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With entropy injection, an early matter-dominated epoch (EMD) impels the axion decay constant
fa toward larger values to produce correct axion dark matter (DM) abundance, thereby unfolding the
low-mass axion (m, < 107> eV) parameter space to be searched for in axion experiments. We implement
this proposition in a scenario where f, and the leptogenesis scale in a seesaw mechanism are equivalent.
We show that if, instead, the EMD is provided by evaporating ultralight primordial black holes (PBHs), the
scenario becomes strikingly testable with gravitational wave (GW) background alongside the axion
searches. In particular, while being consistent with correct axion DM abundance, the scale f, = 10'> GeV,
corresponding to the unflavored regime of leptogenesis with hierarchical right-handed neutrinos, can be
probed with GW and axion experiments, which is otherwise not testable at neutrino or collider experiments.
Additionally, axions produced from PBH evaporation can give rise to dark radiation within reach of future

cosmic microwave background experiments.
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I. INTRODUCTION

Strong upper limits on the electric dipole moment of
neutron show that strong interactions are CP symmetric [1],
although the standard model (SM) entirely is not. The CP
violation in the strong interaction is characterized by
the angle 6, which is bounded from above: 8 < 107! The
required vanishingly small value of the 6 parameter is the
origin of the strong-CP problem. The classic solution to this
is to promote 6 as a pseudoscalar axion field resulting from a
global U(1) symmetry breaking—the Peccei-Quinn (PQ)
mechanism [2-5]. When the axion field acquires its potential
through QCD effects, remarkably, 0 relaxes to zero (ground
state of the potential) and solves the strong-CP problem.
Besides solving the strong-CP problem, axion could
constitute the entire cold dark matter (DM) energy density
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if they are sufficiently light m, ~ 107> eV [6-8]. The key
UV parameter in any QCD axion model is the scale of
the PQ symmetry breaking f,, also known as the axion
decay constant. In the models of light QCD axions, f, is
bounded from below by astrophysical observations as f, 2
10® GeV [9,10]. On the other hand, the vacuum misalign-
ment mechanism offers a stringent window' for the decay
constant around f, ~ 10'! GeV to produce the correct dark
matter relic [15]. This simple PQ solution to the strong-CP
problem, thus, renders dark matter physics and evades
astrophysical constraints, generically for a high-scale phase
transition corresponding to the PQ symmetry breaking.
Since there exist other observed phenomena which the
SM fails to explain, one might wonder whether any other
cosmological puzzles attributed to high-scale physics in
their simplest theoretical form share common ground with
axion physics.

This article discusses one such possibility, where the
generation of the baryon asymmetry of the Universe (BAU)
through thermal leptogenesis [16] shares a common
origin with axion physics. While there are several ways in

'Depending on the IR models, e.g., Dine-Fischler-Srednicki-
Zhitnitsky [11,12] and Kim-Shifman-Vainshtein-Zakharov (KSVZ)
[13,14], additional contributions from the topological defects can
alter this window by less than an order of magnitude [15].
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FIG. 1.

which one couples the axion physics to the baryogenesis
[17-20], our interest aligns with the Standard Model-
Axion-Seesaw-Higgs portal inflation (SMASH)-like [21]
scenarios (and similar extensions [22,23]). In this scenario,
the right-handed neutrinos (RHN) are introduced in the
SM to generate light neutrino mass via the seesaw mecha-
nism and to provide leptogenesis get mass from the PQ
phase transition, i.e., f, = M = Ajpo, Where M(Apy) is
the RHN mass, equivalent to the scale of seesaw and thermal
leptogenesis. Such a unification, therefore, addresses
neutrino mass, strong-CP problem, DM, and BAU at one
stroke. Unlike Ref. [21], for SMASH-like frameworks,
the main motivation to unify the leptogenesis scale Ajepo
and the PQ scale f, in this work is to explore the test-
ability of Ay, = f, 2 10'2 GeV—also referred to as the
vanilla regime of leptogenesis.2 On the other hand, for
fa =102 GeV, axion dark matter gets overproduced via
vacuum misalignment mechanism with standard cosmo-
logical expansion. In order not to lose the interesting
connection among axion DM, strong-CP problem, and
vanilla leptogenesis, we explore the possibility that,
before the big bang nucleosynthesis (BBN), the Universe
underwent an early matter-dominated phase releasing
entropy while reproducing the standard radiation-dominated
Universe [29,30].

In this work, we show that, if the matter domination is
provided by ultralight evaporating primordial black holes
(PBHs) [31-33] with initial mass m;, < 3.4 x 10% g, tes-
tability enhances significantly. This is because, in addition
to predicting axion parameter space in the g,, — m, plane,
one can have stochastic gravitational wave (GW) signatures
via PBH density fluctuations [34-38]. Remarkably, the
mass range of PBHs required to generate correct DM and at
the same time BAU produces GWs within the frequency
bands of current and planned GW detectors. A schematic
diagram of this scenario showing a possible timeline is
presented in Fig. 1. Two additional (not mentioned so far)
features in this figure—namely, the axion oscillation
temperature T, and the production of hot axions in the
form of dark radiation within reach of future cosmic

2Recently, there have been some efforts to probe high-scale
leptogenesis (including vanilla regime) with primordial gravita-
tional waves, e.g., topological defects [24-28].
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Schematic diagram showing a possible timeline of the scenario.

microwave background (CMB) experiments—are discussed
later in this article.

Let us also add the following remarks.

