
dominant couplings with x.

In figures 7, 8 and 9 we use the improved supercool expansion where the effective potential
is approximated as in (3.10). In the same approximation we also show a zoom around the
electroweak (EW) scale in figure 10. There we can show the best fit regions of the anomalous
microlensing events in HSC data [77, 88, 89].

It is then natural to ask whether there is a specific RSB model able to account for at
least some of these anomalous events. Ref. [22] constructed'# a phenomenological completion
of the SM with three right-handed neutrinos (featuring Majorana masses below the EW
scale) and gauged B — L. In this model both the EW and B — L gauge symmetries undergo
RSB. The gauge group of this model is the SM one times the extra U(1) corresponding to
B — L, ie. U(l)p_r, and the field content is the SM one plus the B — L gauge field and
a complex scalar. In the plot on the bottom of figure 10 we show that this model fits the
HSC data anomaly for yog ~ 2 x 10*GeV and g = 0.95.

We see that the RSB PTs generically produce PBHs very efficiently without the need
of fine tuning. On the contrary, there is a significant parameter space where the PBHs
produced in this way have observable effects and a region where they are even overproduced
feu > 1. This leads to useful model-independent bounds on the parameter space of theories
with RSB.

Regarding the last point, it should be kept in mind, however, that for Mppy < 10'° g,
which corresponds to yo roughly above the 10° GeV scale, the PBHs are already evaporated
today.!> As a result, the fpgy = 1 line really constrains the parameter space only for'®
xo < 10°GeV. Nevertheless, from figures 4-9 we see that for xyo > 10 GeV there are
other constraints to keep in mind (the CMB, BBN and cosmic ray ones in blue, light green
and yellow) that are always stronger than the fppg = 1 line for those values of xo. The

13See also [75].

1Gee also ref. [90] for a subsequent related study.

15See [91] for a review on constraints on PBHs.

161t is interesting to note that in models with RSB of the Peccei-Quinn symmetry (leading to the QCD
axion), see [49, 92, 93], the DM does not receive contribution from the PBHs: in that case xo > 10° GeV

because of astrophysical observations. Thus in those models DM can be entirely due to the QCD axion.
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Figure 4. /H, calculated using the supercool expansion at LO for fixed values of xo.

parameter space with Mppy < 108 g, which corresponds to o roughly above the 10'? GeV
scale, remains instead unconstrained.

We conclude this section with a discussion on the initial spin. Figures 4-10 show that the
RMS value 1/(a2) is very low. However, there are several mechanisms, which can enhance the
PBH spin such as (i) accretion, (ii) close hyperbolic encounters and mergers, (iii) Hawking

evaporation in presence of many scalars, etc. Let us briefly elaborate on these mechanisms.

e« Accretion.

There have been several studies which focus on the modification of the PBH mass and
spin due to accretion of surrounding matter into the PBH (see [94-97] and references
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Figure 5. fpgy, Mpgy and 4/ <ai/ 2) calculated with the supercool expansion at LO for fixed values
of g.

therein). The evolution of PBH mass and spin depends on the relative velocity of the
PBH and the surrounding matter. As a result the evolution of spin and mass of the
PBH takes different directions depending on whether the PBH is isolated (in which case
the relative velocity between the PBH and the surrounding matter is lower) or there is
a binary PBH system (in which case the relative velocity is much larger). Furthermore,
since the PBH might constitute only a fraction of the DM, other DM constituents might
create a DM halo around the PBH that increases the gravitational potential of the PBH.
This renders the accretion more efficient. Note that the plasma-driven superradiant
instability may decrease the spin of the PBH as well, however, for the realistic cases in
consideration that effect is negligible.

When the surrounding matter has negligible angular momentum (spherical accretion),
the angular momentum of the PBH does not increase, but the mass does, which reduces
ax. However, if there is an accretion disk around the PBH, then the non-spherical
accretion can become efficient and increase the PBH spin. In ref. [97], two models have
been considered, (I) where the accretion effectively stops around redshift z ~ 10 due to
structure formation, (II) where the accretion continues even beyond z ~ 10. In Model

,17,



[ fe— s - 7
g
9F g
8F Il - E
[
7E oy E
6F = 2 E
(4m)2B Z
56 E
94 Q
4k = E
w
3E E
pp 3
1E E
O . . ml ol ' ' . l. l. . al al ul ul. =i
1072 10° 10?2 104 108 108 10% 10"
Xo[GeV]
g = 0.5
10 .
-l 4 Fy ) T
=\ Mppy =2 X 0P g1
of s M 23 A TG
sf Z S ]
o 5 . oAl
E 2 o ot ]
7 @] )
_ 6F 2 | 3
(4m)2B =
g °F ;
4F 3

-
St

1072 10° 102 10* 108 108 10"
Xo[GeV]

Figure 6. Like in figure 5 but for smaller values of g.

