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Particulate dark matter (DM), completely isolated from the Standard Model particle sector, can be
produced in the early Universe from primordial black hole (PBH) evaporation. However, big bang
nucleosynthesis (BBN) observations put an upper bound on the initial mass of PBH requiring the PBH to
evaporate completely before the advent of BBN. DM particles in the mass range ~(1-10°) GeV cannot
explain the observed relic abundance for an early matter dominated universe due to this BBN constraint.
However, this assumes the presence of only one monochromatic PBH mass distribution in the early
Universe. In this work, we explore the simple possibility of achieving the observed relic with DM masses
from the above mentioned range for an early matter dominated era with two monochromatic evaporating
PBH mass distributions and demonstrate that the fermionic DM masses consistent with BBN change

slightly.
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I. INTRODUCTION

The Standard Model (SM) of particle physics continues
to be the most successful theory that describes the physics
of elementary particles and interactions barring the gravi-
tational ones. However, there are certain issues with the
SM, of which a very important one is that the SM cannot
explain the particulate nature of dark matter (DM). The
presence of DM is evident in the universe [1-4] and it
accounts for more than one fourth of the energy budget of
the universe [5,6]. Some of the popular mechanisms of
DM production are the WIMP (weakly interacting mas-
sive particle) [7-10] and FIMP (feebly interacting massive
particle) [11,12] scenarios which require the DM candi-
date(s) to have a portal coupling with the SM sector.
However, a DM particle, completely isolated from the SM
sector, can be produced from the primordial black hole
(PBH) evaporation via Hawking radiation [13,14] and is
hence immune to various direct detection [15-17] and
collider constraints [18].

PBHs can be produced in the early radiation dominated
universe from quantum fluctuations among other produc-
tion mechanisms mentioned in Sec. II and later on
dominate the energy density of the universe only to finally
evaporate away completely by radiating DM particles along
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with other SM states before the advent of the big bang
nucleosynthesis (BBN). The phenomenology of DM pro-
duction from PBH evaporation in the context of a single
PBH initial mass has been widely studied in the literature
[19-31] especially since the detection of gravitational
waves (GW). A recent study [32] has looked into DM
production from PBH mass and spin distributions where
the PBHs are produced simultaneously at the moment when
the PBH corresponding to the peak mass value is produced
and also the evolution of the mass function is taken into
account in [33]. In the scenario of a noninteracting DM
production from the evaporation of a single monochromatic
PBH distribution, a DM in the rather wide mass range of
the order (1-10”) GeV (a more specific range is mentioned
in Sec. I1I) cannot satisfy the relic (Qh% = 0.120 £ 0.001 as
per Planck data [5]) in the PBH dominated region of
parameter space [34] due to BBN constraints [35-39]. An
obvious question to ask in this context is whether this rather
strong constraint can be lifted in the presence of multiple
PBHs with different initial masses. In this work, we
investigate the simplest possibility of DM being produced
in the early universe from two separate monochromatic
PBH mass distributions to check if at least a portion of this
disallowed DM mass region can be redeemed. This would,
of course, mean that a richer spectrum of PBHs can easily
serve as the sole originator of the presently measured DM
relic—this observation serves as the motivation for the
present work. We have done the analysis for a fermionic
DM in this work and expect a qualitative extension of the
results to the other types (i.e. scalar DM, vector DM etc.) of
DM to be true.

The paper is organized as follows: in Sec. II, we provide
a quick review of PBH evaporation before discussing the
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DM phenomenology in Sec. III and we offer our conclud-
ing remarks in Sec. IV.

