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Abstract. Gravitational waves (GWs) in the MHz—GHz frequency range are motivated by
a host of early Universe phenomena such as oscillons, preheating, and cosmic strings. We
point out that baryogenesis too serves as a motivation to probe GWs in this frequency
range. The connection is through primordial black holes (PBHs): on the one hand, PBHs
induce baryogenesis by Hawking evaporating into a species that has baryon number and
CP violating decays; on the other, PBHs induce GWs through second order effects when
the scalar fluctuations responsible for their formation re-enter the horizon. We describe the
interplay of the parameters responsible for successful baryogenesis on the plane of the strain
and frequency of the induced GWs, being careful to delineate regimes where PBH domination
or washout effects occur. We provide semi-analytic scalings of the GW strain with the baryon
number to entropy ratio and other parameters important for baryogenesis. Along the way, we
sketch a solution to the dark matter-baryogenesis coincidence problem with two populations
of PBHs, which leads to a double-peaked GW signal. Our results underscore the importance
of probing the ultra high frequency GW frontier.
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1 Introduction

Gravitational waves (GWs) provide a unique window to the physics of the early Universe.
Current detector designs are able to probe GWs in the nHz-kHz frequency range, leaving
the regime of ultra high frequency GWs, in the MHz—GHz range, relatively unexplored. It is
precisely at these ultra-high frequencies, however, that one expects very early cosmological
events to leave their imprints: very early phase transitions, oscillons, preheating, cosmic strings,
etc. This fact has led to a recent surge of interest among particle theorists, cosmologists, and
the experimental community in proposing methods to search for GWs at these frequencies.
Fully understanding the cosmological and particle physics models driving such proposals is
an important aspect of this endeavor. For a comprehensive review of this theoretical and
experimental frontier, we refer to [1, 2].

The early Universe phenomena listed above all occur below the Big Bang Nucleosynthesis
(BBN) bound in the (h., faw) plane utilized to depict this frontier (we refer to figure 2 of [1]).
Here, fow denotes the frequency, while h. denotes the dimensionless characteristic strain
relevant to the normalized energy density for stochastic GWs, which we will define carefully



in the main text. The extremely low strain relevant to this regime makes it a very challenging
target for experimentalists. While primordial black holes (PBHs) have also been studied in
this regime, it is in their avatar as stable late-Universe exotic compact objects that they have
made their appearance: through inspirals, mergers, or capture (we refer to figure 1 of [1]).
We also refer to [3-10] for studies of late-Universe PBHs in the context of lower frequencies
attainable at current or near-future detectors.

PBHs that evaporate before BBN could also be a target for MHz—-GHz GW detectors.
The source in this case would be the second order GWs produced when primordial scalar
fluctuations responsible for PBH formation re-enter the horizon! [13-26]. In particular, a spell
of ultra slow-roll dynamics during the inflationary phase could result in a local enhancement in
the spectrum of scalar perturbations, leading to PBH formation [27-32]. While scalar, vector,
and tensor fluctuations decouple at linear order, at second order the story is different: GWs
can be produced with an amplitude that scales quadratically with the scalar perturbation.
Since the amplitude of scalar perturbations is required to be enhanced by orders of magnitude
for PBH formation, this significantly enhances the detection prospects of such GWs compared
to the primordial signals from inflation. On the other hand, the peak frequency scales with
the PBH mass as fg%?,k ~ Mgél/f; for PBH masses between 0.1 g and 10* g, this falls within
the MHz-GHz range.?

The question then is: do evaporating PBHs connect to problems of interest for particle
physicists? Here the answer is very much to the affirmative. The connection of evaporating
PBHs to baryogenesis has a long history [33-46]. Similarly, dark matter (DM) [47-54] and
dark radiation [55-58] produced by evaporating PBHs have been studied by many groups
(we select only a few references from the vast literature). It becomes possible, then, to study
the interconnections of ultra-high frequency GW signals and baryogenesis, DM, and dark
radiation induced by PBHs.

The purpose of this paper is to explore the interconnections of PBH-induced baryogenesis
and GWs between MHz-GHz frequencies.> We briefly outline the main steps and our results,
beginning with a few preliminary remarks about baryogenesis in general. The matter-
anti-matter asymmetry of the Universe is usually explained by the dynamical process of
baryogenesis [64], which generates the baryon density Qph? = 0.02237 + 0.0001 [65]. In
the context of PBHs, baryogenesis proceeds as follows: a heavy species X is produced via
Hawking evaporation and subsequently decays to Standard Model particles through C'P and
B violating operators, inducing baryogenesis.

The final baryon asymmetry is determined by (i) the initial abundance of PBHs; (i) the
number of X particles produced by evaporation per PBH and (iii) the particle physics input
in the form of the amount of baryon number violation per decay of X, which we call vop.
We study the frequency and amplitude of the GWs produced by second order effects as these
parameters are varied, requiring that the observed baryon asymmetry is satisfied. There are
several criteria that need to be satisfied. Firstly, one must be careful to delineate the regions

!This should be contrasted to the GWs produced due to Hawking evaporation itself, which produces GWs
at much higher and more challenging frequencies [11, 12].

2The upper bound comes from avoiding a spell of PBH domination, as we will see later.

3We leave the interconnections of high frequency GWs with DM and dark radiation from evaporating light
PBHs for future work. The interplay of DM with evaporating PBHs has been explored by several groups —
we mention [48, 51]. We further note that the interconnection between stable PBH DM in the current Universe
and low frequency induced GWs has been studied by many authors, for instance recently in [59, 60]. We
refer to the review [19, 61] and references therein. Complementary tests of high-frequency GWs with the GW
memory effect in the low frequency range are studied in [62, 63].



of parameter space where a matter- (in this case, PBH-) dominated cosmology occurs. A
PBH-dominated phase would typically result in GWs peaking in a different frequency range
and will be studied in future work. Secondly, one must be careful to avoid washout of the
final asymmetry, which can be imposed in this case by the requirement that the mass mx of
X exceed the temperature of the thermal bath at the evaporation time of the PBHs. These
features are displayed in figure 1.

We do not explore the particle physics model-building (in other words, how X couples
to the Standard Model) in any great detail, given the plethora of available models in the
literature (for completeness, we outline a supersymmetric embedding of the model in the
appendix, based on previous work by one of the authors). Some generic features that we
uncover are as follows. Since baryogenesis occurs by the interference of tree-level and one-loop
decays of X, the asymmetry per decay ycp is typically a simple loop factor ~ O(1/1672)
for O(1) Yukawa couplings of X. As such, we take a benchmark value of yop = 1072 for
our results. If one lowers the value of yop to, for example, O(107%), one needs a higher
initial abundance of PBHs to achieve the observed asymmetry. However, one then runs into a
PBH-dominated phase, restricting the parameter space where potentially observable GWs
can be obtained. This is displayed in the bottom panel of figure 1.

We find that the range of PBH masses relevant for our scenario is 0.1 g to ~ 3x10% g, with
the upper bound coming from the threshold of hitting a PBH-dominated cosmology, assuming
vop = 1072, while the lower bound is from Hubble rate during inflation which is constrained
by Cosmic Microwave Background (CMB) observations [66]. We calculate the resulting energy
density of GWs as a function of the frequency for various PBH masses. These results are
shown in figure 3. The strain at the peak frequency of the GW spectrum is plotted against
the peak frequency in figure 4 for different choices of mx. In these figures, we also depict
a conceptual design employing the inverse Gertsenshtein effect to probe GWs in this regime.*

To get a sense of the strain values involved, we can provide a summary of our results.
The strain at the peak frequency scales as

2 271
1 MH 1 MH 2/8.7x 10711
he ~ 5.5 x 10727 ) log |2.0 x 108 d (7012) . (L)
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(1.4)

4This was proposed in [67]. We provide this reach for the purpose of illustration only; clearly a lot of work
needs to be done to probe ultra high-frequency GWs. In additional to the laboratory searches for high-frequency
GWs using the inverse Gertsenshtein effect, astrophysical observations of converted electromagnetic signals are
also studied in [68, 69].



Here, Yp = np/s ~ 8.7 x 10~!1. The lower bound on mx in eq. (1.2) comes from avoiding
washout. Eqgs. (1.1) and (1.3) are of course valid as long as one stays within a radiation-
dominated cosmology. The frequency of GWs is determined by the PBH mass that solves
baryogenesis in a radiation-dominated universe. We found the lowest frequency is about
1.64 x (1072 /ycp) x [YB /(8.7 x 10711)] MHz, which indicates MHz-GHz GWs in the parameter
space of baryogenesis models.

