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1. Microlensing searches of primordial black holes
A long story...

1. In the LMC/SMC -~ arXiv:2001.07633 or M. Hawkins’s talk
e MACHO: detections https:/indico.cern.ch/event/686745/timetable/
 EROS: limits R
e OGLE: lmmits + detection(s)
2. In the galactic center

e OGLE: detections of planetary-mass (fpm~ 0.01)
and stellar-mass objects (1n low mass gap)

o GAIA: 363 events (2206.06121)
3. In Andromeda

e A(130)
e HSC: 1 planetary-mass candidate+limits (Nukura+17) « B(200)
, .. * A+B(33) optical depth: 0.2
e Several papers from 1990’s (but, origin of the lens?) TG N

made of compact objects
inconsistent with stars (0.018)

4. In Quasars
e Limits (Mediavilla+17) from observations (lensing by stars)

e Observations for non-aligned galactic disks + simulations (Hawkins 22)
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1. Microlensing searches of primordial black holes
A long story...

In the LMC/SMC

e MACHO: detections

e EROS: limits

e OGLE: lmmits + detection(s)
In the galactic center

e OGLE: detections of planetary-mass (fpm~ 0.01)

and stellar-mass objects (1n low mass gap)
e GAIA: 363 events (2206.06121)
In Andromeda

e HSC: 1 planetary-mass candidate+limits (Nuikura+17)

e Several papers from 1990’s (but, origin of the lens?)

In Quasars

e Limits (Mediavilla+17) from observations (lensing by stars)

e (Observations for non-aligned galactic disks

e Weak limits or no limit in stellar-mass range

arXiv:2001.07633 or M. Hawkins’s talk
https://indico.cern.ch/event/686745/timetable/

A (130)
e B (200)

A+B (33) optical depth: 0.2
consistent with DM halo

made of compact objects
inconsistent with stars (0.018)

stmulations (Hawkins 22)

3

In Supernovae (Zumalacarregui&Seljak 18, Garcia-Bellido,S.C., Fleury 18)


https://indico.cern.ch/event/686745/timetable/
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Carr+, 1906.08217
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HSC: short microlensing event [Niikura+17]
OGLE: microlensing in galactic center [Mros+17]
Quasar micrrolensing in non-aligned galaxies [Hawkins], = 10-2
(+microlensing in M31 and SMC/LMC) S

.
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galactic center) [Wyrzykowski+19] !
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Core-cusp problem [SC+17, Boldrini+19]

} : : A
LIGO/Virgo (solar-mass and 20-100 solar mass) Formation easier at QCD transition
10-6 => Peak at ~|2-3] Mo

GW background from pulsar timing arrays [De Luca+19] 101>

» Second peak at ~30 Mo

» Assessing the validity of microlensing limits
5 for Poisson clusters of PBHs is crucial

Intermediate-mass and supermassive black holes (one
per halo and BH-halo mass relation) [Carr+19]




3. The Poisson effect in a PBH sea

Inevitable clustering of primordial black holes

N-body simulations by Inman & Ali-Haimoud, 1907.08129
feBH MpBH= 3 Mo, snapshots at z=99

Ali-Haimoud 1805.05912

Sub-halos of 106 - 107 Mo

On small scales, completely different than particle-CDM !
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Compact clusters evaporate and are not

4_ Our playgr()und single lenses: Petac, Lavalle, Jedamzik, 2201.02521

- L 14 Nypn
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50 O {Vpbh
Crossing time: teross ™~ Tel/ Vel
407 Monte-Carlo simulations: microlensing limits are solid!
_ 0.08 - ——=---4Yabs
30 Unclustered
g | “TT0 Mg =10% M.
— 0.00 A iyl -
= i —_ .__l 17\'1(.1 — 10 l\[
0 -_ §: . .............. j\"](j[ — l()b j\[ )
= 0.04 -
1or 0.02 -
:Evapor.at.ic;n' S TN i} [Tl IR
| | bl | | OOO . =N “'h—T“_‘_““"'"l“"““““‘"‘"‘ﬂ. A L PP PPE
103 104 10° 109 107 108 109 0 60 80 100




e [PC]

