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We investigate Hawking evaporation of a population of primordial black holes (PBHs) prior to
Big Bang Nucleosynthesis (BBN) as a mechanism to achieve asymmetric reheating of two sectors
coupled solely by gravity. While the visible sector is reheated by the inflaton or a modulus, the dark
sector is reheated by PBHs. Compared to inflationary or modular reheating of both sectors, there
are two advantages: (i) inflaton or moduli mediated operators that can subsequently thermalize the
dark sector with the visible sector are not relevant to the asymmetric reheating process; (ii) the
mass and abundance of the PBHs provide parametric control of the thermal history of the dark
sector, and in particular the ratio of the temperatures of the two sectors. Asymmetric reheating
with PBHs turns out to have a particularly rich dark sector phenomenology, which we explore using
a single self-interacting real scalar field in the dark sector as a template. Four thermal histories,
involving non-relativistic and relativistic dark matter (DM) at chemical equilibrium, followed by
the presence or absence of cannibalism, are explored. These histories are then constrained by the
observed relic abundance in the current Universe and the Bullet Cluster. The case where PBHs
dominate the energy density of the Universe, and reheat both the visible as well as the dark sectors,
is also treated in detail.

I. INTRODUCTION

The identity of dark matter (DM) is one of the main open problems in particle physics and cosmology, and
remains elusive in spite of numerous direct and indirect detection experiments, as well as collider searches. Since the
evidence for the existence of DM comes from its gravitational interaction with ordinary matter, scenarios in which
DM interacts only gravitationally with the visible sector are well-motivated. Indeed, this minimal description of DM
does not exclude the possibility of a rich, equilibrated dark sector, with the observed relic abundance being set by
self-interactions among dark sector fields 1.

An outstanding question for a dark sector that interacts only gravitationally with the visible sector is: how was
such a putative sector populated in the first place? This question was originally asked and answered in the context of
“mirror models” [10, 11], and revisited more recently by [12–14]. The same mechanism - inflationary reheating - that
populates the visible sector in the early Universe is assumed to also be responsible for populating the dark sector 2.
The produced particles in each sector are initially far from equilibrium, but elastic scattering processes and number
changing processes can drive each sector towards equilibrium. Although this happens quickly in the visible sector
(due to the gauge structure and soft scattering processes) [31–34], the thermal fate of the dark sector depends on its
internal interactions and the initial number density of its particles. The competition between the expansion rate of
the Universe and the rate of self-interactions of DM particles determines the extent of the equilibration in the dark
sector, which ranges from not reaching equilibrium at all to kinetic or chemical equilibrium.

Reheating the dark sector using the inflaton or a modulus comes with certain challenges, as pointed out by [12, 14].
Any asymmetry in the temperatures of the two sectors should be protected against washout due to equilibration by
exchanging heavy modes in the spectrum, unavoidably the inflation or modulus itself. In fact, such equilibration occurs
quite generically in parameter space, and avoiding this can impose restrictions on the inflaton mass and coupling, or
require a non-standard cosmology. Dark sectors with dark radiation that were in thermal equilibrium with the visible
sector at any point in their history will be increasingly tightly constrained by future bounds on the effective number
of neutrino species, ∆Neff , making this an important issue for model-building in such cases.

The purpose of this paper is to study a novel reheating mechanism which can reheat two sectors asymmetrically:
the Hawking evaporation of a population of primordial black holes (PBHs) with masses in the 0.1 g . MBH . 109 g
range. Since PBHs in this mass range evaporate before Big Bang Nucleosynthesis (BBN), their abundance is not
constrained (they may be accessible to future gravitational wave experiments [35–37]). We will be agnostic about the
origin of the PBHs, assuming they exist at some stage in the post-inflationary universe 3. The Hawking evaporation of

1 Self interacting DM has been introduced to resolve tensions between small-scale structure observations and N-body simulations of
collisionless cold DM. Problems such as the “cusp vs core problem” [1–3] and the “too-big-to-fail problem” [4–7] can possibly be
explained by a sizable self-interaction among DM particles [4, 8, 9].

2 Of course, if one relaxes the condition that the dark sector interact only gravitationally, a plethora of mechanisms become available by
coupling it to the visible sector through various portals of different strengths [15–30]. Depending on the strength of the interaction,
dark sectors both in thermal equilibrium with as well as thermally decoupled from the visible sector are possible.

3 The formation of light PBHs in the early universe has been studied using various methods, such as the collapse from inhomogeneities [38,
39], sudden reduction in the pressure [40–42], collapse of cosmic loops [43–47], bubble collisions [48–53], collapse of domain walls [54–56],
and damped oscillations of a scalar field that becomes heavy during inflation [57]. For a recent review of PBH formation, we refer to
[58] and references therein.
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PBHs has been extensively studied as a potential explanation for baryogenesis, DM, dark radiation, and/or axion-like
particles [59–91]. The idea of thermalization and equilibration of DM particles produced by Hawking evaporation
of PBHs by introducing self-interaction has also been studied recently in Ref. [79] to relax bounds from structure
formation on light DM.

While asymmetric reheating is typically susceptible to equilibration due to the presence of operators inducing
inflaton or moduli exchange between dark and visible particles, reheating with PBHs is immune to such processes.
Since there is no mediator between the two sectors other than gravity, after equilibrium is established in each sector,
any temperature asymmetry persists and evolves to keep the entropy of each sector conserved during the expansion
of the Universe. Moreover, PBH-induced asymmetric reheating exhibits a rich phenomenology that connects the
subsequent thermal history of the dark sector with the abundance and mass of PBHs that reheated it. In particular,
the initial temperature asymmetry between the visible and dark sectors, which is typically taken as an initial condition
in studies of the thermal evolution of dark sectors, now has an origin and can be “derived” from the properties of the
PBH population.

We explore this rich phenomenology in this paper, taking as a simple template, a minimal self-interacting dark
sector consisting of a single real scalar field, which is therefore also the DM particle. The self-interaction strength
is assumed to be O(1) and below the perturbative unitarity limit. The thermal history of the dark sector is best
classified in terms of the initial abundance of the DM, which in turn is set by the initial abundance of the PBHs.
Four histories are possible as the initial PBH abundance is increased and are schematically depicted in Figure 1.
For low abundances, the DM is non-relativistic when it achieves chemical equilibrium and subsequently through its
entire history, though it (i) may not (lowest abundance) or (ii) may (higher abundance) enter a cannibal phase after
chemical equilibrium and before freeze-out. For higher abundances, the DM is relativistic when it achieves chemical
equilibrium, but again, depending on how high the abundance is, (iii) may not or (iv) may go through a cannibal
phase before it freezes out and becomes non-relativistic.

These four thermal histories are depicted on the parameter space of our scenario, which is comprised of the DM
mass, the PBH mass, and the PBH abundance. The results are shown in the left panels of Figures 2 and 3. For two
benchmark DM masses (10 MeV and 10 GeV) these thermal histories are depicted on the plane of the relic density
versus PBH mass in the left panel of Figure 4. The ratio ξ of the dark sector temperature to the visible sector
temperature at chemical equilibrium is calculated for the various thermal histories and shown in the right panels of
Figure 4. We find that temperature asymmetries ξ larger than, smaller than, and equal to one are all possible. If the
dark sector is relativistic at chemical equilibrium, it is always colder than the visible sector at that time. If the dark
sector is non-relativistic at chemical equilibrium, it can be hotter or colder than the visible sector.

Reheating the dark sector with PBHs turns out to be a quite predictive framework. Firstly, when the initial
temperature of PBHs is smaller than the mass of the DM, equilibrium cannot be established, even when the DM self-
coupling saturates the perturbative unitarity limit. Secondly, we find that self-consistency conditions require that if
DM was relativistic at chemical equilibrium, it must undergo a subsequent cannibal phase prior to freeze-out, thereby
ruling out one of the four possible thermal histories described above. Furthermore, when subjected to two conditions:
satisfying the relic density in the current Universe, and satisfying bounds from the Bullet Cluster4, the thermal history
of the dark sector becomes even more predictive. DM that is relativistic at chemical equilibrium and then undergoes
a cannibal phase before freezing out is found to be incompatible with constraints from Bullet Cluster observations
and is thus also ruled out for all DM masses. DM is therefore forced to be non-relativistic at chemical equilibrium
in these scenarios. Moreover, we find that for DM with a mass in the 8 MeV . mχ . 360 MeV range, the DM could
undergo a cannibal phase if the PBH mass is in the 0.1 g .MBH . 205 g range; otherwise a cannibal phase becomes
impossible. These properties are displayed in the right panels of Figure 4 and show an interconnection between the
properties of the PBHs responsible for reheating the dark sector, the DM mass, and observational constraints.

Alongside these results, in every case we show the corresponding results when the initial abundance of the PBHs is
large enough to trigger an early matter (PBH)-dominated era. It turns out that in this case, a cannibal phase over-
produces DM, regardless of whether DM was relativistic or non-relativistic at chemical equilibrium, thus constraining
two of the four possible histories. Non-relativistic chemical equilibrium without a subsequent cannibal phase can give
rise to the right relic abundance today for a range of DM and PBH masses. In this case the temperature asymmetry
ξ is always larger than one.

The outline of this paper is as follows. In Section II, first we review different possible thermal histories of a
self-interacting dark sector populated in the early Universe via some unspecified mechanism by relativistic and far
from equilibrium DM particles. We then explore the viable thermal histories of a dark sector populated by Hawking
evaporation of PBHs in early Universe. In Section III, after describing the available parameter space and relevant
constraints, we present our results. Three appendices are also added: Appendix A provides a general setup to review

4 The mass range of PBHs we consider already takes care of Cosmic Microwave Background (CMB) and BBN constraints.
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possible thermal histories of a self-interacting dark sector which includes a single scalar field and is populated by
an unspecified mechanism in early Universe. In Appendix B, we review the formation and Hawking evaporation
of PBHs in the early Universe, including the spectra of emitted particles and the condition for transitioning to an
early PBH-dominated era. Appendix C uses the results of Appendices A and B to provide relevant formulae related
to populating a self-interacting dark sector by Hawking evaporation of PBHs and its subsequent equilibration and
thermal history.

II. REHEATING TWO GRAVITATIONALLY COUPLED SECTORS BY PBHS

In this section, we briefly describe different possible thermal histories of a self-interacting dark sector populated in
the early Universe. We then explain different outcomes of populating a dark sector by Hawking evaporation of PBHs
and the effect of thermalization and equilibration on the DM relic abundance today.

A. Thermal history of a self-interacting dark sector

A dark sector that is initially populated by relativistic particles far from equilibrium can be driven toward chemical
equilibrium if there is a sizable self-interaction. The first step towards establishing chemical equilibrium is kinetic
equilibrium (thermalization) which requires that the rate of elastic scattering processes, 2↔ 2, becomes comparable
to the Hubble expansion rate.