Finally, we explore a scenario where the DM-baryogenesis coincidence problem is ad-
dressed by two populations of PBHs: one responsible for baryogenesis, and the other stable
and comprising DM today. The coincidence is then primarily driven by the ratio of the
masses and abundances of the two populations. The striking feature of this scenario is a
double-peaked GW spectrum.

The rest of our paper is organized as follows. In section 2, we discuss PBH formation
from scalar perturbations. In section 3, we discuss the mechanism of generating baryon
asymmetry with PBH Hawking radiation in the early universe. GW signals generated by
curvature perturbations are discussed in section 4. In additional to baryogenesis, we study
the possibility of solving the cosmological coincidence problem with a bimodal PBH mass
function in section 5. We conclude the main result of this study in section 6.

2 PBHs mass function

In this section, we introduce our notation and discuss the PBH mass function that will be
used to address baryogenesis. The PBH mass function at time ¢ is defined as the ratio between
the PBH energy density per logarithmic mass interval and the total radiation energy density
at the formation time, t;(M),

t 1 dp(M;
al p(Mppn) (Radiation-dominated),
dB(Mppu, tit) | @(ti) Praa(ti) dlog Mppn o
dlog Mppy 1 a3(t;) dp(Mpgh) (PBH-dominated)
Praa(t; i) a3(t) dlog Mpgr ‘

Here dp(Mpgn)/dlog Mppy = Mppu X dn(Mppn)/dlog Mppy and dn(Mpgn)/dlog Mppy is
the number density of PBH per logarithmic mass interval at the formation time. a(t) is the
scale factor. If the universe is always radiation-dominated, the radiation energy density praq
scales as a~* while the PBH energy density scales as a~3. If there exists a PBH-dominated
epoch, the energy density of radiation is determined by the reheating temperature from PBH
evaporation. We denote the radiation energy density after a PBH-dominated epoch as p/._ ;.
The properties of p/. 4 is discussed in detail in section 3.2.

The fraction of energy density collapsed into PBHs of mass Mpgg can be calculated
from the fraction of Hubble patches that undergoes gravitational collapse in the existence of
overdensities at the horizon size R. We assume the overdensities are generated by curvature
perturbations P¢(k) from the inflationary epoch. At the re-entry time of a k-mode, k = aH,
overdensities are generated at the scale R = k~! and the amplitude of the density contrast
d = dp/p is assumed to follow a Gaussian distribution

1

— e 2. 2.2
\V2mog (22)

p(9)



The mean of the ¢ distribution is zero and the variance oy can be calculated with

i 16

ok =R = [ TSR, RPK), (2.3)
0
where a Gaussian window function is used to smooth the power spectrum contribution,
k 2
W (k,R) = exp l—( I;) ] . (2.4)

Note that large variance is also generated at neighbouring scales of an enhanced curvature
perturbation mode as a result of the integral in eq. (2.3).

Gravitational collapse into a PBH happens in patches where the overdensity § is larger
than the threshold .. We take d. = 1/3 when the energy density of the Universe is dominated
by radiation. The number density of PBHs can be calculated by evaluating the probability
of a Hubble patch having § > §. at the horizon re-entry time. The fraction of patches that
collapse into PBHs is

52

NPBH / o0 1 52
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We further assume that a fraction v of the horizon mass will become the final PBH mass,
Mppy = YMp—_j-1. The horizon mass can be expressed as:

k —2
Mp =2 x10* () . 2.6

f &\ 1071 Mpc~! (2.6)
Then the mass function at the formation time ¢t = ¢; can be written as:

dp(M,t;,t;) _ MpgH npBH
d log M MR npatch

=55 () e

If we take the curvature perturbation to be monochromatic, the power spectrum can be
parameterized with two parameters, the amplitude A¢ and the peak location ko,

k
Pe(A¢, ko) = A¢ 5<10g(k>), (2.8)
0
while the variance is simplified to

o2(k) = Ac g (?)4 exp [— <"]/’:>T (2.9)

A monochromatic power spectrum would generate a peaked PBH mass distribution,
whose initial abundance can be defined in the similar way:

~ p(Mpea)  npBH X MppH
B(Mpgx) = Prad (ti(MpBH))  prad(ti(Mpen)) (2.10)

In following sections, we assume a single PBH population of fixed mass is responsible for
baryogenesis, and use eq. (2.10) as an approximation of eq. (2.7) in the numerical analysis.




3 Baryogenesis by Hawking evaporation

A population of PBHs which undergoes Hawking evaporation can emit any particle in the
spectrum which is lighter than their instantaneous temperature. In this section, we summarize
baryogenesis through the C'P and baryon number violating decay of a beyond-Standard Model
particle X produced by Hawking evaporation of PBHs.?

Our focus is on the production of the PBHs and the interplay of the concomitant
GW signal with the mass mx and the baryon-number-to-entropy density Y. For explicit
particle physics models of the subsequent baryon asymmetry obtained by the decay of X,
we refer to [40, 44, 71] and appendix C, where we give details of some supersymmetric
embeddings based on [72-75]. If PBHs dominate the energy density of the Universe prior to
their evaporation, they can initiate an early matter- (PBH-) dominated era. We will study
both the case where PBHs evaporate in a radiation-dominated Universe, as well as when they
themselves come to dominate the energy density.

3.1 Evaporation of PBHs in a radiation-dominated Universe

Density fluctuations, represented as J, grow after entering the cosmological horizon in the
early Universe. If that re-entering happens in a radiation-dominated epoch, the over-density
may overcome the pressure and collapse into a PBH. The collapse can happen if § > w where
w = p/p is the equation of state parameter [76]. If the energy density of the Universe is
dominated by radiation, w = 1/3. In a radiation-dominated era where the Universe is filled
with g.(T') relativistic degrees of freedom sharing the same temperature 7', and the energy
density is given by

7T2

prad(T) = %9*(T)T4? (3-1)
and the Hubble expansion rate follows from Friedmann equation as:
8T
H(T) = 7 praa(T). (3.2)
Pl

If PBHs form within this era at some formation time denoted by t;, then the mass of PBHs is
proportional to the horizon mass at that time, i.e.,

47 _
Mppa = —prad(Ti) H3(T}), (3.3)

3
where v ~ w3/2 ~ 0.2. The temperature of the Universe at formation time, therefore, can be
expressed as:

V351/4 1 M3/ 2
Ti(Mppu) =~ V717 \/ML'
w3V U (1) VMo

PBHs which form during radiation domination gain negligible spin [77]. So in this study we
assume that all the PBHs are Schwarzschild (non-rotating). PBHs lose their mass by Hawking
evaporation [33] during which they emit particles that are lighter than their instantaneous
horizon temperature given by:

(3.4)

Too(t) = — P (3.5)
PBIY T S Mpgn(t)” '

5This idea was initially introduced as a viable production mechanism of heavy bosons predicted by Grand
Unified Theories [37, 70].



The lifetime of a PBH, 7ppy, with initial mass Mppy can be shown [51] to be equal to:

10240 Mgy
9+(Tppn) Mp,

TPBH = (3.6)

Since in a radiation-dominated Universe, H(t) = 1/(2t), by combining Friedmann equation

with the lifetime of PBHs, one can obtain the temperature of the Universe at their evaporation
time as:

_ \/ggi/4(TPBH) MS{Q
eva 64\@51/47r5/4 Mg}/ng'

(3.7)

PBHs may give rise to an early matter-dominated era. Due to the fact that PBHs and
radiation are diluted differently with the expansion of the Universe, the ratio of energy density
of PBHs to the energy density of radiation increases with time, i.e., pppu(t)/prada(t) x a.
Therefore, a transition from a radiation-dominated era to a matter-dominated one is inevitable
if PBHs have long enough lifetimes. The critical initial abundance of PBHs, f., to start an
early matter-dominated era can be evaluated by requiring that PBHs evaporate after the
early equality time, tearly-eq, at Which ppgH (fearly-eq)/Prad (tearly-eq) ~ 1. The temperature of
the Universe at early equality time, Ttarly-eq, can be obtained from:

PPBH (Tearly—eq) __ PPBH (le) T; o T;
- — 8, ~1. (3.8)
Prad (Tearly—eq) Prad (,Tz ) Tearly—eq Tearly—eq

An early matter-dominated epoch is unavoidable provided that fearly-eq S teva.- This is
equivalent to 8 > ., where

Tov T M (T 12 700\1/2/ 1
fo = o _ JoulTomn) Mpi 10—6<g ( PBH)) (O) ( = ) (3.9)
T 102407y Mppn 106.8 ~y Mppy

If PBHs never dominate the energy density of the Universe prior to their Hawking
evaporation, i.e., § < f3., then they will evaporate in a radiation-dominated era at some time
denoted by t = teya. Among other particles, PBHs emit the beyond-Standard Model particle
X with a lifetime of 7x which is added to the spectrum to explain baryogenesis by its decay
at time t = teva + 7x. It is customary to define the baryon asymmetry vop produced per
decay of X, given by

/YCP:ZBiF(XﬁfZ-)fF(XHﬁ) (3.10)

I'x ’

where B; is the baryon number of the particular final state f;, and I'x is the total decay
width of X. f; and f; denote a particle and its anti-particle, respectively. Baryogenesis is
obtained by the interference between tree-level and one-loop decays of X. The exact value
of yop depends on the particle physics model; however, for O(1) Yukawa couplings of X to
other particles, one obtains

1

ycp

coming from a loop suppression. As a benchmark, we use the value ycp = 1072 in our work,
and keep the scaling with yop explicit throughout.



