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State of the art: Koulen, Profumo & Smyth 2403.1901
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Figure 5. Constraints on fpgy as a function of mpgy. Limits are derived using the average ry,
over 50 simulations for each mass. Also shown is a conservative case using ry, one standard deviation
below the mean. The dashed lines are the semi-analytically derived constraints.
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If Black Holes are a significant fraction of the
dark matter, they are not of stellar origin



If Black Holes are a significant fraction of the
dark matter, they are not of stellar origin
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Stellar-mass BHs: <0.25% of CDM

*Sicilia+, 2022a; Sicilia+ 2022b



If Black Holes are a significant fraction of the
dark matter, they are not of stellar origin
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What this talk will not be about (with apologies):
where “primordial” black holes come from



Collapse of large density perturbations

Pressure Reduction

Cosmic Strings Loops NN

Bubble Collisions

Dark Stars Collapse*

dark electron

Collapse of trapped fermions

*Fernandez, Profumo+, 2208.08557



» Collapse of large density perturbations

> Pressure Reduction

> Cosmic Strings Loops

> Bubble Collisions

> Dark Stars Collapse*

dark electron

» Collapse of trapped fermions

> ..

*Fernandez, Profumo+, 2208.08557
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Fraction of the
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Fraction of the Asteroid-mass
dark matter consisting of PBH can be 100%
non-stellar BHs

of the dark matter
of given mass
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Earth mass and above
PBH can be 1-10%
of the dark matter

Fraction of the Asteroid-mass
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v Is there an unmistakable
signature for PBH as DM?



Yes! BH merger with a sub-Chandrasekhar mass (1.4 M)
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» We calculated the max and min event rate for a given fpg, and fraction of
“soldilocks” (light+detectable) PBH, and it can be sizable!
[Lehmann, Profumo and Yant, MNRAS, 2022]
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Yes! BH merger with a sub-Chandrasekhar mass (1.4 M)

» We calculated the max and min event rate for a given fpg, and fraction of
“soldilocks” (light+detectable) PBH, and it can be sizable!
[Lehmann, Profumo and Yant, MNRAS, 2022]

» LIGO-VIRGO-KARGA searches are ongoing...

» ...one candidate event, albeit controversial, reported!
[2301.11619, Gonzalo Morras et al.]
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v" Microlensing a lot trickier
than previously thought!
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HSC study assumes all stars in M31 are Sun-like...
but Sun-like stars are too dim for HSC!

— Mean
Maximum
—— Minimum

Relative Abundance

00 25 50 75 10.0 125 150 175

Radius [RO®]

* Profumo, Smyth+ PRD 2020

Stars that contribute to the
microlensing constraints are ~ 100x
larger in the sky than the Sun!




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

1 -
0.500 Kepler MACHO
0.100}
5 0.050} /
I
o0
(o
| -
S
S
o
S —
0.010 .
[ — Old Constraints
77
4 — 4R,
0.005 4
4 — 6R,
7 8 R,
— 11 Ro
0-001 1 0122 1 o124 ' 1 626 ‘ 1 ol28

* Profumo, Smyth+ PRD 2020

Mpgn (9)




BH Evaporation
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Microlensing events have been detected... most recently by OGLE
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Microlensing events have been detected... most recently by OGLE
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Nancy Grace Roman
Telescope (May 2027?)
expected to detect hundreds
freely-floating planets (FFP),
planets that have been
ejected from their parent star
system by dynamical
interactions during the
chaotic early phases of
system formation




Nancy Grace Roman
Telescope (May 2027?)
expected to detect hundreds
freely-floating planets (FFP),
planets that have been
ejected from their parent star
system by dynamical
interactions during the
chaotic early phases of
system formation

FFPs are an irreducible background to searches for PBH
AND VICEVERSA!



Will Roman enable disentangling FFP versus FFP+PBH?



Will Roman enable disentangling FFP versus FFP+PBH?

Evan Frangipane Nick Hamer W. DeRocco

*DeRocco, Frangipane, Hamer Smyth, Profumo, 2023



Will Roman enable disentangling FFP versus FFP+PBH?

