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Schwarzschild	radius=2GM/c2	
	
Stellar	 BH	 (from	 several	 up	 to	
several	 tens	 of	 solar	 masses):	 28	
discovered	 by	 electromagne:c	
telescopes	 and	 240	 by	 gravita:onal	
telescopes	 (2	 collapsing	 and	 one	
merged);	
		
Supermassive	black	holes	 in	centers	
of	 large	 galaxies	 (106-1011	 solar	
masses);	
	
Intermediate	black	holes	(above	100	
so lar	 masses ) :	 severa l	 f rom	
gravita:onal	 telescopes	 and	 signs	
from	 other	 experiments	 (GRB	
lensing).	

Black	Holes	

Black	Holes	and	
Neutron	Stars	
discovered	via	

electromagne:c	and	
gravita:onal	

telescopes	(Image	
credit:	Ligo-Virgo/
Aaron	Geller/
Northwestern)	Primordial	 Black	 Holes	 are	

hypothe:cal	 types	 of	 BH	 formed	
soon	aQer	the	 inhomogeneous	Big	
Bang.	
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Image	obtained	by	Event	Horizon	Telescope,	
published	on	12	May	2022,	of	the	supermassive	BH	at	
the	center	of	the	Milky	Way	(4.15x106	solar	masses).	



FormaDon	of	PBH	and	their	masses	
(Hawking,		1971,		MNRAS,	152,	75)	

(Carr&Hawking,		1974,		MNRAS,	168	(2),	399)		
Heuris:c	treatment.	A	commoving	volume	V	inside	the	early	universe.	
PotenDal	energy:																				;	KineDc	energy	of	expansion:	
In	a	flat	universe	(Friedmann	equa:ons):																																
Any	local	increase	in	density,								,	could	stop	the	expansion.	
Internal	energy	(radia:on	era):	
CondiDon	for	collapse,	(poten:al	energy	higher	than	internal):	
CondiDon	for	a	BH	(R	under	Schwarzschild	radius):	
EvoluDon	of	density	in	early	universe	(radia:on-dominated	era):	
PBH	mass:		
	
Or	
An	enormous	mass	range:	PBHs	formed	at	the	Planck	:me	(10-43s)	 	 	 	→	 	 	 	the	

Planck	mass	10-5	g;	PBHs	formed	at	1	s			→			105	MS	;	And	further	on.	
	 				3	



If	they	exist	
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DARK	MATTER	
	

	Accounts	for	about	85%	of	the	maber	in	the	universe;	
	

Interacts	with	baryonic	maber	and	radia:on	only	through	gravity.	
	

What’s	the	value	of	f(M),	the	frac%on	of	this	dark	maZer	in	PBHs	of	mass	M?	

Might	lead	to	various	interes:ng	astrophysical	consequences:	
	
Provide	seeds	for		supermassive	black	holes	in	galac:c	nuclei;		
						
Influence	the	genera:on	of	large-scale	structure;	
			
Provide	a	frac%on		of	the	dark	maZer.	



	
ObservaDonal	constraints	on	f(M)		

	(B.	Carr,	F.	Kühnel,	SciPost	Phys.	Lect.	Notes,	48,	(2022)	)				
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From	evapora:ons	
(red),	lensing	(dark	
blue),	gravita:onal	
waves	(GW)	(brown),	
dynamical	effects	
(green),	accre:on	
(light	blue),	cosmic	
microwave	
background	
distor:ons	(orange),	
and	large-scale	
structure	(purple).	
There	are	four	mass	
windows	(A,	B,	C,	D)	in	
which	PBHs	could	
have	a	significant	
density.	
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GravitaDonal	Lensing	constraints	

	

•  The	bending	of	light	by	
astronomical	masses;	

•  First	 test	 of	 the	 GR	 in	
1919;	

•  When	 l e n s e s	 a r e		
g a l a c : c	 m a s s e s :	
distor:ons	 	 by	 several	
arcsecs.	Strong	lensing.	

	



GravitaDonal	microlensing	
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•  Lensing	by	stellar	objects	and	below;	

•  The	 image	 separa:on	 is	 the	 order	 of	 µ-arcsec,	 so	 it	 cannot	 be	
resolved;	

•  A	specific	:me-dependent	amplifica:on	of	the	source	brightness;	

•  Time-scale	of	the	event	(tE,	Einstein	:me).	