Hawking evaporation of a population of PBHs with mass Mppy and initial abundance
B, where 8 < 3., gives rise to baryon-number-to-entropy density, Yz, equal to

ng(to) nx (teva + Tx) nx (teva) nppH(ti)
Y = p— —_— —_— N —_—
B 5t0) T s lem b ) O o) PN T
1 t; 3 T, T; (M,
= vcrBNx praalfs) _ 3 _6.(T) WCpﬁNX7z( PBH), (3.12)

Mppu s(t))  4g.5(T;) Mpgn

where g, s(7;) counts the number of relativistic degrees of freedom contributing to the entropy
of the Universe, and Ny, is the total number of particles X emitted by one PBH given by [51]

8M1%BH
— mx < TpgH,
X - 3 T 2 .
™ g(TeeH) | 1 M3
<35>  ™mx >1pBH,
8 m%

if X is a boson. Here, gx denotes the number of degrees of freedom of X. We set gx =1 in
all our figures, although we keep the scaling with gx explicit in our calculations. The total
number of fermionic species is Ngp = %g—gN B.

The initial abundance of PBHs which leads to a value Yz of the baryon-number-to-entropy
density can be obtained as

MP] )1/2
mx < Tj ,
5 mi5/4 g*(TPBH)gi/4(E)7_1/27_1Y <MPBH el
T 45v3514¢(3 gx cpib M3omd ) 2
\f g( ) 6471'2 F:]BMiH?W mx > TPBHy
Pl

(3.14)
Avoiding an early matter-dominated phase, i.e., 5 < . is equivalent to an upper bound
on the mass of PBHs, Mppy < M. where

1215+/5¢%(3) 9% 2 y-2 Mg,
20487 17/2 g*(TPBH)gim(Tz‘)fYCPYB Mpy mx <Tepn | Mepn < 8mmx )’
M.=
3 53/10¢2/5(3) g2/ 25, —2/5 ( ME\/° M2,
16 23/575/2 91/5(TPBH)9i/IO(Ti)/YCPYB my mx > Tepn | Mepn > 8mmx )’
(3.15)
These conditions can be combined as
1215v/5¢%(3 2 M3
MppH < min{ f§7/(2 ) A 2 Yy Mpy, } mx <TppH,
20487 9+«(Teen) g+ “(T3) 8mmx
1/5
M3, 3x53/10¢2/5(3) 9_3(/5 25, —2/5 [ Mp,
——— < Mppu < YopYn — myx > TppH -
8wmx 162557572 (13 (1) g (1) m
(3.16)
Following [78], the observational value that we use for Yp is
ng 2515 x 107" cm™3 1
Vg =18 ~ ~ 8.7 x 10711, (3.17)

s 2891.2cm—3
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Figure 1. Top-left panel: contours of 8 are drawn on the (mx, Mpgy) plane requiring the observed
value of Yz in the radiation-dominated case (8 < f3.). We use the value ycp = 1072. The black
lines show the initial abundance of PBHs that can explain the baryon asymmetry of the Universe
without giving rise to an early matter-dominated era (8 < 8.). The light gray area corresponds to
myx < Tpppg while the dark gray area marks the region in which myxy > Tpgy. The white region
corresponds to § > . and a PBH-dominated era. The pink region is ruled out due to the requirement
myx > Teva, needed to avoid washout. Top-right panel: contours of myx are drawn on the (8, Mpgn)
plane requiring the observed value of Y5 in the radiation-dominated case (8 < 8.). We use the value
~vcp = 1072, The different colors show the values of different choices of mx. The gray dashed line
marks (5.. Bottom panel: the parameter space on the plane of Mpgy vs. mx that can produce the
correct Yp in a radiation-dominated cosmology, for different value of vop. Each lighter shade of
blue is a superset that also includes the deeper colors with smaller values of ycp. The dependence
on ycp is discussed in the main text. Regions that are ruled out due to washout or that feature a
PBH-dominated cosmology are indicated. We display PBH masses Mppn < 107° g for illustrative
purposes: to indicate the regime where especially small values of yop are operational.



It is clear from eq. (3.15) that the critical PBH mass to avoid matter domination is
determined mainly by the observed value of Y5 and the value of vop. While this is completely
true in the case that mx < Tpgy, for the case that myx > Tppy this statement is true up to
~ (Mp/ mx)l/ ®. The top two panels of figure 1 show the parameter space of PBHs that can
explain baryon asymmetry of the Universe without transitioning to an early matter-dominated
era. In the top-left panel of figure 1, the black lines depict the initial abundance of PBHs, i.e.,
B, in the (mx, Mppy) plane. PBHs with the presented initial abundance can emit enough
X particle to explain baryon asymmetry of the Universe. In the light gray region, the X
particle is lighter than the initial temperature of PBHs, while in the dark gray area X is
heavier than the temperature of the PBHs. The border between these two regions marks
the line Tpgy = mx. Within the white region, 5 exceeds the critical value 3. and leads to a
PBH-dominated Universe.

To avoid washout of the baryon asymmetry generated by the decay of X, we require

mx > Tova s (3.18)

where the temperature of the Universe at evaporation time, Ty, is given by eq. (3.7). This
constraint is shown in the left panel of figure 1 by the pink region. While avoiding an early
PBH-dominated era leads to an upper bound on PBH mass, i.e., Mppy < 3 x 10* g, evading
washout gives rise to a lower limit on PBH mass which varies with mx (only for mx < Tppn).

We note that the minimum evaporation temperature to avoid a PBH-dominated phase
corresponds to Mppy ~ 3 x 10% g and is given by 2.4 TeV. This also implies that mx has to
be greater than this value. We therefore have

Tharyo > 2.4TeV . (3.19)

To avoid subsequent sphaleron washout, the decays of X should be B — L violating.

The top right panel of figure 1 displays limits on the mass of X particle in the (Mpg, 5)
plane. The different colors correspond to different values of myx. The dotted line shows f..
For any given color, the parameter space along the diagonal line corresponds to the case where
myx < Tpgy, while the sharp uptick corresponds to the case where mx > Tpgy. Along the
diagonal, a given color corresponding to a fixed value of mx starts at a point corresponding
to the condition mx > Teya. Along the uptick, the color stops at the point where g = j,, i.e.,
where matter domination takes over.

The bottom panel of figure 1 shows the parameter space of yop on the (mx, Mppn)
plane in a radiation-dominated cosmology that gives the correct baryon asymmetry. For a
given shade of blue, the horizontal cut-off as well as the cut-off on the right diagonal come
from avoiding PBH domination. The cut-off on the left diagonal comes from avoiding washout.
These features are displayed in the figure. We also note that we go down to PBH masses of
< 107° g to indicate the regime where especially small values of ycp are operational.

3.2 Evaporation of PBHs in a matter- (PBH-) dominated Universe

If the initial abundance of PBHs is large enough, i.e., 8 > (., they can dominate the energy
density of the Universe and subsequently induce an early matter- (PBH-) dominated epoch.®
In other words, the evaporation of PBHs reheats the Universe for the second time and initiates
a secondary radiation-dominated epoch. The quick equilibration of the SM particles emitted
by PBHs sets the secondary reheating temperature of the Universe.