(i) Production of axion DM with PBH-induced matter
domination has been studied in Refs. [39,40]. The
crucial difference here nonetheless is that, because
we implemented the PBH-induced matter domina-
tion in SMASH-like scenarios, the requirement of
generating the observed baryon asymmetry restricts
the model parameter space severely to predict a
constrained GW signal in amplitude as well as in
frequency [see, e.g., Egs. (16) and (22) and Fig. 4].
As such, a hierarchical (resonant) leptogenesis
scenario would predict weaker (stronger) GWs with
detectable peak frequencies varying within the
megahertz—hertz range.

(i) Given the early Universe before BBN epoch is
unknown, the motivation to introduce PBH-induced
pre-BBN matter domination in this work is purely
phenomenological; as recently explored in a pleth-
ora of works, see, e.g., Refs. [39-58] related to DM
models and Refs. [31,50-53,59-68] for baryogen-
esis models. While PBHs might arise owing to
different (independent of the framework discussed
here) new physics [33,69-71], a self-consistent
framework would be to explore the formation of
ultralight PBHs in this model itself, e.g., via domain
wall collapse [72]. We, however, do not explore such
a possibility here.

The rest of the paper is organized as follows. In Sec. II,
we briefly discuss the particle physics framework we have
adopted in this work. The interplay of axion DM and
leptogenesis in the presence of PBH is presented in Sec. II1.
In Sec. 1V, we discuss the detection prospect of the
framework in GW and axion experiments. We conclude
in Sec. V.

II. THE FRAMEWORK

We consider a type-I seesaw framework [73-77]
extended by Peccei-Quinn symmetry [2,3]. A recent review
of QCD axion models can be found in [78]. In addition to
the heavy RHNs (here, we consider three RHNS) required
for the seesaw, the other field content and PQ charges are
kept similar to a KSVZ-type model [13,14] in which
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vpg = fq4» Where vpg is the vacuum expectation value
(VEV) of the PQ scalar field ¢ and f, is the axion decay
constant.” Thus, the Beyond Standard Model (BSM) field

content is constituted by a complex PQ scalar field ¢ =
958 e/l [o ~ (1,1,0)], a heavy quark Q ~ (3,1,0), and

three right-handed neutrinos Ny ~ (1,1,0), where the
numbers in brackets denote their charges under the SM
gauge symmetry SU(3), x SU(2), x U(1)y. The transfor-
mations of these fields and leptons under PQ symmetry are

Ng—= e @2Np:  Ip,L— e 2], L;

0, —e?Q;;  Qr— e ?Qp.

o — e'%o;

The SM quarks have vanishing PQ charges. The Yukawa
coupling part of the PQ invariant Lagrangian can be
written as

Ly =~ [yQLUQR + G LiHljg + FijfiI:INjR

1 —

with H being the SM Higgs. The scalar potential of the
model is given by

U2 2 1)12) 2
V(H,0) = Ay (HTH—E) +/10<|a|2 —7Q>

v? 2 UI%Q
g (01 - ) (10P - R @)

with v being the VEV of the SM Higgs H. After PQ
symmetry breaking, the first and the last terms in £, give
rise to

- y - . y - .
yQro0k _)EPQLQRem/f” +7§UPQQLQRem/f"a
1 ATC 1 Yij ATC ialf
EyijNiRGNjR _)EﬁpNiRNjRe ¢

1y

+__
2V2

The phase part can be absorbed by the transformation Qp —

UPQNfRNjRei“/f“. (3)

e”2Qg and N — ¢ '7aNg. As the chiral transformation
on Q is anomalous under QCD, this gives the term

3522 + GWG’“’ with G, (G*) being the (dual) field strength

tensor of QCD. Simultaneously, from the kinetic term

*It should be noted that our particle content is same as the
SMASH framework [21]. While SMASH considers Higgs portal
inflation via nonminimal coupling to gravity, we remain agnostic
about the origin of inflation.

Qiy”dﬂQ, after transformation one gets the term
- 3“7" Oy"ysQ. Similarly, from the kinetic term of RHN
INy*9,N, one gets the term — A—%%“Ny”ysN. Now using the
Dirac equation and the fact that the total derivative is zero at
the boundary, we get

% o5 = 112 gy

2f. VY5 _lfaa V5Y,

1a,,a_ iM;: -
—— T NytysN = ——LaNysN, 4
5, NrrsN =5 alys (4)

which define axion couplings to RHN and heavy quark Q.
We have also dropped the chirality index from RHN notation
and will denote them only by N; with mass M; hereafter.

III. AXION DARK MATTER, PBHs,
AND LEPTOGENESIS

We consider PBHs to be formed in the early radiation-
dominated Universe at a temperature 7T;,, with an initial
mass related to the particle horizon size as [50,79]

o =351 (75 ) () )

with pgr and H indicating the radiation energy density and
the Hubble parameter, respectively. y ~ 0.2 is a numerical
factor that contains the uncertainty of the PBH formation.
The initial abundance of PBH during their formation is
denoted by

. pegr(Tin)
P k) ©

where ppgy represents the PBH energy density. After their
production, PBHs evolve as matter and dominate the
energy density of the early Universe, if their initial frac-
tional energy density is greater than a critical value given by

My -1
ﬁ > ﬂcrit ~2.5 X% ]0_14}/_%(108 g> : (7)

Finally, PBHs lose their mass through Hawking radiation
and completely evaporate at a temperature

