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WARSAW UNIVERSITY ASTRONOMICAL OBSERVATORY
▸ Founded 1816 (before the Warsaw University!) 

▸ Building completed 1825 

▸ Best ranked Polish astronomical teaching and research institute (A+ award in 2022) 

▸ Physics and Astronomy ranked 51-75 in Shanghai Ranking 2022 

▸ Observing stations: Ostrowik near Warsaw (since 1953), Las Campanas, Chile (since 1996)
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WARSAW UNIVERSITY ASTRONOMICAL OBSERVATORY

▸ Warsaw School of Photometry since 1950s with Ostrowik station 

▸ Krzemiński (discovery of polars), Lick Observatory, Las Campanas, Carnegie (1960s) 

▸ Smak, Czerny, Kruszewski, Stępień (variable stars, accretion disks) 

▸ Paczyński: 

▸ Compact binaries - Common Envelope phase of stellar evolution  
(leading to GW mergers) 

▸ Gamma Ray Bursts at cosmological distances 

▸ Theory of Neutron Stars mergers (kilonovae) 

▸ Gravitational microlensing to probe Dark Matter (MACHOs)
Bohdan Paczyński  

(1940—2007)
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OPTICAL GRAVITATIONAL LENSING EXPERIMENT
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▸ initated in 1992 by Bohdan Paczyński and Andrzej Udalski 

▸ the longest running large-scale optical survey, currently in its 4th phase 

▸ long-term monitoring experiment to test MACHO theory

Andrzej Udalski



Large  
Magellanic Cloud 
satellite galaxy

Halo
50 kpc
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HOW TO FIND DARK MATTER WITH MICROLENSING?
▸ Massive Astrophysical Compact Halo Objects (MACHOs) 

if dominant in the Galaxy Halo could cause temporal lensing  
(brightenning) events on background stars

Paczyński curve



MICROLENSING CONSTRAINS ON THE HALO DARK MATTER (MACHO)
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▸ OGLE data (1996-2009) was 
searched for time-varying changes 
in stars 

▸ Dark Matter in form of primordial 
black holes (PBH) with 
monochromatic mass spectrum 
was ruled out to <~10 Solar Mass

EROS

OGLE
Microlensing

Wyrzykowski+ 2009,2010,2011a,2011b
Garcia-Bellido & Clesse 2017

Ł.W.



OGLE AND OTHER TIME-DOMAIN ASTROPHYSICS
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▸ 1 million variable stars 

▸ 20,000 microlensing events 

▸ new types of variable stars and rare stages of stellar evolution 

▸ planets 

▸ extragalactic science: 
quasars discovery (z>5) 
quasar monitoring 
(20 years)

Kozlowski et al. 2013, 2021Wozniak et al. 2000

Soszynski et al. 2015, 2016



Udalski et al. 2002, Bond et al. 2004, Cassan et al. 2012, Sumi et al. 2011, Mroz et al. 2017

PLANETS

▸ Planet abundance: 17% Jupiters, 52% Neptunes, 62% Super-Earths 

▸ Free-floating planets (no stellar host) - challenge for planet formation theory 

▸ Different methods: 

▸ microlensing (short perturbations to Paczynski curve, ~hours) 

▸ transits (dimming of the host star)
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CEPHEIDS AS TRACERS OF THE GALAXY STRUCTURE
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Skowron et al. 2020