II. PRIMORDIAL BLACK HOLES: A REVIEW

PBHs have been of interest to physicists for decades. They
can be created when the density fluctuations (‘i—f’) at the
horizon level is greater than unity via what is commonly
known as the Zel’dovich—Novikov mechanism [40-42].
Other possible ways of formation are from topological
defects [43] like the collapse of cosmic strings from second
order phase transitions [44—46], inflationary perturbations
[47], or due to bubble collisions which arise from first order
phase transitions in the early universe [48—50]. Interestingly,
PBHs which originate from the collapse of highly over-dense
regions have no upper bounds on their mass—such cases are
generally studied by fitting into a mass spectrum [51]. This,
however, is not true in the case when PBHs are formed from
topological defects, because the mass of such PBHs is
defined by the correlation length of the respective phase
transition [52,53].

The study of PBHs is particularly important from a
phenomenological point of view. PBHs with mass M, <
10° g have evaporated well before the onset of the big bang
nucleosynthesis (BBN). In spite of this, their impact on the
present day universe is quite strong. They can highly impact
the baryon asymmetry of the universe [54], the fraction of
dark matter particles [55,56], and would lead to the rise of
density perturbations at relatively small scales [57].

The initial mass M, of a PBH which is formed in the
radiation dominated (RD) stage can be written in terms of
the energy density of radiation pgp [58-60]:

in 4z pr(Tin)
Mgy = Mpy(Tin) = ?YH3(T»H)

; (1)

where T, is the temperature of the universe when the PBH
was formed and H(Ty,) is the value of the Hubble
parameter at T = T;,. The numerical factor y depends on
the gravitational collapse and is taken to be ~0.2 for PBHs
which are formed in the RD stage. The energy density of
radiation—which is a function of temperature—takes the
form

2
pr(T) = %g*(T)T“, (2)

where ¢, (T) is the relative SM degrees of freedom and is a
function of temperature as well.

As the PBH is formed, the temperature of the PBH is
given by [13,14]:

M2

. (3)

b
MBH

Ty =

. . _ 1 .
where M p1s the reduced Planck mass, i.e., M P = G with

G being the gravitational constant. Upon evaporation by
Hawking radiation the PBH emits particles and the rate of
mass loss of the PBH is governed by the following equation
[61-63]:

dMgy M
dt - _Zgi(MBH)M—QBH' (4)

Here, the evaporation function &£; depends on the mass of
the ith particle as well as the mass of the PBH and Eq. (4) is
summed over all the particle species. This early matter
dominance in the form of PBH can distort the cosmological
history. This in fact can modify the dark sector of the
universe by injecting new dark matter particles by evapo-
ration of the PBH. At the moment of PBH formation, the
fraction of the PBH energy density to the total energy
density denoted by f is given by

PB T PR PR

The evolution history of the universe is also perturbed due
to the modification of the Hubble parameter—this is also
mathematically represented by f as shown in Eq. (5) and an
often-used rescaling of this parameter [34] is

; % g*(Tin) _‘_I‘ ~ %
g =y (106.75> pryp. (6)

Dominance of either component is determined by compar-
ing the value of # with the critical value f., which is given
by [28]:

P (gg*,H(TBH)>% My (7)

10640 ) My,

G is commonly known as the gray factor and Mp, is the
Planck mass. If the value of /3 is greater than 3, the universe
goes into the PBH (matter) domination at some stage in the
early universe while f < . implies the universe is radi-
ation dominated throughout. The evaporation of the PBH is
governed by the Boltzmann equation [60]:

dpgu Peu dMpy
3H, = N 8
ar + 3Hpgy My dt (8)

d]Zf“ follows

where the rate of mass decay of the PBH
Eq. (4).

An early matter domination might change the BBN
predictions and hence, in order not to violate the well-
established results like the BBN temperature, the CMB
results, and structure formation which took place at the later
stage of the expansion of the universe, the PBH must
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evaporate before the onset of BBN and this necessitates the
initial mass of the PBH to be bounded from above:
M, < 10° g, as mentioned above. The lower bound on
PBH mass arises from inflationary scales: Mi%,; > 107! g
[64]. Moreover, constraints from GW impose an upper
bound on f [60,65,66]:

p<—=107% 9)

We now turn to understanding how some of the con-
straints might play out in the next-to-minimal scenario of
two evaporating PBH distributions presenting a detailed
phenomenological study of DM production in this case in
Sec. III. We propose a new way to relax the BBN constraint
in the same scenario as well.