I, PBHs with a final mass (mass after the accretion) below ~ 30M¢ acquires no spin
whereas heavier PBHs can have a, ~ 1. In Model II, even lighter PBHs (PBHs with
final mass more than ~ 10M)) can acquire very high spin for z ~ 4.

Mergers and Close Hyperbolic Encounters.

Merger of two non-spinning black holes can give rise to a remnant black hole with
significant initial spin. The highest spin of the remnant black hole can be a, =~ 0.7,
which occurs in the case of the merger of two equal mass black holes [98] and the
value of the spin of the remnant decreases as the mass asymmetry between the two
participating black holes increases. Therefore, two PBHs with low initial spin can merge
to create a larger black hole with substantial spin.

Furthermore, close hyperbolic encounters is another mechanism that can occur between
two PBHs in dense PBH clusters and can induce spins in the PBHs that were initially
non-spinning (or very slowly spinning) [99]. It has been shown that in these encounters,
if the two participating PBHs are of the same mass, then the induced spin can go up to
ax ~ 0.2. However, if one PBH is much larger than the other, then the induced spin
can be considerably larger where the heavier PBH acquires more spin. In this regard,
it is to be noted that, for high mass asymmetry, i.e. if the ratio of the masses of the
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Figure 7. §/H, calculated using the improved supercool expansion where the effective potential is
approximated as in (3.10) with g = § and for fixed values of xq.

two black holes is much smaller than unity, the merger occurs. However, before the

merger, the participating PBHs will acquire significant spin that can be as high as 0.8.

Furthermore, the acquired spin is larger for higher initial relative velocities and lower
impact parameters between the two participating PBHs respectively. Unlike the case of
accretion, here the absolute masses of the PBHs do not play a role as the induced spin
depends on the ratio of the masses of the two PBHs.

« Hawking Evaporation in the presence of many scalars.

Though a PBH will lose its angular momentum due to evaporation into fermion and
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vector degrees of freedom, evaporation into scalar degrees of freedom only reduces the
PBH mass without changing its angular momentum. Hence, the presence of many
scalars can lead to a quick evaporation of a PBH, which may lead in turn to a PBH spin
enhancement. It is to be noted here that very light PBHs that have already evaporated
today may have left traces of their spin. This is because the spectra of the evaporation
depends on the spin.

An example of theories where there are many scalars is the “string axiverse”, in which
there can be many (hundreds or even thousands) axion or axion-like particles present
in the universe due to string compactifications [100]. In this regard, it has been shown
in ref. [101], that the presence of a few hundred axions can increase the PBH spin from
an initial value of a, = 0.01 to values as high as a. ~ 0.45. Therefore, this kind of
scenarios can also be very efficient in PBH spin enhancement.
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4 Conclusions

In this work we have performed a detailed analysis of PBH production in the class of
perturbative theories featuring supercooled PTs, those with RSB. A large supercooling is the
key ingredient that allowed us to perform a model-independent analysis. We have determined
not only the PBH abundance but also the PBH mass and initial spin.

o A first part of the analysis, section 2 (and appendix A), provided a fresh look at the
late-blooming, a model-independent mechanism for PBH production in supercooled
PTs, assuming the exponential time dependence of I' in eq. (2.4). This dependence has
often been assumed in the literature. We have then provided a full justification of this
assumption in subsection 3.1, exploiting the (improved) supercool expansion of RSB.
We find corrections to the exact exponential time dependence, but these corrections
are always very small for the time intervals we are interested in. This justification of
eq. (2.4) allowed us, among other things, to explain why the late-blooming mechanism
becomes more effective as 3/H,, is lowered. Then, in section 2 we have also studied the
dependence on 3/H, of the time evolution not only of the mass excess of the LP, §, but
also of the scale factors, the Hubble rates and energy densities both for the background
and the LP.
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e Section 3 contains our study of the PBH abundance, mass and initial spin in theories
with RSB. The results of this section are ready to use in each model of this sort. We
find that there is a large region of the model-independent parameter space of this class
of theories where we have a sizable abundance of PBH, so much that the requirement
feea < 1 provides a significant model-independent bound. This bound is, however,
present only if the PBHs are heavy enough to survive Hawking radiation until today.
We find that the PBH initial spin is generically very small, but, at the end of section 3
we pointed out several mechanisms, which can enhance it: e.g. (i) accretion, (ii) close
hyperbolic encounters and mergers and (iii) Hawking evaporation in presence of many
scalars.