▸ Well-calibrated distance tracers 

▸ 3D structure of the Galaxy 

▸ Warping of the Disk discovered
Dorota Skowron



MASSES OF BLACK HOLES AND NEUTRON STARS

Abbott+2021 
Corral Santana+2016

Microlensing

| L.Wyrzykowski | Warsaw

Sahu+2022 
Lam+2022, Mróz+2022

Thompson et al. 2019, Liu+2020, Shenar+2022  
Rivinius+2020, Jayasinghe+2021

Non-interacting 
Systems

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY



MASSES OF BLACK HOLES AND NEUTRON STARS

Abbott+2021 
Corral Santana+2016

Microlensing

| L.Wyrzykowski | Warsaw

Sahu+2022 
Lam+2022, Mróz+2022

Thompson et al. 2019, Liu+2020, Shenar+2022  
Rivinius+2020, Jayasinghe+2021

Non-interacting 
Systems

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY



MASSES OF BLACK HOLES AND NEUTRON STARS

Abbott+2021 
Corral Santana+2016

Microlensing

| L.Wyrzykowski | Warsaw

Sahu+2022 
Lam+2022, Mróz+2022

Thompson et al. 2019, Liu+2020, Shenar+2022  
Rivinius+2020, Jayasinghe+2021

Non-interacting 
Systems

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY



MASSES OF BLACK HOLES AND NEUTRON STARS

Abbott+2021 
Corral Santana+2016

Microlensing

| L.Wyrzykowski | Warsaw

Sahu+2022 
Lam+2022, Mróz+2022

Thompson et al. 2019, Liu+2020, Shenar+2022  
Rivinius+2020, Jayasinghe+2021

Non-interacting 
Systems

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY



FIRST ISOLATED BLACK HOLE FOUND WITH MICROLENSING
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astrometric time-series

Sahu+OGLE, 2022  
Lam+OGLE, 2022 
Mróz et al. 2022

photometric time-series

Microlensing

Hubble 
Space 
Telescope



FIRST EVER DETECTED STELLAR MERGER
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▸ Flare (Red Nova) preceded with a period shortening 

▸ Merger of two dwarf main-sequence stars with emission of graviational waves (not detected)

OGLE



SUPER-MASSIVE BLACK HOLE MERGER?

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

Jiang et al. (2022)

▸ Possible binary black hole merger in a distant galaxy 

▸ Merger predicted to occur SOON!



OTHER TIME-DOMAIN SURVEYS
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▸ Optical: 

▸ MACHO, EROS, MOA, KMTNet, Tomo-eGozen - long-term microlensing surveys, South 

▸ PTF->iPTF->ZTF - Northern all-sky survey (the largest single fov camera of 40deg^2) 

▸ ASAS (Warsaw), ASAS-SN (Ohio-Warsaw) - N+S, shallow (<15mag), supernovae 

▸ Pan-STARRS, CRTS, LINEAR - mostly for NEOs 

▸ ATLAS, SDSS, GOTO, MASTER, HATPI, …… - different goals, vast archives! 

▸ Gaia  

▸ Ultraviolet: GALEX 

▸ Infrared: WISE->NEOWISE, Spitzer, VVV 

▸ X-ray: INTEGRAL, eROSITA 

▸ … probably many missed :)



FUTURE SURVEYS (2025+)
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▸ Optical: 

▸ OGLE, ZTF, ASAS-SN, ATLAS, Pan-STARRS - ? 

▸ Vera Rubin Observatory (LSST) - 8m large fov Southern survey in Chile 

▸ GOTO, BlackGem, LAST,…. 

▸ Ultraviolet: UltraSAT 

▸ Infrared:  

▸ Nancy Grace Roman Space Telescope, EUCLID 

▸ … probably many missed :)



ZWICKY TRANSIENT FACILITY

▸ Caltech and partners 

▸ Palomar factory: large-scale survey + follow-up (phot + spec) 

▸ 1 million of alerts per night! (reports on changes on the sky) 
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https://www.ztf.caltech.edu/

https://www.ztf.caltech.edu/


Łukasz Wyrzykowski

8-m survey telescope in Chile 
multi-filter large fov camera 
cadence: 3-30 days



Łukasz Wyrzykowski



Łukasz Wyrzykowski

2.4-m infrared space survey 
cadence: 15min - months



ULTRASAT - ULTRAVIOLET SPACE SURVEY
▸ Weizmann Institute (Israel) 

and partners (incl. DESY) 

