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PBH dark matter 



PBH dark matter (in 2018/ early 2019) 
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Multiple constraints exist over wide range of masses (all of these are not shown for clarity) 

Katz et al., 1807.11495 
JCAP 

Shown to be ineffective in 
Montero-Camacho et al., 
1906.05950 JCAP 

Multiple revisions/ many more constraints (see Dasgupta, Laha, and Ray 1912.01014; Carr et al., 2002.12778; 
Carr and Kuhnel 2006.02838; Green and Kavanagh 2007.10722 for up-to-date constraints) 

Modifications by 
Inomata et al., 
1711.06129 PRD and 
Smyth et al., 
1910.01285 PRD 



PBH constraints  
from Hawking evaporation 
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Pic. courtesy: 
Green 2019 talk 

[Initially all constraints assume a delta-function PBH mass function.]

Constraints

Microlensing

stars, supernovae, quasars 

Dynamical effects

dwarf galaxies, wide binary stars

Accretion

CMB, radio & X-ray 

Effects on stars

white dwarf explosions

Evaporation

gamma-rays

Mergers

gravitational waves

PBH 

Emission of particles 



Evaporation of BHs 

Black holes evaporate to produce Standard Model particles and can have 
observable consequences 

TBH = 1.06

✓
1010 kg

MBH

◆
GeV
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Temperature of 
the black hole 

Mass of the black hole 
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Evaporation energy spectrum of 
particle of spin     from a non-
spinning black hole 

s
<latexit sha1_base64="d0SkknmjHALu9tUEssf1X4Gl4nQ=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjMqLregF48JmAWSIfR0apI2PQvdPUII+QIvHhTx6id582/smQyixgcFj/eqqKrnxYIrbdufVmFpeWV1rbhe2tjc2t4p7+61VJRIhk0WiUh2PKpQ8BCbmmuBnVgiDTyBbW98k/rtB5SKR+GdnsToBnQYcp8zqo3UUP1yxa7aGcgicXJSgRz1fvmjN4hYEmComaBKdR071u6USs2ZwFmplyiMKRvTIXYNDWmAyp1mh87IkVEGxI+kqVCTTP05MaWBUpPAM50B1SP110vF/7xuov1Ld8rDONEYsvkiPxFERyT9mgy4RKbFxBDKJDe3EjaikjJtsillIVylOP9+eZG0TqrOafW0cVapXedxFOEADuEYHLiAGtxCHZrAAOERnuHFureerFfrbd5asPKZffgF6/0L922NLg==</latexit>

Dimensionless absorption probability 
for the emitted species 

 S. W. Hawking, Nature 248 
(1974) 30–31. 
 
S. W. Hawking,, Commun. Math. 
Phys. 43 (1975) 199–220.  
 
Page hep-th/0409024 NJP for 
historical overview 

Page PRD 13, 198, 1976 
Page PRD 14, 3260, 1976 
Page PRD 16, 2402, 1977 
Arbey and Auffinger, EPJC 79, 693, 2016 
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Hawking radiation spectrum 
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C. Flux and po~er spectra of primary species

The emitted ' ' primary s =—,
' and s=1 flux, dN, and

power, QdN, are shown in Fig. 2 together with the
thermal radiation from a blackbody with a cross section
of o =27+6 I /c and dimensions much greater than
the radiation wavelength. At high energies the spectra
approach the blackbody emission spectra. At low ener-
gies, they drop significantly below since I, falls off more
steeply than 27G M Q /fi c . This spin-dependent low-
energy effect, however, is analogous to the optical
phenomenon of resonant scattering off a spherical body
whose dimensions are comparable with the incident
wavelength or the thermal emission from a body whose
dimensions are comparable with the radiation wave-
length. The small bumps in the neutrino flux and power
spectra at about GMQ/Pic =0.4, and the photon spectra
at GMQIAc3=0 4'an. d. GMQ/iric =0.5, respectively,

come from the higher-order I & s angular modes in I
$&p

The flux of s =—,
' electrons and positrons with two heli-

city states each, and s= 1 photons with two polarizations,
peaks at

MQ& —~pi=4. 26X 10 g GeV

=9.39X10 ' GeV 'sec ', e+e

MQ, , =6. 12 X 10' g GeV,
(8)

