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B. Statistics

We adopt a multivariate Gaussian likelihood with a
diagonal covariance matrix, the elements of which are
set using Eq. (4.2), and further assume that measurements
are obtained in six log-spaced bins in k-space from k ¼
0.15 Mpc−1 to k ¼ 1 Mpc−1 and 9 log-spaced measure-
ments in redshift from z ∼ 8.3 to z ∼ 19.5. While it is likely
that experiments such as SKAwill be capable of achieving
far better resolution in both k- and z-space, adopting a finer
grid without properly accounting for correlated errors risks
the possibility of significantly overestimating the sensitiv-
ity of these experiments.
We adopt the four-parameter astrophysical model dis-

cussed in Sec. IVA (implying a total of five model
parameters for each fixed value of MPBH), where the priors
on each parameter are as given in Table II. For each fixed
value of MPBH, we perform a Markov chain Monte Carlo
(MCMC), assuming the true measurement is given by a
fiducial astrophysical model with fPBH ¼ 0.

V. RESULTS AND CONCLUSIONS

The 2σ upper limits as derived from the MCMC analysis
described in Sec. IV B and are shown in Fig. 12 for HERA
(red line), assuming 331 antennas, and SKA (green line).
Also shown in Fig. 12 are current constraints from micro-
lensing surveys [219–221] (blue line), and the CMB
[82,83,85] (purple and black lines), where the purple
contour denotes the bound derived assuming an identical
accretion model to the one adopted here. As discussed in
the introduction, there exist additional constraints in this
region; however, these are not shown for clarity. The
MCMC analysis was only performed for PBH masses in

the range ð1–103Þ M⊙; however, this is a consequence of
the computational difficulty associated with 21-cm analy-
ses. In principle, these experiments will be sensitive to both
smaller and larger masses, and the relative importance of
the shot noise, minihalos, and the modification to the IGM,
in general, varies with mass.
The results shown in Fig. 12 suggest that near-future

21-cm experiments will be able to increase the sensitivity to
OðM⊙Þ PBHs relative to that of the CMB by more than 1
order of magnitude. Moreover, 21-cm surveys provide a
highly complementary probe that is sensitive to the dynam-
ics of accretion at much lower redshifts. Thus, should a
positive detection be made with both probes, one may be
able to shed light on the dynamics and evolution of accretion
in these systems. For completeness, we also show in Fig. 13
the result of the MCMC performed for MPBH ¼ 103 M⊙
using the SKA telescope array. Figure 13 illustrates that
many of the astrophysical parameters adopted in this analysis
could be well constrained by these experiments.
In this work, we have focused on understanding the

sensitivity that near-future radio interferometers may have
to a population of ≳OðM⊙Þ PBHs using the 21-cm power
spectrum. In particular, we have jointly analyzed three
effects: namely, heating and ionization arising from accre-
tion on both local and global scales, and the signal arising
from minihalos (whose number density is enhanced with
respect to that of ΛCDM, a consequence of having non-
negligible Poissonian noise in the distribution of PBHs).
Contrary to previous claims in the literature [121,122], we
find that the local effect of accretion is negligible for all
redshifts, masses, and PBH fractions discussed in this
work. Moreover, for the PBH masses studied here, the
addition of shot noise to the power spectrum modifies the
halo mass function below the mass threshold for efficient
star formation. Consequently, this term would only be
relevant if minihalos gave sizable contributions, or if one
considers extremely heavy PBHs (however, it is worth
noting that there unavoidably exists uncertainty in the high
redshift halo mass function within ΛCDM which could
produce degenerate effects to minihalos). While previous
work has claimed that the enhanced number density of
minihalos, produced by viable populations of PBHs, could
give rise to an observable signal [119,120], we show here
that these calculations had not self-consistently accounted
for the global heating of the IGM, which significantly raises
the Jeans mass and tends to suppress the minihalo con-
tribution. Thus, the dominant effect on the 21-cm power
spectrum arises exclusively from the modifications to the
heating and ionization of the IGM. We find experiments
like HERA and SKA could significantly improve upon
existing limits from the CMB, should observations be
inconsistent with a fPBH ¼ 0 cosmology (i.e., no PBHs).
Finally, we emphasize that 21-cm observations will have

access to much more information than just the two-point
correlation function. Should foregrounds be removed to a

FIG. 12. Estimated 2σ sensitivity of SKA (green line) and
HERA with 331 antennas (red line) for a monochromatic distri-
bution of PBHs in the mass range M⊙ ≤ MPBH ≤ 103 M⊙.
Results are compared to various limits derived from microlensing
surveys [219–221] (blue line) and the CMB [82,83,85] (purple
and black lines).
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Olga Mena, Sergio Palomares-Ruiz,  
Pablo Villanueva-Domingo and Samuel J. Witte

O. Mena, S. Palomares-Ruiz, P. Villanueva-Domingo and S. J. Witte, Phys.Rev.D 100 (2019) 4, 043540



Neutrinos from evaporation of primordial black holes
12

���� ����
��-�

��-�

��-�

��-�

��-�

��-�

��-�

��-�

��	

���� [�]