For a general review of early matter-dominated eras, we refer to [79, 80].
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By applying the Friedemann equation very close to the Hawking evaporation of PBHs,
their energy density can be expressed in terms of their lifetime as

2 \?  8mp(rpH)
H?(7) = = 3.20
(7) <3TPBH ) 3M3, (3:20)

where the lifetime of black hole, Tppy, is given by eq. (3.6). The reheating temperature of the
Universe, Ty (TpBH), given instantaneous equilibration, equals to:

1/2
_ 1 1/4 M1§1
Tin(TPBH) = 3973 51/4775/49* (Ttn) <M1§BH . (3.21)

Following eq. (3.12), baryon-number-to-entropy density, is equal to:

Y = yepNy npBH(TPBH) _ vepNy ppeu(TPBH) _ 3 gx(Tin) Tin(TPBH)
s(TpBH) Mpgn  s(7pBH) 4 gx.5(Trn) Mppy
(3.22)

where Nx is given by eq. (3.13). Eq. (3.22) shows that when PBHs dominate the energy
density of the Universe prior to their evaporation, the abundance of emitted particles is
independent of initial abundance of PBHs [40].

One can solve eq. (3.22) for Mppy as a function of Yp and myx. When mx < Tppgy, the
result is independent of mx and there is only one mass for PBHs, given by:

405V5¢(3)° g%

2 —2
YopYp " Mpi, (3.23)
512717/2 QE/Q(Trh) B

Mppn =

while for mx > Tppm, we get:

(3.24)

34/5 5 53/1042/5(3 2/5 B Mo\
Mppy = B 9x 2oy 25 % .

~
16 21552 0 PR

Figure 2 displays the mass of PBHs as a function of myx when they dominate the
Universe before their evaporation (8 > .) and the X particles explain baryon asymmetry
of the Universe for yop = 1072. For 10 GeV < mx < 2.7 x 108 GeV where my < Tppp, we
obtain Mppy ~ 4 x 10*g. By increasing the mx and entering mx > Tppn region, Mpph
needs to be decreased to explain baryon asymmetry.

Our focus in this work will be on GWs produced in a radiation-dominated Universe.
The interplay of baryogenesis and GWs produced during a PBH-dominated phase will be
explored in the future. Nevertheless, we point out some general features of this correlation in
subsection 4.2.

4 MHz-GHz gravitational waves and interplay with baryogenesis
In this section, we provide details of the calculation of the GWs coming from PBH forma-

tion. We will calculate the frequency and amplitude of the signal that is compatible with
baryogenesis.
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Early Matter (PBH) Domination, Yz = Yg, obs

10°

10*

Mpgulg]
S,

my < Ty
(washout)

0.1 L L L L Y
10* 10° 108 10" 102 10 10
my [GeV]

Figure 2. Black line shows Mpgy, as a function of mx, that explains observed value of Yz (for
vcp = 1072) when PBHs come to dominate the energy density of the Universe before their evaporation
(B > Be). Along the gray dashed line we have mx = Tppy. The pink region is excluded to evade
washout by requiring mx > Typ.

The curvature perturbations responsible for PBH formation generate GW signals (see [21,
26] for the analytical formulae of induced GWs). We note that GW production is independent
of whether PBHs are actually formed. The GWs are mostly produced at the moment of
horizon crossing and diluted with the expansion of the universe, becoming a stochastic GW
background today. We focus on the production of GWs from scalar perturbations that enter
the horizon during a radiation-dominated era. GWs are generated at the second order of the
scalar mode and the abundance of them can be estimated as Qgw ~ A% where A ~ 1072
is the amplitude of the scalar perturbations generating PBHs. The peak frequency of induced
GWs is fixed by the horizon re-entry time since sub-horizon source modes decay quickly when
the universe is radiation-dominated.

The energy density of GWs normalized to the critical density per logarithmic k interval
at a conformal time 7 is given by

2
Qaw(n.k) = 51 (s ) Palo ), (1)

The GW power spectrum can be written as

o Fa [ g D=
Bi(n, k) = 2/0 dt/1d5<(t+s+1)(t—s+1)>
x I%(s, t, kn) P (uk) P (vk), (4.2)

where the dimensionless variables are uv = and v = t‘;‘H. In a radiation-dominated

Universe, perturbations decay quickly after horizon re-entry. The GWs are mostly produced
at the re-entry time and evolve to constant values in the sub-horizon limit. Then the I? term

ths4l
2
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can be written as

&2 2 2
12(s,, ki) = W2$?+;f%;518?1w(4(§+¢a+a)—5f@@—mv§—1»

1 2
+(—(t+s+1)(t—s+1)+§(s +#(t +2) - 5) log | —

t@+m—2D37

where O(.) is the Heaviside function.

The GW density today Qaw o can be calculated by red-shifting GWs together with other
radiations from a time 7; when the GWs stop growing and become a fixed fraction of the
total radiation energy density 2.4,

QGW (ne(p k)
Qrad,eq
H?(ns) 4(773)
H2al G

eq eq

a d
9 Qg ) Praale)
aeq 2 Prad,eq

Qaw,0(k) = Qrad,0

=2 Qmd,O W(7787 k)

a s) 9x\1]s T4 s
— O, (1) 9x(ns) 4(n)QGw(?75,k)
qg*eqT

3
(g* Ns ) (g*s s ) a0 Ui (15, )

Gx,eq 9x,S,eq

.;;

= 0-83( 10( 75)> Drad,0 Qaw (1s, k). (4.4)

In the second line, we used Qyad.eq = 1/2 H? = 87Gpraq/3 and paw o a*. In the fifth line,
we used conservation of entropy 9*,S,eqaeqTeq 9x.5(ns)a3(ns)T3(ns). In the last line, we used
Gx.Seq = 3.91, Gueq = 3.36 and g«(ns) = gx,5(ns). The energy density of radiation today is
Qrad,0 = 8.5 X 1075, The effective massless degrees of freedom g, (ns) at 1 is 106.75 for the
PBH mass of our interest.

When the perturbation is monochromatic as defined in eq. (2.8), the GW density at

production time can be written as

3 42"
Qaw (k = rko) = @Ag r2< T ) (2 — 3r?)

< (44 32— 2)1o ﬁlﬁi2+2@2 m%(2 )e@ )
re— = (3r° — — - —r
(4.5)
which is proportional to Ag. The GW frequency is related to k as:
JGW _ 1 546 10—15%. (4.6)
Hz pc
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Figure 3. Left panel: the energy density of GWs as a function of the frequency, for three different
values of Mppn: 10% g (red), 10® g (blue), and 10* g (green). The observed value of Y3 is obtained for
each curve, with yop = 1072 and mx < Tgu. The details of the calculation are in the text. Right
panel: the strain h. is shown as a function of the frequency for the three values of Mpgy from the
left panel. The orange shaded regions show the future sensitivity limit of the high frequency GW
probe using the inverse Gertsenshtein effect proposed in [67]. The dark orange shade is a conservative
projection of the sensitivity, while the light orange shade is an optimistic projection.

The Qqw spectrum in eq. (4.5) is scale-invariant, and its peak location is at r — 2//3 where
the Qaw divergence is cut off by @(% — ). The GW density is proportional to the square
of the power spectrum amplitude from the nature that GWs are induced at the second order
in scalar perturbations. We can then write down the relation between the PBH mass and the
frequency of the GW spectrum peak that comes from the perturbation as

1

K Mppn\ 2
FESE ~ 9 82 ( e g) MHz. (4.7)

The GW signal from the formation of PBHs peaks at fg%?,k ~ O(MHz), which is much higher
than the observation window of future space-based GW proposals.

We can now calculate the GW spectrum that is consistent with baryogenesis. The
procedure is as follows. From eq. (3.14), we obtain the value of 3 required to give the correct
value of Ypg, for a given Mpgy. We fix vcp = 1072 and require myx to be smaller than Tppy
such that g is independent of mx in the light gray region in the top left panel of figure 1.
Once [ is obtained, the power spectrum in eq. (2.8) that gives the correct § is calculated
from the formalism outlined in section 2. Thereafter, Qgw is obtained from eq. (4.4).

In figure 3 (left panel), we show results for Qgw for several selections of PBH masses:
Mpgy = 10%g, 103g, and 10%*g. In figure 3 (right panel), we display the strain h. given by

ho() = 25w, (48)

corresponding to the three PBH benchmark masses. Since the strain of induced GWs is
proportional to the amplitude of the power spectrum, h. oc A¢, the characteristic strain value
is ~ 10728 at fow ~ O(MHz).