4. Our playground

Lensing + microlensing effect
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Carr, Clesse, Garcia-Bellido, Kihnel, 1906.08217
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4. Our playground

Lensing + microlensing effect
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Compact clusters act as lenses and suppress
the magnitude of superimposed microlensing:

Carr, Clesse, Garcia-Bellido, Kuhnel, 1906.08217
Gorton & Green, 2203.04209

Deflection angle:

a(C) = 4(;02\@(0 ~ 2 X 10*%%2)(2;)

Distance point source -> Einsteinarc L. .. ~ aD

Einstein radius of the (micro-)lens:

RE :2\/GmpBH$(1—$)

Dcl
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M@ kpC
Magnitude of the microlensing event suppressed if
Larc > RE

Microlensing limits apply to Poisson clusters

o up to 106 solar masses
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4. Our playground

Lensing + microlensing effect
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Compact clusters act as lenses and suppress
the magnitude of superimposed microlensing:

Carr, Clesse, Garcia-Bellido, Kuhnel, 1906.08217
Gorton & Green, 2203.04209

Deflection angle:
o 4GM(C) ~ 9 10_13<Md)(pc>
Oé(C) T CQC ” M@ Rcl

Distance point source -> Einsteinarc L. .. ~ aD

Einstein radius of the (micro-)lens:

RE :2\/GmpBH$(1—$)

Dcl
2

C

N 10—5 DC (mPBH DC] )1/2

M@ kpC
Magnitude of the microlensing event suppressed if
Larc > RE

Microlensing limits apply to Poisson clusters

1 up to 10°-10° solar masses
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4. Our playground

Dynamical heating
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Compact clusters are dynamically heated

Brandt, 1605.03665
Green, 1609.01143
S.C, Garcia-Bellido, 1711.10458

Increase of the cluster radius with time:
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Very early (cf. N-body simulation)
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Dynamical heating
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Very early (cf. N-body simulation)
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4. Our playground

Probability of collapse
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Almost 100% of fluctuations collapse up to 107 Mo
Sub-sub halos diluted in their sub halo
Natural clustering scale around 107 Mo

S.C, Garcia-Bellido, 2007.06481

Fraction of (Poisson) fluctuations that collapse,

in the Press-Schechter formalism:
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4. Our playground

Probability of collapse

10 L apply ! ..
| .
| ...~ [ ~~
' Evaporatioh 7 1_ . ~
i B | |
103 104 10° 100 107 108
me| [Mg]

99%

90%

50
40
30

20

No lensing,

| microlensing limit

“
rﬁ----

V-------

-----‘---------------------

Almost 100% of fluctuations collapse up to 107 Mo

Sub-sub halos diluted in their sub halo

Natural clustering scale above 107 Mo
S.C, Garcia-Bellido, 2007.06481

Fraction of (Poisson) fluctuations that collapse,
in the Press-Schechter formalism:

F(me) = erfc
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4. Our playground

Heating of the galactic disk
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Clusters dynamically heat the galactic disk

Clue or limit ?

Carr & Lacey, 1987

Mel < 3 X 1O6M@

for all dark matter made of subhlos

Most of dynamically heated
Poisson PBH clusters would have
too much heated the galactic disk => excluded

16



re1 [PC]

For dynamical heating, we
4. Our playground assumed negligible initial size...

Initial cluster size
50 99% 90% Size of the cluster at formation,

ﬁ : In the theory of spherical collapse:

: (when cluster density 178 times background density)
or : 1/2 —1/6

E rel =~ 135 pc "'PBH el

| - Mg, 106 M,
30 - E

_ ! Disk heating But then, microlensing limits apply !!!
201 ‘\‘ You are back to your starting point...