99*,B(TBH) i M15:~ :
TeV_( 10240 md )’ (8)

in

where M p is the reduced Planck mass and g, g(7'gy) ~ 100
is the relativistic degrees of freedom below T'gy. For QCD
axions, the zero temperature mass (7 < Tocp =~ 150 MeV)
is related to PQ symmetry-breaking scale f, as
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1 12
m, ~5.7 (%) peV. 9)

Above T > T cp, the temperature-dependent axion mass is
given as

(T) = m (TS (10)

As indicated by lattice simulation, the power of 4 is not
precise [78], but it does not affect our overall results
significantly. If the PQ symmetry breaks in the postinfla-
tionary era, the initial misalignment angle 6; = a,/f, takes
the average value 6, = \%N 1.81. At high temperatures,

the axion evolution is friction dominated and frozen at
0;. It then starts to oscillate at a temperature 7., when
the Hubble rate becomes comparable to axion mass:
H(T ose) ~ 3m, (T o ). From the onset of oscillation temper-
ature, the axion starts behaving as matter, and, from
conservation of comoving number density, its number
density at a later epoch can be written as

, (11)

2
~

osc )

where (7' is the comoving entropy density at a temper-
ature T. The axion behaves as cold matter and can make all
the observed dark matter abundance with total abundance

27pa(T0) 27ma<TO) Pa(Tose) s(T) 2
Quh= Pec "= Pc <ma(Tosc)s( osc)>h. (12)

Here, p. represents the critical energy density of the
Universe today. If axions constitute all the dark matter,
it should have a mass around ~14 peV, when produced via
the misalignment mechanism [78]. The presence of PBHs
modifies the axion dark matter abundance in two different
ways: (i) PBHs change the oscillation temperature 7,
because pppy contributes to Hubble expansion rate H;
(i) PBH evaporation dilutes the existing abundance of
axions via entropy injection. The latter effect is the
dominant one. In addition to affecting the axion dark
matter abundance, PBH evaporation can also produce
axions. However, these axions behave as dark radiation
contributing to N.. We numerically study the evolution of
the PBH-axion system, closely following Ref. [40] (see
Appendix A).

Lepton asymmetry can be generated thermally (with the
thermal production of RHNs mediated by Yukawa cou-
plings) at a high scale via the CP-violating decays of RHNs,
which can be converted to baryon asymmetry through the
electroweak sphaleron processes [16]. At a temperature
T ~ M;, lepton asymmetry produced by ith RHN freezes
out; therefore, M; is typically the scale of thermal lepto-
genesis, M; = Ayepo- In the high-scale leptogenesis scenario,

there are three distinct regimes of leptogenesis. The RHNs
produce lepton doublets as a coherent superposition of
flavors: |L;) = Aj,|Lgi), where a = e, u, v and A, is the
corresponding amplitude determined by F,,. For temper-
atures T > 10'2 GeV, all the charged lepton Yukawa cou-
plings are out of equilibrium (the interaction strength is
given by I', ~5x 1073Th,, with h, being the charged
lepton Yukawa coupling) and do not participate in the
leptogenesis process. This is the unflavor or the vanilla
regime of leptogenesis. In this regime, leptogenesis is not
sensitive to the neutrino mixing matrix, e.g., mixing angles
and low-energy CP phases [80]. When the temperature drops
down to T < 10" GeV, the 7 flavored charged lepton
interaction comes into equilibrium and breaks the coherent
|L;) state into 7 and a composition of e + y flavor (two-flavor
regime). Likewise, the later composition is broken once
T < 10° GeV, when the u flavored charged lepton inter-
action comes into equilibrium (three-flavor regime). In both
these flavored regimes, leptogenesis may be sensitive to the
low-energy neutrino parameters, because the neutrino mix-
ing matrix cannot be eliminated from the CP asymmetry
parameter. Therefore, for T ~ M; = 10'?> GeV, practically
there are no ways to test high-scale thermal leptogenesis,
barring some recent effort with gravitational waves from
topological defects [24-28]. As mentioned in the introduc-
tion, here we show that, in the unified setup of axion and
seesaw, the vanilla regime is testable with axion physics as
well as gravitational waves from PBH density fluctuations.

A crucial aspect of this work is to obtain the correct DM
density for large f, = 10'> GeV, requiring PBH evapora-
tion after axion oscillation so that the overdensity of DM
can be diluted. As we shall see, the required range of PBH
mass for this does not affect the lepton asymmetry
production (happens around 7' ~ f,); however, it dilutes
it similarly to the DM density and, therefore, correlates both
of them.

For hierarchical RHNs, the CP asymmetry parameter
can be estimated as [81,82]

3M1 V (Amatm)z (13)

€ =

with v/v/2 = 174 GeV the VEV of the SM Higgs and
(Amyy)? ~2.4 x 1073 eV? the active neutrino atmos-
pheric mass-squared difference. The resulting baryon
asymmetry from the decay of N; can be approximately
written in terms of baryon-to-photon ratio as [83]

€]

Np ~ 10_21('1?. (14)

Here, & denotes the entropy dilution due to PBH evapo-
ration, estimated as [83]
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_ Mip 4 12
©= 2 (Mm) <9*,3(TBH)Q> 7 (15)

and x; ~ 1072 is the efficiency of lepton asymmetry
production. G~ 3.8 is the graybody factor and Mp =
\/%MP is the Planck mass. The extra factor 102 on the
right-hand side of Eq. (14) accounts for the combined
effects of sphaleron conversion of the leptons to baryons
plus the photon dilution [81]. Because of our proposed
unification f, ~ M 1,4 Egs. (13)—(15) impose the following
condition on f:

B=5.7x 10712 <@) Sa_ 33 (@> (ﬂ> . (16)

m;, ) GeV M, m,

Equation (16) is the most important analytical relation we
derive. Because of this stringent relation among f, m;,, and
fa(my), concurrent generation of correct DM and BAU
occurs for an extremely constrained parameter space as
analyzed below in detail.

