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State of the art: Koulen, Profumo & Smyth 2403.1901
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➢Collapse of large density perturbations

➢Cosmic Strings Loops

➢Bubble Collisions

➢Dark Stars Collapse*

➢Collapse of trapped fermions

What I will 
NOT talk 
about 
today: how 
Non-stellar 
Black Holes 
form

➢Gravothermal collapse of self-interacting DM cores**

**Profumo et al, 2410.17480

*Fernandez, Profumo+, 
2208.08557

➢Collapse of super-heavy dark-SU(N) baryons***
***Profumo, 2502.16439
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✓ Is there an unmistakable
signature for PBH as DM?



Smoking gun: BH merger with a sub-TOV limit (~ 2xMsun)
        [or Sub-Solar-Mass event]

(possible “new physics” imposters such as strange quark 
stars, boson stars, anomalously light or dark sector 

white dwarfs or neutron stars – but with different GW 
signals from tidal effects, luminosity distance

[Begnoni and Profumo, in prep])  



➢ We calculated the max and 
min event rate for a given fPBH 
and fraction of “goldilocks” 
(light+detectable) PBH, and it 
can be sizable!*

Smoking gun: BH merger with a sub-TOV limit (~ 2xMsun)
         [or a Sub-Solar-Mass merger]

*Lehmann, Profumo and Yant, MNRAS, 2022
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➢ LIGO-VIRGO-KAGRA searches are ongoing…

➢ We calculated the max and 
min event rate for a given fPBH 
and fraction of “goldilocks” 
(light+detectable) PBH, and it 
can be sizable!*

➢ …two candidate events, controversial and low-confidence, reported!
[e.g. 2301.11619, Gonzalo Morras et al.]

Smoking gun: BH merger with a sub-TOV limit (~ 2xMsun)
         [or a Sub-Solar-Mass merger]

*Lehmann, Profumo and Yant, MNRAS, 2022



If macroscopically charged, stellar-mass 
BHs can uniquely impact small scale structure 

* Geller, Ireland, Profumo and Roberts, to appear

Poisson
Garcia-Bellido
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✓ Microlensing searches limitations
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✓ How can we detect them?

✓ Can be 100% of the Dark Matter!





* slide credit: N. Smyth

The bigger the star, the more important
finite-source-size effects!

Lens

Source
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* Profumo, Smyth+ PRD 2020
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Real stellar size (M31)

Andromeda (M31)

Finite-source-size effects!



* Profumo, Smyth+ PRD 2020
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Black holes can be 100% of Dark Matter here!



Microlensing events have been detected… most recently by OGLE

…but have we discovered PBH, or 
Freely-Floating Planets*?

Mroz+ 2017,…

*Freely-Floating Planet: “rogue” planet not 
orbiting a star but, rather, floating in the MW



FFPs are an irreducible 
background to searches for PBH

…and VICEVERSA!

Nancy Grace Roman Space Telescope (May 2027)



We studied the statistics of anticipated event duration distribution

Bonus: we released a code that computes statistics of microlensing 
events highly efficiently, LensCalcPy**

**https://github.com/NolanSmyth/LensCalcPy

Stefano Profumo
University of California
Santa Cruz

*DeRocco, Frangipane, Hamer, Smyth, Profumo, PRD 2024

Will Roman enable disentangling FFP versus FFP+PBH?



Null Hypothesis:
Only FFPs

Alternate Hypothesis: FFPs 
+ PBHS

Yes No

Statistical test: two-sample
Anderson-Darling test

Stefano Profumo
University of California
Santa Cruz

Will Roman enable disentangling FFP versus FFP+PBH?

*DeRocco, Frangipane, Hamer, Smyth, Profumo, PRD 2024



Roman: strongest bounds by 
far on PBHs as dark matter, 

even with substantial 
FFP background

Will be able to completely 
probe the preferred OGLE 

PBH population!

Can we find PBHs hidden in FFP background?

Roman 
Sensitivity

FFP
abundance

Stefano Profumo
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*DeRocco, Frangipane, Hamer, Smyth, Profumo, PRD 2024



How can we access the “Asteroid Window”?
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➢Production mechanism can source e.g. 
Stochastic Gravitational Wave Background 
(but model dependent!)

➢Lensing with higher-frequency observations, e.g. X-ray 
(but issue of statistics, observation length), 
or femtolensing (but  again finite-size source effects!)

➢LIGO-style BH-BH mergers? Ongoing ADMX searches!