High frequency GW detection in the MHz—GHz range is a major target of interest
for theorists. The prospects and challenges for future detection are discussed in the recent
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Figure 4. The strain at the peak frequency for high frequency GWs coming from light PBHs, as a
function of the peak frequency (lower x-axis) and as a function of the light PBH mass (upper x-axis).
The orange shaded regions show the future sensitivity limit of the high frequency GW probe using the
inverse Gertsenshtein effect proposed in [67]. The darker orange region is a conservative projection of
sensitivity, while the lighter orange region is an optimistic projection.

review [1] (we also refer to [81, 82] and references therein). One idea that has been proposed
in the frequency range of our interest employs the inverse Gertsenshtein effect [67], in which
a graviton can be converted resonantly into a photon in the presence of a static background
magnetic field. Small strain values are still very difficult to measure because the rate of
the inverse Gertsenshtein process is suppressed by h2. Instead of measuring the converted
photon directly, one can also measure the GW conversion in a region where an auxiliary
electromagnetic field is generated by placing a laser beam together with the magnetic field [83].
The event rate of the modified measurement is only linear in h. hence the sensitivity of
the proposal can be significantly improved. The initial proposal in [83] is aimed at 5 GHz
frequency and a strain strength as small as h. ~ 10730 (See table 1 of [1]). The status of
technology development for enhanced magnetic conversion is recently reviewed in [84] and
the sensitivity to h. is estimated to be h. ~ 1072 when current state-of-art benchmarks are
included. Further improvement is expected with the future development of gyrotrons, single-
photon detectors and magnets. In figure 3 and figure 4, we show a conservative sensitivity
projection (h. = 1072%) and an optimistic sensitivity projection (h. = 1073°) in dark and
light orange shade respectively. We note that the above reach is shown for completeness;
clearly, a lot of work needs to be done by the community to probe GWs in this interesting
high frequency range.

In figure 4, we study the strain at the peak of the GW spectrum as a function of the peak
frequency (lower x-axis) and the PBH mass (upper x-axis). The different colors correspond
to various values of mx, with the color scheme following top right panel of figure 1. This
calculation merits a caveat. As can be seen from figure 3, the GW signal is divergent at the
peak, and the peak value for the energy density or strain actually depend on how close one
approaches the peak frequency. The basic cause of this is the assumption of a delta function
PBH mass function in eq. (2.10), or, equivalently, a delta function power spectrum in eq. (2.8).
To plot the peak strain in figure 4, we instead choose a smoother power spectrum, whose
details are provided in appendix B. The relation between g and Mppy that gives the correct
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Figure 5. Left panel: the strain at the peak frequency for benchmark models of myx = 10'® GeV and
different values of yocp = 1072 (red), 1072 (cyan) and 10~* (purple). The vertical dashed lines show
the fg%?,k regions where successful baryogenesis can take place in a radiation-dominated universe. Right
panel: the strain at the peak frequency for a benchmark model of myx = 10* GeV and yop = 1072.
Note that a large vop value is required for baryogenesis when my is small, as is shown in the bottom
panel of figure 1.

Yp is first taken from the top right panel of figure 1. Then, the amplitude of a delta function
power spectrum that gives the correct 8 at a given Mppy is obtained. The delta function is
then “smoothed” with the spectrum that scales like k%, depicted in the top left panel of figure 9,
keeping the same amplitude at the peak as the delta function. Finally, the GW spectrum is
calculated with the smoothed k* spectrum and the value of the strain h, at the peak frequency
is obtained. The process is repeated for different PBH masses to obtain figure 4.

4.1 Scaling of strain with peak frequency

We are finally in a position to present our results on the ( fg%?]k, hc) plane for different choices

of the particle physics parameters mx and yop. The results are shown in figure 5. In
the left panel, we show the results for a choice of myxy = 10" GeV, for different values
of yep = 1072,1073, and 10~%. The vertical lines impose the conditions to avoid PBH
domination and washout. For each value of yop, the curves have two scalings: the steeper
one corresponds to myx > Ty, while the less steep portion corresponds to mx < Tgy. In the
right panel, we display the corresponding result for myx = 10* GeV and ycp = 1072. Here,
only the regime myx < Ty applies.

Semi-analytic behaviors of the strain versus peak frequency curves can be found in the
following way. The PBH abundance 3 needed to generate baryon asymmetry Yp is calculated
with eq. (3.14) for chosen mx,ycp, and Mppn. The power spectrum amplitude A¢ is then
obtained from (3 with eq. (2.7) and eq. (2.9) assuming contribution to baryogenesis is mainly
from the peak mass.” The power spectrum k-mode can be solved from eq. (2.6) and is related
to the GW peak frequency fg%?,k in eq. (4.6). To estimate the strain and energy density of
GWs from the power spectrum, we used the approximation Qgw(7s, k) ~ Pg(k) ~ Ag, which
is shown to reproduce the correct order of magnitude at the peak frequency for log-normal

"We used the approximation Erfc™ (2)|. 0 ~ \/% log[25] — 3 log[log[2z]] ~ \/% log[-25], with which the

w22
error is at about the 5% (9%) level for g = 107% (107°).
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power spectra in [26]. The results are:

2 271
1MH 1MH 2/8.7x 10711
he ~ 5.5 x 10777 ——2 ) log [2.0 x 108 ——2] (1<2 . L (4.9)
fheak P 10 Yy

GW GW
for
) fpeak 5 fpeak
41 x 1 < <1. 1 41
541 x 0( MHz) GeV < my 33 x 10 <1MHz> GeV, (4.10)
and
ea 6 4 _ 2 -1
her5.5%10-2 (M2} 159101 SEV) (10°GeV (w;p)z 8.7x10~ 1!
c . fg%%k 1 MHz my 10—2 YB )
(4.11)
for
fpeak 8(’YCP )1/2 8.7 x 1071 fpeak
1.33x10° <mx <1.04x1 8.7x 107 .
33x10 <1MHZ GeV S my $1.04x10 10-2 YB Ve GeV
(4.12)

We note that the lower and upper bounds in eq. (4.10) come from requiring Tey, < mx and
myx < Tppp, respectively. Since Ty, and Tppp are obtained in terms of Mppy from eq. (3.7)
and eq. (3.5) respectively, and Mppy can be expressed in terms of the peak GW frequency
through eq. (4.7), this allows us the express the bounds on my in terms of fpeak Similarly,
the lower and upper bounds in eq. (4.12) are obtained by requiring Tppy < mx and 5 < S,
respectively.

4.2 Gravitational waves and PBH domination

The calculation of GWs induced during a period of matter (PBH) domination has been
considered by several authors. We refer to [19, 24, 85-88] for details and mention only a few
major features here. Firstly, the peak frequency from secondary GWs from a PBH-dominated
era lies in the O(kHz) range and is given by [19]

M —5/6
eak 3 PBH
FBEK L 103 Hz x ( Tois ) . (4.13)

Since PBH domination occurs for 3 x 10%g < Mppp < 107 g, the peak of the GW spectrum
falls in the range of the Einstein Telescope (for the lighter end of the allowed PBH masses)
and BBO or DECIGO (for the heavier end of the allowed PBH masses).

Secondly, the amplitude of the induced GWs at the peak frequency has been estimated
to be

3 >16/3 <MPBH>34/97 (414

Qaw ~ 1077 x [
GwW . (106 10%g

for very sharp mass functions, and a correspondingly suppressed amplitude for wider ones.
Further exploration of GWs in an era of PBH domination is beyond the scope of the current
work. We therefore delineate all regions of parameter space where PBH domination occurs
and reserve them for future study.
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5 Double-peaked gravitational waves and dark matter-baryogenesis
coincidence problem

Probes of DM cover numerous possible candidates and production mechanisms and span
over many decades of possible DM masses and couplings, with the aim of explaining the
observed relic abundance Qcpyh? = 0.1200 + 0.0012 [65]. Given that the production of
DM in the early Universe is totally independent of baryogenesis, and the models employed
to address the two questions are usually very different and independent of each other, it is
a mystery why their abundances in the current Universe come out so close to each other:
Qcpm/N2p ~ 5. This is the so-called coincidence problem and has led to a huge amount of work
in the community. Particularly well-motivated proposals that solve the coincidence problem
include asymmetric DM [89], cladogenesis and its variations [72, 73, 90], pangenesis [91],
cogenesis [92, 93], hylogenesis [94], etc.

PBHs have been utilized in the context of the coincidence problem. One option is to rely
on Hawking evaporation of PBHs as a source of both baryogenesis and DM production [71];
this is reminiscent of models like cladogenesis or hylogenesis, which rely on the decay of a
heavy beyond-SM species such as a modulus to give rise to DM and baryons. Other ideas
of addressing the coincidence problem with PBHs have also been proposed recently [95-98].
The general tenor of these forays is to invoke a single population of PBHs to address DM,
baryogenesis, or both. On the other hand, it is in some sense natural to ask whether multiple
disparate populations of PBHs can play a role in addressing different (ostensibly correlated)
cosmological phenomena. From a UV perspective, two or more phases of PBH production
may be deemed “fine-tuned”, although typically the inflaton potential has enough freedom to
afford multiple phases of ultra slow roll.® The issue of fine-tuning notwithstanding, multiple
PBH populations would yield spectacular gravitational wave (GW) signals, in the form of
correlated multiple peaks.