In Fig. 2, we show the baryon asymmetry as a function of
the PQ scale f,, for different values of initial PBH mass.
The contours shown are consistent with the observed DM
relic from axion oscillation. If PBHs evaporate before the
axion oscillation temperature 7., they do not affect the
axion dynamics. For m;, <10% g, the PBH evaporation
temperature remains higher than T, leading to the
standard axion results with f,, ~3 x 10'! GeV, generating
the correct DM relic. This is indicated by the leftmost
brown-colored contour in Fig. 2. Along this contour, f is
varied, as per the color bar, which changes the baryon
asymmetry because of entropy dilution, following Eq. (15).
Increasing the PBH mass above 10° g decreases the
oscillation temperature and reduces axion abundance
because of entropy dilution, resulting in a higher f, to
obtain the observed DM abundance. With a decrease
in f, this cumulative effect of PBH starts to diminish,
and, hence, the contours move toward the standard case
of f,~3x 10" GeV.

On the other hand, decreasing f, and 3 has opposite effects
on the baryon asymmetry 7, with the former decreasing the
asymmetry by decreasing M [cf. Eq. (13)], while the latter
increasing the asymmetry because of lesser entropy dilution.
The latter effect turns out to be more dominant, leading to an
increase in the value of 7.

The lepton asymmetry can be significantly enhanced if
two of the RHNs are quasidegenerate, i.e., AM = M, —
M, <M = (M, + M,)/2, leading to the resonant lepto-
genesis scenario [84,85]. For AM ~T, the CP asymmetry

*Note that here we use the formula for the CP asymmetry
parameter valid only for a hierarchical mass spectrum of RHNS,
and we consider an N|-dominated leptogenesis scenario. In this
case, although the heavier RHNs do not have any significant role

to play, their masses are constrained as M;_, 3 < f,V4r.

107 T
—— m=5x10°g
—— my=1x10°
108 —_ r;‘)mzsx 10"ég E
— m=1x10"g
—— m,=5x10°g
10°k — m,=1x10°g ]
107 E
-]
£ L |
1072 |
0% ¢ i
>
(Vi S | - il vl L. E
107101010 10 10° 10® 107 10°°
—-15 T ETEETITH Lo N HBHH TN T
10 1011 1(‘)12 1613 1(‘)14 1(‘)15 1(‘)16 1017
f. (GeV)

FIG. 2. Baryon to photon ratio 5 versus f, for different PBH
mass and initial fractional abundance f. Here, the contours satisty
the correct DM relic. Initial misalignment angle is taken to be
0; = %~ 1.81. The horizontal gray line denotes the observed

value of 575. Here, we consider M| = f,, which gives us Eq. (16).

parameter can reach up to O(1), where I' indicates the
decay width of the RHN. For the resonant scenario, the
expression for f can be derived as

f =29 x10%, <M"‘). (17)
My

We quantify the results for both the hierarchical and the
resonant leptogenesis scenarios on the m;, — f plane in
Fig. 3. The variation of axion mass is represented by the
color gradient (see also the contours). For PBH mass
mi, < 10%3 g, the evaporation of PBHs occurs before the
onset of axion oscillation, thereby not changing the axion
abundance. Similarly, in the radiation domination region
(below the blue line), PBHs do not affect the axion
abundance. For m;, = 1053 g, PBHs delay the oscillation
temperature plus dilute the axion density. Therefore, an
ample amount of axions is required before PBH evapora-
tion so that the correct DM relic is satisfied. This is
achieved by reducing the axion mass (or increasing the
PQ symmetry-breaking scale f,). The larger the m,,, the
stronger the entropy production and, therefore, the smaller
the axion mass (larger f,).

The observed baryon asymmetry constraints for the
hierarchical (left) and resonant scenario (right) are
shown with the red curves. For the PBH mass range
10°° ¢ <my, <10%° g, the CP asymmetry parameter
remains constant as M, ~ f, ~ 10'! as the axion DM
production is not affected by PBHs. Therefore, for a fixed
fa» the correlation between S and m;, is determined
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Constraint on m;, versus f plane considering a hierarchical N;-dominated leptogenesis scenario (left plot) and a resonant

leptogenesis scenario (right plot). The color bar represents the axion mass that satisfies the observed DM abundance. The red color lines
in both plots denote the parameter space that is consistent with both DM relic and baryon asymmetry. The region excluded from GW is
separated by the solid green line. The magenta dashed line separates the regions that can be probed by future CMB-S4 experiments due

to the contribution of hot axion on Ng-.

according to Eq. (16) ( decreases with the increase of m;,).
For m;, = 10%3 g, an increase in PBH mass increases the
axion scale f, owing to the interplay of entropy dilution and
producing correct DM abundance. Because the CP asym-
metry increases monotonically with f,, in this case, a sharp
decrease in f with the increase of my;, gets partially
compensated, resulting in a plateau in the red curve (left).
The region below (above) the red curve corresponds to
ng > (<)6.3 x 10719, As we shall discuss in Sec. IV, the
allowed values of fin this hierarchical leptogenesis scenario
produce GWs with weaker amplitude (the maximum value
of f allowed by N constraint on GWs is shown with the
green line) compared to its resonant version.