* Profumo et al, 2410.15400, PRD 

ADMX



How can we access the “Asteroid Window”?
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* Tran, Geller, Lehman, Kaiser, PRD 110, 063533 (2024)

➢Flyby perturbation to Solar System objects*

✓ Ephemerides accuracy: Lunar laser range (1 mm/15 yr), 
         Mars orbiter tracking (10 cm)

✓ 1 PBH transit per decade in inner Solar System (<5 AU) for mPBH ~ 1018 g

✓ Mars: Maximal impact parameter

✓ Mars: Required observing time



How can we access the “Asteroid Window”?
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* Tran, Geller, Lehman, Kaiser, PRD 110, 063533 (2024)

➢Flyby perturbation to Solar System objects*

Significance
of detection

Event rate
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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!

[1010 grams units]

[Stefan-Boltzmann]



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 
→ perfect 

“standard candle”

Time to expiration [sec]

020406080100120
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The (non-universal) Black Hole Light-curve
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SM emission 
from new d.o.f

K. Fedrico and S. Profumo, PRD 2025
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(1) LAT variable sources

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP) time
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(2) LAT variable sources: spectral fit

Spectral index of 
photon emission at 

1 GeV

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

Time-to-explosion
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Spectral slope



(3) LAT variable sources: distance-age fit

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

…but no proper 

motion detected ~1 A.U.
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(4) Short duration: light curve

*Profumo, Boluna, Ble, Hennings, 2023 (JCAP) time
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(5) Interplanetary GRB monitors network (IPN)

*Connor Willis and Profumo, in prep.

Timing 
resolution

distinguishes
cosmological vs 

local events!

Stefano Profumo
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Korwar and Profumo, 2302.04408, JCAP

wrong by factor 2

unreliable data

use this!

Stefano Profumo
University of California
Santa CruzEvaporation products (gamma rays, cosmic-ray positrons) 

detectable, constraining the fraction of light PBH that can be the DM

Strongest constraints to date: 
MW diffuse gamma-ray emission from Integral-SPI

~3x1017 grams
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Exploded Black Holes

➢Can have sources both the dark matter and the baryon asymmetry via evaporation
[Morrison, Profumo, Yu, 2022]

➢Can have sourced both the dark matter and the baryon asymmetry via coupling of 
Kretschmann scalar to B-L current
[Profumo, Smyth, Santos-Olmsted, 2023]

➢Can seed high-frequency gravitational waves, especially if…
✓…modified cosmology shifts the spectrum to reasonably low frequencies
✓…extradimensions lower the Planck scale and the frequency of GW at the end of 

evaporation
[Ireland, Profumo, Sharnhorst, 2023, 2024]

Stefano Profumo
University of California
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If evaporation stops around the Planck scale, a population 
of relic, “grain-of-salt” black holes may exist

Alternately, PBH may form, in the right abundance, 
with a Planck-scale mass, 

from baryon collapse in a confining large N, SU(N)

Stefano Profumo
University of California
Santa Cruz

***Profumo, 2502.16439

Compton Schwarzschild



* Page, 1977
** Lehmann, Johnson, Profumo and Schwemberger, 1906.06348 (JCAP10(2019)046)

If evaporation stops around the Planck scale, the relic 
PBHs can acquire a significant relic electric charge

(under simple assumptions) 
the relic charge is 

approximately Gaussian*

If evaporation stops around the Planck scale 
(because of extremality (RN BH) or because of quantum gravity) 

we are left with a population of charged, Planck-scale relics!
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* Lehmann, Johnson, Profumo and Schwemberger, 1906.06348 (JCAP10(2019)046)
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Black Holes

✓ Sub-TOV goldilocks events!
✓ Searches ongoing, perhaps already there!
✓ Look our for imposters!
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✓ Can be 100% of the Dark Matter!
✓ Microlensing trickier than previously thought (finite size source)!
✓ If detected, how do we distinguish PBH from rogue planets? Statistics!
✓ Mars flyby’s could be promising detection technique!

“Asteroid-Mass”
(1022 g)

Black Holes
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✓ BH explosions as “reverse GRBs”
✓ A window on Dark Sectors
✓ Best constraints: diffuse gamma-rays

“Everest-Mass”
(1016 g)

“Exploding” Black Holes
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✓ Decays can produce DM, BAU, Gravitational Waves

“Whale-Mass”
Black Holes

Stefano Profumo
University of California
Santa Cruz



1030 eV 1040 eV 1050 eV 1060 eV 1070 eV
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✓ Could promptly arise from dark SU(N) baryon collapse
✓ Likely (partly) charged
✓ Detectable! …best with Paleo-Detectors

Grain-of-Salt
Black Holes
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