III. DARK MATTER PHENOMENOLOGY

One of the key aspects of particulate dark matter that
continues to elude us till date is its origin. In contrast to
more traditional WIMP and FIMP scenarios, DM produc-
tion from PBH evaporation does not require any interaction
or portal between the SM sector and the DM candidate
whereas the WIMP and FIMP mechanisms necessitate an
interaction, however small. Thus the PBH evaporation as a
DM production mechanism can explain the measured relic
abundance for a DM particle interacting only gravitation-
ally to the SM sector as has been assumed in this work. The
key ingredients that constitute the parameter space of such
DM production from a single nonspinning PBH distribu-
tion are f, M};H, and the DM mass (mpy). It is often
convenient to represent the relic contours of DM in the
M, — p' plane with each contour representing a different
mpy value. While in the PBH dominated region (8 > f,.),
the relic is independent of f#/, in the radiation dominated
region (f# < f.) the relic contours can have two different
slopes depending upon the relative values of mpy; and the
temperature of the PBH (Tgy) [20]. To radiate DM
particles, the PBH temperature has to be higher than the
DM mass. Hence, a PBH with small initial mass can easily
produce DM particles due to its high 7i;. However, for a
large M1, the corresponding T'%,; may not be large enough
to compete with mpy; (if mpy, is relatively large) and hence
cannot produce DM to begin with. But as the PBH
evaporates through other SM states and loses mass, its
temperature finally achieves a value high enough to start
radiating DM particles as well.

Due to BBN constraints (discussed in Sec. II) on the
PBH distribution, the DM masses that are consistent with
this scenario is limited as is evident in the literature [34].
For a fermionic DM in a PBH dominated scenario this
forbidden DM mass region is given precisely by
(2.63-6.9 x 10®) GeV for a monochromatic mass distri-
bution of PBH. It must also be noted that a DM particle of

mass less than ~1 TeV is forbidden anyway by the warm
DM constraints. A few example cases, spanned throughout
the DM mass range in discussion, have been shown in
Fig. 2 where in the PBH dominated region the relic contour
for a single PBH distribution (given by the dotted green
curve) falls inside the gray shaded region disallowed by
BBN constraints.' The area above the contour is disallowed
by DM overabundance. For a scenario with monochromatic
PBHs, the GW and inflation bounds mentioned in Sec. II
are given respectively by the light yellow and light green
shaded regions in Fig. 2. There is an interesting possibility
of satisfying the relic in the PBH dominated region for a
DM candidate of that forbidden mass range mentioned
above with the existence of an additional PBH distribution
with a different initial mass. The primary motivation for this
is the idea that having more black holes in the spectrum at
an early matter-dominated stage can affect the Hubble
parameter, as their temporally separated evaporations
enhance the DM energy density more than once and thus
we should be able to account for the observed relic
abundance of DM for lower initial PBH masses bringing
the relic contour out of the BBN constrained region.
However, the presence of two distributions comes with a
few new degrees of freedom in the parameter space which
demands to be defined properly and compared to the single
monochromatic case.

Before taking forward this discussion further as a
comparative study between the single-PBH and two-
PBH scenarios, the details of a two-PBH scenario need
to be formulated carefully. To start with, the timeline can be
described in the following manner: in primordial times at
temperature 7'y, black holes of initial mass M E‘H] are created
and at a later time at temperature 7,, another set of black
holes of initial mass MEIHZ come into the picture. The
obvious assumptions that go without saying are the con-
ditions 7'y > T and hence, Mify; < My (see Eq. (1) with
pr and H replaced by their dependence on the temperature
of the universe). Furthermore, now there will be two f/
parameters that are defined as follows:

pBHl(Tl)
pen, (Th) +pr(T1)’

pi= 7 and  (10)

per, (T2) + e, (T2)
peu, (T2) + pew, (T2) + pr(T>)