In the right panel in Fig. 3, we show the results for the
resonant leptogenesis scenario. Instead of Eq. (13), here
we have considered a maximal CP asymmetry ¢; = 0.1,
achievable with resonant enhancement. Because of this
enhancement in the CP asymmetry parameter value, there
is strong entropy dilution and, therefore, for a given PBH
mass, a larger value of /3 is required to produce the observed
BAU. This is evident from the upward shift of the solid red
line compared to the one in the left panel. In addition, due
to a larger value of f, the resonant leptogenesis scenario
produces much stronger GWs compared to the hierarchi-
cal case.

For completeness, in both the plots, we also indicate the
parameter space within reach of future CMB experiments
like CMB-S4 [86] which can measure additional relativistic
degrees of freedom AN;. Such nonzero ANy or dark
radiation arises in our setup due to the production of hot
axions from PBH evaporation. Note remarkably that, in
both the plots, the T ~ M; ~ f, = 10'> GeV is potentially

testable, either with axion detectors or in combination with
GW experiments.

IV. DETECTION PROSPECTS

A. Signatures in the form of GW
from PBH density fluctuation

Recently, it has been pointed out that GWs arise from the
inhomogeneities in the PBH distribution after they are
formed [34-38]. This particular source of GWs is generally
independent of the PBH production mechanism. PBHs
typically follow an inhomogeneous spatial distribution after
formation obeying Poisson statistics [34]. Such spatial
inhomogeneities induce GWs at second order once PBHs
dominate the energy density of the Universe [34,35].
The amplitude of the GWs gets further enhanced during
PBH evaporation [35,87]. The amplitude of such GWs is
given by [35,36,55,83]

11/3
szgwuo,f):szgaak( {;k) ol — p), (18)

where QU is the peak amplitude which depends on the
initial PBH mass and energy fraction as

16/3 . 34/9
k —6 :B m
O ~2x 10 (10_8> <107‘“g> . (19

On the other hand, the peak frequency fP** which is related
to the mean separation among PBHs is given by
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Min
10*

frek ~ 1.7 x 103 Hz< (20)

> -5/6
. )

In order for the GW not to contradict the limits on N
from BBN and CMB observations, the following constraint
on f must be satisfied:

B<1.1x107 (m—> e

10% g (21)

Note interestingly that Eqs. (16), (17), and (19) relate

leptogenesis scale and ng,vak by trading f, leading to the
relation

peak _» fa 16/3 /107 g 14/9
Qb 2 6,29 x 10 (71012 Gev> - (22)

for hierarchical leptogenesis and

16/3 107 14/9
Qg$3k=1.71x10—7(i> ( g) (23)

01 mi,

for resonant leptogenesis, where for the latter scenario €, is
expressed as a function of f, and mass splitting ~(M, —
M,)M;" between two degenerate RHNs. To relate GWs
with a successful cogenesis, Egs. (22) and (23) are required
to be analyzed with the constraint from correct axion DM
production. Similar to the previous section, this has been
implemented by solving the set of Boltzmann equations for
axion and PBH (cf. Appendix A).

In Fig. 4, we show the GW spectra for the hierarchical
(left panel) and the resonant scenario (right panel),
along with the sensitivity of different GW experiments
such as advanced LIGO-VIRGO/LIGO 5 [88], LISA [89],
DECIGO [90], and CE [91]. The spectra are plotted using
Eq. (18) along with Egs. (22) and (23). The corresponding
{miy, fa} values are marked in the legend. Each spectrum
corresponds to a different DM relic density but is consistent
with the observed baryon asymmetry. Note that the signal

BBN

LIGO-VIRGQ'5

Qgw h?

m,, = 10° g, £,=10" GeV, Qyyh* > 0.12f
m,, = 107 g, f,=10" GeV, Qpyh* > 0.12)
m;, = 10°g, £,=10" GeV, Qpyh* = 0.12)

I I I

10 100 1000 10*

f (Hz)

strength is relatively weaker for the hierarchical lepto-
genesis case (left panel) when the model produces the
correct DM relic (the magenta) curve. We, however, would
like to mention that future planned detectors such as
UDECIGO (UDECIGO-corr) [92,93] can test such a
signal. On the other hand, for the resonant case, one
obtains much stronger signal strength (right) without
overproducing the DM. The reason being, as discussed
in the previous section, resonant leptogenesis scenario
requires a large value of f, and the peak amplitude goes
as Qgsfk ~ p'%3; see Eq. (19).

Plots in Fig. 5 represent an enlarged parameter space
covering QP h2 and fPe for a wide range of . The left
panel plot represents the hierarchical leptogenesis leading
to successful BAU. The solid (dashed) segment in the
curves represents the correct (overproduced) DM abun-
dance. As discussed earlier, because resonant cases allow
strong amplitude GWs, we find it sufficient to show the
GW spectra only for correct DM abundance (right panel).

Note also that, although arguable [94], one can poten-
tially have GWs from axion strings [95] in this model.
Because of the PBH domination, our scenario can margin-
ally access the values f,, = 10'* GeV to produce GWs from
axion cosmic strings. However, we do not discuss this
spectrum because, in the presence of PBHs, a string-PBH
network evolution requires numerical simulation [96].