In this section, we outline a solution to the DM-baryogenesis coincidence problem by
invoking two populations of PBHs: a population of light primordial black holes (LPBH) that
is responsible for baryogenesis, and a population of heavy primordial black holes (HPBH) that
constitutes DM. The LPBHs induce baryogenesis by the method described in the previous
sections. The DM-baryon coincidence in our scenario is obtained as a ratio of the abundances
and masses of the LPBH and HPBH populations, the number of relativistic degrees of freedom
at the relevant times, and, from the particle physics side, the baryon asymmetry produced
per decay of X. The main observational signature of our scenario lies in the GW spectrum,
since curvature perturbations responsible for PBH formation also generate GW signals. The
GW spectrum will consist of two peaks corresponding to the two populations of PBHs. For
the population of heavy PBHs to be stable today in order to constitute all of DM, we need
Mypgn 2 10'° g and the corresponding peak frequency is ~ O(Hz). In frequency space, this
translates to a hierarchy of > 106 Hz between the two peaks corresponding to baryogenesis
and DM.

While we reserve a full study of the relevant UV physics of PBH formation for the future,
we note that the main feature is that the PBH mass function is required to be bimodal.
Generally speaking, if PBHs are required to play some combination of roles in cosmology,

8For fine-tuning estimates in achieving PBH formation, we refer to [27]. At the level of a canonical single-field
inflationary potential, a single phase of PBH production requires approximately one-part-in-million fine-tuning
of the coefficients of the potential.
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then a multimodal mass function becomes a necessity, and our model is a special case of the
scenarios envisioned in [99].”

5.1 Bi-modal mass function

We begin our discussion by appropriately modifying the PBH mass function. We assume that
there are two mass function peaks and define

df(Mpsm, ti,t) _ dBL(Mv,tin,t) | dBu(Mu,tim,t)
dlog Mpgyu dlog My, dlog My ’

with the subscripts “L” and “H” standing, respectively, for the population of LPBHs and
HPBHs. We then have

(5.1)

nr(tin) M, _ ng(tig) My
p(tir) P = p(tim) (5:2)

We parameterize the double peaked power spectrum with peak locations at ko = kg1, as

Pe(k) = Pe (k) + Per(k)

— s (1og( ) ) + Aus(1og () ). (5.3)

Here, P p is responsible for the production of the heavy PBHs and F¢ 1, for the light PBHs.

Br =

5.2 Coincidence problem

If HPBH formation happens within the radiation-dominated era, the contribution of HPBHs
to the cold DM abundance today, which is expressed in terms of the ratio of the current
HPBH mass density to that of the CDM density,

_ QupeH
Qcpm

(5.4)

can be evaluated as follows [85]. In the remainder of this section, we call the masses of the two
populations of PBHs as My, and My, standing for light PBHs responsible for baryogenesis
and HPBHs responsible for DM, respectively. Similarly, the abundances of the two species
are labelled 81, and SBg.

The fraction of the energy of Universe in HPBHs at their formation time is related to
their number density during the radiation era by

By = pupBH(ti) — Munu(tin) 4 9xs(Tin) Mu nu(tin) 4 9xs(Tin) Mu nu(to)

pr(t)  pr(tiw) 3 9(Tym) Tim stin) 3 g(Tym) Tim s(to)
(5.5)
Therefore the current density parameter for HPBHs is given by
Mpnu(to) _ 3 g«(Tim) , s(to)
HEEH pe 49*,5(E,H)ﬁH pe Lo (M) (56)
2.7 x 108 3 9+(Tim)
= S | B T (M 5.7
< GoV ) 49*75(1}7]{)»511 i1 (Mp), (5.7)

since s(tp) = 2891.2cm™3 and p. = 1.052 x 107°h2 GeV cm 3.

9Multimodal PBH mass functions have been investigated in other contexts by several groups recently. They
may arise from oscillations [100, 101] or multi-parametric resonances [102] in the sound speed during inflation,
multiple stages of ultra slow-roll inflation [31], or oscillatory features in the power spectrum of inflation from a
choice of non-Bunch-Davies vacua [99, 103].

~19 —



Hence

Quppn 2.7 x 108 ( 1 )3 9+(T;.1r)
Qcpm ( GeV > Qcpmh? )/ 4 gs, S(T )ﬁ 1 (M)

~ () 17 (G55 1075 ) 69

The initial abundance of HPBHs which can explain a fraction f of cold DM today is
given by

Bu =

3/4 : ak
8w 9*,S(T1,H) Pc —1/2QC Mf<MH> ) (5.9)

~ 21
3v/351/1 34T, 1) s(to) M3,

To understand the coincidence problem in the context of this scenario, we obtain the
ratio f/Yp:

f B 1 1 1 Tz‘,H(MH)< My, )

Yp  Brvop Qopmh?® Ny T (Mg) \6.6 x 10-33

)
_ Ba 1 1 1 (g.(T51) M
~ Braer QCDMh2Nx<9*( Tin )) \/M>(66>< 10-33 ) (5.10)

By fixing the particle physics (mx and vcp), the coincidence problem thus manifests itself as
the right choice of PBH masses, M, and Mp, and their initial abundances, 8;, and Sp.

The left panel of figure 6 shows the upper limit on the initial abundance of HPBHs
that can explain the whole abundance of DM today, as a function of the mass of HPBHs.
The lower limit on the mass of HPBHs, 10'° g corresponds to the minimum mass of HPBHs
that can survive until today. We note that HPBHs are subject to other cosmological and
astrophysical constraints that we did not show in this figure. For an extensive review of these
constraints and their current status see [104-108] and references within.

5.3 Formation of heavy primordial black holes in a matter- (PBH-)
dominated era

The possibility of formation of PBHs within an early matter-dominated era was first studied
as a cosmological probe of grand unified theories [109, 110]. In these models, the predicted
unstable heavy particles can dominate the energy density of the Universe before their decay and
start an early matter-dominated epoch. While the lack of pressure enhances the probability
of formation of PBHs within an early matter-dominated era, inhomogeneity and anisotropy
of density perturbations can hinder formation of PBHs [86, 109, 110]. It can be shown that
inhomogeneity and anisotropy of density perturbations reduce the probability of formation by
a factor of 63/2 and ¢® respectively. The probability of formation of PBHs during an early
matter-dominated era is shown to be equal to [109]:

B(Mppg) = 0.020"%/2(Mppg). (5.11)

If the early matter-dominated epoch begins at ¢ = ¢, ; and ends at t = t,,, ¢, then the mass of
PBHs form during this time interval falls in the following mass range [109]:

Mmin ~ Mhor(tm,i) 5 MPBH 5 Mmax ~ Mhor(tm,f)U(MmaX)3/27 (512)
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where My denotes the horizon mass, and M.« is obtained by assuming that fluctuations at
scale My,ax enter the horizon at ¢(Mpax) and grow to nonlinear regime and decouple before
tm,f [109].

A population of HPBHs can form when a population of LPBHs dominate the energy
density of the Universe, if the heavy mode, kg, which is responsible for formation of HPBHs,
re-enters the horizon during LPBH domination. We assume LPBHs form at ¢ = ¢; 1, with
probability 57, and with a mass equal to M, = yMye(t; 1) in a radiation-dominated Universe,
they dominate the energy density at ¢ = tzp, and eventually they evaporate at ¢t =t cva =
tir +7r ~ 71, where t; 1, Strp S 7r. To guarantee that LPBHs come to dominate the energy
density of the Universe before their evaporation, we require 5y, > .. We denote the time of
re-entry of kg mode to horizon and equivalently the formation time of HPBHs by t = t; i
where t;p S t; g S 71 to make sure that formation happens within LPBHs domination.
According to eq. (5.12), production of HPBHs enhances over the mass range given by:

Mior(trp) S My < Mior(71,)0%?(Mygax)- (5.13)

The initial abundance of LPBHs, 3y, selects the domination time, t;p, from the range
tir Stpp S 7. For 0.5 < 8 <1, LPBHs domination happens at their formation time, i.e.,
trp = ti,r, and this corresponds to the smallest possible HPBH mass. For 3. < 31, < 0.5,
LPBHs domination happens before their evaporation. The maximum possible mass for HPBHs
is determined by 77, via Friedemann equation, H(77) = 2/(37). Therefore, for 51, > ., if
kg re-enters the horizon while LPBHs dominate the Universe, HPBHs can form within the
following mas range:

7680m M} 4,
—5 0

M/~ < My < 20T

(Mntax)- (5.14)

In figure 6 (right panel), we display the different possibilities for formation of HPBH. The
heavy mode can re-enter the horizon within a radiation-dominated era succeeded by an early
matter-(LPBH-) dominated era (kg 1), or during an early matter-dominated era followed by
a secondary radiation-dominated epoch (kg 2), or in a radiation-dominated era proceeded by
an early matter-dominated era (kg 3). The treatment for HPBHs formed during an era of
LPBHs domination is beyond the scope of this paper and is left for future work.

