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Ø Dark Matter

Ø Baryon Asymmetry

Ø Both of the above

Black Holes of 
non-stellar origin 



Ø Exotic astrophysical phenomena

§ G objects, no-GW kilonovae, FRBs,…
§ Black Hole “Explosions”
§ Anomalous cosmic- and gamma-rays
§ Neutron-star “Implosions”
§ Tidal heating & Star cluster disruption
§ Early Pop III star formation
§ High-redshift SMBH seeds

[highly incomplete and very partial list!]

Black Holes of 
non-stellar origin 

✅
✅
✅
✅

🏁
🏁



A field theory defined on a black-hole background is in a 
thermal state whose temperature at infinity is 

T=MP
2/MBH

Black holes radiate (~)like any black body,
and, as such, shed their mass at a rate  

The resulting runaway evaporation 
process gives a lifetime
“Black Hole Explosion”*

Black holes formed in the early universe, with a mass 
MU~ 5x1014 grams, T~100 MeV are exploding today**

*Hawking, 1974 **or lighter, and formed later!

[Stefan-Boltzmann]

[1010 grams units]



The (universal*) Black Hole Light-curve

*for a given spin/charge, and evaporating d.o.f

New degrees of freedom
speed up evaporation

No afterglow
(BHs don’t form a 
photosphere or 
chromosphere)“Backwards”

Gamma-Ray Burst

Universal Luminosity 
à perfect 

“standard candle”



The (non-universal) Black Hole Light-curve
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Time to Explosion

# new degrees 
of freedom

Mass-scale of 
new d.o.f

SM emission 
from new d.o.f

K. Fedrico and S. Profumo, in preparation



Evaporation products (gamma rays, cosmic-ray positrons) are 
detectable, constraining the fraction of light PBH that can be the DM

WRONG

WRONG
Correct!

Coogan, Morrison and Profumo, 2010.04797, PRL 126 (2021) 17, 171101

• Chiral Perturbation Theory
• Vector Meson Dominance
• Hadronic Form Factors



Evaporation products (gamma rays, cosmic-ray positrons) are 
detectable, constraining the fraction of light PBH that can be the DM

WRONG

WRONG
Correct!

Coogan, Morrison and Profumo, 2010.04797, PRL 126 (2021) 17, 171101



Strongest constraints to date: MW diffuse gamma-ray emission from 
Integral-SPI, including the 511 keV line

Korwar and Profumo, 2302.04408, JCAP

wrong by factor 2

unreliable data

use this!



At earlier times, evaporation perturbs BBN, CMB 

Here, perhaps, 
gravity waves!
(but very high 
frequency!)*

*Ireland, Profumo and Scharnhorst, 2302.10188 (PRD), 2312.08508 (JCAP)

ADMX



How can we search for PBH explosions today?

Average 
Proper 
motion

Di
st

an
ce

Mass/Lifetime [today, at detection]

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP)

Short 
bursts

Obs. time
BH temperature vs 

instrument energy range



Where to look: 
LAT and GBM Gamma-ray burst catalog

Ø Lightcurve (flux as a function of time)

Ø Absolute brightness (“luminosity distance”)

Ø Spectrum (flux as a function of energy)

Ø Sky distribution

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP)



LAT and GBM Gamma-ray burst catalog
(1) LAT variable sources

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP) time



LAT and GBM Gamma-ray burst catalog
(2) LAT variable sources: spectral fit

Spectral index of 
photon emission at 

1 GeV

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP)
Time-to-explosion



LAT and GBM Gamma-ray burst catalog
(3) LAT variable sources: distance-age fit

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP)

…but no proper 
motion detected 😢~1 A.U.



LAT and GBM Gamma-ray burst catalog
(4) Short duration: light curve

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP) time



LAT and GBM Gamma-ray burst catalog
(5) Interplanetary GRB monitors network (IPN)

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP)

Timing 
resolution

distinguishes
cosmological vs 

local events!



Ø Detection of Hawking radiation would be momentous!

Ø Number of handles to discriminate against GRBs

Ø Unique opportunity to discover dark sectors!