B. Signatures on g,, —m, plane

The axion detection prospects in most experiments
primarily rely on axion-photon coupling. The axion-photon
coupling leading to 71; Gayal F is given by (the same as the
KSVZ model) [97]

=192 %

B a [(24my;+ m,
Jar = =227 \3m, + m, 21f,
with a being the fine-structure constant. Figure 6 shows the
axion-photon coupling with an axion mass including the

(24)

BBN

-VIRGO'5

——  m;,=10°g, f, = 102 GeV, Qpyh® > 0.12
—  my,=10"g,f,=10"GeV, Q,yh*=0.12

il il il il il il
0.01 0.1 1 10 100 1000 10*
f (Hz)

10°

FIG. 4. Left panel: GW spectrum for hierarchical scenario. Right panel: GW spectrum for the resonant scenario.
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FIG. 5. Left panel: QPGC\?Jk h? versus fP* for hierarchical scenario with three different f,. Right panel: QPGB‘?}{ h? versus P for the
resonant scenario with maximal CP asymmetry for correct axion DM abundance.

8ay (GeV ™)
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FIG. 6. Left panel: axion-photon coupling versus axion mass in the presence of PBHs for three different sets of {m;,, #} denoted by
green-, cyan-, and magenta-colored star-shaped points. Cogenesis with resonant leptogenesis is possible for all three points. Also, all
three sets of {m;,, f} come within future GW experiments (see related text for more details). Right panel: constraints on axion-photon
coupling in the presence of PBHs for four different axion contributions to DM.

bounds and sensitivities of different experiments. The
current experimental bounds on the axion-photon coupling
from various experiments or observables are shown by
the solid color lines (CAST [98,99], SN87A [100-102],
NGC 1275 [103], and ADMX [104-106]) whereas future
experimental sensitivities are shown by the dashed lines
(CASPEr [107], KLASH [108-110], ABRACADABRA
[111,112], CULTASK [113,114], MADMAX [115], IAXO
[116,117], Fermi-LAT [118], and BH superradiance [119]).

The left panel in Fig. 6 shows the constraints on g,, in
the presence of PBHs for three different axion masses
associated with three different sets of {m;,, #}. These three
points are indicated by green-, cyan-, and magenta-colored
star-shaped points (). For all three points, both DM relic
and correct baryon asymmetry (with resonant leptogenesis)
are satisfied. While the green point comes within the
sensitivity of the future CULTASK experiment, the cyan

and magenta points can be probed by future KLASH and
ABRACADABRA experiments. Apart from their signa-
tures in axion detection experiments, the three sets of
{m;,, p} also lie within the sensitivity of future DECIGO.
This provides a complementary probe of cogenesis in terms
of GWs and axion detection experiments. Note that, for a
smaller value of 8 (cf. left panel in Fig. 3), the scenario of
hierarchical leptogenesis can also be within the sensitivity
of axion experiments, however with a weaker GW signal.

We conclude with the following remark: Because we
consider axions to constitute the entire DM density, the
overall scenario is highly constrained. This framework,
however, can naturally allow one of the RHNs to make up
the dominant dark matter density while keeping axion
abundance subdominant, in which case the predictions of
this scenario would be very different. Interested readers
may look up to a detailed discussion presented on this in
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Appendixes B—D. Here, for example, in the right panel in
Fig. 6, we show the constraint for four different situations
where the axion contribution to DM is 100%, 10%, 1%,
and 0.1% denoted by red, blue, green, and cyan lines,
respectively. The minimum f, is obtained for PBH mass
with Ty > T\ (i€., my, < 10%3 g). The maximum f,, is
obtained for a PBH mass with T, ~Tggy and for
maximum allowed # from Eq. (21) (ie. my,, ~10%¢ g
and f~6x 10719, While in this scenario the vanilla
leptogenesis parameter space is still accessible, a striking
difference would be to have only resonant leptogenesis for
successful baryogenesis.

V. CONCLUSION

The presence of an early matter-dominated epoch in the
early Universe allows a larger axion decay constant f,
consistent with correct DM abundance. We implement this
idea in a SMASH-like setup where the f, and seesaw or
leptogenesis scale are equivalent. We show that, contrary to
the EMD provided, e.g., by a long-lived field, a PBH-
domination scenario is markedly testable with gravitational
waves alongside the axion experiments that intend to detect
low-mass axions (m, < 107 eV). In particular, this setup
opens up a novel opportunity to test unflavored lepto-
genesis scales f, = 10'> GeV, which are otherwise neither
testable from measurements of neutrino mixing parameters
like Dirac CP phase nor accessible directly at terrestrial
experiments. A hierarchical (resonant) leptogenesis sce-
nario produces weaker (stronger) gravitational waves
within the frequency band of planned GW detectors. A
successful cogenesis renders extremely constrained model
parameter space and thereby robust predictions. In addition
to GW and axion detection prospects, we can also have
observable dark radiation in future CMB experiments due
to the axions produced from PBH evaporation. This keeps
our cogenesis setup verifiable at gravitational wave and
axion detectors as well as CMB experiments.
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APPENDIX A: AXION FIELD EVOLUTION

A PBH, after formation, loses its energy via Hawking
evaporation. The combined Boltzmann equations for the
system can be written as

dpin 1 dmgy

st LT S , Al
ar + 3Hpen T PBH (A1)
dp, 1 dmgy
Frag = - . A2
ar + 4Hp, me di PBH (A2)
The PBH mass loss rate is given by
U dmgy _— G9u(Th) (A3)
mgy dt 307207Z'G2m%1_[ '