We studied the statistics of anticipated event duration distribution
(lens mass, distance and transit velocity are degenerate; finite-size source
effects and follow-up observations may help partially breaking the degeneracy)

Evan Frangipane Nick Hamer

*DeRocco, Frangipane, Hamer Smyth, Profumo, 2023 **https://github.com/NolanSmyth/LensCalcPy



Will Roman enable disentangling FFP versus FFP+PBH?

We studied the statistics of anticipated event duration distribution
(lens mass, distance and transit velocity are degenerate; finite-size source
effects and follow-up observations may help partially breaking the degeneracy)

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

*DeRocco, Frangipane, Hamer Smyth, Profumo, 2023 **https://github.com/NolanSmyth/LensCalcPy



Can we find PBHs hidden in FFP background?

Yes No
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*DeRocco, Frangipane, Hamer Smyth, Profumo, 2023 *slide credit: N. Smyth



Can we find PBHs hidden in FFP background?

Strongest bounds by far on
PBHs as dark matter, even E
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*DeRocco, Frangipane, Hamer Smyth, Profumo, 2023 *slide credit: N. Smyth
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Evanescent (exploding) Black Holes

» Corrected emission at temperatures around QCD confinement (previously entirely wrong)
[Coogan, Morrison, Profumo]

» Updated constraints from evaporation to gamma rays and positrons
[Korwar+Profumo, 2023-24]

» Maybe black holes are currently exploding?

v’ Searched for PBH explosions in LAT transient sources

v’ Searched for PBH explosions in GRB catalogues

v’ Searched for PBH explosions in the inter-planetary network GRB satellites
[Profumo et al, 2023-24]
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Ton-Sized (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

v ...modified cosmology shifts the spectrum to reasonably low frequencies

v ...extradimensions lower the Planck scale and the frequency of GW at the end of
evaporation
[Ireland, Profumo, Sharnhorst, 2023, 2024]
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If evaporation stops around the Planck scale, the relic
PBHs can acquire a significant relic electric charge

* 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) P(()) ~ exp (—4’»*7’&(@/@)2)
the relic charge is
approximately Gaussian* (871-0:)_1/2 ~ 2 34

* 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) P(()) ~ exp (—4TFCI:(Q/€)2)
the relic charge is
approximately Gaussian* ('871-0:)_1/2 ~ 2 34

If evaporation stops around the Planck scale
(because of extremality, or because of quantum gravity)
we are left with a population of charged, Planck-scale relics!

* Page, 1977
** Lehmann, Johnson, Profumo and Schwemberger, 1906.06348 (JCAP10(2019)046)
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v' Sub-Chandrasekhar goldilocks!!

v Searches ongoing, perhaps already there!
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v" Microlensing a lot trickier than
previously thought!

v If detected, how do we distinguish
PBH from rogue planets? Statistics!
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“Evanescent” Black Holes

103g

v' Best constraints: COMPTEL

v Future MeV telescopes
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v’ Likely (partly) charged

v' Detectable! ...best with
Paleo-Detectors
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In the era of gravitational wave astronomy,
the physics of macroscopic DM candidates
offers many opportunities for the ingenuity

of theorists and the craft of observers
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w(M)

Given a mass function, constraints are calculated via / aM

For instance, for a lognormal mass function

<1.
M)~

JpBH (_ log*(M /M)

(typical of a smooth, symmetric power JL
spectrum density perturbation)

— 0=0.05 0=0.5 o=1.0

*Profumo, Boluna, Ble, Hennings, 2023



A given width ¢ and pivot mass M. produce a
different rate of PBH explosions today
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LAT and GBM Gamma-ray burst catalog
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LAT and GBM Gamma-ray burst catalog
(2) LAT variable sources: spectral fit
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LAT and GBM Gamma-ray burst catalog
(3) LAT variable sources: distance-age fit
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LAT and GBM Gamma-ray burst catalog
(4) LAT variable sources: angular distribution

Angular distribution of GRBs and Transient sources

X
\’\ X ~
L A e
60 ~——— _
\7\ _,/7/
75 T —

Gal. Latitude

In Gal. Lat/Long coords, the galactic center is at (0,0) and the plane is on the x-axis.