After kinetic equilibrium, the dark sector can generally be described by a temperature and a non-zero chemical
potential. Chemical equilibrium requires the chemical potential to become zero, which can occur if 2 ↔ n, n > 2,
number-changing processes happen fast enough compared to the Hubble expansion rate, and before the particles
become non-relativistic. When the dark sector becomes non-relativistic, 2→ n processes are kinematically forbidden,
but n → 2 processes are still allowed. At this time, if the rate of n → 2 number-changing processes is less than
the Hubble expansion rate, then the dark sector particles decouple and freeze out as cold DM. On the other hand,
if the rate of n → 2 number-changing processes is comparable to the Hubble expansion rate, the dark sector stays
in chemical equilibrium even after it becomes non-relativistic; then n → 2 processes convert the mass of the DM
particles into kinetic energy which slows down the cooling of the temperature of the dark sector due to the expansion
and gives rise to the so-called cannibal phase [92, 93]. The cannibal phase will eventually stop when the cold DM
particles decouple and freeze out.

Fig. 1 displays the different possibilities for the thermal history of a self-interacting dark sector after establishing
chemical equilibrium. In Fig. 1a, we illustrate a thermal history for a scenario with the minimum initial number density
of dark matter particles for which chemical equilibrium can be obtained; here, the dark sector establishes chemical
equilibrium when particles are non-relativistic and they decouple immediately without experiencing a cannibal phase.
This scenario, which is non-relativistic at equilibrium with no cannibalism, is dubbed NRNC. Increasing the initial
number density from this minimum value, eventually the dark sector becomes adequately populated such that chemical
equilibrium is established by non-relativistic particles and followed by a cannibal phase before decoupling. This
thermal history, non-relativistic at equilibrium followed by cannibalism (NRC), is displayed in Fig. 1b. An even larger
initial number density of dark sector particles can lead to chemical equilibrium established by relativistic particles
which will decouple without undergoing a cannibal phase (RNC), or even chemical equilibrium reached by relativistic
particles, succeeded by a cannibal phase prior to decoupling (RC). These scenarios are pictured in Fig. 1c and Fig. 1d
respectively.

Details of each of these four possible thermal histories, including characteristic moments and relevant temperatures,
are covered in Appendix A.

B. Thermal history of a self-interacting dark sector populated by Hawking evaporation of PBHs

In the early Universe, during a radiation-dominated era, density fluctuations grow after they enter the cosmological
horizon, and the overdense regions can collapse into PBHs. It is customary to represent the initial abundance of PBHs
by their energy density, ρBH, normalized to the radiation (i.e. visible sector) energy density, ρV, at the time of their
formation, ti; this normalized initial PBH abundance is denoted by the dimensionless parameter β ≡ ρBH(ti)/ρV(ti).
Since the energy density of PBHs redshifts like the energy density of matter, an initially radiation-dominated universe
will eventually become matter-dominated if the PBHs are long-lived enough. The critical initial abundance of PBHs
corresponding to transitioning to an early matter (PBH)-dominated Universe is denoted by βcrit(MBH). Hawking
evaporation of PBHs completes at their lifetime, and their energy budget is emitted in the form of all particles
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(a) Non-relativistic at tchem-eq and no cannibalism (NRNC)
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(d) Relativistic at tchem-eq and cannibalism (RC)

FIG. 1. Four possible thermal histories of a self-interacting dark sector which is populated at the initial time t = τ , reaches
chemical equilibrium at t = tchem-eq, becomes non-relativistic at t = tm, and decouples and freezes out at t = tdec. (a): The dark
sector includes barely enough initial DM particles to reach chemical equilibrium; DM is non-relativistic at chemical equilibrium
and then freezes out with no subsequent cannibal phase (NRNC). (b): The dark sector is initially populous enough to undergo
a cannibal phase after establishing chemical equilibrium with non-relativistic particles and before decoupling (NRC). (c): The
dark sector is initially dense enough to reach chemical equilibrium while its particles are still relativistic, but not so dense as to
experience a cannibal phase when it becomes non-relativistic (RNC). (d): The dark sector is initially so dense that it reaches
chemical equilibrium when DM particles are still relativistic and it also undergoes a cannibal phase prior to freeze-out (RC). In
each scenario, the temperature of the dark sector as a function of scale factor is also depicted; red shows the relativistic phase,
orange corresponds to the cannibal phase and blue indicates the non-relativistic decoupled phase. Time intervals in the plot
are for demonstrative purposes only and not indications of actual times.

in the spectrum which are lighter than the PBH temperature. The details of Hawking evaporation of PBHs, the
spectra of emitted particles, and the condition for transitioning to an early PBH-dominated era have been reviewed
in Appendix B. In this study, thermalization between the radiation emitted by PBHs and the already existing
background radiation of the visible sector is not considered, details of this process and also the effect of Hawking
evaporation of PBHs on the final abundance of a pre-existing DM population can be found in Ref. [71].

For simplicity, and to demonstrate the main conceptual features, we take the dark sector to consist of a self-
interacting real scalar field, χ, with Lagrangian

L =
1

2
∂µχ∂

µχ− 1

2
mχχ

2 − mχλ

3!
χ3 − λ2

4!
χ4, (1)

where mχ is the mass of the DM particle and λ represents the strength of self-interactions. In this study we are
interested in models where interactions are strong, i.e. 1 . λ . 4π.

If β < βcrit, then at the time of evaporation, the Universe is radiation-dominated, and Hawking evaporation of
PBHs populates the dark sector by emitting DM particles. The energy emitted by PBHs in the form of SM particles
is negligible compared to the background radiation and equilibrates quickly with it. The emitted DM particles are
relativistic, far from equilibrium, and their initial number density is proportional to the initial abundance of PBHs,
β.

Due to the sizable self-interaction λ, the dark sector can evolve toward kinetic and chemical equilibrium. It is
reasonable to expect that for a fixed self-coupling, λ, there is an initial abundance of PBHs, denoted by βkin(mχ,MBH),
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such that for 0 . β . βkin, the initial number density of DM particles is too small to establish kinetic equilibrium
or, equivalently, a temperature for the dark sector. In this case, the rate of elastic scattering processes, χχ ↔ χχ,
stays less than the Hubble expansion rate until DM particles become non-relativistic. Conversely, for any initial
abundance of PBHs in the range, βkin . β . βcrit, the dark sector will reach kinetic equilibrium before becoming
non-relativistic. After establishing kinetic equilibrium, number-changing processes, χχ → χχχ, can drive the dark
sector toward chemical equilibrium provided that their rate becomes comparable to the Hubble expansion rate while
particles are still relativistic. As we show in Appendix A, establishing kinetic equilibrium by DM particles in a dark
sector with a strong self-coupling guarantees that chemical equilibrium is established afterwards. This is a general
statement that is also true for a dark sector populated by PBHs; therefore, β & βkin results in chemical equilibrium.

Another threshold of the initial abundance of PBHs is denoted by βNRC(mχ,MBH), such that for βkin . β . βNRC,
the emitted DM particles are abundant enough to establish chemical equilibrium, but scarce enough that they reach
chemical equilibrium when they are non-relativistic. They subsequently decouple without going through a cannibal
phase (we refer to this case as non-relativistic then no-cannibalism, or NRNC).

The next reasonable threshold is indicated by βrel(mχ,MBH), such that for βNRC . β . βrel, the number density
of emitted DM particles is small enough that the dark sector reaches chemical equilibrium when particles are non-
relativistic, but also large enough that the dark sector undergoes a subsequent cannibal phase before decoupling (we
refer to this case as non-relativistic then cannibalism, or NRC).

By increasing the initial abundance of the dark sector, the next important threshold of the initial abundance
of PBHs, denoted by βRC(mχ,MBH), is reached such that for βrel . β . βRC, the dark sector reaches chemical
equilibrium while DM particles are still relativistic; however, it does not experience a subsequent cannibal phase when
DM particles become non-relativistic (we refer to this case as relativistic then no-cannibalism, or RNC).

Finally for βRC . β . βcrit the dark sector reaches chemical equilibrium when its particles are still relativistic
and it certainly undergoes a cannibal phase when DM particles become non-relativistic (we refer to this case as
relativistic then cannibalism, or RC). Needless to say, the thresholds for the initial abundance of PBHs mentioned
above consistently satisfy the inequality

βkin . βNRC . βrel . βRC . βcrit, (2)

where βkin, βNRC, βrel, βRC, and βcrit are provided analytically by Eqs. (C6), (C19), (C10), (C13), and (B16),
respectively.

It is also possible that the initial abundance of PBHs happens to be larger than the critical value, β & βcrit. In that
case, the PBHs initiate an early matter (PBHs)-dominated era before their evaporation, and they reheat both the
visible sector and the dark sector with their Hawking radiation. The abundance of emitted particles is independent of
β [68], and different thermal histories for the dark sector are defined by different thresholds for the PBH mass, each
dependent on the DM mass, mχ.

Since βcrit ∼MPl/MBH, there exists a PBH mass threshold MBH,kin such that for MBH . MBH,kin kinetic equilib-
rium and chemical equilibrium in the dark sector are assured, while for MBH & MBH,kin the emitted DM particles
are not abundant enough to reach kinetic equilibrium. The next expected threshold is MBH,NRC, for which PBHs
with a mass in the MBH,NRC .MBH .MBH,kin range lead to an NRNC thermal history5. It is reasonable to assume
that another threshold can be defined as MBH,rel where MBH,rel . MBH . MBH,NRC gives rise to an NRC thermal
history. The next possible threshold is indicated as MBH,RC where MBH,RC . MBH . MBH,rel is responsible for an
RNC thermal history; finally, a PBH mass in the range MBH .MBH,RC initiates an RC thermal history.

The following inequality holds for these thresholds consistently:

MBH,RC .MBH,rel .MBH,NRC .MBH,kin, (3)

where MBH,rel, MBH,NRC, and MBH,kin are given analytically by Eqs. (C36), (C43), and (C32), respectively.
Table I summarises all possible thermal histories of a dark sector populated by Hawking evaporation of PBHs in

an early radiation-dominated (second column) and an early matter-dominated (third column) Universe.