Because of PBH evaporation, entropy injection takes place,
leading to nonconservation of entropy. The entropy injec-
tion can be tracked via

ds 1 dmgy pgn
—+3Hs =—————-.
dt + Hs MBH dt T

(A4)
The evolution of axion field a in the early Universe can be
written as

1 oV(a,T)
a+3Ha + R_(t) a—+ “on

V(a,T) = f2m2(T) (1 — cos (%))

and R denotes the scale factor. The initial axion angle
0= fl is frozen in until the oscillation temperature of axion
which can be estimated by comparing Hubble expansion
rate to the temperature-dependent axion mass H(7s.) =
my(Tos ). To get the contribution of axion to the current
energy budget, we solve the above equations following the
procedure in Ref. [40]. The procedure is to first estimate the
oscillation temperature 7T, in the presence of PBHs. With
this, the number density of axion at 7'y, can be calculated
following

=0, (AS)
where

(A6)

Pa(Tose 1 I, 1
I’la(Tosc):m ((T ' )) = <§a2+§|Va|2+V(a)>

(A7)

Because of entropy dilution, the equation for n, becomes

id(na/s): I dmgy peu
n, dt MpBH dt TSZ‘

(A8)
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Constraint on m;y, versus f plane considering resonant leptogenesis. The axion constitutes 10% and 0.1% of total DM

abundance in the left and right panels, respectively. The red solid lines in the plots denote the parameter space that is consistent with both
DM relic and baryon asymmetry. The region excluded from GW is separated by the solid green line. The magenta dashed line separate
the regions that can be probed by a future CMB-S4 experiment due to contribution of hot axion on N-.

The above equation is solved from T = T'. to a sufficiently
small temperature when the PBH completely evaporates.

APPENDIX B: MULTICOMPONENT
DARK MATTER

If axions do not constitute the entire DM, the allowed
parameter space discussed so far can change significantly.
The deficit in total DM abundance can be filled up by one
of the RHNSs, as discussed briefly in Appendix C. From
the left panel in Fig. 3, for a particular value of m;, and f,
one needs a larger value of axion mass (correspondingly
smaller value of f,) to have subdominant axion DM.
However, at the same time, a smaller value of f, also
reduces the CP asymmetry parameter according to
Eq. (13). As a result, baryon asymmetry also reduces.
Thus, for a particular PBH mass, one needs to consider a
smaller value f so that dilution is also less to obtain correct
baryon asymmetry. However, it turns out that for this
particular scenario, even if one reduces f to . (where f.
distinguishes PBH-dominated and radiation-dominated
regions), the correct baryon asymmetry cannot be obtained.
The maximum baryon asymmetry that can be obtained is
~4 x 10719, which is less than the observed asymmetry,
viz., 6.3 x 10719, All the region above the # = f3. line gives
ng < 4 x 1071°, For the subdominant axion DM scenario,
one therefore must consider the resonant leptogenesis
approach to generate the correct BAU. In Fig. 7, we show
the results for resonant leptogenesis by considering the
percentage of axion DM as a free parameter. The solid red
line in these plots corresponds to the parameter space
consistent with observed baryon asymmetry for ¢; = 0.1.

Note that, in the multicomponent DM scenario, because
the axion DM is a subdominant component, we can have
smaller f, values leading to an axion mass range in the

solar axion ballpark [117,120], making this scenario pretty
different from the case of axions constituting 100% DM. As
an aside, let us mention that there have been efforts to
obtain the entire dark matter relic only in the form of axions
for a smaller value of decay constant (f, ~ 10 GeV) via
parametric resonance production of axions; see, e.g.,
Refs. [121-123].

APPENDIX C: PRODUCTION OF
RIGHT-HANDED NEUTRINO DARK MATTER

As two RHNSs are sufficient to generate neutrino mass and
BAU via leptogenesis, the other RHN, if sufficiently long-
lived, can constitute some part of the total DM abundance.
Because of the presence of PBH and RHN coupling to
axions as well as SM leptons, we can have three’ different
production channels for RHN DM, namely, (i) gravitational
production from PBH evaporation [41-58], (ii) production
via axion portal interactions [126—128], and (iii) freeze-in
production via Yukawa portal interactions [129,130].

For the axion decay constant we have in our setup,
superheavy RHN DM is more natural which is produced
dominantly via PBH evaporation. For the case when
Mpy < T, correct relic abundance needs a DM mass
in the range of ~GeV. However, for this mass range of
DM produced by PBH evaporation, the DM turns out to be
hot and, hence, disfavored from structure formation con-
straints. For the other limiting case Mpy > T, the DM
mass is greater than 10° GeV, keeping it in the superheavy
ballpark, a natural consequence of the high PQ symmetry-
breaking scale.

It is also possible to generate light RHN DM via active-sterile
neutrino oscillation [124], though it faces severe x-ray con-
straints. See [125] for a review.
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FIG. 8. Left panel: 9% versus M, for two different scenarios: without PBH and with PBH (m;, = 10® g and = 10~'°) shown by
magenta and brown color respectively. The shaded blue color region represents the excluded region by X-ray experiments. Right panel:
Lightest neutrino mass m, in PBH parameter space f — mj, with N| abundance Qy, h? =0.12.

