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Black holes (and other dark remnant): What Do We 
Know? Do We Know Things?? Let’s Find Out!

● Distribution of remnants: where are they? Are BHs in Galactic 
bulge or disk or halo? 

● How massive are the remnants and what is their mass 
distribution?

● Mass gap: does it exist or not?

● Natal kick velocity of remnants? Is it large or small?

● Source of knowledge:
● LIGO-VIRGO merger rates <= binary systems of two remnants

● X ray binary systems with Bhs <= binary systems with one remnant

● Non-interacting: Thompson et al. 2019 (mass-gap object)
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Gravitational Microlensing

● Change in brightness of a 
background source star due to 
gravitational field bending light 
by a foreground lens

● Can detect massive objects 
which don’t emit light:

● Planets, white dwarfs, neutron 
stars, black holes

● Can be used to study the 
structure of the Milky Way 
(optical depth for microlensing) 
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Gravitational Microlensing

Source: https://www.astrouw.edu.pl/~krybicki/animations.php

https://www.astrouw.edu.pl/~krybicki/animations.php
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Gravitational Microlensing

● First by Einstein (1936), 

by suggestion of R. W. 
Mandl
https://www.mpiwg-berlin.mpg.de/Preprints
/P160.PDF
https://www.sciencenews.org/blog/context/
amateur-who-helped-einstein-see-light

● Theoretical ground-
work:Liebes (1964),  Refsdal 
(1964) 

● Revival: Paczynski (1986)
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Gravitational Microlensing

● First by Einstein (1936), 

by suggestion of R. W. 
Mandl

● Theoretical ground-work:
Liebes (1964),
Refsdal (1964) 

● Revival: Paczynski (1986)
Sidney Liebes Sjur Refsdal
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Gravitational Microlensing

● First by Einstein (1936), 

by suggestion of R. W. 
Mandl

● Theoretical ground-work:
Liebes (1964),
Refsdal (1964) 

● Revival: Paczynski (1986) So
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Gravitational Microlensing

● Bohdan Paczyński → observing LMC (MACHOs)

WIMP
Weakly 

Interacting 
Massive 
Particle

MACHO
Massive
Compact

Halo
Object
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Gravitational Microlensing

● Surveys: MACHO, OGLE, EROS, 
MOA, KMTNet, ZTF 

● MACHOs → initially proven to 
exist by MACHO  survey 
(Alcock+ 1997, Bennett+ 2005), 
but  soon ruled out by EROS 
(Tisserand+ 2007) and OGLE 
(Wyrzykowski+ 2009, 2010, 
2011a,b)

● Modern uses: 
● Search for planets So
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Gravitational Microlensing

● Surveys: MACHO, OGLE, EROS, 
MOA, KMTNet, ZTF 

● MACHOs → initially proven to exist 
by MACHO  survey (Alcock+ 1997, 
Bennett+ 2005), but  soon ruled 
out by EROS (Tisserand+ 2007) and 
OGLE (Wyrzykowski+ 2009, 2010, 
2011a,b)

● Modern uses: 
● Search for planets
● Future: Nancy Grace Roman 

Space Telescope
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Gravitational Microlensing - history

● Other uses:
● Dark remnants (Wyrzykowski et al. 2016, 

Wyrzykowski&Mandel 2020, Mróz et al. 2021)

● Structure of the Galaxy (Wyrzykowski et al. 2015, 
Mróz et al. 2020a,b)



14

Microlensing events zoo

Single lens event Binary lens event

Gaia16aye, Wyrzykowski+ 2020 OB160733, Jung+ 2017

Binary source event

Planetary event

    OB190960, Yee+ 2021

Parallax effect

Gaia19dke, Maskoliunas+ in prep.

Finite-source effect

       

Gaia19bld, Rybicki+ 2022
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Parallax effect

● Movement of earth 
starts to be reflected 
in the light-curve

● For longer events → 
the lens might be 
massive (or moves 
slowly…)

● Movement of earth 
starts to be reflected 
in the light-curve

● For longer events → 
the lens might be 
massive (or moves 
slowly…)

M L=
θE
κπE

M L=
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κπE

Einstein ring radius

Microlensing parallax
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Gaia

● Launched on 19th Dec 2013 
from French Guiana

● Space satellite in L2 point 
(distance = 1% au)

● Main goal: astrometry for 1 billion sources in 
MW with precision down to 
24 mas

● Whole sky covered 40-200 times over 
5 years, cadence: 9x4s - 106min - 30 days

● Astrometric time-series!

● Data Release 2 => over 2000 papers

● Data Release 3 coming very soon!
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Gaia Science Alerts

Gaia19bsz
SLSN

Source: Hodgkin et al. 2021

● Publishing since 2015

● 19 000+ Alerts on transients

● Mostly SNs, novae, CVs, YSOs…

http://gsaweb.ast.cam.ac.uk/alerts

● 500+ microlensing events since 2016
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Gaia and microlensing

● Strengths

● Observes entire Galaxy

● Three band photometry, low-
resolution spectra – useful for 
classification

● Astrometric time-series! 