Pr=r (11)

where pgy. denotes the energy density of the ith PBH

distribution and pp corresponds to the radiation energy
density of the universe. Figure 1 depicts one such scenario

'Of course, it is evident from Fig. 2 that this range is perfectly
allowed in a radiation dominated universe, but our goal here is to
see if the same can be true in a matter dominated universe as well.
This is motivated by recent studies in nonstandard cosmology
wherein one can have an early matter dominated universe.
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FIG. 1. Evolution of various components of the early universe
for the following benchmark values: Mié‘H] =10°0 g, M%Hz =
10954 ¢, g1 =10739, g, = 10710 and mpy; = 10 GeV. The relic
abundance criteria is satisfied for these benchmark values. The
evolution parameter is chosen to be inverse of the temperature of the
universe (7") scaled appropriately by the DM mass.
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where there are two PBH distributions contributing to the
radiation and DM relic as they evaporate via Hawking
radiation. Here, we have plotted the evolution of comoving
energy densities of both the PBH distributions and DM
along with the radiation component that is dimensionally
appropriate to compare (co-moving energy density of
radiation, pga®*, cannot be compared with the comoving
matter). One can notice the co-moving energy density of
DM increases as the PBHs evaporate with a sudden
enhancement as the PBH-I comes close to complete
evaporation. A similar trend is evident around the evapo-
ration of the PBH-II. The radiation component also gets
similarly elevated around those two regions. Once both the
PBH distributions are evaporated completely the comoving
DM energy density stabilizes as expected. We have used
the ULYSSES code [34,67] to generate PBH contributions
as input and then solved the Boltzmann equations men-
tioned in Appendix numerically to generate this plot.
The scenario with two monochromatic distributions of
different initial mass involves more parameters as
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FIG. 2. Dark matter relic contours in the M%’Hz (M) — B5(B') parameter plane for DM masses 3 GeV (top left), 6 GeV (top right),
10° GeV (bottom left) and 4 x 10 GeV (bottom right). The relic contours have been drawn for two choices of Loglo(Mg‘Hz) -
LoglO(M};‘Hl) = 1.0 and 0.5 with Logo(f,) — Log(f|) = 1.0. The corresponding relic contours for the single-PBH scenario are also
displayed. Exclusion bounds from BBN and GW valid for all cases are given by the light gray and light yellow shaded regions
respectively. The inflation bound for a single-PBH scenario is given by the light green shaded region. For a two-PBH scenario the
inflation bound becomes more severe as given by the additional light blue and light red shaded regions. The light cyan shade reflects the
portion of the relic contour disallowed by the warm DM constraints.
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compared to the one with a single monochromatic PBH
distribution. In order to draw a comparison between the two
scenarios with mismatching number of parameters one will
have to resort to a specific way of describing the scenario
and the parameter space. Here, we have chosen to analyze
the PBH-II of the two-PBH scenario in comparison to the
PBH of the single-PBH scenario. The motivation behind
this choice is to understand how the DM production from a
PBH distribution (i.e., PBH-II) is modified in presence of
another preexisting DM-producing PBH distribution (i.e.,
PBH-I). For that purpose we set the f#, of the two-PBH
scenario side by side with the f’ of the single-PBH scenario
and similarly contrast My, against Mgy, In Fig. 2, we have
compared the relic contours of both single-PBH and two-
PBH scenario for the same DM mass in the My (M) —
P5(B) plane. We have chosen four representative DM mass
values from the range of interest: one (4 x 10 GeV) near the
upper end, two (3 GeV and 6 GeV) in the lower end and the
remaining one (10° GeV) around the middle of that range.
We have fixed the excess degrees of freedom in the parameter
space of the two PBH scenario by choosing Log;(f;) —
Log;o(f}) = 1.0 and Loglo(Mﬁle) - LOglO(MngI) = 1.0,
0.5 as benchmark values. We find that for a fixed DM mass,
having two PBH spectrums can significantly mitigate the
BBN bound compared to the single-PBH scenario. It is
evident in Fig. 2 that for the two-PBH case, the DM relic
abundance criteria can be satisfied even in the PBH domi-
nated region in some cases which were disallowed in the
single-PBH case because of the BBN bounds. For example,
DM masses around the edges of the 1-10° GeV region can
now satisfy the relic with the addition of an extra PBH in the
spectrum as has been demonstrated with DM masses of
3 GeV, 6 GeV and 4 x 10® GeV in Fig. 2. However, for a
similar logarithmic initial PBH mass difference and loga-
rithmic f#’ difference, it can been seen that certain DM masses
from the midrange are still forbidden by the BBN constraint
even after the inclusion of an extra distribution of PBHs as
has been shown in Fig. 2 for a DM mass of 10° GeV. The
precise DM mass range where DM relic cannot be satisfied in
the PBH dominated region now shrinks to (7.24-8.91 x
107) GeV for ALog;o(M;,) =1.0 (in grams) and
(5.56-2.67 x 107) GeV  for ALog;o(M3;) =05 (in
grams). It has to be noted that the warm DM constraints
[19,68] become very much relevant for the lower DM mass
range. The DM produced from the first monochromatic PBH
mass distribution does not contribute sufficiently enough to
the final DM relic to be constrained by the warm DM limit.
However the energy density of the first distribution can still
affect the evaporation temperature of the second one. Taking
this fact into account, we have implemented the warm DM
limits on the DM produced from the second PBH mass
distribution and found that there is no significant change in
the parameter space for bimodal production compared to the
production from a single monochromatic PBH mass