III. RESULTS

In this section, we present our results for the possible thermal histories resulting from the population of a strongly
self-interacting dark sector by Hawking evaporation of PBHs. The relevant model parameters are the initial abundance

5 We note that we have chosen to keep the threshold subscripts as in the radiation-dominated case, though, due to the inverse relationship
between βcrit and MBH, the thermal histories are flipped for the matter-dominated case.
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Thermal History Early Radiation Domination Early Matter Domination

NRNC (non-relativistic, no cannibalism) βkin . β . βNRC MBH,NRC .MBH .MBH,kin

NRC (non-relativistic, cannibalism) βNRC . β . βrel MBH,rel .MBH .MBH,NRC

RNC (relativistic, no cannibalism) βrel . β . βRC MBH,RC .MBH .MBH,rel

RC (relativistic, cannibalism) βRC . β . βcrit MBH .MBH,RC

TABLE I. Different possible thermal histories of a self-interacting dark sector populated by Hawking evaporation of PBHs. The
second column which corresponds to the case where PBHs evaporates within a radiation-dominated era, shows the relevant
range of initial abundance of PBHs that can lead to a specific thermal history. The third column contains different possible
ranges of the mass of PBHs that lead to different thermal histories when PBHs dominate the energy density of the Universe
prior to their evaporation.

of PBHs, β, the PBH mass, MBH, and the DM mass, mχ. We assume that the self-coupling λ ' 1 throughout; the
main conclusions are unchanged as long as the self-coupling is within the strong interaction range.

In Figs. 2 and 3 we present the possible thermal histories of the dark sector in the (mχ,MBH) plane, with regions
demarcated by the various abundance thresholds in Eqs. (2) and (3). The left and right panels of Figs. 2 and 3
correspond to an early radiation-dominated (β < βcrit) and matter-dominated (β ≥ βcrit) Universe, respectively. In
each panel, the lower and upper bounds on the PBH mass, 0.1 g . MBH . 109 g, are imposed by CMB and BBN
constraints, respectively [78]. As we show in Appendix C, in both panels of Fig. 2, when the initial temperature of
PBHs is smaller than the mass of DM particles (above the grey dashed line marked by TBH = mχ), the emitted DM
particles are not abundant enough to thermalize before becoming non-relativistic. This feature persists even when the
self-coupling, λ, saturates the perturbative unitarity limit. When the initial temperature of PBHs is larger than the
DM mass (below the grey dashed line, TBH = mχ), thermalization can still be unattainable. This region is bounded
by the dotted grey line tagged by βkin = βcrit (MBH,kin) in the left (right) panels. Above this line, (grey region), in
left (right) panel, thermalization (and therefore chemical equilibrium) is not feasible.

As is evident from the left panel of Fig. 2, the region below the dotted grey line labeled by βkin = βcrit can
accommodate an NRNC thermal history. Below the black dashed line, marked by βNRC = βcrit, NRNC and NRC can
both occur. In contrast, the RC thermal history can only take place below the black dotted line labeled by βrel = βcrit;
in this regime, all three histories (NRNC, NRC, and RC) can occur. We find that the RNC history can never be
realized; for a dark sector which is populated by Hawking evaporation of PBHs in an early radiation-dominated
Universe and which reaches chemical equilibrium when its particles are still relativistic, a cannibal phase is inevitable.

In the right panel of Fig. 2, we show the corresponding results when PBHs dominate the energy density of the
Universe. Below the black dotted line labeled MBH,rel, the only possible thermal history is RC. Between the black
dotted line and the black dashed line labeled MBH,NRC, the only feasible thermal history is NRC. And finally, above
the black dashed line and below the grey dotted line labeled MBH,kin, the only possible thermal history is NRNC.

In Fig. 3, we again show the possible thermal histories on the same plane as Fig. 2, but now with additional
information about the DM relic density for the different cases, as well as the constraints coming from the Bullet Cluster.
As before, the left and right panels correspond to an early radiation-dominated (β < βcrit) and matter-dominated
(β ≥ βcrit) Universe, respectively. The DM relic abundance today is denoted by Ωχ, with Ωχ = Ωc being the value
observed today. In both panels of Fig. 3, the light grey area corresponds to region where Ωχ > Ωc, and therefore
whatever the thermal history of the equilibrated dark sector, this region of parameter space overcloses the Universe.
The bound on DM selfinteractions from the Bullet Cluster, σχχ/mχ . 1 cm2/g [94], where σχχ = λ4/(128πm2

χ) is the
DM self-scattering cross section, leads to a lower bound on the DM mass for a fixed self-coupling, and is displayed as
the excluded brown region (mχ . 8 MeV) in Fig. 3.

In the left panel of Fig. 3, we show regions in which each of the three viable thermal histories, NRNC, NRC, and
RC, gives rise to the observed DM relic abundance today. The parameter space for which Ωχ(β) = Ωc (i.e. there exists
an allowed value of β such that this is possible) is outlined in a solid contour for each thermal history: NRNC (green),
NRC (blue), and RC (red). The corresponding dashed lines of each color enclose regions with Ωχ(β) = 0.1 × Ωc for
each thermal history. The NRC thermal history yields the right DM relic abundance today for DM with a mass in
the 8 MeV . mχ . 360 MeV range if the PBH mass is in the 0.1 g . MBH . 205 g range, while the NRNC thermal
history leads to the observed DM relic abundance today for DM with a mass in the 8 MeV . mχ . 2.2 TeV range for
PBH masses in the range 0.1 g .MBH . 109 g. The reason that the NRC thermal history prefers light DM while the
NRNC thermal history permits heavier DM can be understood by considering that the common boundary of the NRC
and NRNC regions corresponds to βNRC leading to the right relic abundance today, and it is an increasing function of
both mχ and MBH (see Eq. (C19)). One can see that the NRC and RC regions overlap, which means that within the
overlapping region, there are two different thermal histories (and equivalently two different βs) that yield the observed
relic abundance today. It is worth mentioning, however, that the Bullet Cluster excludes the RC scenario altogether.
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FIG. 2. Different possible thermal histories of a self-interacting dark sector populated by Hawking evaporation of PBHs in
an early radiation-dominated Universe, β < βcrit (left) and a matter-dominated Universe, β ≥ βcrit (right) in the (mχ,MBH)
plane, with regions demarcated by the various abundance thresholds in Eqs. (2) and (3). In both panels, when the initial
temperature of PBHs is smaller than the mass of DM particles (above the grey dashed line marked by TBH = mχ), the emitted
DM particles are not abundant enough to thermalize before becoming non-relativistic. When the initial temperature of PBHs
is larger than the DM mass (below the grey dashed line, TBH = mχ), thermalization can still be unreachable. This region is
bounded by the dotted grey line tagged by βkin = βcrit (MBH,kin) in the left (right) panels. In the left panel, the region below
the dotted grey line labeled by βkin = βcrit can accommodate an NRNC thermal history. Below the black dashed line, marked
by βNRC = βcrit, NRNC and NRC can both occur. The RC thermal history can only take place below the black dotted line
labeled by βrel = βcrit. In the right panel, below the black dotted line labeled MBH,rel, the only possible thermal history is RC.
Between the black dotted line and the black dashed line labeled MBH,NRC, the only feasible thermal history is NRC. Above the
black dashed line and below the grey dotted line labeled MBH,kin, the only possible thermal history is NRNC. In both panels,
the RNC thermal history can never be realized.

The right panel of Fig. 3 follows the same color conventions as the left panel. One sees that for an early matter
(PBH)-dominated Universe, the only thermal history that does not overproduce DM is NRNC.

In Appendix C, we present the full calculation of relevant temperatures of the dark and visible sectors. In partic-
ular, we calculate the temperature of the dark sector at the time of chemical equilibrium and compare it with the
temperature of the visible sector at the same time for some benchmark DM masses. The ratio ξ of temperatures at
chemical equilibrium is computed after imposing the constraint of the correct relic density in the current Universe.
We find that when PBHs evaporate in a radiation-dominated Universe, NRNC and NRC thermal histories can lead
to dark sectors that are colder (ξ < 1) or hotter (ξ > 1) than the visible sector. For an RC thermal history, however,
only ξ < 1 is possible. When PBHs dominate the energy density of the Universe before their evaporation, NRNC and
NRC thermal histories always lead to a hotter dark sector (ξ > 1); an RC thermal history, on the other hand, always
leads to ξ = 1.

In Fig. 4, we show the DM relic abundance today (left panels) as well as relevant temperature ratios and the PBH
abundance associated with the observed DM abundance (right panels) for two benchmark DM masses, mχ = 10−2 GeV
(top panels) and mχ = 10 GeV (bottom panels). The relic density is displayed as a function of the PBH mass on the
left panels of Fig. 4 for the radiation-dominated case. The color conventions are the same as those in Fig. 3, with
green, blue, and red corresponding to thermal histories NRNC, NRC, and RC, respectively. Regions that are white
cannot be fulfilled by any thermal history.

For each benchmark DM mass, the right panel of Fig. 4 displays several quantities, all evaluated such that Ωχ(β) =
Ωc. The solid lines correspond to the ratio of temperatures ξ. The dashed lines correspond to the ratio of the
temperature of the dark sector at chemical equilibrium to one third of the mass of DM, Tχ(tchem-eq)/(mχ/3). This
is a diagnostic of DM being relativistic (Tχ(tchem-eq)/(mχ/3) & 1) or non-relativistic (Tχ(tchem-eq)/(mχ/3) < 1) at
chemical equilibrium. The dotted lines correspond to the initial PBH abundance, β. Here, the color conventions
are as in the left panels: NRNC (green), and NRC (blue). For mχ = 10−2 GeV, PBHs with a mass in the range
0.1 g . MBH . 1.2 × 102 g yield the right relic abundance of DM today through NRC thermal history, while PBH
masses in the 1.2 × 102 g . MBH . 107 g range yield the right DM abundance today through the NRNC thermal
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FIG. 3. Constraints on equillibrated self-interacting dark sector populated by Hawking evaporation of PBHs in an early
radiation-dominated Universe, β < βcrit (left) and a matter-dominated Universe, β ≥ βcrit (right) in the (mχ,MBH) plane. The
brown region depicts the bound on DM selfinteraction from the Bullet Cluster. The light grey area corresponds to region where
all viable thermal histories (NRNC, NRC, and RC) overproduce DM (Ωχ > Ωc). In the left panel, inside the region enclosed by
green solid boundary, the NRNC thermal history, within the region enclosed by blue solid boundary, the NRC thermal history,
and inside the region enclosed by red solid boundary, the RC thermal history, leads to the right DM relic abundance today.
inside the regions enclosed by dashed boundaries in the left panel, the three viable thermal histories lead to underproduction
of DM by a factor of 10. In the right panel, the NRC and RC thermal histories overproduce DM. The green solid (dashed) line
specifies PBH and DM masses that result in the right DM relic abundance ( underproduction of DM by a factor of 10) today
via NRNC scenario.

history. The crossing point of these two cases (MBH = 1.2 × 102 g) corresponds to β = βNRC. For mχ = 10 GeV,
PBHs in the mass range 0.1 g .MBH . 2.2× 108 g yield the observed DM abundance via the NRNC thermal history.

While figures equivalent to the right panels of Fig. 4 are not displayed for the matter-dominated case, the results
for that case are evident from the right panel of Fig. 3. The NRNC thermal history for DM with a mass in the
8 MeV . mχ . 2.1 GeV range leads to the right relic abundance today which is also consistent with the Bullet
Cluster. The corresponding end points, mχ = 8 MeV and MBH = 1.2 × 107 g, and mχ = 2.1 Gev and MBH = 109 g,
lead to ξ ' 3.3× 103 and ξ ' 5.4× 105, respectively, and the ratio of the temperature of the dark sector to one third
of the DM mass, Tχ(tchem-eq)/(mχ/3), is 0.08 and 0.05, respectively.