=1.38X10 ' GeV 'sec ', y,

MQ —~g2:4 74 X 10 g GeV

respectively. Here we have summed over all helicity
states. The power spectra peak at
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VV,
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Since the emission is a quasithermal process,
P ~AT 4~M . In the relativistic or massless limit,
Elster and Simkins find the integrated flux and
power per s=0 state to be

The s=l peaks occur at higher MQ since I, cuts off
more steeply as MQ~0. The neutrino values were una-
vailable.
Summing over all emitted energies, the integrated flux

and power contributions from each helicity or polariza-
tion state are

0 . 1 . 2 .3
2rrMQG/hc

FIG. 2. ta) The primary pion, e+, and photon Hawking flux
as a function of MQG/Rc'. The dashed line represents the
emission from a blackbody with a constant cross section of
27aM 6 /c with arbitrary normalization. (b) The primary
pion, e+, and photon power. The dashed line again represents
the emission from a blackbody with a cross section of
27~MzGz/c'.

2.69x10" sec
M /10' g
7.80x10" GeV sec(M/10" g)

for uncharged particles. The average particle energy is
E, O=2. 81kT. (In this paper, we assume that the s=O
power peaks at E, 0. The error in this assumption is less
than 5%o.)

MacGibbon and Webber, PRD 41, 3052, 1990 

The spectrum closely resembles a black-body radiation 

Q = total energy of the 
emitted particles 

This is for a non-rotating 
uncharged black hole 

Emission of pion, e , and 
photon via Hawking 
radiation  
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Qs=0 ⇡ 2.81TBH
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Qs=1/2 ⇡ 4.02TBH
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Qs=1 ⇡ 5.77TBH

MacGibbon, Carr, and Page PRD 2008 

The peaks in the flux per particle mode measured at infinity occur at: 



Ultra-light PBH (in 2018) 
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EGB + GBB Carr+(2016)

GRB lens Barnacka+(2012)

EGB + GBB Carr+(2016)

GRB lens Barnacka+(2012)

Boudaud and Cirelli 
1807.03075 PRL 

Shown to be 
ineffective in Katz 
et al., 1807.11495 

Ultra-light PBH dark matter  
(MPBH     1017 g) are most strongly 
constrained via its Hawking radiation 
into Standard Model particles 	

The strongest constraint on ultra-
light PBHs in late-2018 were from 
gamma-ray (Carr et al., 0912.5297) and 
Galactic cosmic-ray measurements 
(Boudaud and Cirelli 1807.03075)	
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Can we probe new regions of 
parameter space using Hawking 
radiation?  	

See also Ballesteros  etal. 1906.10113 PLB for gamma-ray constraints  



How to probe higher PBH masses? 

Laha 1906.09994 Physical Review Letters 
Ranjan Laha 



INTEGRAL satellite 

INTErnational Gamma-Ray 
Astrophysics Laboratory: INTEGRAL 

https://sci.esa.int/web/integral/-/59693-integral-celebrating-fifteen-in-space-infographic 

https://en.wikipedia.org/wiki/File:INTEGRAL_spacecraft_model.png 

SPectrometer of INTEGRAL (SPI):  

https://sci.esa.int/web/integral/-/31175-instruments 

Energy range Energy resolution 

18 keV to 8 MeV 

15 keV to 10 MeV 

~ 0.2% at 1.33 MeV 

Imager on-Board the INTEGRAL 
Satellite (IBIS): ~ 10% at 1.33 MeV 

Ranjan Laha 

Other instruments are also present in INTEGRAL 



511 keV gamma-ray line 

Siegert etal. 1512.00325 A&A 

Siegert etal.  
1512.00325 A&A 

Siegert etal.  
1512.00325 A&A 

Bulge spectrum Disk spectrum 

•  A ~ 50 year old astrophysics mystery: 
observation of the 511 keV gamma-ray 
line in the Galactic bulge and disk (Johnson etal. 
ApJ 172 L1 1972, Leventhal etal. ApJ 225 L11 1978, …., Siegert etal. 
1512.00325 A&A, Siegert etal. 1906.00498 A&A)  

•  What is the source of this radiation? 