distribution. The whole PBH dominated region and a good
portion of the radiation dominated region thus become
disallowed for the DM masses of 3 GeVand 6 GeV regardless
of whether produced from a single monochromatic distri-
bution or from two such distributions as indicated by the light
cyan shade in Fig. 2.

Interestingly, the effect of the initial mass differences of
PBH is not the same in different DM mass regions. In the
higher DM masses, mpy is higher than Tg‘Hz (the initial
PBH-II temperature) and that leads to the opposite order of
relic contours for LoglO(Mg‘Hz) - LoglO(M}QH]) values of
1.0 and 0.5 in the PBH dominated region compared to the
low DM masses (where mpy < Tﬂ’HZ) as can be seen by
comparing the mpy = 4 x 108 GeV graph of Fig. 2 with
the mpy; = 3 GeV graph. In the mpy; = 6 GeV graph, the
difference of initial mass differences between the two
monochromatic distributions plays a crucial role in deter-
mining whether or not the relic can be satisfied in the PBH
dominated region. Thus we see a pattern emerging wherein
a larger initial mass difference between the two black holes
tends to accommodate smaller DM masses better while a
smaller initial mass difference does a slightly better job of
safeguarding more massive DM from the BBN bound.
There are certain DM masses (as is illustrated in the mpy; =
10° GeV plot) wherein neither of our two parameter
choices help in overcoming the BBN bound. Another
crucial aspect in this context is the addition of an extra
component of PBH energy density both in the numerator
and denominator in the definition of f, in the two-PBH
scenario compared to the S in the single-PBH case, which
elevates the f3, in comparison to the  and thus reaching the
PBH dominated region for comparatively lower initial mass
of PBH. Even though we are mainly interested in the BBN
constraints (light gray shaded region in the plots), the
constraints from GW and inflation are also shown in the
contour plots. It is imperative to remember that these
constraints are applicable to both the PBHs. Since ME‘HI

is smaller than Mngz, PBH-I automatically satisfies the

BBN bounds if satisfied by PBH-II. The same argument
can be used for the GW bounds in the M};‘Hl -p, plane which
will already be satisfied once it is respected in the M ngz -p,
plane.2 Hence, in Fig. 2 the GW and BBN bounds remain
the same as the single-PBH scenario and are marked by
light yellow and light gray shades respectively. However,
PBH-II satistying the inflation bound does not guarantee
the same for PBH-I simply because My < My as per
our prescription. Hence, the inflation bound has to be
applied on PBH-II in such a way that PBH-I automatically