▸ Wide-field UV space survey 

▸ Dedicted for transients: 
- TDE 
- supernovae 
- gamma-ray bursts
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https://www.weizmann.ac.il/ultrasat/

https://www.weizmann.ac.il/ultrasat/
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GAIA SPACE MISSION
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GAIA SPACE MISSION - AN ALMOST PERFECT TIME-DOMAIN OPTICAL SURVEY
▸ ESA mission since 2013 

▸ located in L2 

▸ 10m in diameter 

▸ two 1.4m mirrors 

▸ depth: G~20.5mag 

▸ positional precision:  
<1 mas 

▸ 2 billion sources 

▸ simultaneous brightness, 
position and spectral  
observations  

▸ typical cadence: 30 days



LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

▸ ESA mission since 2013 

▸ located in L2 

▸ 10m in diameter 

▸ two 1.4m mirrors 

▸ depth: G~20.5mag 

▸ positional precision:  
<1 mas 

▸ 2 billion sources 

▸ simultaneous brightness, 
position and spectral  
observations  

▸ typical cadence: 30 days
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▸ in operation from 2014 

▸ ~20,000 alerts  

▸ ALL types of transients: 
- supernovae 
- tidal disruption events 
- super-luminous SNe 
- cataclysmic variables 
- dimming stars (RCrB) 
- young stellar objects 
- Be-type outbursts 
- microlensing events 
- quasars 

▸ human-vetted,  
but automation is coming 

▸ typical latency: 1-2 days
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GAIA ALERTS

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

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


GAIA19BLD ALERT

animation by Kris Rybicki

Rybicki et al. 2022 
Bachelet et al. 2022  
Cassan et al. 2022

▸ High-magnification microlensing event with ~10,000 observations 

▸ Dark lens identified, mass 1.13 MSun
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alert



GAIA19BLD ALERT

animation by Kris Rybicki

Rybicki et al. 2022 
Bachelet et al. 2022  
Cassan et al. 2022

▸ observed from Gaia, Earth and Spitzer satellite
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GAIA19BLD ALERT

time

July 12 July 19 July 21
ESO/VLTI/PIONIER

M =
✓E
⇡E EINSTEIN RADIUS FROM OPTICAL INTERFEROMETRY

Cassan et al. 2022  
(Nature Astronomy)animation by Kris Rybicki

▸ bright enough for optical interferometry (second case ever)
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Wyrzykowski et al. 2020#gaia16aye

▸ Gaia16aye — the most complex microlensing event ! 

▸ 20,000 ground-based follow-up observations from 51 observatories

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

GAIA16AYE ALERT



GAIA16AYE ALERT
▸ Gaia16aye — the most complex microlensing event ! 

▸ 20,000 ground-based follow-up observations from 51 observatories 

▸ full-orbital solution found for the invisible MS star binary system (0.6+0.4 MSun)  at 800pc
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GAIA16AYE ALERT
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▸ Gaia astrometric time-domain - new domain to be openned by Gaia in 2025!

Gaia  
Image of the Week  

24 Sep.2021
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https://www.cosmos.esa.int/web/gaia/iow_20210924


GAIA18DVY ALERT
▸ New example of rare FU Ori young stellar object in outburst 

▸ Optical + Infrared time-series
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Szegedi-Elek et al. 2020



THERE IS ALWAYS A TIME-DOMAIN INTERESTING OBJECT VISIBLE ON THE SKY
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http://gsaweb.ast.cam.ac.uk/alerts/

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


PROPERTIES OF AN ULTIMATE EM TIME-DOMAIN INSTRUMENT:

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

▸ All sky (North, South) 

▸ Space (no weather problems, unlimited transmission) 

▸ (at least) Two observatories separated by 1 AU (avoiding Sun) 

▸ Large Field-of-View (many tens square degrees) 

▸ High temporal cadence in repeating observations (ms-s-min-hours-weeks-months-years) 

▸ Multi-wavelength: radio-optical-ultraviolet-X-gamma 

▸ High- and low-resolution spectroscopy (spaxels?) 