Microlensing	observaDons	
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•  Galac:c	bulge	(8	kpc),	
												(l,b)		→	
	
•  LMC	(50	kpc)	
							(l,b)		→	
	
•  SMC	(61.5	kpc)	
							(l,b)		→	
	
•  M31	(778	kpc)	
						(l,b)		→	



Microlensing	missions	
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Kepler	Data	(toward	stars	in	a	kiloparsec	of	distance)	obtained	during	two	years	of	
observa:ons.		
	
Subaru	Suprime-Cam	 (HSC),	 telescope	8.2	m	 in	Mauna	Kea,	2019.	By	monitoring	
tens	of	millions	of	stars.	
	
EROS	(1996-2004	telescope	in	the	ESO	site)	measurements	towards	Galac:c	Bulge,	
Light	 curves	of	 5.6	 x106	 clump	giant	 stars	 distributed	over	 66	deg2	of	 the	Bulge	
were	monitored	during	seven	Bulge	seasons.			
	
Macho:	5.7	years	of	LMC	observa:ons.	1,27	m	telescope	in	Australia.	1992-1999.		
	
OGLE	(1992-now,	four	phases,	1m	and	1,3m	telescope-Las	Campagnas;	LMC,	SMC	
and	Galac:c	bulge).			
	



GravitaDonal	microlensing	constraints	

15	

	
•  Kepler	 Source	 Microlensing	 Data	 (no	

event)	 and	 Subaru/HSC	 Andromeda	
observa:ons-one	event	(HSC);		

•  EROS	 and	 MACHO	 measurements	
towards	 Galac:c	 Bulge-120	 events		
(EM);	

•  OGLE	 measurements	 toward	 LMC-
two+two	 events,	 	 and	 SMC-one+three	
events	(O);	

•  Gravita:onal	 lensing	 of	 type	 Ia	
supernovae	 would	 magnify	 them	 and	
affect	 the	 probability	 distribu:on	 of	
their	magnifica:on	(SN).	



	
	
	

OGLE	IV	observaDons	(GalacDc	bulge)	
Mróz,	Przemek,	et	al.	2019	
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•  7	years	of	observa:ons	(2010-2017);	

•  A	 sample	 of	 8000	 gravita:onal	
microlensing	events;	

•  121	 fields	 located	 toward	 the	 Galac:c	
bulge,	 covering	 	 an	 area	 of	 over	 160	
deg2;	

	
•  Op:cal	Depth.	



OGLE	IV	observaDons	versus	models	
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Here	we	compare	the	observa:onal	results	with	numerical	ones,	based	on	
theore:cal	models	(Besançon	model)	for	star	distribu:ons.	

Lef:	Diagrams	with	the	values	of	the	op:cal	depth,	found	in	121	channels	of	OGLE	
IV	observa:ons	(colors	and	surfaces	of	circles	indicate	the	value)	

	
Right:	Numerical	values	(stars:	7	thin	disk	and	thick	disk;	bar;	halo).		



Besançon	Model	
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Thin	disk	

Thick	disk	

Bar	

Halo	



OGLE	IV	observaDons	and	the	Dark	MaZer	
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Here	we	show	the	map	of	the	op:cal	depth	values	for	the	DM	(OGLE	IV	
observa:ons	–	numerical	values	for	stars);	

Op:cal	depth	of	the	order	of	10-6.	
	

Further	analysis.	
	



Our	PREVIOUS	STUDIES	

17	

	
	

About	microlensing	op:cal	depth	and	rates	for	free-floa:ng	planets	towards	the	
Kepler's	field	of	view”	
	
Es:ma:ng	 finite	 source	 effects	 in	 microlensing	 events	 due	 to	 free-floa:ng	
planets	with	the	Euclid	survey	
	
Inves:ga:ng	the	free-floa:ng	planet	mass	by	Euclid	observaDons	
	
Predic:ons	on	 the	detec:on	of	 the	 free-floa:ng	planet	popula:on	with	K2	 and	
Spitzer	microlensing	campaigns	
	
Gravita:onal	microlensing	constraints	on	primordial	black	holes	by	Euclid	
	
	



Mimoza	Hafizi,	Lindita	Hamolli	
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