We also note that a temperature asymmetry larger than one, or equivalently a dark sector hotter than the visible
sector, should not be considered problematic since it always happens when DM particles are non-relativistic and,
accordingly, the dark sector should be considered a cold sector. Furthermore, the contribution of the dark sector to
the energy density of the Universe in this case is still negligible compared to that of the visible sector. We should
add that the parameter space for this minimal dark sector is not constrained by ∆Neff, as is expected from previous
studies of constraints on scalar particles emitted by non-spinning PBHs by ∆Neff [75, 76].

IV. CONCLUSIONS

In this paper we have explored the Hawking evaporation of light PBHs as a novel mechanism to reheat dark sectors
with purely gravitational coupling to the visible sector. Operators involving the inflaton and visible and dark sector
fields, which could potentially thermalize the two sectors in usual reheating scenarios, are not relevant to our scenario.
In the absence of non-gravitational mediators between two sectors, any temperature asymmetry between them is
persistent and evolves to keep the entropy of each sector conserved during the expansion of the Universe.

Taking a simple dark sector with a single self-interacting real scalar field, we have explored the possible thermal
histories of the dark sector. The histories depend on the initial abundance of PBHs, the PBH mass, and the mass of
the DM, and have been displayed in Figures 2, 3, and 4. We have shown that when the DM mass is larger than the
initial temperature of PBHs, the dark sector cannot establish kinetic and consequently chemical equilibrium. Of the
four possible thermal histories, we have found that consistency conditions rule out the RNC history.
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FIG. 4. Top (Bottom) panel corresponds to the DM mass of mχ = 10−2 GeV (mχ = 10 GeV). Left panels show the relic
abundance today originated from an RC thermal history (red), an NRC thermal history (blue), and and NRNC thermal history
(green). Points in white regions in left panels cannot be reached by any of these three viable scenarios. Right panels depict ratio
of the temperature of the dark sector at chemical equilibrium to the temperature of the visible sector at that time, ξ (solid),
the ratio of the temperature of the dark sector to one third of the mass of DM, Tχ(tchem-eq)/(mχ/3) (dashed) as an indicator
of DM particles being relativistic (Tχ(tchem-eq)/(mχ/3) & 1) or non-relativistic (Tχ(tchem-eq)/(mχ/3) < 1) at equilibrium time,
and the initial abundance of PBHs, β, (dotted), assuming the dark sector has the right relic abundance today.

We find that for evaporation in a radiation-dominated Universe, the bound from the Bullet Cluster completely
excludes the RC thermal history. The NRC and NRNC thermal histories can yield the right relic abundance today
for DM with mass in the range 8 MeV . mχ . 2.2 TeV, for PBH masses in the range 0.1 g . MBH . 109 g. For
evaporation in a matter (PBH)-dominated Universe, the RC and NRC thermal histories always overproduce DM, and
only the NRNC thermal history can produce the right relic abundance today. This mechanism is viable for DM with
a mass in the range 8 MeV . mχ . 2.1 GeV, for PBH masses in the 1.2× 107 g .MBH . 109 g range.

We have also studied the ratio of the temperature of the dark to that of the visible sector, ξ. For an early radiation-
dominated Universe, the NRNC and NRC thermal histories can accommodate ξ less than, equal to, or greater than
one. For RC thermal histories, on the other hand, only ξ < 1 is allowed. For an early matter (PBH)-dominated
Universe, an NRNC or NRC thermal history forces ξ > 1, while an RC thermal history forces ξ = 1.

It is well known that light PBHs, motivated by numerous scenarios, are potential sources of DM. Here, we have
demonstrated that a dark sector that is only gravitationally coupled to the visible sector and is populated by Hawk-
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ing evaporation of PBHs may reach chemical equilibrium via sizable self-interaction. Equilibration and the DM
relic abundance today are restrictive enough to make this reheating mechanism predictive and phenomenologically
interesting.
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Appendix A: Populating a Dark Sector and Its Subsequent Equilibration: General Framework

In this Appendix, we consider the thermal history of a self-interacting dark sector being populated through an
unspecified mechanism by relativistic and far from equilibrium DM particles. We examine the conditions that need to
be met for this sector to reach chemical equilibrium. This Appendix is independent of the initial reheating mechanism,
in particular, the physics of PBHs.

1. Kinetic and Chemical Equilibrium

We assume that the dark sector content is a real scalar field with the Lagrangian given by Eq. (1). We also assume
that the dark sector is populated at time t = τ by relativistic and far from equilibrium DM particles via an unspecified
mechanism, and the initial energy density of the dark sector is negligible compared to the energy density of the visible
sector.

Kinetic equilibrium requires that the rate of elastic scattering processes becomes comparable to the expansion rate
of the Universe. If the initial number density of DM particles is not large enough, thermalization may not happen
quickly after production, but it can happen afterwards, as long as DM particles are relativistic. Due to the expansion
of the Universe, the energy of DM particles decreases and scales inversely with the scale factor until it drops to the
DM mass scale which happens at time t = tm, where tm > τ . After tm, the energy can be replaced by the mass of
the particles, mχ. Therefore, if thermalization does not happen quickly after production, the ratio of rate of elastic
scattering processes, Γχ,2→2(t), to the Hubble expansion rate, H(t), at time t after production and before particles
become non-relativistic, is given by:

Γχ,2→2(t)

H(t)
∼
nχ(t)/Ē2

χ(t)

H(t)
=

Γχ,2→2(τ)

H(τ)

[
g∗,S(TV (t))

g∗,S(TV (τ))

]1/3
√
g∗,V (TV (τ))

g∗,V (TV (t))

TV (τ)

TV (t)
, τ . t . tm, (A1)

where nχ(t) is the number density of DM particles at time t, Ēχ(t) is the average energy of particles at time t, TV (t)

is the temperature of the Universe at time t, and H(t) =
√

4π3g∗,V (TV (t))/45T 2
V (t)/MPl is the Hubble expansion

rate at time t. The quantities g∗,V (TV (t)) and g∗,S(TV (t)) respectively count the total number of relativistic degrees
of freedom of the visible sector, and the number of relativistic degrees of freedom contributing to the entropy of the
visible sector, at time t, and are given by

g∗,V (TV ) =
∑
B

gB

(
TB
TV

)4

+
7

8

∑
F

gF

(
TF
TV

)4

, g∗,S(TV ) =
∑
B

gB

(
TB
TV

)3

+
7

8

∑
F

gF

(
TF
TV

)3

, (A2)

where the sum includes all the bosonic (B) and fermionic (F ) degrees of freedom with temperatures equal to TB and
TF respectively.

It is clear that if the rate of interactions does not become comparable with the Hubble expansion rate while the
particles are relativistic (until tm), it cannot happen after that. The time tm is easily obtained from

TV (tm) '
[
g∗,S(TV (τ))

g∗,S(TV (tm))

]1/3
mχ

Ēχ(τ)
TV (τ). (A3)

The time at which the dark sector may reach kinetic equilibrium, t = tkin-eq, where τ . tkin-eq . tm, is given by

TV (tkin-eq) ' Γχ,2→2(τ)

H(τ)

[
g∗,S(TV (tkin-eq))

g∗,S(TV (τ))

]1/3
√

g∗,V (TV (τ))

g∗,V (TV (tkin-eq))
TV (τ). (A4)
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Demanding that kinetic equilibrium is established before DM particles become non-relativistic, i.e. tkin-eq . tm,
or equivalently, TV (tkin-eq) & TV (tm), leads to a lower bound on the initial abundance of DM particles:

nχ(τ) &

[
g2
∗,S(TV (τ))

g∗,S(TV (tkin-eq))g∗,S(TV (tm))

]1/3√
g∗,V (TV (tkin-eq))

g∗,V (TV (τ))
mχĒχ(τ)H(τ). (A5)

After attaining kinetic equilibrium, the dark sector can be described by a temperature, Tχ(tkin-eq), and a non-zero
chemical potential, µχ(tkin-eq). Since kinetic equilibrium happens when particles are still relativistic, dark sector
number density and energy density can be expressed as:

nχ(tkin-eq) =
g∗,χ
π2

exp

[
µχ(tkin-eq)

Tχ(tkin-eq)

]
T 3
χ(tkin-eq), ρχ(tkin-eq) =

3g∗,χ
π2

exp

[
µχ(tkin-eq)

Tχ(tkin-eq)

]
T 4
χ(tkin-eq), (A6)

where g∗,χ = 1.
The temperature of the dark sector after establishing kinetic equilibrium, Tχ(tkin-eq), can be obtained as

Tχ(tkin-eq) =
1

3

ρχ(tkin-eq)

nχ(tkin-eq)
=

1

3

[
g∗,S(TV (tkin-eq))

g∗,S(TV (τ))

]1/3
TV (tkin-eq)

TV (τ)

ρχ(τ)

nχ(τ)
. (A7)

After reaching kinetic equilibrium, number-changing processes, 2 → 3, can drive the dark sector toward chemical
equilibrium, in which case the dark sector can be described only by a temperature. Chemical equilibrium will be
established if and only if the rate of the number-changing processes becomes comparable with the Hubble expansion
rate. The ratio of these rates can be recast as

Γχ,2→3(t)

H(t)
∼
nχ(t)m2

χ/T
4
χ(t)

H(t)
=

Γχ,2→3(tkin-eq)

H(tkin-eq)

[
g∗,S(TV (tkin-eq))

g∗,S(TV (t))

]1/3
√
g∗,V (TV (tkin-eq))

g∗,V (TV (t))

(
TV (tkin-eq)

TV (t)

)3

=
Γχ,2→2(tkin-eq)

H(tkin-eq)

Γχ,2→3(tkin-eq)

Γχ,2→2(tkin-eq)

[
g∗,S(TV (tkin-eq))

g∗,S(TV (t))

]1/3
√
g∗,V (TV (tkin-eq))

g∗,V (TV (t))

(
TV (tkin-eq)

TV (t)

)3

&

(
mχ

Tχ(tkin-eq)

)2 [
g∗,S(TV (tkin-eq))

g∗,S(TV (t))

]1/3
√
g∗,V (TV (tkin-eq))

g∗,V (TV (t))

(
TV (tkin-eq)

TV (t)

)3

, tkin-eq . t . tm, (A8)

and since during the time interval, tkin-eq . t . tm, we have

TV (tkin-eq)

TV (t)
.
TV (tkin-eq)

TV (tm)
=

[
g∗,S(TV (tm))

g∗,S(TV (tkin-eq))

]1/3
Tχ(tkin-eq)

Tχ(tm)
'
[

g∗,S(TV (tm))

g∗,S(TV (tkin-eq))

]1/3
3Tχ(tkin-eq)

mχ
, (A9)

the right-hand side of Eq. (A8) definitely exceeds one at some time after establishment of kinetic equilibrium and
before particles become non-relativistic. This shows that if particles are abundant enough to reach kinetic equilibrium,
they will also reach chemical equilibrium afterwards.