INTEGRAL/ SPI observations 

Ranjan Laha 

•  Ratio of the mono-chromatic to the continuum 
radiation flux can be used to estimate the 
positronium fraction:       fPs ⇡ 0.99± 0.07
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•  Measurement of gamma-rays at higher energies (> 511 keV) help constrain the 
injection energy of the positron (Beacom and Yuksel astro-ph/0512411 PRL, Sizun etal. astro-ph/0607374 PRD) 



511 keV gamma-ray line 
•  The flux of 511 keV gamma-ray line implies a positron injection rate of  
     ~ 2 × 1043 s-1  (Prantzos et al. 1009.4620 RMP, Panther 1801.09365 Galaxies, Panther 1905.01806) 

•  Multiple sources are postulated to give rise to these positrons: 
millisecond pulsars, low-mass X-ray binaries, neutron star mergers, 
supernovae, pair-plasma jets from Sgr A* or dark matter, although none 
are confirmed to give rise to this entire emission (Kierans etal. 1903.05569) 

•  Can we derive a robust constraint on PBHs using this observation? (see 
earlier works in Okele and Rees 1980 A&A, Okeke 1980, MacGibbon & Carr 1991 ApJ, and Bambi etal. 0801.2786 PLB) 

Ranjan Laha 



A robust and conservative bound 
on PBHs 

•  Any exotic dark sector source cannot inject more positrons than what is allowed 
by the Galactic Center 511 keV gamma-ray line observation   

fDM

R
dV ⇢DM(r)

MPBH

Z
dE

d2Ne

dtdE
. 2⇥ 1043 s�1
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Fraction of dark matter in the 
form of PBHs 

Mass of the PBH 
Number of positrons 
emitted per unit time and 
per unit energy by PBHs 

Dark matter halo 

Positron luminosity required 
by INTEGRAL/ SPI 
observation  

Ranjan Laha 

•  The formula for PBHs mimics decaying dark matter 

•  Positron propagation and dark matter density profile introduce uncertainty 



Ultra-light PBHs and Galactic Center 511 keV 
line  
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•  Ultra-light PBHs can evaporate to produce                                   
         pairs 

Laha 1906.09994 PRL 

e±
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•  The positrons will lose energy, become 
non-relativistic, and annihilate with the 
ambient electrons to produce photons 

•  Galactic Center observations reveal an 
intense flux of 511 keV photons produced  

    by unknown source(s) 

•  Requiring that the positrons from PBH 
evaporation do not overshoot the positron 
luminosity produce one of the strongest 
limit on their abundance with masses 
between ~ 1013 kg to 1014 kg 

Similar results in DeRocco and Graham 1906.07740 PRL 

dN

dM
/ �(M �MPBH)
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Ultra-light PBHs & 511 keV line (extended mass 
functions)  
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•  Galactic Center positrons (511 keV gamma-ray line) provide some of the 
strongest constraints on ultra-light PBHs with extended mass functions  

Laha 1906.09994 PRL 
Laha 1906.09994 PRL 
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Log-normal mass function 
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Power-law mass function 



Can we probe spinning PBHs? 

Dasgupta, Laha, and Ray 1912.01014 Physical Review Letters 



Ultra-light spinning PBHs and Galactic Center 
511 keV line 

Solid line: 
Dot-dashed line: 
Dotted line: 

Dasgupta, Laha, and 
Ray 1912.01014 PRL 

Dasgupta, Laha, and 
Ray 1912.01014 PRL  

a⇤ = 0.9999
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Shades of orange: 
Gamma-ray 
constraints 
 
Shades of blue: 
Galactic Center 
positron constraints 
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Can we probe PBHs using Galactic Center gamma-
ray emission? 