*Profumo, Boluna, Ble, Hennings, 2023



LAT and GBM Gamma-ray burst catalog
(5) Short duration: light curve
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*Profumo, Boluna, Ble, Hennings, 2023



LAT and GBM Gamma-ray burst catalog
(6) Interplanetary GRB monitors
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Lightest PBH that can be dark matter...
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New MeV Telescopes could discover Hawking evaporation!
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New MeV Telescopes could discover Hawking evaporation!
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GC (5°, NFW)
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Hunting for Dark Matter and New Physics
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ABSTRACT: We outline the science opportunities in the areas of searches for dark matter
and new physics offered by a proposed future MeV gamma-ray telescope, the Galactic
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Constraints from Positron production also heavily affected

BlackHawk

21
By Alexandre Arbey and Jérémy Auffinger 10°° 3

Calculation of the Hawking evaporation spectra of any black
hole distribution
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FIG. 5. Comparison between the old PYTHIA extrapolated {solid red) and new Hazma computed (solid black) BlackHawk
instantaneous total electron spectrum for a Myuy =

5.3 x 10'%g. From left to right: primary electron spectrum (grey solid);
muon decay (purple dotted); charged pion decay (green dotted).
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...speaking of which, most up-to-date constraints
from Galactic 511 keV emission from INTEGRAL/SPI*

Existing
-=== Berteaud et al’22
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Korwar and Profumo, “Updated Constraints on Primordial Black Hole Evaporation”, 2302.04408



Dark Matter can be a mix of Planck-scale relics from PBH
evaporation, and stuff the PBH evaporated into!

Too much Dark Matter m, = 1 GeV

104
o
1079
10_14 1 1 1
101 101 103 10° 107
Mppy (g)

* Morrison, Profumo and Yu (JCAP, 2019)



Hawking-Radiation Recoil of Microscopic Black Holes

Samuel Kovacik !

L Faculty of Mathematics, Phy

1 - l
Department of Theoretical Black hole remnants are not too fast to be dark matter

Benjamin V. Lehmann®? * and Stefano Profumo! ?: T
! Department of Physics, University of California Santa Cruz, 1156 High St., Santa Cruz, CA 95064, USA

Abstract 2Santa Cruz Institute for Particle Physics, 1156 High St., Santa Cruz, CA 95064, USA

The Hawking radiation wo We comment on recent claims that recoil in the final stages of Hawking evaporation gives black hole
black holes evaporate rapidly remnants large velocities, rendering them inviable as a dark matter candidate. We point out that
from many astrophysical con due to cosmic expansion, such large velocities at the final stages of evaporation are not in tension
it has been argued that th with the cold dark matter paradigm so long as they are attained at sufficiently early times. In
space would alter this behavi particular, the predicted recoil velocities are robustly compatible with observations if the remnants
of a Planck-size black hole form before the epoch of big bang nucleosynthesis, a requirement which is already imposed by the

physics of nucleosynthesis itself.

left behind is a Planck-mass
section on the order of 10~70

detection nearly .imPO_SSible- SUCh_ black hole rem-  of the striking difference compared to the ordinary
nants have been identified as possible dark matter plack hole theory is that the Hawking temperature
candidates. Here we argue that the final stage of [9] defined to be proportional to the surface grav-

the evaporation has a recoil effect which would give. ity at the horizon does not grow indefinitely but
the microscopic black hole velocity on the order of instead drops to zero at small but positive mass,

_1 . . . . . . . . .
107 "¢ which is in disagreement with the cold dark yesulting in a microscopic black hole remnant.
matter cosmological model. Black holes remnants have been considered as

ra~ -

17v1 [gr-qc] 11 Feb 2021

...true only if evaporation stops very late
(much later than BBN), which
cannot happen!