Therefore, the time at which the dark sector reaches chemical equilibrium, t = tchem-eq, where tkin-eq . tchem-eq . tm,
is estimated as

TV (tchem-eq) =

[
g∗,S(TV (tkin-eq))

g∗,S(TV (tchem-eq))

]1/9 [
g∗,V (TV (tkin-eq))

g∗,V (TV (tchem-eq))

]1/6(
mχ

Tχ(tkin-eq)

)2/3

TV (tkin-eq), (A10)

where TV (tkin-eq) and Tχ(tkin-eq) are given by Eqs. (A4) and (A7) respectively.

2. Chemical Equilibrium, Relativistic Gas

If dark sector particles reach chemical equilibrium while they are still relativistic, then dark sector number density
and energy density can be expressed as:

nχ,rel(tchem-eq) =
ζ(3)

π2
g∗,χT

3
χ,rel(tchem-eq), ρχ,rel(tchem-eq) =

π2

30
g∗,χT

4
χ,rel(tchem-eq). (A11)
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The energy density of the dark sector at equilibrium time can be obtained by redshifting the energy density at
production time to the equilibrium time as

ρχ(tchem-eq) = ρχ(τ)

[
g∗,S(TV (tchem-eq))

g∗,S(TV (τ))

]4/3(
TV (tchem-eq)

TV (τ)

)4

. (A12)

Therefore the temperature of the dark sector after chemical equilibrium is given by

Tχ,rel(tchem-eq) =

(
30

π2

1

g∗,χ

)1/4 [
g∗,S(TV (tchem-eq))

g∗,S(TV (τ))

]1/3
TV (tchem-eq)

TV (τ)
ρ1/4
χ (τ). (A13)

This estimate of temperature is consistent as long as Tχ,rel(teq) & mχ/3, which leads to a lower bound on initial
abundance of DM.

The ratio of the dark sector temperature to the temperature of the visible sector at equilibrium time, ξ, is obtained
as

ξ =
Tχ,rel(tchem-eq)

TV (tchem-eq)
=

(
30

π2

1

g∗,χ

)1/4 [
g∗,S(TV (tchem-eq))

g∗,S(TV (τ))

]1/3
ρ

1/4
χ (τ)

TV (τ)
. (A14)

Since we assume that the visible sector always dominates the energy density of the Universe, therefore Eq. (A14)
shows that if the dark sector reaches chemical equilibrium while DM particles are still relativistic, its equilibrium
temperature is always colder than the temperature of the visible sector at that time.

To check the possibility of a cannibal phase at t = tm, when DM particles become non-relativistic, i.e. Tχ(tm) ∼
mχ/3, we need to evaluate the Hubble expansion rate at that time, which depends on the temperature of the visible
sector at t = tm. Since from teq to tm, dark sector is in chemical equilibrium, its total entropy is conserved.
Conservation of total entropy in each sector separately determines the evolution of the temperature of each sector
and therefore temperature of the visible sector at tm can be evaluated from

Tχ,rel(tchem-eq)

Tχ(tm)
=

[
g∗,S(TV (tchem-eq))

g∗,S(TV (tm))

]1/3
TV (tchem-eq)

TV (tm)
. (A15)

At t = tm, we have

Γχ,3→2(tm)

H(tm)
∼
n2
χ(tm)/m5

χ

H(tm)
, (A16)

where nχ(tm) ∼ g∗,χ
e3(6π)3/2

m3
χ and H(tm) = H(TV (tm)) with TV (tm) obtained from Eq. (A15).

If Γχ,3→2(tm)/H(tm) < 1, DM particles decouple after becoming non-relativistic (tdec = tm) and temperature of
the dark sector at tm sets the relic abundance of the dark sector. This condition gives rise to an upper limit on the
initial abundance of the DM. In this case, after tm, temperature of the dark sector scales as the temperature of a
decoupled non-relativistic particle and dark sector also develops a chemical potential [95]:

Tχ(t) = Tχ(tdec)

(
a(tdec)

a(t)

)2

, µχ(t) = mχ

(
1− Tχ(t)

Tχ(tdec)

)
. (A17)

The amount of DM today is given by

Yχ =
nχ(t0)

s(t0)
=
nχ(tdec)

s(tdec)
=
g∗,χ

(
mχTχ(tdec)

2π

)3/2

e−mχ/Tχ(tdec)

s(TV (tdec))
, (A18)

where a subscript 0 means the quantity is evaluated today, s(t) is the entropy density given by

s(t) = s(TV (t)) =
2π2

45
g∗,S(TV (t))T 3

V (t). (A19)

Given the amount of DM today, the relic abundance of DM today can be obtained from

Ωχ =
ρχ,0
ρc

=
mχYχ
ρc

s(t0), (A20)
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with the critical energy density of the Universe, ρc, and entropy density of the Universe today, s(t0), equal to [96]:

ρc = 1.0537× 10−5 h2 GeV cm−3, s(t0) = 2891.2

(
T0

2.7255

)3

cm−3. (A21)

Although precise evaluation of DM relic abundance demands solving Boltzmann equation, for simplicity, in this work
we estimate it by assuming instantaneous freeze-out of DM.

On the other hand, when Γχ,3→2(tm)/H(tm) & 1, dark sector enters a cannibal phase. During the cannibal phase,
since the non-relativistic dark sector is still in chemical equilibrium, the entropy of the dark sector is conserved and
therefore we have

a3sχ = a3 ρχ + pχ
Tχ

' a3 ρχ
Tχ
' a3mχnχ

Tχ
= a3g∗,χ

mχ

Tχ

(
mχTχ

2π

)3/2

e−mχ/Tχ = const., (A22)

where we used the fact that pχ ' nχTχ � ρχ. The entropy of the dark sector at tm when Tχ ∼ mχ/3, determines
the const. on the right hand side of Eq. (A22) which makes it possible to obtain Tχ(t) during the cannibal phase as

Tχ(t) =
2mχ

W

[
6 e6

(
a(t)
a(tm)

)6
] =

2mχ

W

[
6 e6

(
g∗,S(TV (tm))
g∗,S(TV (t))

)2 (
TV (tm)
TV (t)

)6
] , (A23)

where Lambert W - function is defined to be the function satisfying W (x)eW (x) = x and can be approximated as
W (x) ∼ x when x . 1 and W (x) ∼ lnx− ln lnx when x & 1, and TV (tm) is given by Eq. (A15).

The logarithmic decrease of dark sector temperature with the scale factor [93], is the key characteristic of the
cannibal phase which is milder than the power-law decrease of the temperature of a decoupled non-relativistic sector.

Cannibal phase continues until t = tdec, when the rate of number-changing process becomes smaller than the Hubble
expansion rate. Therefore the time of decoupling, tdec, can be estimated from

Γχ,3→2(tdec)

H(tdec)
∼
n2
χ(tdec)/m5

χ

H(tdec)
' 1, (A24)

where nχ(tdec) = nχ(Tχ(tdec)) and H(tdec) = H(TV (tdec)). By using Eqs. (A23) and (A24), we obtain the time of
decoupling, tdec, as

TV (tdec) ' 2
√

2e3/2π9/8

51/8

g
1/8
∗,V (TV (tdec))
√
g∗,χ

(
g∗,S(TV (tm))

g∗,S(TV (tdec))

)1/2(
T 6
V (tm)

MPlmχ

)1/4

×W

 31/453/16

4
√

2e3/4π27/16

(
g4
∗,χ

g∗,V (TV (tdec))

)3/16(
g∗,S(TV (tdec))

g∗,S(TV (tm))

)1/4(
MPlmχ

TV (tm)2

)3/8
1/2

. (A25)

After tdec, DM particles decouple and dark sector is characterized by a temperature and a chemical potential given
by Eq. (A17) where

Tχ(tdec) =
2mχ

W

[
6 e6

(
g∗,S(TV (tm))
g∗,S(TV (tdec))

)2 (
TV (tm)
TV (tdec)

)6
] . (A26)

The amount of DM today is given by Eq. (A18).

3. Chemical Equilibrium, Non-relativistic Gas

If self-interaction leads the dark sector to reach chemical equilibrium when DM particles are non-relativistic, then
number density and energy density of DM particles can be expressed as:

nχ,non-rel(tchem-eq)= g∗,χ

(
mχTχ,non-rel(tchem-eq)

2π

)3/2

exp

[
−mχ

Tχ,non-rel(tchem-eq)

]
,

ρχ,non-rel(tchem-eq)= mχnχ,non-rel(tchem-eq). (A27)
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Temperature of the dark sector is obtained from Eq. (A27) as

Tχ,non-rel(tchem-eq) =
2mχ

3W

[
g
2/3
∗,χ
3π

(
m4
χ

ρχ(tchem-eq)

)2/3
] . (A28)

where ρχ(tchem-eq) is given by Eq. (A12). This calculation of temperature is consistent as long as Tχ,non-rel(tchem-eq) .
mχ/3.

The possibility of a cannibal phase can be explored by estimating the ratio of the rate of number-changing process
to the Hubble expansion rate at tchem-eq, given by

Γχ,3→2(tchem-eq)

H(tchem-eq)
∼
n2
χ(tchem-eq)/m5

χ

H(tchem-eq)
=
ρ2
χ(tchem-eq)/m7

χ

H(tchem-eq)
. (A29)

If Γχ,3→2(tchem-eq)/H(tchem-eq) < 1, DM particles decouple quickly after reaching to chemical equilibrium (tdec '
tchem-eq) and temperature of the dark sector at tchem-eq sets the relic abundance of the dark sector. This condition
is equivalent to an upper limit on the initial abundance of the DM. After tchem-eq, dark sector is described by a
temperature and a chemical potential given by Eq. (A17), and the amount of DM today is also given by Eq. (A18)
where tdec = tchem-eq.