No lensing, \ E

 microlensing limit .
10L apply R

EEv;p:)FafiSrr . L TSl -
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relust LPCl

4. Our playground

Broad PBH mass function
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Disk heating

] No lensing,
| microlensing limit
apply
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Mclust [MO]

If PBHs explain LIGO/Virgo black holes
they also seed Poisson clusters

Poisson fluctuations:

5 0.6 /mPBprBHf(mpBH)dln mppyg 10 — 100

but still, PBH peak around 3 Mo

We get a minimal clustering scale
around 10°-10¢ Mo
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relust LPCl

If clusters are too large:

4. Our playgrOund Carr & Lacey, 1987

Collisional/tidal disruption . pisruption by the galactic tidal field:
50 99% Z M 1/3
| : < C
i ra S 100pce (106M@)
i E
| - Tidal shocking when they traverse the galactic disk:
' : 1/3
I u mCl
l : rqa S 30pc ( )
i E Disk heating ) 1 06 M O,
i . - Disruption by collisions between clusters:
I . :
_ No lensing, i E Tcl 5 30pC
| microlensing limit ‘. E
10+ apply . all this, if they are the dark matter
..... N and at our galactocentric radius
:Evapor;tfoﬁ' .{_,__. : | TS e

103 10t 10° 106 107 108 10° Minimal -> Natural clustering scale
5-.106
Mgiust [Mo] around 10°-10° Mo
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50

4. Our playground

Observations of UFDGs
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103 104 1

Ultra-faint dwarf galaxies
Brandt 2017, Simon 2019...

Nalve estimation :
Half light radius vs dynamical
mass from the Virial theorem

Minimum size and mass of UFDGs could be
explained by dynamical heating (Clesse, Garcia-
Bellido 2017)

Large mass-to-light ratios could be explained by
PBH accretion (Clesse, Garcia-Bellido 2017)

High-redshift formation could explain spatial
correlations between X-ray and infrared
backgrounds (Kashlinsky 2016)

Many UFDGs expected below the detection limit

No clusters In the galactic center
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* LIGO/Virgo (GW190425) : 250-2800 yr-1 Gpc-3

4' Our playgrOund * Early binaries (Hutsi et al, 2020): 2400 yr-1 Gpc-3

PBH merger rates see Hardi’s talk - debate about the fraction of
" 99% 90% binaries not In clusters
i : dr
~ 1.6 x 10° Gpc °yr ! “
dlnm; dlnms pcTyr f(m1)f(m2) foup
' -3 T — 37
40_— » (m1 + m2> mM1M9 (2)
Mg (M1 +mg)?
[
: : fsup ~ 0.002
_. 30F -
s ' o
5 i Disk heating » Late binaries : ~1000 yr-' Gpc-3
CHE . :
20 I - dr
I . . clust
] : . : = Reust, X f(ma)f(meo)
. No lensing, : . : dInmydInms
. microlensing limitg . > (ml —I—-mg)m/7(m1m2)2/7
| l v
10__ apply : . x yr-lGpc3,
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Conclusion:

Lot of effects and uncertainties still to include

My two-cents:
* Natural clustering scale around 10%-107 Mo

 Microlensing limits evaded due to the
lensing+microlensing effect

e Need of broad PBH mass distribution

 Effects: evaporation, dynamical heating,
initial cluster size and redshift, fraction of
collapsed halos, lensing by clusters, disk
heating, collisions, tidal disruptions...

Strong claims are premature

22

To be improved:

Radiation-Matter transition

Mass/size of UFDGs from luminosity

PBH cluster profile and mass segregation
CMB limits for PBH clusters

Disruption of sub-sub halos in sub-halos

Simulations of microlensing events
Including the lensing effect

N-body simulations of cluster formation/
evolution

etc...