* Lehmann and Profumo, 2105.01627



At earlier times,

1 g
0.1
0.0l

Here, perhaps,

gravity waves!
(but very high
frequency!)*

Notice that here M [g] is the initial mass at PBH formation

evaporation perturbs BBN, CMB

s

g-bang nucleosynthesis

e* (Voyager 1)

B \ _
Rep. Prog. Phys. 84 (2021) 116902 E
3 Galactic -
8 y-rays
| 1 1 | | | |
1010 10“ 1012 10]3 1014 1015 1016
M[g]

*Ireland, Profumo and Scharnhorst, 2302.10188
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We can numerically compute the maximal and minimal
possible “goldilocks event rate” for a given mass fraction
of light+detectable BHs
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* Lehmann, Profumo and Yant, MNRAS



...if at least some PBH are light+detectable,
the minimum/maximum rate of “Goldilocks events”
are encouraging! LIGO searches are ongoing!

10°

E 1
10~
o

| | | 4
Minimum lP? merger rate [yr—]

| | | 4
M P? merger rate [yr]

10~2 T 2 102
104 1073 1072 10t 10° 1074 1073 102 1071 10°
TDP TDP

max

dmy(m) = PBH rDp = L/mDP dm y (m).
/ Y(m) = o feBH- FoBH Jpmmi

* Lehmann, Profumo and Yant, MNRAS



...if at least some PBH are light+detectable,
the minimum/maximum rate of “Goldilocks events”
are encouraglngI LIGO searches are ongoing! [SSM170401]**

. .For 16% of the postenor we have m., >2 ZM and
i ‘masses compatlble wnth an NS BH

—— IMRPhenomPv2

The pnmary would be a BH in the mass gap . s 1
The secondary could be a NSora BH P |

_. For 84% of the posterlor we have ul >2 2M and £
.m, <1. OM ,i.e. masses compatlble W|th el SSM BH

o The pnmary canbe in the mass gap or above
o, The secondary is an SSM black hole..- -

. In all’ cases astrophysmal models have problems generatlng a system W|th
thesemasses . ~ e i

*2301.11619, slide credit: Gonzalo Morras  **given time stamp, hopefully not April’s fool joke
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Do the HSC observation provide any constraints on FFPs*?

Simply rescaling the PBH limit vastly overestimate the HSC constraints!
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A field theory defined on a black-hole background is in a
thermal state whose temperature at infinity is
T=M;?/M,,

Black holes radiate (~)like any black body, % x AT o M o p2
and, as such, shed their mass at a rate

The resulting runaway evaporation

v —1
process gives a lifetime - 407(M) My s
“Black Hole Explosion”*

Black holes formed in the early universe,
with a mass M~ 5x10'% grams are exploding today
*Hawking, 1974



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

Ty = 0.3 MeV, M = 3.5 x 106g

Geometric Optics Approx. . . . o . . .
N s Direct Detection of Hawking Radiation from Asteroid-Mass Primordial Black Holes
—",”WRONG

ct!

\ Adam Coogan,l’E Logan Morrison,z’ﬂ and Stefano Profumo2€
YGRAPPA, Institute of Physics, University of Amsterdam, 1098 XH Amsterdam, The Netherlands

2Department of Physics, University of California, Santa Cruz, CA 95064, USA
(Dated: October 13, 2020)

17
S 1) Light, asteroid-mass primordial black holes, with lifetimes in the range between hundreds to
= — several millions times the age of the universe, are well-motivated candidates for the cosmological
Z?‘ 'E?\ 16 8 - ~l dark matter. Using archival COMPTEL data, we improve over current constraints on the allowed
Lﬂ 10 - / parameter space of primordial black holes as dark matter by studying their evaporation to soft
=S RO N G gamma rays in nearby astrophysical structures. We point out that a new generation of proposed
K MeV gamma-ray telescopes will offer the unique opportunity to directly detect Hawking evaporation

1015 1 from observations of nearby dark matter dense regions and to constrain, or discover, the primordial

10—3 10I—2 1OI—1 160 1(')1 162 103 black hole dark matter.

