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1. Introduction

When thinking of “relics from the early universe”, we usually think of particles. Yet, pri-
mordial black holes (PBH) are also hypothetical relics, which can originate from the gravitational
collapse of sufficiently large density fluctuations already during the radiation dominated epoch.
These fluctuations have characteristic scales much smaller (wavenumber k�Mpc−1) than the cos-
mic microwave background (CMB) and large-scale structure (LSS) ones, are typically associated
to non-trivial inflationary dynamics or phase transitions, and are largely unconstrained.

A typical PBH mass is a fraction of the mass within the Hubble horizon at the time of its
production, MPBH . MH(t)' 5×104 M�(t/1s). As all BH, PBH are subject to “Hawking evapo-
ration” [1], associated to the temperature TH = (8πGNM)−1 ' (1013 g/M)GeV (natural units with
c = h̄ = kB = 1 are adopted, while Newton’s constant GN is kept dimensional following particle
physics conventions.) The evaporation lifetime (or inverse evaporation rate) rate writes

τev = Γ
−1
ev = 4×1011

(
15.35
F (M)

)(
M

1013 g

)3

s , (1.1)

where the function F (M)→ 1 for M > 1017 g, saturating at F ' 15.35 for M . few× 1010 g.
For M > 1015 g, τev exceeds the age of the universe tU : PBH would then constitute a fraction
fPBH = ΩPBH/ΩDM of the current dark matter (DM), potentially as large as fPBH = 1. Nonetheless,
bear in mind that lighter PBH may also have a cosmological effect, e.g. in altering primordial
nucleosynthesis or playing a role in baryogenesis.

2. CMB bounds

The CMB anisotropy pattern is affected by the properties of the medium crossed by the pho-
tons between recombination and the present epoch, in particular its ionization fraction xe, whose
“standard” behaviour vs. redshift z is shown by the black curve in the left panel of Fig. 1. If during
this time some electromagnetically (e.m.) interacting particles are injected in the medium, this non-
thermal radiation may heat up and especially ionize the gas. It is easy to estimate that alterations
to the optical depth experienced by CMB photons make the CMB sensitive even to tiny energy
amounts, comparable to a fraction as small as O(10−11) of the energy density stored in the DM sec-
tor. This effect is ultimately responsible for the well-known CMB sensitivity to annihilating WIMP
DM candidates (see [2] and refs. therein for a recent assessment.) But, provided that TH� 1eV,
such modified behaviours in xe(z) are also present in the case of evaporating PBH: some examples
are shown with blue/green/red curves in the left panel of Fig. 1. They were computed—thanks
to the energy deposition functions calculated in [4]—via a suitable modification of the Boltzmann
equations linear anisotropy solver code CLASS (http://class-code.net/). This code also allowed us
to derive the modified CMB angular multipole spectrum: The bounds on evaporating PBH from
the latest Planck CMB data release (retrievable at https://www.cosmos.esa.int/web/planck) with
state-of-the-art calculations of the deposited energy are shown with blue shade in the right panel
of Fig. 1, where approximate constraints over a larger mass domain (dashed curve), together with
previous estimates (orange shaded) and bounds from the gamma-ray diffuse background (red line)
are also reported. We clearly see that the CMB offers a complementary probe of “light” PBH with
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Figure 1: Left: The evolution xe(z) for a standard scenario (black), and for evaporating PBH of different
masses and abundances. Right: PBH exclusion limits, above the lines/shaded areas. From Ref. [3].

lifetimes comparable with tU (1015 g . M . 1016.5 g), actually leading to the strongest bounds on
PBH evaporating over a time a few orders of magnitude shorter than tU , for M around 1014 g.