ü Light-curve
ü Spectrum
ü Distance
ü Afterglow



* Picker and Kusenko, 2023 Phys.Lett.B 845 (2023) 138175

Anomalous Cosmic-ray and Gamma-ray 
Signals from late-forming PBH

Rate of BH “injection” 
(per Myr, per fraction of 

cosmological DM density) 



Sam Ting, 2023 CERN Colloquium



Sam Ting, 2023 CERN Colloquium



Sam Ting, 2023 CERN Colloquium



*Coogan and Profumo., Phys.Rev.D 96 (2017) 8, 083020

Annihilating Dark Matter remains a possibility, albeit very constrained!



*Korwar and Profumo, 2403.18656

Microstructure BH are ideal candidates to explain 3Hebar and Dbar

Mrunal Korwar

Fit to He3bar

Fit to Galactic 
Center excess

Fit to antiprotons

“Sweet-spot” 
model



*Korwar and Profumo, 2403.18656 Mrunal Korwar

Microstructure BH are ideal candidates to explain 3Hebar and Dbar



Dark matter can be captured in celestial bodies 
via repeated scattering off of ordinary matter

If dark matter cannot pair-annihilate, it will accrete over time, possibly 
thermalize, form a condensate, and eventually collapsing into a black hole

Neutron Star “Implosions”

*Roy and Profumo, in prep.

The black hole can either evaporate away, or 
swallow and  destroy the neutron star

Out-of-equilibrium, rare invisible neutron decay 
can also accrete over time dark particles* 



what if the black hole size (its Schwarzschild radius) is 
smaller than the neutron star constituents?

the description of matter accretion must necessarily use quantum 
mechanics and not (classical) fluid dynamics (massless point particles)!

Giffin, Lloyd, McDermott, Profumo, Phys.Rev.D 105 (2022) 12, 123030



“infinite reservoir” of 
neutrons inflowing and 

scattering off the black hole 
breaks down

large-scale momentum and 
mass conservation holds: 

Bondi-Hoyle picture

Giffin, Lloyd, McDermott, Profumo, Phys.Rev.D 105 (2022) 12, 123030

Accretion wins over 
evaporation



Full Numerical Treatment of Dynamical 
Constraints on Massive PBHs

Julia Koulen Nolan Smyth

New ultra-faint dwarf galaxies (discovered via DES+PanSTARRS) provide strong 
constraints on the abundances and masses of massive compact objects → constraints can 
be derived by looking at the survival of a star cluster within the Eridanus II galaxy (Eri II)



Stellar tidal disruption can be modeled* as a diffusion problem

-𝒎𝒂: MACHO mass 
-𝝆: total DM density
-𝝈:MACHO velocity dispersion
-ln𝜦: Coulomb-Logharithm
-𝒇𝑫𝑴: fraction of DM in MACHOs

-𝑿 ≡ 𝒗∗/( 𝟐𝝈): ratio of the stellar 
velocity to the velocity of the MACHOs

*Timothy D. Brandt 2016 ApJL 824 L31

Eridanus II is a dwarf galaxy located in the vicinity of the Milky Way, just beyond
its virial radius, at a distance of D = 366 ± 17 kpc and has a half-light radius of
r 1

2
= 277 ± 14 pc.

Eri II was discovered relatively late in 2015 as part of the Dark Energy Survey
(DES) and is classified among the Milky Way’s satellite galaxies. The late discovery
can likely be attributed, in part, to its relatively low luminosity. With an absolute
magnitude of MV = ≠7.1, Eri II is one ot the least luminous galaxies known
containing a central star cluster [Crn+16].

In [Bra16], Brandt discusses the presence of > 1 M§ MACHOs as a component of
dark matter coexisting with stars in a stellar system. This coexistence results in an
energy transfer from MACHOs to stars, a phenomenon resembling dynamical heating
within the star cluster. This process, closely aligned with the scenario described
in Sec. 3.1 leads to changes in the velocities of stars within the cluster, ultimately
causing the expansion of the entire star cluster.

This entire process can be viewed as a diffusion problem, with the sum of diffusion
coefficients for a star’s velocity describing the temporal evolution of its kinetic
energy.