� �
�
�

����

�=���

�=���

�=�

���
���
����
	

��
��
��%

��
�� ���-��

��	� (�=
� �*=
�)

� *=
� � *=

���

FIG. 5: Expected 95% C.L. sensitivities on the fraction of DM in the form of PBHs (fPBH) as a function
of MPBH at DUNE. The left panel assumes a monochromatic mass distribution of PBHs and three di↵erent
spins. The right panel is for a log-normal PBH mass distribution with di↵erent widths. In this case,
PBHs are assumed to be non-rotating except for the dark-red dashed contour which assumes PBHs with
a⇤ = 0.9. For comparison, current Super-Kamiokande [38] and evaporation [41, 51, 97, 98] bounds (assuming
a monochromatic mass distribution of non-spinning PBHs, unless otherwise labeled), together with the 90%
C.L. expected sensitivity at JUNO [52] are also shown.

of Figure 6. At low masses, bounds are comparable to those expected for JUNO [52]. Although
the detection channel is the same, we could expect THEIA to have better statistics given the larger
volume¶. For higher masses, the antineutrino flux peaks at low energies around 10-20 MeV. Liquid
scintillators are known to have a large background of atmospheric neutrinos mimicking the IBD
signal. Nevertheless, WbLS detectors like THEIA can further minimise them, slightly enhancing
the sensitivity to PBHs of masses larger than ⇠ 8 ⇥ 1015 g with respect to the sensitivity of a
liquid scintillator. In the right panels of Figure 6, one can see the impact of considering a non-
monochromatic distribution. Small departures from the monochromatic distribution (i.e. � = 0.1)
can not be distinguished. Nonetheless, for a broad mass distribution, the expected constraints for
PBHs with masses close to 1015 g are weakened while, at the same time, the sensitivity to masses
around 1016 g is improved. Finally, comparing the upper and lower panels in Fig. 6, one can notice
that the main di↵erence between the two possible configurations of THEIA (25 kton and 100 kton),
if in a similar location, is approximately a factor 2 in fPBH, due to the di↵erence in statistics.

V. CONCLUSIONS

Primordial black holes are a viable dark matter candidate, whose masses can span over several
orders of magnitude. Light PBHs with masses in the range 1015 � 1017 g would evaporate and
produce sizeable fluxes of MeV neutrinos via Hawking radiation. In this work, we have explored
the possibility of detecting neutrinos from PBH evaporation with the future neutrino experiments

¶
Note that the neutrino flux close to the peak of the galactic component predicted in Ref. [52] is about a factor 2

larger than our estimations in Fig. 1.

Ofvusjopt!fnjuufe!bt!Ibxljoh!sbejbujpo!gspn!QCIt!dpvme!cf!efufdufe!
xjui!fofshjft!?21!NfW!bu!dvssfou!boe!gvuvsf!ofvusjop!efufdupst!➛!

dpotusbjout!po!uif!QCI!bcvoebodf

Figure 8. Same as Fig. 6 but for evaporated PBHs, MPBH < 8⇥ 1014 g.

Figure 9. Same as Fig. 8, but for log-normal mass distributions, for two values of the width � = 0.5
(left panel) and � = 1 (right panel). Results are shown as a function of the median PBH mass.
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High-redshift merger rate

• High-redshift merger events may 
reveal the presence of a (possibly sub-
dominant) population of Primordial 
Black Holes

• Very different behavior of the merger 
rate as a function of redshift for 
Primordial and Astrophysical Black 
Holes

• Modeling Challenges:  
• Effect of clustering  
• Impact of different mass functions 
• Uncertainties in the astrophysical rate

C. Fernández, P. Fleury, D. Gaggero, 
B.J. Kavanagh, M. Martinelli, F. 
Scarcella, in preparation
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Redshift evolution of PBHs and ABHs



Roberto Ruíz de Austri and collaborators
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Quantum corrections to the Schwarzschild metric

Pau Beltrán-Palau, Adrián del Río and José Navarro Salas

❑ We consider the semi-classical Einstein equation:  

❑ Vacuum polarization   introduces static quantum corrections 
to the Schwarzschild metric proportional to  that are not negligible 
near the horizon 

❑ We consider conformal matter fields and take advantage of the well-
known trace anomaly to define an effective equation of state: 

 

❑ We study the possibility of obtaining horizonless geometries from 
vacuum polarization.

𝐺𝜇𝜈 = 8 𝜋 < 𝑇𝜇𝜈 >

< 𝑇𝜇𝜈 >
ℏ

− < 𝜌 > + 3 < 𝑝 >   = < 𝑇𝜇
𝜇 >

2𝑀 + 𝑂 ( ℏ) 2𝑀 + 𝑂 ( ℏ)

𝑔𝑡𝑡 /𝑔𝑐𝑙𝑎𝑠𝑠𝑖𝑐
𝑡𝑡 (𝑔𝑟𝑟 /𝑔𝑐𝑙𝑎𝑠𝑠𝑖𝑐

𝑟𝑟 )−1
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Thanks for your attention !
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