For stellar mass BH (including PBH!) evaporation is a negligible phenomenon. Yet, a simi-
lar e.m. energy injection is associated to the radiation emitted by the cosmological gas accreting
onto PBH, which heats up and gets ionized. Pioneering and extremely stringent bounds obtained
a decade ago [5] have been shown to be incorrect in Ref. [6]. In a sufficiently simple, spherical
accretion flow model, Ref. [6] derived the very conservative bound fPBH < 1 for M > 10−100M� ,
the exact value still depending if the ionizing energy of the accreting material is provided by the
photons escaping from the hot interior or via collisional effects in the gas. In [7], we have recently
argued that the situation considered in [6] is too idealized, and that in a physically plausible frame-
work, stellar mass PBH form accretion disks. Despite lower accretion rates, these configurations
are characterized by a significantly larger luminosity than what appropriate for the spherical models
of [6]. This results into more stringent bounds, reported in Fig. 2.

Although it was argued in Ref. [8] that the DM may be fully accounted by PBH of tens of solar
masses—consistent with the progenitors of the mergers recently detected via gravitational waves
by LIGO [9]—by now half a dozen of independent arguments have been raised, indicating that the
majority of DM cannot reside in these objects. On the other hand, the possibility of a subleading
fraction of DM in the form of stellar-mass PBH accounting for part or even the totality of LIGO
merger rate [10, 11] is still an open possibility, which makes the investigation of specific signatures
particularly important in the forthcoming years.

Another scenario which also requires careful consideration is that PBH may constitute a large
(dominant?) fraction of DM, but for masses possibly different from those considered above. In-
terestingly, CMB can also put bounds on this case. Assume that some fraction fd of DM converts
into “dark” radiation—which can be made of new physics degrees of freedom, but also low-energy
neutrinos or even gravitational waves (GW)—at some characteristic time: this would be the case,
for instance, if DM is made by a stable component, plus an unstable relic with lifetime τd whose
fraction of the initial total is fd . Both the smooth and the (linear) fluid perturbations (and thus the
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Figure 2: PBH parameter space excluded by CMB, in the case they accrete via disk formation (for two
cases), compared with the spherical accretion (solid, red line) and other bounds (broken lines). From [7].

metric fluctuations) evolve differently in such a Universe, if compared with the ΛCDM model: the
CMB is affected (mostly) by the integrated Sachs-Wolfe effect, altering the multipole spectrum at
low `. LSS help in breaking partial degeneracy with curvature and tensor modes. In Ref. [12], we
used this effect to prove that a decaying species constituting the whole of DM (i.e. fd = 1) should
have a lifetime τd &160 Gyr: More than one order of magnitude above tU , via purely gravitational
effects! In [13], we generalized these results to fd < 1. For τd � tU , it turns out that at leading
order the previously obtained bound applies to the combination τd/ f . But for fd < 1 the parameter
space with τd � tU opens up: For intermediate values of τd (say, longer than the recombination
time and shorter than the few billion years timescale) the CMB bound is essentially independent
of τd , requiring fd < 3.8%. The fact that the bound in this regime is independent of τd means
that it applies no matter what is the specific time dependence with which DM converts into dark
radiation. In particular, it applies also to mergers of PBH, converting part of their mass into radi-
ation via emission of gravitational waves in the post-recombination epoch. Since in similar-mass
BH mergers about 4-5% of their mass is converted into GW (with long-known expectations [14]
matching the first observations [9]), PBH, if constituting a sizable fraction of the DM, cannot have
undergone on average more than one merger over the first few billions years after recombination.
The lack of significant mass function evolution for any PBH model aiming at explaining the bulk
of the DM is an interesting and non-trivial bound. Constraints also apply to the z = 0 universe as
well as the pre-recombination phase, although a detailed study of this scenario is lacking.

Needless to say, the results summarized above cannot make full justice of the rich cosmological
phenomenology of PBH. Let us just conclude by mentioning that future CMB missions or 21 cm
tomography can further improve over current sensitivity, as we argued in [13], and that there are
additional signatures—not covered here—which remain promising targets of investigation.
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