Conclusion:

Do not neglect the Poisson effect in a PBH sea

Ali-Haimoud 1805.05912
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Conclusion:

Do not neglect the Poisson effect in a PBH sea

Merging rate suppression for early binaries
down to LIGO/Virgo merging rates

due to disruption in or by early clusters
[Raidal+18] Ali-Haimoud 1805.05912

foup A 0.002 “ . Q .: ..
..“ ..: 0
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Conclusion:

Do not neglect the Poisson effect in a PBH sea H'gh-z clusters: spatial correlations
in IR and X-ray backgrounds

Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates ,
due to disruption in or by early clusters 0poisson € (fpBEMPBH) X k°
[Raidal+18] Ali-Haimoud 1805.05912
Fone A 0.002 S Press-Schechter:
sup ~ Y- \ ° * ~100% probability to collapse
e / at z > 20 for small perturbations
. . o . Mo PBHs: halos up to 108 - 107 Mo
® ® e
° .. ®
. e @
. . ®
® o

23



Conclusion:

Do not neglect the Poisson effect in a PBH sea H'gh-z clusters: spatial correlations
in IR and X-ray backgrounds

Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates
due to disruption in or by early clusters 5%018801& X (fpBHMPBH) X ko
[Raidal-+18] Ali-Haimoud 1805.05912
~ 0.009 - . Press-Schechter:
f sup 7 M- \ ° ° ~100% probability to collapse
B / at z > 20 for small perturbations
. . o . Mo PBHSs: halos up to 106 - 107 Mo
¢ ® ‘@
® . ®
o ® ® Ultra-faint dwarf galaxies
) . ® min radius ~20 pc and
® ® . . .
® \ large mass-to-light ratios
(dynamical heating + accretion)
0 [S.C.+17, S.C.+20]
d a0 4ﬁ77GfPBH M In( My, /2 M)
S 2 B Uyir Thalo

subhalos diluted in larger halos
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Conclusion:

Do not neglect the Poisson effect in a PBH sea H'gh-z clusters: spatial correlations
in IR and X-ray backgrounds

Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates , ;
due to disruption in or by early clusters Oboisson X (fpBEMPBH) X K
[Raidal+18] Ali-Haimoud 1805.05912
Fore A 0.002 - . Press-Schechter:
sup ~ Y- \ ° ~100% probability to collapse
B / at z > 20 for small perturbations
. . o ® . Mo PBHs: halos up to 108 - 107 Mo
® ® e
e o ®
o ® ¢ Ultra-faint dwarf galaxies
) . ® min radius ~20 pc and
® ° . . .
® \ large mass-to-light ratios
(dynamical heating + accretion)
0 [S.C.+17, S.C.+20]

Boost the merging rate of late binaries A7 4V2 TG fppy M In(M,,,/2 M)

up to LIGO/Virgo rates dt 2 B Vyir Thalo
[S.C.+20] subhalos diluted in larger halos
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Conclusion:

Do not neglect the Poisson effect in a PBH sea H'gh-z clusters: spatial correlations
in IR and X-ray backgrounds

Merging rate suppression for early binaries [Kashlinsky 16]
down to LIGO/Virgo merging rates
due to disruption in or by early clusters 6%018801& X (fpBHMPBH) X ko
[Raidal+1 8] Ali-Haimoud 1805.05912
foun & 0.002 @ . Press-Schechter:
sup 7 M- \ @ ° ~100% probability to collapse
Evade micro-lensing limits [Carr+19] ¢ / at z > 20 for small perturbations
. ¢ o ® . Mo PBHs: halos up to 108 - 107 Mo
Lensing: @ ® ‘e
flux spans an e o ?

‘Einstein arc’ larger , ¢ * e

than Einstein radius

Ultra-faint dwarf galaxies
min radius ~20 pc and
large mass-to-light ratios

(dynamical heating + accretion)
[S.C.+17, S.C.+20]

Magnification oif [Pzl

due to microlensing
is suppressed

‘Heated’ PBH cluster Boost the merging rate of late binaries Aryharo _ 4V2 TG fpgy M In(My,1,/2 M)
of size ~20 pc up to LIGO/Virgo rates di 2 8 Vyir Thalo
. [S.C.+20] subhalos diluted in larger halos

Black hole sling-shot away from its host cluster ~10-30% of DM 23