e In subsection 3.2 we have also found that a concrete model, featuring Majorana masses
below the EW scale and gauged B — L undergoing RSB, can account for the HSC data
anomaly in a region if its parameter space. While this anomaly needs to be confirmed,
this result shows the testability of the RSB scenario for PBHs and how one can use our
model-independent results in specific cases.

A Integration methods for the PBH-production mechanism

In this appendix we illustrate the details of our approach to solve the systems of IDEs
in (2.7)-(2.8). Solving an IDE is not an easy task; a standard way to proceed is to transform
it in a system of ordinary differential equations (ODE) (see [102] for the application of this
technique to a system of particular relevance for us).

In the following analysis we will find it numerically convenient to define time such that

toq VAV
= = @ sinh~1(1) = 0.76329. .., (A.1)
Mp 2
which corresponds to
sinh~1(1
eq — \[()a (A2)
2Hq

having used

2AV
Hoq = Hiteg) = | 220, (A.3)

Next, besides (2.17), we also define the additional dimensionless variable

o [T AT ()
(1, 7) = /T/ a®) (A.4)

teq

and the corresponding single-argument dimensionless variable
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Note that by construction #(7,,,) = 0. Using #(7) and its powers #*(7) we also construct

vi(T) = /T dT’f(T')a‘g(T')W(T'), (A.7)

ng

where T'(1) = te,L(t), so that for 7 around 7,

n

[(r) ~ ﬁf{ exp <I§ﬁn(7 — Tn)> , H, = Hpteq. (A.8)
Note that by construction v;(7,,) = 0. Eq. (A.8) represents a good approximation for I in
supercooled PTs with RSB, as shown in subsection 3.1.

All these definitions allow us to transform our IDEs into two systems of seven ODEs:
they both have the form

a'(t) = Za(7)y/pr(T) + (7),

Pa(r) + 455 pa(7) = —pl, (7),
(1) = 2t
vi(r) =T(n)ad(r)Pi(r)  (1=0,1,2,3),

; (A.9)

where a prime denotes a derivative with respect to 7 and pr = pr/AV, py = py/AV =
e~ ! with
a7
I(r) = g[f?)(T)vo(T) — 3r2(T)uy (1) + 37(T)va (1) — v3(7)]. (A.10)

For the background we solve System (A.9) for 7,,, = 7., namely the value of 7 at the critical
temperature, while for the LP we set 7,, = T};BH.

Let us now discuss the initial conditions for System (A.9) by considering first the
background and then the LP.

» For the background we actually approximate 7,, = 7. with 7oq = 1. This is because
the integral I(¢,t,,) in (2.10) receives a contribution from t’ € [t., teq] that is very small
compared to that from ¢’ > teq (I' is negligibly small for times significantly smaller
than t,, and teq is such a time for supercooled PTs). Thus we set the following initial
conditions for the background:!'”

{a(1), pr(1),7(1),v(1)} = {1,1,0,0}. (A.11)

e For the LP we note that 7,, = T};BH > 7, > 1, where in the last inequality we used
supercooling. Therefore, we first solve the first two equations in (A.9) for 7 € [1, 7,,]
with py = AV, because when 7 < 7,, vacuum decay has not yet occurred (by definition
of 7,,). For this first integration we set the initial conditions

{a(1),pr(1)} = {1,1}. (A.12)
The values {a(7y,), pr(7n,)} obtained in this first integration are then used as initial
conditions for the integration with 7 > 7,,, together with {#(7,,),vi(m,)} = {0,0},
which always hold by construction.

Note that the only free parameters in the integration are S and «, which determine 7,,.

"The initial value of a is arbitrary for both the background and the LP as clear from (2.7)-(2.8).
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