▸ High-angular resolution for 𝜇as/mas astrometry 

▸ Polarimetry
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Surveys

Alerts

Gaia,  
ZTF,  

OGLE, 
ASAS-SN, 

LSST, 
…
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BLACK HOLE TOM https://bhtom.space
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BLACK HOLE TOM - OPPORTUNITIES https://bhtom.space

▸ for scientists: 

▸ virtual tool for long-term monitoring, 24h coverage 

▸ global telescope 

▸ we will observe your target and help write your paper! 

▸ for telescopes: 

▸ we will tell you which target is of interest for observing 

▸ we will process your data 

▸ we can operate your robotic telescope!

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

https://bhtom.space
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LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

OCTOBER 2022

75 INSTRUMENTS: 

- 73 OPTICAL

- 2 INFRARED

- 20 TELESCOPES 2.0 M+

- 2 MORE IN TESTING
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BLACK HOLE TOM - PLANS: https://bhtom.space

▸ expand the network with new telescopes 

▸ connect radio telescopes 

▸ automated observation requests 

▸ more data processing tools (model fitting, etc) 

▸ automated connection to alerts stream (already build-in) 

▸ spectroscopic data processing 

▸ expand the use of the archival data  

▸ multi-wavelength (radio+optical) time-domain observations, 
e.g. quasar monitoring, transients

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

https://bhtom.space
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WORKSHOPS SINCE 2010

ARCHIVE OF SLIDES AND VIDEOS: HTTP://WWW.AST.CAM.AC.UK/IOA/WIKIS/GSAWGWIKI

2011-	
Cambridge 2012-Bologna 2013-Paris 2014-Warsaw

2010-	
Cambridge 2015-Liverpool 2016-Utrecht

2017-Warsaw 2018-Vipava 2019-Catania 2020	-	on-line 2021	-	Crete 2022	-	Sardinia 2023	-	???

http://www.ast.cam.ac.uk/ioa/wikis/gsawgwiki


CONTACT

BHTOM@ 
ASTROUW.EDU.PL

BHTOM.SPACE 
BH-TOM.ASTROLABS.PL

SLACK. 
BHTOM.SPACE

LW@ 
ASTROUW.EDU.PL



GAIA DR3 MICROLENSING EVENTS

Maja Jabłońska, Andrzej Krupka, LWhttps://youtu.be/o17MoMTbwy0

MICROLENSING EVENTS IN GAIA DR3 (2014-2018)

https://www.youtube.com/watch?v=o17MoMTbwy0
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extra slides
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OGLE-IV NOWA KAMERA 
MOZAIKOWAOPTICAL GRAVITATIONAL LENSING EXPERIMENT 

SINCE 1992



Łukasz Wyrzykowski

OGLE 256 MPIX CAMERA  
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OGLE 256 MPIX CAMERA  
= 21 X IPHONE 11



5 MILLION STARS IN A SINGLE IMAGE!



Łukasz WyrzykowskiSajadian&Poleski 2019

number of events per year per sq.deg.

8.4m mirror,   10 sq.deg.   ~25mag survey

Street+2018, arxiv:1812.03127

LSST will detect 10,000s  
of microlensing events  
yielding 100s of BHs

VERA RUBIN OBSERVATORY/LSST M =
✓E
⇡E



Citizen science project by the European Space 
Agency supporting Gaia Variable stars classification

→ Building community around ESA’s Gaia mission through science 
  engagement 
→ Engaging citizens in classification of the time-series dataset for 
  interesting variable star cases 
→ Possibility of co-authorship of scientific publications (Data Release 4)
→ Collaboration with Zooniverse – the biggest platform for citizen 
  science projects
→ Gamification strengthening of the engagement of general public
→ Inviting open community to discussion and knowledge sharing
→ Attractive storytelling through appealing graphics and illustrations
→ New social media channels

More to come! Stay tuned!

www.gaiavari.space

http://www.gaiavari.space


MICROLENSING BLACK HOLES
brighteningshift

weeks- monthsmili-arcseconds