5.4 Double-peaked gravitational waves

In this subsection, we provide a computation of the GW spectrum coming from the two
populations of PBHs. As noted in eq. (5.3), the power spectrum consists of two contributions:
P rr, which is responsible for the production of the heavy PBHs and P 1, which is responsible
for the light PBHs. We first turn to the question of whether there could be an additional
contribution to the GW signal from the crossing term Py g x P 1. In figure 7, we show the
relative amplitude of the cross term contribution to P, with arbitrary choice of two scalar
modes.'Y The u/v parameter is the ratio of the chosen tensor mode wave number kqw and
the scalar modes wave number kg /kr. As is shown in the figure, the GW amplitude is
non-vanishing only in the regions with u ~ v ~ 1, which is equivalent to kqw ~ kg ~ kL.
The suppression on GW production outside this region is a result of the hierarchical splitting
of the two scalar modes. Momentum conservation is satisfied only when the scalar modes are

10Here we ignore the decay of sub-horizon modes in order to illustrate the property of the tensor mode. The
decay of sub-horizon modes during radiation domination will further suppress the GW signal.
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Figure 6. Left panel: the initial abundance of HPBHs, g, as a function of the HPBH mass, assuming
that HPBHs can explain all the observed abundance of DM. Right panel: the different options for the
formation of HPBHs are displayed. The segment in red denotes a phase of LPBH (matter) domination.
kma, k2, and kg 3, denote, respectively, the cases when HPBHs are formed prior to, during, and
after the LPBH dominate the energy density of the Universe.
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Figure 7. The relative amplitude of cross term contribution to P} as a function of wave numbers of
two scalar modes.

close in Fourier space. Since the scalar modes of interest in our case have a large hierarchy
kr/kg ~ 108, the cross term contribution is negligible in our study. We leave the detailed
study of GWs from cross terms to future work, since in certain cases where the hierarchy is
smaller there could be interesting effects.

Having established that the cross term contribution is negligible in our case, we calculate
the full GW spectrum signal by adding contributions calculated with each monochromatic
curvature perturbation peak separately. In figure 8 (left panel), we show the double peaked
GW spectrum that results from our model. We choose a benchmark value of the scalar
perturbation wavenumber that gives the peak location of heavy PBH mass function at
My = 10'® g. For the light PBHs, we also choose benchmarks of high-k modes that gives the
peak location M, = 10% g. We further require f = 1 and Yz = 8.7 x 10~ in eq. (5.10). Since
the horizon re-entry time is well defined by the horizon mass of interest, the peak location
of the GW spectrum can be estimated directly from the mass of the light and heavy PBH

- 292 —



' i 100F

107 \ B ,"," My=10"g, M;=10g — BBO, 1 year
— DECIGO, 1 year
1070
<
: z
<4 &
1011t
103k
1 1 1 1 1 1 1
104 10° 1015 10 107 108 109 10 102!

Mpgy [g]

Figure 8. Left panel: a benchmark GW spectrum from scalar perturbation modes. In the sub-Hz
region, we show the GW radiation from perturbations that generated heavy PBH distributions peaked
at My = 10'® g. In the high-frequency region, we show the GW radiation from perturbations generating
lighter PBHs at M, = 10% g with initial abundance calculated assuming mx < Tgn. Sensitivities
of future GW observatories are shown with black dashed curves. Right panel: the Signal-to-Noise
Ratio of second order GW signals at the low frequency peak for future detectors like BBO (green) and
DECIGO (blue). The observation time is assumed to be one year. The Mppy is the peak mass of the
heavy PBH species that make up 100% DM relic abundance.

species. Therefore the bimodal PBH mass function is strongly correlated with a double-peaked
GW spectrum.

The GW signal from the formation of heavy PBHs peaks at fow ~ Hz. Future
GW observatories, for example BBO [111] and DECIGO [112, 113], can perform a precise
measurement of the scalar perturbations in this region. In figure 8 (right panel), we show the
Signal-to-Noise Ratio (SNR) of the induced GW signals from P i with one-year measurements
in BBO and DECIGO. The peak location Mpgy of the heavy PBH mass function is calculated
with the horizon mass in the course of kg re-entry in eq. (2.6). The amplitude of P g is
chosen such that heavy PBHs explain the DM relic abundance in the cosmological coincidence
problem. As is discussed previously, the interference between the two peaks can be neglected
because of the large separation in their frequencies. We calculated the GW signal in the BBO
and DECIGO frequancy band with only F; i and checked the crossing term contribution is
negligible. As a result of the large density perturbation for PBH formation, the SNRs in both
detectors are larger than one for the mass region that PBH can make up DM.

The main observational feature here is the double-peaked GW signal. In section A of
the appendix, we give an outline for constructing an inflaton potential that can give rise to
two spikes in the power spectrum, through two ultra slow-roll phases.

6 Conclusions

The purpose of this paper has been to highlight the importance of the ultra high frequency
GW frontier for topics like baryogenesis that have traditionally been of interest to particle
theorists. Broadly speaking, electroweak baryogenesis is the main setting where the confluence
of collider and GW physics has been extensively studied (we refer to some representative
papers [3, 114-118] in this vast literature). This is of course driven by the classic status of
electroweak baryogenesis, but also by the fact that the peak frequency of the GWs in this case
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is in the target window of upcoming space-based detectors. In contrast, the high frequency
regime where PBH-induced baryogenesis can occur is much more challenging to probe, but,
in our opinion, no less important. PBHs, if they exist, provide a window into the very early
inflationary era of the Universe and also connect to topics like baryogenesis, DM, and dark
radiation. We have calculated the parameter space on the strain versus peak frequency plane
for baryogenesis to successfully occur, being careful to identify washout and PBH-dominated
regimes. The results have been shown for different values of the particle physics inputs, such
as mx and yop. Semi-analytic scaling have been provided. We have also outlined a scenario
where two populations of PBHs: one heavy and one light — can address the DM-baryogenesis
coincidence problem.

There are several future directions to explore. Firstly, in this study, we have focused
on the scenario where the energy density of PBHs is always a sub-dominant component of
the total energy density of the universe. Therefore, GW signals produced during horizon
re-entry redshift with the cosmological expansion as a fixed fraction of radiation. On the
other hand, any non-standard cosmology that dilutes the energy density of radiation will also
affect the GW signal, leading to a suppressed strain today. In particular, the dilution could
happen when PBHs are over-produced from a large curvature perturbation such that there
was a PBH-dominated epoch in the early universe. While there is nothing inconsistent about
transitioning to a PBH-dominated phase, the GW signal is typically suppressed when such a
phase occurs. Nevertheless, it would be interesting to investigate how the predicted signals
in our scenario change when one also has a PBH-dominated cosmology. This is especially
interesting when a population of heavy PBHs starts forming in the background of a cosmology
dominated by a population of light PBHs.

It is also important to probe the correlations between DM, dark radiation, PBHs, and
GWs along the same lines as has been pursued in this work. The most important future
direction is to creatively think about and propose detection techniques for GWs in the
MHz-GHz range.
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A Possible inflaton potentials for multimodal PBH distributions

The formation of PBHs is exponentially sensitive to the ratio of the density perturbation to
the critical density. This implies that modulations to the primordial power spectrum can have
a drastic effect on the mass function. In particular, multimodal PBH mass functions have been
discussed in three broad classes of UV settings: (¢) specific features of the inflaton potential
that induce distinct phases of ultra slow-roll, such as multiple inflection points [27-32]; (i7)
oscillatory features in the primordial spectrum emanating from the ambiguity in defining the
vacuum state inflation [103, 119]; and (i47) oscillatory features in the speed of sound during
inflation [100]. Of these, only the option of multiple ultra slow-roll phases is able to achieve
multiple peaks separated by a large hierarchy in frequencies, as is required in our case.
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For completeness, we briefly provide a road map for achieving multiple ultra slow-roll
phases at the level of an effective description of the scalar potential. A generic potential for a
scalar field ¢ can be characterized as

V() =Vo an %(f)n, (A.1)

where Vj is the overall scale of the potential, ¢, are tunable coefficients, and A is a cutoff
scale. Requiring j inflection points imposes the following conditions on V' (¢):

V(i) =0, V'(¢;) = a; ~ 0, Vi=1...7. (A.2)

Here, the «; denote values of the second derivatives of the potential at the ¢;. The set
{¢i,a;} can be tuned to the specific values needed by the model of interest by choosing the
coefficients ¢,,.