Concerning the dark matter (DM) particles, an assumption of an isotropic Maxwellian
velocity distribution can be made [Pro17]. Furthermore, under the assumption of a
locally uniform dark matter density, the diffusion coefficient, which quantifies the
degree of scattering in the velocity distribution of stars due to interactions with
MACHOs, is expressed as follows:
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with the MACHO mass and velocity dispersion ma and ‡, respectively, the total
dark matter density fl, the fraction of dark matter in MACHOs of mass ma:fDM, the
coulomb logharithm ln� quantifying the relative strength of long-range gravitational
interactions versus short-range encounters among particles in a system and the
variable X © vú/

Ô
2‡ describing the ratio of the stellar velocity to the velocity of

the MACHOs [BT08] [Bra16]. The Coulomb logarithm is detailed in [BT08] as
follows:
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where m represents the mass of a cluster star, Èv2Í ¥ ‡
2 denotes the typical relative

velocity of the MACHOs, and bmax is the maximum impact parameter, analogous
to the calculation in Sec. 3.1. In his calculation, Brandt substitutes the maximum

20 Chapter 3 Analytical modeling and analysis

As the diffusion coefficient describes the temporal evolution of a star’s kinetic energy,
it can be interpreted as the derivative w.r.t. time of the squared mean velocity, with
a diffusive component D. Finally, one can cast the virial theorem as the following
equation by utilizing the temporal change of the kinetic energy and the potential
energy:
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Further rearrangements yield an implicit equation for the temporal evolution of
the star cluster’s half-light radius, which expands due to the heating caused by the
MACHOs
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Eq. 3.44 can now be utilized to investigate the temporal evolution of the half-light
radius. To calculate the solutions for rh over a time span of 12 Gyr, the julia package
DifferentialEquations [RN17] was utilized, applying the Tsit5 method to solve the
differential equation for rh.
As an example, a cluster with a stellar mass of Mú = 6000 M§ and an initial half-light
radius of rh = 1.0 pc is considered. The dark matter core hosting the star cluster has
a fraction of dark matter in the form of MACHOs with a mass ma = 30 M§ and a
velocity dispersion of ‡ = 5 km s≠1 equal to fDM = 1.0. This implies that the entire
dark matter content is exclusively represented by MACHOs.
The evolution of the half-light radius is analyzed by varying the total dark matter
density fl. The chosen parameter values for the potential energy term, – = 0.4 und
— = 10.0, are derived from [Bra16].

22 Chapter 3 Analytical modeling and analysis



-MACHOs with mass 𝒎𝒂 = 𝟑𝟎	𝑴☉ and velocity dispersion 𝝈 = 𝟓 𝐤𝐦𝐬
-stellar mass 𝑴∗ = 𝟔𝟎𝟎𝟎	𝑴☉

-initial half-light radius 𝒓𝒉 = 𝟏 𝐩𝐜
-current radius 𝒓𝒉 = 𝟏𝟑 𝐩𝐜 Koulen, Profumo, Smyth 2024

Julia Koulen Nolan Smyth



Koulen, Profumo, Smyth 2024

Julia Koulen Nolan Smyth



Koulen, Profumo, Smyth 2024

Julia Koulen Nolan Smyth

Current radius 
of stellar cluster



Reliable constraints on large-mass PBHs

Koulen, Profumo, Smyth 2024

Julia Koulen Nolan Smyth



Early Pop III Star Formation

Julia Koulen Nolan Smyth

GIZMO+MUSIC+GRACKLE



Julia Koulen Nolan Smyth

statistics from 
~100 simulations

Early Pop III Star Formation



Julia Koulen Nolan Smyth

Early Pop III Star Formation



High-redshift Super-Massive BH Formation

Grant M. Roberts + 
Lila Braff & Aarna Garg
Tesla Jeltema



Grant M. Roberts + 
Lila Braff & Aarna Garg
Tesla Jeltema

Low fraction, large X-sec

High fraction, low X-sec

High-redshift Super-Massive BH Formation



# e-folds of 
Eddington accretion

High-redshift Super-Massive BH Formation



Different velocity 
dependences prefer one 
or the other solution

Some solution imply 
excessively large 
host halo sizes

High-redshift Super-Massive BH Formation



🏁
§ Black Hole “Explosions”
§ Anomalous cosmic- and gamma-rays
§ Neutron-star “Implosions”
§ Tidal heating & Star cluster disruption
§ Early Pop III star formation
§ High-redshift SMBH seeds