On the other hand, when Γχ,3→2(tchem-eq)/H(tchem-eq) & 1, dark sector enters a cannibal phase. During the
cannibal phase the temperature of the dark sector can be obtained by using conservation of entropy in the dark
sector, i.e. Eq. (A22). The entropy of the dark sector at tchem-eq when Tχ = Tχ(tchem-eq), determines the const. on
the right-hand side of Eq. (A22) which gives the temperature of the dark sector during the cannibal phase as

Tχ(t) =
2mχ

W

[
1

4π3 g2
∗,χ

(
g∗,S(TV (tchem-eq))

g∗,S(TV (t))

)2 (
TV (tchem-eq)

TV (t)

)6 m6
χ

s2χ(tchem-eq)

] , (A30)

where sχ(tchem-eq) = ρχ(tchem-eq)/Tχ,non-rel(tchem-eq).
Cannibal phase continues until tdec, when the rate of number-changing process becomes smaller than the Hubble

rate. Therefore the time of decoupling can be obtained from Eq. (A24) as

TV (tdec) =
23/4π3/8

31/451/8
g

1/8
∗,V (TV (tdec))

(
g∗,S(TV (tchem-eq))

g∗,S(TV (tdec))

)1/2
(
m5
χTV (tchem-eq)6

MPls2
χ(tchem-eq)

)1/4

×W

 33/853/16

4× 21/8π21/16

√
g∗,χ

g
3/16
∗,V (TV (tdec))

(
g∗,S(TV (tdec))

g∗,S(TV (tchem-eq))

)1/4
(
M3

Pls
2
χ(tchem-eq)

m3
χTV (tchem-eq)6

)1/8
1/2

. (A31)

After tdec, dark sector is represented by a temperature and a chemical potential given by Eq. (A17) where

Tχ(tdec) =
2mχ

W

[
1

4π3 g2
∗,χ

(
g∗,S(TV (tchem-eq))
g∗,S(TV (tdec))

)2 (
TV (tchem-eq)
TV (tdec)

)6 m6
χ

s2χ(tchem-eq)

] , (A32)

and the amount of DM today is obtained from Eq. (A18).

Appendix B: Primordial Black Holes, Formation and Evaporation

In this Appendix, we review the formation of PBHs and their subsequent evaporation by following Ref. [78].
In the early Universe, density fluctuations, δρ/ρ, which grow after entering the horizon, can collapse into a PBH if

they are greater than the equation of state parameter, w ≡ p/ρ. The overdense region can overcome the pressure of
the radiation, if its size is larger than the Jeans length, which is

√
w times the horizon size [38, 97]. The mass of the

PBH, which is bounded by the total mass within the horizon [38], for formation during radiation-dominated epoch
can be expressed as

Mi =
4π

3
γρV (TV (ti))H

−3(TV (ti)), (B1)
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where γ ∼ w3/2 ≈ 0.2 in a radiation-dominated Universe, TV (ti) is the temperature of the Universe at PBH formation
time, ti, and ρV (T ) is the energy density of the Universe, given by

ρV (T ) =
π2

30
g∗,V (T )T 4. (B2)

The initial mass of PBHs is related to their time of formation by Eq. (B1).
By emitting all the particles in the spectrum which are lighter than its temperature, a black hole loses its mass

through Hawking evaporation [98]. Since after ignoring greybody factors, the Hawking radiation can be described as
a black body radiation, the energy spectrum of the ith emitted species by a non-rotating black hole with zero charge
is given by

d2ui(E, t)

dtdE
=

gi
8π2

E3

eE/TBH ± 1
, (B3)

(+ for fermion emission and − for boson emission) where ui(E, t) is the total radiated energy per unit area, gi counts
the number of degrees of freedom of the ith species, E is the energy of the emitted particle, and TBH is the horizon
temperature of the black hole given by

TBH =
M2

Pl

8πMBH
. (B4)

The mass loss rate of a black hole due to Hawking evaporation is obtained from Eqs. (B3) and (B4) as

dMBH

dt
= −4πr2

S

∑
i

∫ ∞
0

d2ui(E, t)

dtdE
dE = −g∗(TBH)

30720π

M4
Pl

M2
BH

, (B5)

where g∗(TBH) counts the total number of relativistic degrees of freedom emitted by the black hole, and rS =
2MBH/M

2
Pl is the Schwarzschild radius of the black hole. The time evolution of the mass of a black hole with initial

mass Mi formed at ti is evaluated by integrating Eq. (B5),

M(t) = Mi

(
1− t− ti

τ

)1/3

, (B6)

where

τ =
10240π

g∗(TBH)

M3
i

M4
Pl

, (B7)

is the lifetime of black hole.
Eq. (B1) can be recast to give the temperature of the Universe at the time of formation of PBHs, TV (ti), as

TV (ti) =

√
3 51/4γ1/2

2π3/4g
1/4
∗,V (ti)

(
M3

Pl

MBH

)1/2

. (B8)

The temperature of the Universe at the time of evaporation of PBHs, which defined as TV (ti + τ) ' TV (τ), in a
radiation-dominated epoch where H(t) = 1/(2t), is calculated as

TV (τ) =

√
3 g

1/4
∗,V (τ)

64
√

2 51/4π5/4

(
M5

Pl

M3
BH

)1/2

, (B9)

where the Friedmann equation, H2 = 8πρ/3M2
Pl, is used.

The rate of emission of the ith emitted species per energy interval can be expressed in terms of its energy spectrum
as

d2Ni
dtdE

=
4πr2

S

E

d2ui
dtdE

=
gi
2π

r2
SE

2

eE/TBH ± 1
. (B10)
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The total number of particles of the ith species emitted over the lifetime of the black hole is obtained by integrating
Eq. (B10) over energy and time. For bosons,

Ni =
120 ζ(3)

π3

gi
g∗(TBH)

M2
BH

M2
Pl

, TBH > mi,

Ni =
15 ζ(3)

8π5

gi
g∗(TBH)

M2
Pl

m2
i

, TBH < mi. (B11)

The total number of fermionic species is NF = 3
4
gF
gB
NB .

The average energy of the produced particles,

Ē =
1

Ni

∫∫
dEdtE

d2Ni
dtdE

, (B12)

is given by:

Ēi =
π4

15ζ(3)
TBH, TBH > mi,

Ēi =
π4

15ζ(3)
mi, TBH < mi. (B13)

To represent the initial abundance of PBHs, it is customary to introduce the dimensionless parameter β, defined as
the initial energy density of PBHs normalized to the radiation energy density:

β = MBH
nBH(ti)

ρV(ti)
. (B14)

Since the energy density of PBHs redshifts as matter, an initially radiation-dominated Universe can eventually become
matter-dominated prior to evaporation of PBHs. The critical initial abundance of PBHs, βcrit, that gives rise to an
early matter-dominated era can be obtained by requiring that PBH evaporation happens after an early equality time
tearly-eq, at which ρPBH(tearly-eq)/ρrad(tearly-eq) ∼ 1. This early equality time is expressed in terms of TV (ti) and βcrit

as

ρPBH(tearly-eq)

ρrad(tearly-eq)
=
ρPBH(TV (ti))

ρrad(TV (ti))

TV (ti)

TV (tearly-eq)
= βcrit

TV (ti)

TV (tearly-eq)
∼ 1. (B15)

An early matter-dominated era is assured provided that tearly-eq . teva, or equivalently when

β ≥ βcrit =
TV (τ)

TV (ti)
=

1

32
√

10π

√
g∗,V

1
√
γ

MPl

MBH
. (B16)

Appendix C: Populating a Dark Sector by PBHs and Its Subsequent Equilibration

In this Appendix, we apply general formalism presented in Appendix A to the case where Hawking evaporation
of a population of PBHs with a monochromatic mass function in early Universe is responsible for populating a dark
sector.

The initial abundance of PBHs determines if they dominate the energy density of the Universe prior to their
evaporation or not; β < βcrit (β > βcrit) leads to an early radiation (matter)-dominated Universe. In either case, DM
mass can be less than or larger than the initial temperature of PBHs which in turn, affects the initial number density
and energy density of the emitted particles. The produced DM particles by PBHs may reach chemical equilibrium while
they are still relativistic or non-relativistic. They may or may not go through a cannibal phase before decoupling. The
possibility of each of these outcomes and their effects on relic abundance of DM today is examined in this Appendix.
For simplicity, the time evolution of g∗,V and g∗,S is not considered here (g∗,V ' 106.8). It does not affect our main
results and can be easily recovered by following Appendix A.
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1. Radiation-dominated Universe (β < βcrit)

According to general setup discussed in Appendix A, to understand the thermal history of the populated dark
sector, we need the number density and energy density of the dark sector at population time. Provided that the
evaporation of PBHs happens instantaneously which is a valid assumption to make (see Eq. (B6)), then the fraction
of energy density of PBHs which transfers into the dark sector is given by

ρχ,BH(τ) = nBH(τ)NχĒχ =
π2

30
g∗,V βNχ

Ēχ
MBH

TV (ti)T
3
V (τ), (C1)

and the number density of bosonic DM particles after PBHs evaporation can be evaluated as

nχ(τ) = NχnBH(τ) =
π2

30
g∗,V βNχ

TV (ti)T
3
V (τ)

MBH
. (C2)

By using Eqs.(B11) and (B13), the energy density of the dark sector immediately after PBHs evaporation can be
recast as

ρχ,BH(τ) =
π2

30
g∗,χβTV (ti)TV (τ)3, TBH > mχ,

ρχ,BH(τ) =
π

240
g∗,χβ

M2
Pl

MBHmχ
TV (ti)T

3
V (τ) =

π2

30
g∗,χβ

TBH

mχ
TV (ti)T

3
V (τ), TBH < mχ. (C3)

It is worth mentioning that the amount of energy transferred into the dark sector when DM is heavier than the
initial temperature of PBHs, is suppressed by the factor TBH/mχ with respect to the case where DM is lighter than
the initial temperature of PBHs.6

a. mχ < TBH

Kinetic and Chemical Equilibrium: It can easily be shown that immediately after evaporation, the rate of
the elastic scattering processes is smaller than the Hubble expansion rate and therefore kinetic equilibration cannot
happen instantaneously. By using Eqs. (A1), (B9), (B13) and (C2) we have:

Γχ,2→2(τ)

H(τ)
∼ 2025ζ3(3)

64π11
g∗,χ

β

βcrit
<

2025ζ3(3)

64π11
g∗,χ ' 2× 10−4g∗,χ, (C4)

since we assume a radiation-dominated Universe, i.e. β < βcrit. Although to evaluate the rate of elastic scattering
processes in Eq. (C4), self-coupling is assumed to be λ ∼ 1, but even saturating the perturbative unitarity limit cannot
change this result. The reason is that the elastic scattering cross-section in Eq. (C4) is estimated as σ2→2 = 1/E2,
which can be modified by multiplying by λ4/(32π) to include the effect of the self-coupling. Therefore, a self-coupling
as large as λ ∼ 4π, cannot make the rate of elastic scattering processes comparable with Hubble expansion rate at
evaporation time.