The values of {¢;, a;} are set by requiring PBH formation during multiple stages of ultra
slow-roll at different k-modes. The conditions for PBH formation can be obtained by starting
with the evolution of the background. The FRW and scalar field equations are given by

B = L5+ V(9),
¢+ 3Ho+V'(p) = 0. (A.3)

Here, the dots refer to derivatives with respect to time, while the prime refers to derivatives
with respect to ¢. The number of e-foldings is given by dN = Hdt.
The slow-roll parameters are given by

H H
= ——= = — . A.4
€H H27 nH oOHIH ( )
The power spectrum is given by
Pr(h) = (A5)
R T 8r2 ey '

We note that eq. (A.5) underestimates the power spectrum and to obtain the precise value,
one needs to numerically solve the Mukhanov-Sasaki equations. However, eq. (A.5) is sufficient
to understand the qualitative behavior of the power spectrum. The requirement for PBH
formation with masses My ppy = 10%g and Myppn = 10'8g is

Pr(k) 21072 at logok ~ {14.1,21.6}. (A.6)

~

Eq. (A.6) is easily satisfied for choices of {¢1, ¢2, a1, as}, which in turn can be attained by
choices of co_g. One option is to perform a scan at the level of the coefficients co_g to obtain
the dynamics one needs.

A more structured algorithm has been advanced recently in the form of reverse engineering
the inflaton potential given the shape of the power spectrum [27, 29]. In this approach, one
would start from the conditions in eq. (A.6), and work out the evolution of H(k), ex (k)
and ng(k), ultimately trading these dependencies to obtain V' (¢). This can be done either
working with functions of the comoving wave number k or the number of e-foldings, in which
case eq. (A.6) roughly translates to the condition Pr(N) ~ 1072 at N ~ 33 and N ~ 49. We
leave a full reconstruction and study of the inflaton potential corresponding to our scenario
for future work.
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Figure 9. Top-left panel: example power spectrum with k% scaling and peaks located at k =
102! Mpc ™! corresponding to fg%?,k = 1.5 MHz. The corresponding PBH masses is Mpgy = 10* g.
The amplitude of the power spectrum is chosen for the abundance of PBHs. Top-right panel: the
PBH mass function at formation time. Bottom-left panel: the energy density of induced GW signal.
Bottom-right panel: the strain strength of induced GW signal.

B GW spectrum for a smoother power spectrum

In this appendix, we display the smoother power spectrum employed to obtain figure 4 of the
main text. In particular, we start with a power spectrum that is displayed on the top left panel
of figure 9.1 The power spectrum is chosen to have peaks at k = 102! Mpc~! corresponding
to fg%%k = 1.5 MHz. The corresponding PBH mass is My ppy = 10* g. The power spectrum
is taken to have a k? rise and fall for each side of the peak, following the results of [120]. We
note that the results will not change qualitatively for other power-law behaviors.

The PBH mass function corresponding to our power spectrum is shown in the top right
panel of figure 9. On the bottom panels, we display the resulting GW spectrum. We note
that in contrast to the GW spectrum depicted in figure 8 resulting from the delta function
power spectrum, the peaks in the GW spectrum are smoother.

1¥While a smoothed power spectrum captures the most important features of the original delta-function
power spectrum, we modify the peak location by a factor of 1.5 and the peak amplitude by a factor of 3 here,
in order to reproduce a similar PBH mass function.
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C Models of baryon asymmetry production from X decay

There are many possibilities for baryogenesis model-building once the species X has been
produced by Hawking radiation. Here, we give two examples with a supersymmetric embedding.
Both break B — L symmetry. Since the DM in our scenario is comprised primarily of PBHs,
the lightest neutralino is not required to reproduce the observed relic density or even be
stable. Although not the focus of our work, this can open up considerable freedom in the
supersymmetric model-building side.

C.1 Model 1: multiple (> 2) flavors of gauge singlets X,

We consider the Minimal Supersymmetric Standard Model (MSSM) extended with the
following superfields: a single flavor of iso-singlet color triplets N, N and at least two flavors of
singlets X,. The superpotential of the theory is given by the MSSM superpotential along with

— M, .
Wextra = Mia Xau§ N + X;didSN + TQXQXQ + MNyNN . (C.1)

The interference between tree-level and one-loop self-energy and vertex diagrams result in
a baryon asymmetry (for M, > My). For X, — N*u$* decay (with X, being the fermionic
component of the X superfield), the asymmetry generated is

i I (NN s A M3 M2
iy, i 5 5
o= 247 5", A i l3f5<Mg> J”TV(Mg)]’ (C2)

where

Fo)= 22 Fo—va ln(l + 1). (C.3)
z—1 T

The extra factor of 3 in the denominator compared to standard expressions for the asymmetry
in leptogenesis appears due to the final state having baryon number +1/3. The factor 3 in the
self energy contribution Fg comes from the sum over colors in intermediate states. The total
asymmetry in this model can be obtained by summing up over contributions from scalar and
fermionic components of all flavors of X, and the desired baryon asymmetry can be obtained
by suitable choices of the couplings \;,.

C.2 Model 2: multiple (> 2) flavors of iso-singlet color triplets X,

A different variation is the case where the MSSM is extended by the following fields: > 2
flavors of iso-singlet color triplets X,, X, which have hypercharges +4/3,—4/3 respectively;
and a field N that is a singlet under the SM gauge symmetry, but may be charged under a
larger gauge group. The superpotential for the augmented sector is Wextra, Where

_ M _
Wextra = Mia NuSXq + N dSdSX o + TNNN + MoXoXa. (C.4)

% ijats Yy

r
ijo
antisymmetric under i <+ j. The fermionic components of N and X, X are assigned charges
+1 and —1, respectively, under R-parity. While this ensures R-parity conservation, this is not
strictly required since we do not demand that the lightest supersymmetric particle constitutes

Here ¢, j denote MSSM flavor indices with color indices suppressed. The couplings \.. are
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the majority of DM. We denote by Xu, 1a, Xa, %o the scalar and fermionic components of
the superfields X,. Scalar components of a given flavor have mass eigenvalues given by

m2 = |Mo|* + M2, + |BoM,|, (C.5)

where m,, is the soft mass of scalars and B,, is the B-term associated with the superpotential
mass term My, X, Xa.

The baryon asymmetry obtained in this model can be obtained as follows. For simplicity,
we consider two flavors of color triplets, which is the minimum number required to obtain
an asymmetry, and focus on decays with supersymmetry conserving interactions. For the
fermionic component 1, the relevant decay modes (if kinematically allowed) are P — ds* Jg*,
with AB = 42/3, and ¢; — ]\Nfui, Na§ for which AB = —1/3. Here N, N are the fermionic
and scalar components of the superfield N. The interference between the tree-level decay
diagram and the one-loop self-energy diagram results in a baryon asymmetry from 1 and @Zik
decays (if My > My) as follows:

1 SigrIm(VadeXiNe) (03
oo L Zun O] o 2y (C.6)

87 20 M1 2k s Ak M}
where, for My — My > Fl/;l’

Fs(x) = 2Ve (C7)

=1

This is similar to the result in standard leptogenesis [121] with the difference that in this model
there are no vertex diagrams. The same asymmetry is obtained from 1, and ¢} decays, since
1 and Y§ constitute a four-component spinor with hypercharge —4/3. The same asymmetry
is also obtained from the decay of scalars X1, X; and their antiparticles X T X 1, in the limit
of unbroken supersymmetry; when supersymmetry is broken the asymmetries from scalar
and fermion decays are similar if their masses are similar, mq 2 ~ M. For My > My scalar
and fermionic components of Xy, Xo will decay to produce an asymmetry es, which can be
obtained from the expression for €; with 1 +» 2. The total asymmetry in this model can be
obtained as €1 + €s.
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