Laha, Muñoz, and Slatyer 2004.00627 Physical Review D 
Ranjan Laha 



Gamma-ray measurements of the cosmic-ray 
electrons and positrons 

Ranjan Laha 

Measurement of the gamma-ray emission in the inner Galaxy and 
the contribution of cosmic-ray electrons and positrons  



Gamma-ray measurements of the cosmic-ray e± 

Ranjan Laha 

A good description of 
the data due to 
inverse Compton 
emission, stellar 
emission, and 
annihilation radiation  

Bouchet et al., 
1107.0200 

Constraint strategy: 
PBH signal not 
overproduce any data 
point by more  
than 2 x the error 
bar  
 
 
 
Modeling the PBH 
signal + astrophysical 
background (due to 
emission of Galactic 
Center e±) will lead to 
stronger constraints 



Constraints on PBHs from INTEGRAL Galactic 
Center gamma-ray data 
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Laha, Muñoz, and Slatyer  
2004.00627 PRD 

•  One of the best probes 
of ultra-light PBHs 

•  This constraint is 
relatively insensitive to 
the dark matter profile 

•  Assumes a mono-
chromatic mass function 
of non-spinning PBHs 

•  Equally constraining probe for an extended mass function of PBHs and for 
spinning PBHs  

•  COMPTEL data can also be used to derive similar limits on PBHs (Coogan et al., 
2010.04797) 

 Ranjan Laha 



Probes of ultra-light PBHs using proposed 
telescopes 

Ranjan Laha 

Snowmass2021 - Letter of Interest

Electromagnetic probes of ultralight primordial black
holes

Thematic Areas: (check all that apply ⇤/⌅)

⌅ (CF3) Dark Matter: Cosmic Probes
⌅ (CF7) Cosmic Probes of Fundamental Physics
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Abstract: Dark matter (DM) is omnipresent in the universe, from sub-Galactic scales to galaxy clusters.
Despite its abundance, the nature of DM remains mysterious, as it has evaded all nongravitational direct and
indirect probes thus far. Primordial black holes (PBHs), formed out of regular-matter overdensities in the
early universe, provide an attractive alternative to new-physics models of DM. If these PBHs are ultralight
(with masses MPBH . 1018 g), their gravitational effects are indistinguishable from those of regular particle
DM. However, due to their black-hole nature, ultralight PBHs Hawking evaporate over time, emitting high-
energy particles that can be directly detected. Here we outline what next-generation MeV telescopes ought
to do to better detect ultralight PBHs.

1



Probes of ultra-light PBHs using proposed 
telescopes 

Ranjan Laha 

monochromatic
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•  Can we probe PBHs with masses greater than 1017 g using upcoming telescopes?   

•  Observation of Galactic Center via a proposed telescope like AMEGO can 
discover/ constrain non-spinning (maximally spinning) PBHs up to a mass of ~ 8 x 
1017 g (~ 4 x 1018 g) for the monochromatic distribution (see similar results in Coogan et al., 
2010.04797) 

1 year of 
observation 

1 year of 
observation 

Photon energy: 
[0.15, 40] MeV  

Photon energy: 
[0.15, 40] MeV  



Conclusions 

•  Ultra-light primordial black holes can make up 100% of the 
dark matter density 

•  Galactic Center positrons and gamma-rays can be used to 
constrain or discover ultra-light primordial black holes 

Questions & comments: 
ranjan.laha@cern.ch 

•  Proposed telescopes like AMEGO can probe ultra-light 
primordial black holes in a large region of the parameter 
space  



Some other probes of ultra-light PBHs 

Ranjan Laha 

(1)  Neutrinos: upper limits on the diffuse supernova neutrino background can 
constrain abundance of PBHs too (Carr et al., 0912.5297 PRD; Dasgupta, Laha, and Ray 1912.01014 PRL; Wang et al., 
2010.16053) 

(2)  Radio observations: synchrotron or inverse Compton energy losses of e± from 
PBH evaporation can be observed via radio telescopes (Chan and Lee 2007.05677 MNRAS; Dutta, Kar, and 
Strigari 2010.05977) 
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(3)  Leo-T: gas heating (Kim 2007.07739; Laha, Lu,and 
Takhistov 2009.11837) 