Kinetic equilibrium may happen later at t = tkin-eq, when the rate of elastic scattering processes becomes comparable
to the Hubble expansion rate. tkin-eq is obtained from Eq. (A4) as

TV (tkin-eq) ∼ 2025
√

5ζ3(3)√
2π21/2

g∗,χ

g
1/2
∗,V

√
γβ

MBH

MPl
TV (τ), (C5)

and this should happen before tm, i.e. , TV (tkin-eq) & TV (tm), which by using Eq. (A3) leads to a lower bound on
the initial abundance of PBHs, βkin,

β & βkin ≡
8
√

2π15/2

135
√

5ζ2(3)

√
g∗,V

g∗,χ

1
√
γ

mχ

MPl
. (C6)

6 We notice that our result is not in agreement with the one reported in Ref. [79] which is wrongly proportional to mχ/TBH.
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By using Eqs. (A7), (B9), (B13) and (C2) we can estimate the temperature of the dark sector after reaching kinetic
equilibrium at tkin-eq as:

Tχ(tkin-eq) =
45
√

5ζ2(3)

8
√

2π15/2

g∗,χ√
g∗,V

√
γβMPl. (C7)

From Eq. (A10) we can find the time at which the dark sector reaches chemical equilibrium, tchem-eq as

TV (tchem-eq) =
135× 31/651/4ζ5/3(3)

16× 22/3π27/4
g

1/12
∗,V g

1/3
∗,χγ

1/6β1/3

(
m4
χM

5
Pl

M3
BH

)1/6

. (C8)

Chemical Equilibrium, Relativistic Gas: If the dark sector attains chemical equilibrium while DM particles
are still relativistic, the temperature of the dark sector can be obtained by using Eqs. (A13), (B9), (B13), (C2), and
(C3) as:

Tχ,rel(tchem-eq) =
135× 31/653/8ζ5/3(3)

8× 27/24π53/8

g
1/3
∗,χ

g
1/24
∗,V

γ7/24β7/12

(
m8
χM

7
Pl

M3
BH

)1/12

. (C9)

This estimate of temperature is consistent as long as Tχ,rel(teq) & mχ/3, or equivalently as long as:

β & βrel ≡
32× 29/14π159/14

54675× 31/755/14ζ20/7(3)

g
1/14
∗,V

g
4/7
∗,χ

1
√
γ

(
m4
χM

3
BH

M7
Pl

)1/7

. (C10)

The ratio of the temperatures of two sectors is given by

ξ =
Tχ,rel(tchem-eq)

TV (tchem-eq)
= 211/8(5π)1/8 1

g
1/8
∗,V

γ1/8β1/4

(
MBH

MPl

)1/4

. (C11)

The efficiency of number-changing processes when DM particles become non-relativistic at t = tm, can be estimated
by comparing the rate of these processes with the Hubble expansion rate at t = tm. By using Eqs. (A16), (B9), and
(C3) we have

Γχ,3→2(tm)

H(tm)
' 53/4

25/4e6π17/4

g2
∗,χ

g
3/4
∗,V

γ1/4
√
β

√
MBHMPl

mχ
. (C12)

If Γχ,3→2(tm)/H(tm) < 1, DM particles decouple at tm as soon as they become non-relativistic and temperature
of the dark sector at tm sets the relic abundance of the dark sector today. This condition defines an upper bound on
initial abundance of PBHs, βRC, given by

βRC ≡
4
√

2π17/2e12

5
√

5

g
3/2
∗,V

g4
∗,χ

1
√
γ

m2
χ

MBHMPl
, (C13)

such that an initial abundance of PBHs in the range βrel . β . βRC leads to a dark sector with a relativistic chemical
equilibrium and no cannibal phase prior to decoupling. Since from Eqs. (C10) and (C13), we have βrel/βRC � 1, this
scenario is not possible and therefore for a dark sector which is populated by Hawking evaporation of PBHs and is
relativistic at equilibrium time, i.e. βrel . β . βcrit, a cannibal phase is inevitable. The cannibal phase continues
until tdec, when the rate of number-changing processes becomes smaller than the Hubble expansion rate. Following
Eq. (A25), tdec is given by

TV (tdec) ' e3/2π15/16

3
√

3× 29/1655/16

g
5/16
∗,V√
g∗,χ

1

γ3/16

1

β3/8

(
m10
χ MPl

M3
BH

)1/8

×W

[
3× 59/32

2× 215/32e3/4π51/32

g
3/4
∗,χ

g
9/32
∗,V

γ3/32β3/16

(
MBHMPl

m2
χ

)3/16
]1/2

. (C14)
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Temperature of the dark sector at tdec which sets the relic abundance of the dark sector today is obtained from
Eq. (A26) as

Tχ(tdec) =
2mχ

W

[
6 e6

(
TV (tm)
TV (tdec)

)6
] . (C15)

After tdec, DM particles decouple and the dark sector temperature scales with the expansion as the temperature of
a decoupled non-relativistic gas while dark sector also develops a chemical potential as described by Eq. (A17). The
amount of DM today is given by Eq. (A18) where s(T ), TV (tdec), and Tχ(tdec) are given by Eqs. (A19), (C14), and
(C15) respectively.

Chemical Equilibrium, Non-Relativistic Gas: If the dark sector establishes chemical equilibrium when DM
particles are non-relativistic, then by using Eqs. (A28), (B9), (B13), (C2), and (C3) the temperature of the dark
sector at equilibrium is evaluated as

Tχ,non-rel(tchem-eq) =
2mχ

3W

[
512×24/9π46/3

820125×37/9ζ40/9(3)

g
1/9
∗,V

g
8/9
∗,χ

1
γ7/9

1
β14/9

(
m8
χM

6
BH

M14
Pl

)1/9
] . (C16)

This calculation of temperature is consistent as long as Tχ,non-rel(teq) . mχ/3, or equivalently as long as β . βrel.
The ratio of temperatures of two sectors, for a fixed value of β, scales as

ξ =
Tχ,non-rel(tchem-eq)

TV (tchem-eq)
∼ m

1/3
χ

√
MBH

M
5/6
Pl ln

m4
χM

3
BH

M7
Pl

. (C17)

Therefore for fixed DM mass, the logarithmic dependence of dark sector temperature on PBHs mass in comparison
with the power-law dependence of temperature of the visible sector on PBHs mass can lead to a cold dark sector
(consists of non-relativistic particles) which is hotter than the visible sector.

The possibility of a cannibal phase can be examined by comparing the rate of number-changing processes with the
Hubble expansion rate, which by using Eqs. (A29), (B9), (B13), (C2), and (C3) is estimated as

Γχ,3→2(tchem-eq)

H(tchem-eq)
' 30267225703125ζ10(3)

1048576π37

g4
∗,χ

g∗,V
γ2β4 M4

Pl

m3
χMBH

. (C18)

For those regions of parameter space that Γχ,3→2(tchem-eq)/H(tchem-eq) < 1, DM particles decouple and temperature
of the dark sector at teq sets the relic abundance of the dark sector. This condition defines a threshold for initial
abundance of PBHs, βNRC, given by

βNRC ≡
32π37/4

405
√

3 53/4ζ5/2(3)

g
1/4
∗,V

g∗,χ

1
√
γ

(
m3
χMBH

M4
Pl

)1/4

, (C19)

where an initial abundance of PBHs in the range βkin . β . βNRC, leads to a dark sector with a non-relativistic
chemical equilibrium and no cannibal phase while an initial abundance of PBHs in the range βNRC . β . βrel, gives
rise to a dark sector with a non-relativistic chemical equilibrium succeeded by a cannibal phase.

For βkin . β . βNRC, DM particles decouple at tdec = tchem-eq, and then temperature of the dark sector scales as
the temperature of a decoupled non-relativistic gas while dark sector also develops a chemical potential as described
by Eq. (A17). The amount of DM today is given by Eq. (A18) where s(T ), TV (tchem-eq), and Tχ(tchem-eq) are given
by Eqs. (A19), (C8), and (C16) respectively.

For those regions of parameter space that Γχ,3→2(tchem-eq)/H(tchem-eq) & 1, or equivalently, βNRC . β . βrel, dark
sector enters a cannibal phase which ends at tdec. Temperature of the visible sector at tdec is obtained from Eq. (A31)
as

TV (tdec) ' 25/6π5/2

3× 31/3
√

5ζ5/6(3)

g
1/3
∗,V

g
2/3
∗,χ

1

γ1/3

1

β2/3

(
m11
χ

M3
BHM

2
Pl

)1/12√
Tχ,non-rel(tchem-eq)

×W

311/1253/8ζ5/12(3)

4× 21/6π19/8

g
5/6
∗,χ

g
7/24
∗,V

γ1/6β1/3

(
M3

BHM
8
Pl

m5
χT

6
χ,non-rel(tchem-eq)

)1/24
1/2

, (C20)
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and temperature of the dark sector at tdec is evaluated by using Eq. (A32) as

Tχ(tdec) =
2mχ

W

[
1

4π3 g2
∗,χ

(
TV (tchem-eq)
TV (tdec)

)6 m6
χ

s2χ(tchem-eq)

] . (C21)

After tdec, DM particles decouple and temperature of the dark sector scales with the expansion as the temperature of
a decoupled non-relativistic gas while dark sector also develops a chemical potential as described by Eq. (A17). The
amount of DM today is given by Eq. (A18) where s(T ), TV (tdec), and Tχ(tdec) are given by Eqs. (A19), (C20), and
(C21) respectively.

b. mχ > TBH

Kinetic Equilibrium: It is straightforward to show that immediately after evaporation, the rate of the elastic
scattering processes is smaller than the Hubble expansion rate at that time and hence kinetic equilibrium cannot
happen instantaneously. Following Eqs. (B9), (B13) and (C2), we have

Γχ,2→2(τ)

H(τ)
∼ 2025ζ3(3)

64π11
g∗,χ

β

βcrit

(
TBH

mχ

)4

.
2025ζ3(3)

64π11
g∗,χ ' 10−4g∗,χ. (C22)

To check the possibility of establishing kinetic equilibrium afterwards, we estimate the maximum of the ratio of the
rate of elastic scattering processes to the Hubble expansion which corresponds to the time tm, when the particles
become non-relativistic. From Eqs. (A3) and (B13), tm is given by

TV (tm) =
15ζ(3)

π4
TV (τ), (C23)

and therefore we have

Γχ,2→2(tm)

H(tm)
∼ 135ζ2(3)

64π7
g∗,χ

β

βcrit

(
TBH

mχ

)4

.
135ζ2(3)

64π7
g∗,χ ' 10−3g∗,χ. (C24)

It is clear that for radiation-dominated Universe, when mχ > TBH, reaching kinetic equilibrium is not possible. This
conclusion still holds even if self-coupling saturates its perturbative unitarity limit (see the discussion after Eq. (C4)).

Chemical Equilibrium: Since in a radiation-dominated Universe, when mχ > TBH, it is not possible for the dark
sector to reach kinetic equilibrium, establishing chemical equilibrium is definitely unattainable.