● Weaknesses

● Low-cadence (especially in 
Galactic Bulge)
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Gaia and microlensing

● Astrometric and photometric microlensing

Source: https://www.astrouw.edu.pl/~krybicki/animations.php
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Microlensing in Gaia Science Alerts
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Microlensing in Gaia Science Alerts
over the years

Entire Milky Way
has been observed

many times

SkewVonNeumann
Detector is introducted

Entire Milky Way
has been observed

many times
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How to get better data?

● Follow-up network! → Black Hole TOM

● … and applying for time with various observatories (LCO, 
REM, SMARTS...)

https://www.astrouw.edu.pl/~krybicki/animations.php
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Follow-up network

Widma przykłady (od 
Pawła I Mariusza?)

Telescope network 
(wziąć od Pawła)
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How to get better data?

● Follow-up network! → Black Hole TOM

● … and applying for time with various observatories (LCO, 
REM, SMARTS...)

● Photometry and spectroscopy

● Low res specrosopy on LT/SPRAT… → classification

● High res spectroscopy on RSS/SALT, VLT/XSHOOTER → 
source star parameters determination
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Highlights

Widma przykłady (od 
Pawła I Mariusza?)

Gaia16aua SALT spectrum

Gaia17aqu SALT spectraGaia19bld VLT/X-SHOOTER spectra

Gaia19epm LT/SPRAT spectrum
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How to get better data?

● Follow-up network! → Black Hole TOM

● … and applying for time with various observatories (LCO, 
REM, SMARTS...)

● Photometry and spectroscopy

● Low res specrosopy on LT/SPRAT… → classification

● High res spectroscopy on RSS/SALT, VLT/XSHOOTER → 
source star parameters determination

● Early classification based on archival data
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Most Common Contaminants

Be star Be star

YSO AGB
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How to get better data?

● Follow-up network! → Black Hole TOM

● … and applying for time with various observatories (LCO, 
REM, SMARTS...)

● Photometry and spectroscopy

● Low res specrosopy on LT/SPRAT… → classification

● High res spectroscopy on RSS/SALT, VLT/XSHOOTER → 
source star parameters determination

● Early classification based on archival data

● The outcomes → catching interesting events!
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Microlensing highlights – with follow-up

Gaia22awa
Gaia22bpl?
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Gaia16aye

Source: https://www.astrouw.edu.pl/~krybicki/animations.php
https://www.cosmos.esa.int/web/gaia/iow_20210924
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Gaia19bld

Animation: https://www.astrouw.edu.pl/~krybicki/animations.php

● Microlensing 
event in the 
Galactic disc

● Observed 
(among others) 
by Spitzer and 
VLTI/PIONIER

● Also 
spectroscopic 
follow-up
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Gaia18cbf
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● 2nd longest microlensing event 
ever observed in terms of tE

● time span of the whole event of 
~1900 days

● Very dim (baseline at G~20.5mag)

● Two solutions:
● GF+ t

E
 = 491.41days, f

s,G 
= 0.894

● GF- t
E
 = 453.74days, f

s,G 
= 0.717

● Follow-up data from  LCO network
(2m at Siding Springs Observatory)
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Gaia18cbf

How can we constrain mass and 
rule out star scenario?

Microlensing parallax

+
Proper motions from Gaia

+
Estimate of the distance to the 

source
+

Galactic model
+

Mass-function of remnants

???

Method described in: Wyrzykowski+ 2016, Wyrzykowski&Mandl 2020, 
Mróz&Wyrzykowski 2021...



38

Gaia18cbf

How can we constrain mass and 
rule out star scenario?

Microlensing parallax

+
Galactic model

+
Mass-function of remnants

+
Proper motions from Gaia

+
Estimate of the distance to the 

source

PROFIT

Method described in: Wyrzykowski+ 2016, Wyrzykowski&Mandl 2020, 
Mróz&Wyrzykowski 2021… and still being refined

https://www.astrouw.edu.pl/~krybicki/animations.php
https://www.cosmos.esa.int/web/gaia/iow_20210924
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Gaia18cbf

GF+
lens is 

GF-
lens is 
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Gaia18cbf – different scenarios
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● There was a number of 
assumptions done – let’s 
play around with them:

● Remnant mass function: 
could be less steep…

● or more steep

● Assumed distance to the 
source derived using 
archival photometric 
data…

●  but maybe Bailer-Jones 
distances are correct? 
(Despite negative 
parallax)

https://arxiv.org/abs/2111.08337
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The future

● Gaia DR3 microlensing catalogue
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Gaia Data Release 3 – 13th June 2022
Candidate events from
July 2014 – May 2017
Wyrzykowski, Kruszyńska et al. 
submitted
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The future

● Gaia DR3 microlensing 
catalogue

● Applying the same 
method of mass and 
distance determination 
to all events from Gaia 
DR3…

● And to events found in 
GSA

● Stay tuned!
● Also enjoy DR3~
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The future

● Gaia DR3 microlensing 
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● Applying the same 
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The future

● Gaia DR3 microlensing 
catalogue

● Applying the same 
method of mass and 
distance determination 
to all events from Gaia 
DR3…

● And to events found in 
GSA
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