*We have taken a simplified approach in applying the GW
constraints on the two monochromatic PBH distributions sepa-
rately in lieu of a detailed collective understanding of the two
distributions.
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respects the bound as well. The three cases and corre-
sponding contours are described as follows:

(1) For the single-PBH case the inflation bound de-
mands that M5, > 10~ g. This bound is shown by
the light green shade. To make it easier to compre-
hend, the relic contour corresponding to the single
PBH scenario is shown by the same color, i.e., the
green dotted curve.

(i1) For the two-PBH scenario with logarithmic initial
mass difference of 0.5, the inflation bound needs to
be modified because My = 107" g already im-
plies that Mgy = 1077 g and thus My is in
violation of the inflation bound. So, the inflation
bound on M ngz is modified in such a way that PBH-I
also satisfies the bound. Hence, a region given by
light blue shade is disallowed in addition to the
green shaded region and the corresponding relic
contour is given by the blue dashed curve.

(iii) Similarly for the initial logarithmic mass difference
of 1.0, some more extra region will be disallowed
which is given by the light red shaded part. In this
case setting a lower bound on My, at 10° g makes
sure that M{;‘H] respects the inflation bound of

107! g. Hence, the total region, consisting of the
light green, the light blue and the light red shaded
parts, is disallowed to account for both the PBHs in
this case and the corresponding relic contour is given
by the solid red curve.
It is to be noted that with the addition of an extra
monochromatic PBH distribution in the spectrum, more
parameter space opens up in the radiation dominated region
compared to the single-PBH case.

IV. CONCLUSION

PBH evaporation has furnished a method for the pro-
duction of DM that is completely isolated from the SM
sector. However, for an early PBH dominated era, the
observed DM relic abundance cannot be achieved for a
rather large range of DM masses as it is forbidden by the
BBN predictions. In this work, we have demonstrated that
the presence of a second PBH distribution has the potential
to mitigate this constraint—specifically, employing a few
benchmark values of DM mass from that forbidden region,
we have shown that in the presence of another preexisting
PBH distribution the relic abundance can be easily satisfied
for DM masses around the edges of that forbidden region.

However, the midrange DM masses still remain disallowed
as has been shown for a specific benchmark value from
midrange. This is a natural consequence of having one
more PBH distribution that produces DM particles as well
as an extra component of PBH energy density encapsulated
in the definition of /' as f, in Eq. (11). Even though we
have displayed the results by taking just a few DM masses
as benchmark values, the results seem fairly interpolatable
to a range of DM masses. Our analysis shows that some
parts of the DM mass range, forbidden by BBN constraint
from satisfying the relic in the PBH dominated region, can
be redeemed with the help of this two-PBH scenario.
However, the redemption of the whole region with just two
monochromatic distributions seems difficult. A thorough
study of a scenario with many PBHs with a fixed mass
distribution spanned throughout the allowed PBH mass
range produced at various time instances remains an
interesting prospect in this context.
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APPENDIX: RELEVANT EVOLUTION
EQUATIONS

The relevant Boltzmann equations along with Eq. (8) are
the following [63]:

dpr esm(M) 1 dM
—— +4Hppr = — — , d Al
g PR (M) M di PBH, an (A1)
dt A e(M) M dt g,,(T)4pg)’

where A =1 +3 g*Tm dg:;Tm and the evolution of the

number density of DM from evaporating PBH is given by

d dN
npm 4 3Hnpy = PBH DM

, A3
dt Myy dt (A3)

dN: - .. . .
where ¢ is the emission rate of species i from the

evaporating PBH.
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