E., (MeV)

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



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

o BlackHawk
e Description
Ty =03 MeV,M =3.5x1 [
1020 el By Alexandre Arbey and Jérémy Auffinger
e Download
Geometric Optics Appro = Contact Calculation of the Hawking evaporation spectra of any black hole distribution
10% -~ WRC
\ BlackHawk is a public C program for calculating the Hawking evaporation spectra of any black hole distribution.
X This program enables the users to compute the primary and secondary spectra of stable or long-lived particles

\

ct l generated by Hawking radiation of the distribution of black holes, and to study their evolution in time.
[ ]

If you use BlackHawk to publish a paper, please cite:

N—— 1017 ¢ A. Arbey and J. Auffinger, Eur. Phys. J. C79 (2019) 693, arXiv:1905.04268 [gr-qc]
> * A. Arbey and J. Auffinger, Eur. Phys. J. C81 (2021) 910, arXiv:2108.02737 [gr-qc]
e )
Z s 1016 If you use the hadronized spectra of BlackHawk, we also advise that you cite the corresponding particle
Fg physics code:
15 ¢ PYTHIA spectra (hadronization_choice = 0 or 2): T. Sjéstrand et al., Comput. Phys. Commun. 191 (2015) 159-
10 1 I 177, arXiv:1410.3012 [hep-ph]

« HERWIG spectra (hadronization_choice = 1): J. Bellm et al., Eur. Phys. J. C 76 (2016) 4, 196, arXiv:1512.01178
[hep-ph]

* Hazma spectra (hadronization_choice = 3): A. Coogan, L. Morrison, S. Profumo, JCAP 01 (2020) 056,
arXiv:1907.11846 [hep-ph]

+ HDMSpectra spectra (hadrnoization_choice = 4): C. W. Bauer, N. L. Rodd, B. R. Webber, JHEP 06 (2021) 121,
arXiv:2007.15001 [hep-ph]

10~3 10_ 10_1 10° 10t 10

E., (MeV)

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
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Korwar and Profumo, 2302.04408, JCAP



An exciting possibility is to see the terminal PBH explosion!

The rate of explosions today depends on the PBH mass function

Considering an initial mass function ¥ . vi (M)
NpPBH = PDM

the rate of PBH explosions today reads 3ty

Additionally, PBH can be “spawned” at late times**

*Profumo, Boluna, Ble, Hennings, 2023 **Picker and Kusenko, 2023



How can we search for PBH explosions today?
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A “backwards” Gamma-ray Burst!

» Lightcurve (flux as a function of time)
» Absolute brightness (“luminosity distance”)
» Spectrum (flux as a function of energy)

» Sky distribution

*Profumo, Boluna, Ble, Hennings, 2023



Relative initial
abundance of PBH
to everything else

10—2

Ruled out by CMB
limits on H,

* Morrison, Profumo and Yu (JCAP, 2019)

PBH (eventually)
dominate
universe energy
density

Mass of decaying
RH neutrino
producing baryon
asymmetry

RH neutrinos
thermalize
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Dark Matter too fast




Alternately, evaporation can seed
gravitational baryo- (or DM-) genesis

1

1 17 x
= \
Kretschmann scalar
Relic PBH
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* Smyth, Santos-Olmsted, Profumo 2110.14660 (2021), JCAP
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...even if PBH are NOT the dark matter, they can PRODUCE
the dark matter AND the baryon asymmetry
via Hawking evaporation!

Mass (g) | Ty (GeV) 7 (8) Tevap = T(7) (GeV)
5Mp ~10~* | 1.7 x 10"7 10~ 2 5 10

| 1.7 x 1013 4 x 1072 2 x 104

1012 17 4x 10" ~ 1 yr ~ 1 keV

ruled out by BBN

* Morrison, Profumo and Yu (JCAP, 2019)



If evaporation completes in the very early universe
(t<<tggy), the only relic that could be observable today
is gravitational waves!
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*Ireland, Profumo, Sharnhorst, 2302.10188 J. Sharnhorst




If evaporation completes in the very early universe
(t<<tggy), the only relic that could be observable today
is gravitational waves!

with extra dimensions,
lower M,,,.«peak can shift
to low frequencies!

non-standard
redshift history?

*Ireland, Profumo, Sharnhorst, 2302.10188, and just out! J. Sharnhorst
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