2. Matter-dominated Universe (β ≥ βcrit)

If initial abundance of PBHs is large enough, since their energy density scales as the energy density of matter, they
can eventually dominate the energy density and initiate an early matter domination epoch; after their evaporation,
there will be a secondary reheating and subsequently a transition to a secondary radiation-dominated epoch. The
SM particles produced by Hawking evaporation of PBHs, equilibrate quickly to the new reheating temperature of the
Universe, TV (τ), and the emitted DM particles evolve in this radiation-dominated Universe.

Immediately before evaporation of PBHs, the energy density of the Universe can be related to the lifetime of PBHs
via Friedemann equation:

H2(τ) =

(
2

3τ

)2

=
8πρBH(τ)

3M2
Pl

, (C25)

to obtain the energy density of the Universe stored in PBHs at the time of their evaporation, ρBH(τ) = MBHnBH(τ),
in terms of their lifetime:

ρBH(τ) =
M2

Pl

6πτ2
. (C26)

The injected energy into the visible sector and dark sector, ρV,BH(τ) and ρχ,BH(τ) respectively, can be written as

ρV,BH(τ) = nBH(τ)ĒV
∑
i∈SM

NV,i, ρχ,BH(τ) = nBH(τ)NχĒχ (C27)
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The reheating temperature of the Universe, TV (τ), provided an instantaneous equilibration, equals to:

TV (τ) =
1

32
√

2× 51/4π5/4

√
g∗,V + g∗,χ

g
1/4
∗,V

(
M5

Pl

M3
BH

)1/2

' 1

32
√

2× 51/4π5/4
g

1/4
∗,V

(
M5

Pl

M3
BH

)1/2

(C28)

and the initial number density of DM particles is given by

nχ(τ) = nBH(τ)Nχ =
Nχ
6π

M2
Pl

MBHτ2
. (C29)

a. mχ < TBH

Kinetic and Chemical Equilibrium: It can be easily shown that in this case also, immediately after evaporation,
the rate of the elastic scattering processes is smaller than the Hubble rate and therefore kinetic equilibration cannot
happen instantaneously. Following Eqs. (B9), (B13) and (C29), we have

Γχ,2→2(τ)

H(τ)
∼ 675ζ3(3)

16π11
g∗,χ ' 2.5× 10−4g∗,χ. (C30)

A larger self-coupling, even as large as the perturbative unitarity limit, cannot lead to a fast kinetic equilibrium after
evaporation (see the discussion after Eq. (C4)). However, Kinetic equilibrium may be established later at t = tkin-eq

which is given by

TV (tkin-eq) ∼ 675ζ3(3)

16π11
g∗,χTV (τ), (C31)

and this should happen before tm, or equivalently for TV (tkin-eq) & TV (tm), which by using TV (tm) = TV (τ)mχ/Ēχ,
leads to the following upper bound on the mass of PBHs:

MBH .MBH,kin ≡
45ζ2(3)

128π8
g∗,χ

M2
Pl

mχ
. (C32)

By using Eqs. (A7), (B13), (C28), and (C29) we can estimate the temperature of the dark sector after reaching
kinetic equilibrium at tkin-eq as:

Tχ(tkin-eq) =
15ζ2(3)

128π8
g∗,χ

M2
Pl

MBH
. (C33)

Eq. (A10) can be used to find the time at which the dark sector reaches chemical equilibrium, tchem-eq as

TV (tchem-eq) =
45× 31/351/12ζ5/3(3)

16× 25/6π83/12
g

1/4
∗,V g

1/3
∗,χ

(
m4
χM

7
Pl

M5
BH

)1/6

. (C34)

Chemical Equilibrium, Relativistic Gas: If the dark sector attains chemical equilibrium while DM particles
are still relativistic, the temperature of the dark sector can be obtained by using Eqs. (A13), (B13), (C27), (C28),
and (C29) as:

Tχ,rel(tchem-eq) = TV (tchem-eq), (C35)

which is equivalent to ξ = 1. This may be understood by the fact that the injected energy into each sector is
proportional to the numbers of degrees of freedom of that sector and the final temperature of each sector is also
determined by the same number of degrees of freedom.

The estimated temperature of the dark sector is consistent as long as Tχ,rel(tchem-eq) & mχ/3, or equivalently as
long as:

MBH .MBH,rel ≡
405× 53/10ζ2(3)

32× 24/5π83/10
g

3/10
∗,V g

2/5
∗,χ

(
M7

Pl

m2
χ

)1/5

. (C36)
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The plausibility of a cannibal phase prior to decoupling can be determined by using Eqs. (A16), (C27), and (C28)
to estimate the ratio of rate of number-changing processes to the Hubble expansion rate as

Γχ,3→2(tm)

H(tm)
'

√
5

16e6π9/2

g2
∗,χ√
g∗,V

MPl

mχ
. (C37)

Since Γχ,3→2(tm)/H(tm)� 1, a cannibal phase is inevitable and the occurrence of an RNC thermal history is not
possible. Therefore PBHs with masses less than MBH,rel lead to an RC thermal history. The cannibal phase continues
until tdec, when the rate of number-changing process becomes smaller than the Hubble expansion rate. Following
Eqs. (A25) and (A26), temperature of the visible sector and temperature of the dark sector at tdec which sets the
relic abundance of the dark sector today are given by

TV (tdec) =
2
√

2e3/2π9/8

3
√
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1/8
∗,V√
g∗,χ
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)3/8
]1/2

, (C38)

and,

Tχ(tdec) =
2mχ

W

[
6 e6

(
TV (tm)
TV (tdec)

)6
] , (C39)

respectively. After tdec, DM particles decouple and temperature and chemical potential of the dark sector evolve as
described by Eq. (A17). The amount of DM today is given by Eq. (A18) where s(T ), TV (tdec), and Tχ(tdec) are given
by Eqs. (A19), (C38), and (C39) respectively. It is worth mentioning that the amount of DM today only depends on
DM mass, mχ and is independent of the mass of PBHs, MBH.
Chemical Equilibrium, Non-Relativistic Gas: If the dark sector reaches chemical equilibrium when DM

particles are non-relativistic, then by using Eqs. (A28), (B13), (C27), (C28), and (C29) the temperature of the dark
sector at equilibrium cab be expressed as

Tχ,non-rel(tchem-eq) =
2mχ

3W

[
8192×25/9π145/9

18225×35/952/9ζ40/9(3)
1

g
8/9
∗,χg

2/3
∗,V

(
m8
χM

20
BH

M28
Pl

)1/9
] . (C40)

This estimate of temperature is consistent as long as Tχ,non-rel(tchem-eq) . mχ/3, or equivalently as long as MBH &
MBH,rel.

For a fixed PBHs initial abundance, β, the ratio of temperatures of two sectors scales as

ξ =
Tχ,non-rel(tchem-eq)

TV (tchem-eq)
∼

m
1/3
χ M

5/6
BH

M
7/6
Pl ln

m2
χM

5
BH

M7
Pl

, (C41)

which shows that for fixed DM mass, the logarithmic dependence of dark sector temperature on PBHs mass in
comparison with the power-law dependence of temperature of the visible sector on PBHs mass can lead to a cold dark
sector (consisting of non-relativistic particles) which is hotter than the visible sector.

To check the possibility of a cannibal phase, we need to estimate the rate of number-changing processes at equilib-
rium moment, teq, and compare it with Hubble expansion rate at the same time, which by using Eqs. (A29), (B13),
(C27), (C28), and (C29) is evaluated as

Γχ,3→2(tchem-eq)

H(tchem-eq)
' 1.16ζ10(3)

π39
g4
∗,χg∗,V

M8
Pl

m3
χM

5
BH

. (C42)

For those regions of parameter space that Γχ,3→2(tchem-eq)/H(tchem-eq) < 1, DM particles decouple and temperature
of the dark sector at teq sets the relic abundance of the dark sector. This condition defines a threshold for mass of
PBHs, MBH,NRC, given by

MBH,NRC ≡
45× 33/5ζ2(3)

64× 22/5π39/5
g

4/5
∗,χ g

1/5
∗,V

(
M8

Pl

m3
χ

)1/5

, (C43)
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where PBHs with a mass in the range, MBH,NRC .MBH .MBH,kin, leads to an NRNC thermal history while in the
range, MBH,rel .MBH .MBH,NRC, gives rise to an NRC thermal history.

For MBH,NRC . MBH . MBH,kin, tdec = tchem-eq, and After tdec, DM particles decouple and temperature and
chemical potential of the dark sector evolve as described by Eq. (A17). The amount of DM today is given by
Eq. (A18) where s(T ), TV (tchem-eq), and Tχ(tchem-eq) are given by Eqs. (A19), (C34), and (C40) respectively.

For those regions of parameter space that Γχ,3→2(tchem-eq)/H(tchem-eq) & 1, or equivalently for MBH,rel . MBH .
MBH,NRC, dark sector enters a cannibal phase which ends at tdec. Eqs. (A31) and (A32) can be used to evaluate the
temperature of the visible sector at tdec as

TV (tdec) ' 8× 22/3π17/6

311/1251/6ζ5/6(3)
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and temperature of the dark sector at tdec as

Tχ(tdec) =
2mχ

W

[
1

4π3 g2
∗,χ

(
TV (tchem-eq)
TV (tdec)

)6 m6
χ

s2χ(tchem-eq)

] . (C45)

After tdec, DM particles decouple and temperature and chemical potential of the dark sector evolve as described
by Eq. (A17). The amount of DM today is given by Eq. (A18) where s(T ), TV (tdec), and Tχ(tdec), are given by
Eqs. (A19), (C44), and (C45) respectively.

b. mχ > TBH

Kinetic Equilibrium: Since the rate of the elastic scattering processes is smaller than the Hubble expansion
rate at the evaporation time, hence kinetic equilibrium cannot happen instantaneously. This can be shown by using
Eqs. (B13), (C28) and (C29), to estimate the ratio of the rate of elastic scattering processes to the Hubble expansion
rate as:

Γχ,2→2(τ)

H(τ)
∼ 675ζ3(3)

16π11
g∗,χ

(
TBH

mχ

)4

.
675ζ3(3)

16π11
g∗,χ ' 2.5× 10−4g∗,χ. (C46)

By estimating the maximum of the ratio of the rate of elastic scattering processes to the Hubble expansion rate
which corresponds to the time tm, when the particles become non-relativistic, we can examine the the possibility of
occurrence of kinetic equilibrium afterwards. By using Eq. (C23), we have

Γχ,2→2(tm)

H(tm)
∼ 45ζ2(3)

16π7
g∗,χ

(
TBH

mχ

)4

.
45ζ2(3)

16π7
g∗,χ ' 10−3g∗,χ. (C47)

we conclude that in a matter-dominated Universe, when mχ > TBH, reaching kinetic equilibrium is nor feasible.
Increasing the self-coupling cannot change this result (see the discussion after Eq. (C4)).

Chemical Equilibrium: In a matter-dominated Universe, when mχ > TBH, it is not possible for the dark sector
to reach chemical equilibrium, simply because kinetic equilibrium cannot be reached.
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