However, if we allow fine-tuning of RHN DM mass,
keeping it much lower than the PQ scale, other production
mechanisms like axion portal can dominate. Since axion
portal coupling of RHN will be suppressed for the allowed
mass range of thermal DM below unitarity limit [131], such
production is likely to occur via freeze-in mechanism from
the SM bath. For f, ~ 10'> GeV and reheat temperature
Tru ~ 102 GeV, we require the DM mass to be around
10° GeV for the observed DM relic to be produced via
UV freeze-in. For heavier DM mass, it is likely to be
overproduced via axion portal interactions as long as
Try > Mpy. On the other hand, RHN DM of mass
~10° GeV will also be overproduced from PBH evapora-
tion as mentioned above. This pushes RHN DM to low
mass where it can be produced efficiently via Yukawa portal
interactions while gravitational and axion portal contribu-
tions remain subdominant. In this regime, the correct relic
can be achieved via IR freeze-in production of N from the
SM bath. As shown in earlier works [129,130], such freeze-
in production is dominated by W+, Z, and SM Higgs decays
facilitated via active-sterile neutrino mixing 6. The mixing
angle can be tuned by choosing the lightest active neutrino
mass m;. The same active-sterile mixing also leads to decay
of N; into SM particles. Although the abundance of N,
depends only on m, the decay rate of N; depends on both
m; and M. This gives a constraint on the N| mass, as shown
in the left panel in Fig. 8. The magenta-colored line
represents the situation where PBHs do not dominate the
energy density of the Universe (i.e., no additional entropy
dilution). The brown-colored line denotes the situation
where entropy dilution is present from PBH evaporation.
Because of the presence of entropy dilution, N; should be
produced overabundantly, requiring a larger value of active-
sterile mixing angle. As the decay of N, is also dependent
on 6’%, so M is more tightly constrained in the presence of

entropy dilution as seen from the left plot in Fig. 8. Here,
both the magenta and the brown lines give the correct relic
density. In the right panel plot, m; is shown in the f — m;,
plane for Qy, h? =0.12, correlating neutrino mass with
PBH parameters from correct DM relic criteria.

1. RHN DM with TRH < MDM

As noticed in the above discussions, the RHN DM
parameter space produced from PBH evaporation and axion
portal interactions is anticorrelated, forcing the RHN DM
mass to the sub-GeV ballpark where it can be efficiently

-8
N =6.3x10"°

PBH dominated

-10

Logm(B)

-12

— 4x10" GeV<f, = M;<10" GeV, Qb =10%

e 7x10° GeV< f, = My<6x10"" GeV, Q,;h* =1%

e 10° GeV < f, = M, < 2x10" GeV, Q,h° =0.1%
L . L .

-14
5.5 6 6.5 7 7.5 8 8.5
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FIG. 9. For M3 > Tgy > M, ~ M;. Blue, green, and magenta
colored lines denote the different situations where Q 4% = 10%,
Q.h? = 1% and Q,h* = 0.1% respectively and f, = M5. The
RHN Nj constitutes the rest of DM abundance. The brown-
colored solid line denotes the parameter space consistent with the
baryon asymmetry for maximal CP asymmetry.

115013-11



BORAH, DAS, DAS, and SAMANTA

PHYS. REV. D 110, 115013 (2024)

produced from Yukawa portal freeze-in mechanisms.
However, this requires severe fine-tuning of RHN coupling
with the PQ scalar such that M, = Mpy < f,. Such
unnatural fine-tuning can, however, be avoided if we
consider the heaviest RHN N; to be DM with mass
My = f, > Try which cannot be produced from the bath.
Leptogenesis is obtained from N; and N, with M ~ M,.
For thermal leptogenesis, we assume M| ~ M, < Try <
M; = f,. Although the PQ symmetry gets broken after,
e.g., slow-roll inflation, a noninstantaneous reheating
phase [132] can lead to a reheat temperature Try < f,.
This leads to purely gravitational production of RHN DM
from PBH evaporation. The DM mass produced from PBH
evaporation is given by

0.12 \ /m;, \ =5/2 M2
My ~ 4.5 x 103 n —PL
oM * <9N3 h2> (MP1> GeV

(C1)

Considering Mpy = f,, this gives a line in the f — m;,
plane. In Fig. 9, blue-, green-, and magenta-colored lines
correspond to the situations where Q,h> = 10%, 1%, and

Logio(min/g)

1078} 10° 10' 10" 10" 10" 10" J

s L Ge)

05 1 5 10 50
£ (Hz)

0.1% of total DM abundance, respectively. Note that
M; = Mpy = f, changes along these contours, following
Eq. (C1). The rest of the DM abundance is constituted by N.
The observed BAU can be generated from resonant lepto-
genesis as discussed earlier. The parameter space satisfying
the observed BAU for maximal CP asymmetry ¢; = 0.1 is
indicated by the brown-colored solid line in Fig. 9.

APPENDIX D: GW PROSPECTS
IN MULTICOMPONENT DM SCENARIO

Similar to the right panel in Fig. 5, we show the QFrar h2
and fP*% for resonant leptogenesis scenario in the left panel
in Fig. 10 considering 0.1% relative abundance of axion
DM. In the right panel, we show another representation of
the resonant scenario where the peak GW amplitudes are
shown as a function of PBH mass and f along with different
GW sensitivities. As expected, the red dashed line denoting
correct leptogenesis for resonant scenario lies within the
future GW sensitivities.

fPeak (Hz)
10t 100

DECIGO

log10(B)

5.5 6.0 6.5 7.0 7.5 8.0 8.5
-
logao(7g")

FIG. 10. Left panel: Qge\?;( h? versus P for 0.1% relative abundance of axion DM. Right panel: peak gravitational wave amplitude as
a function of m;, and # with different experimental sensitivities. The red dashed line denotes the correct baryon asymmetry value for

resonant leptogenesis with maximal CP asymmetry.
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