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Nobel Prize
in Physics 2020







LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

MULTI-MESSENGER TIME-DOMAIN VIEW ON MASSES OF BLACK HOLES AND NEUTRON STARS
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MULTI-MESSENGER TIME-DOMAIN VIEW ON MASSES OF BLACK HOLES AND NEUTRON STARS
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astrometry - shift photometry - brightening
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

HOW TO FIND DARK MATTER WITH MICROLENSING?

Halo
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

HOW TO FIND DARK MATTER WITH MICROLENSING?
AGLE

-~ Halo
=
S8 = =
E ' 950 kpc
l”JH_J _ / Large
OGLE started in 1992, Magellanic Cloud

Polish 1.3m telescope
built in Chile in 1996

- satellite galaxy



OGLE data (1996-2009) was
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searched for time-varying changes %
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The only window for Primordial Black Holes coincides with the GW black holes!
OGLE data (1996-2009) was

, , |
searched for time-varying changes %
In stars
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

HOW TO FIND A GALACTIC BLACK HOLE WITH MICROLENSING?
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Black hole = Iarge mass + dark object;

mMass M — QE
Rl

Image+

Source-Lens relative

- TE motion

distance

np =0pTE + TS

flux

(luminosity) FL — Fabs (t) — A(t)FS
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HOW TO FIND A GALACTIC BLACK HOLE WITH MICROLENSING?

Black hole = large mass + dark object;

mass - Photometry =~ Astrometry Spectroscopy

distance

flux
(luminosity)




Mass

distance

flux
(luminosity)

Black hole =

large mass + dark object

 Photometry

‘Gaia, OGLE,
Spltzer LCO,
*Rubln/LSST

Astrometry

Gaia,
VLTI/GRAVITY,
VLTI/PIONIER,

AO, JWST,
<=IL]f

Spectroscopy

Gaia, VLT,
Gemini,
SOAR, SALT,
“EILI

*Roman/WFIRST



OGLE-Ill 2001-2009 Bulge 150 million stars

PAR-07 (Notec) PAR-03 (Warta) PAR-02 (Odra)
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OGLE-Ill 2001-2009 Bulge 150 million stars

microlensing
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

FIRST ISOLATED BLACK HOLE FROM MICROLENSING
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

GAIA SPACE MISSION

» ESA mission |

» launched in 2013 :
(planned to operate until 2025)

» located in L2

» 10m in diameter
e 1.4m mirrors | g :
~b.depth: G~20.5mag

» 2 billion'sources =

\—4

metry and spectroscopy for all sources

ﬁ s
-
- -
v

» Photometry, ast
t

- o

» All data public md’ﬁh”Gaié Data Releases
(DR3: June 2022)




363 archival events from 2014-2017 in Gaia DR3 (Wyrzykowski+2022)
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http://gsaweb.ast.cam.ac.uk/alerts/

343 events from 2016-2021 found by Gaia Science Alerts (Hodgkin+2021)

1-5 new events found every week in real-time by Gaia Science Alerts*

Gaial8chf S Gaial9cnm

Gaial8dif GaiaZ0bua

*Gaia alerts on
ALL types of
transients:
supernovae,
TDE, Novae,
CVs, RCrB, etc.



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

High-magnification microlensing event with ~10,000 observations

Dark lens identified, mass 1.13 MSun
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

EINSTEIN RADIUS FROM OPTICAL INTERFEROMETRY

GAIAT9BLD ALERT

» bright enough for optical interferometry (second case ever)

» smallest Einstein Radius measured (0.7 mas) and rotation of images detected

ESO/VLTI/PIONIER
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EINSTEIN RADIUS FROM ~ASTROMETRY
MICROLENSING PARALLAX

Gaia astrometric measurements anomalous - can be explained with microlensing

dark lens mass measured (~1 MSun) at 1 kpc towards the Galactic Disk

Gaia photometry Gaia astrometry (sim) lens mass/distance

GaiaDR3-ULENS-001 } = : .
12.6 | = annual and Gaia parallax model ", - source path l "::'-.5-'".'_--73-"' 7 '.: 2 e 1,0 - W, Hra, Mdec £ 30DpR3
- ~ - i , RRERS 0 41 5 s G ¥ SERRARL L S L R A
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Simulated astrometry to reproduce Jabtonska et al. (2022)
Gaia DR3 statistics and error-bars




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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Gaia astrometric time-series reveal microlensing signal
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Gaia astrometric time-series reveal microlensing signal
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GLOBAL TELESCOPE NETWORK FOR TIME-DOMAIN OBSERVATIONS ) Radionet
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GRAVITY/VLTI/ESO - optical interferometry
can resolve images in microlensing events (~1mas)

Targets often in very dense parts of the sky

Advent of routine ground-based astrometric
measurements of microlensing events

y e e - First resolution of two images in microlensing
. = o ’ (GRAVITY, Dong+2019)



SUMMARY

4 Microlensing is complementing the Multi- Messe/ nger plcture of black holes in our Galaxy
<4 If Dark Matter exists in form of lonely black holes,%ni‘icrolensing should find them

4 The mass-gap between neutron stars and black holes is being filled with discoveries from
microlensing and other methods

4 Gaia is the only tool providing both photometry and astrometry for billion of stars from
all over the sky

4 Gaia astrometry will be the key to find black holes among Gaia-observed microlensing events

4 Ground-based follow-uprnecessary for selected targets from Gaia, O;GLE, LSST in future:
- photometry from a global network of small telescopes =
- astrometry from GRAVITY+ and ELT in future

2\ GAIA.ASTROUW.EDU.PL LW
X1/ BHTOM.SPACE @ASTROUW.EDU.PL

sz Wyrzykowski

. A



MICROLENSING EVENTS IN GAIA DR3 (2014-2018)

2014.1 https://youtu.be/o17MoMTbwy0 Maja Jabtoriska, Andrzej Krupka, LW


https://www.youtube.com/watch?v=o17MoMTbwy0
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one of the longest events ever studied (time-scale about 500 days),

but missed follow-up opportunity

candidate for a single ~2 MSun dark object at ~4kpc
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LUKASZ WYRZYKOWSKI - STUDYING THE POPULATION OF GALACTIC BLACK HOLES WITH MICROLENSING

BLACK HOLE TOM » tool for coordination and data processing of time-domain observations
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https://bhtom.space

Gaia20azc

Photometry

Update RIoIJEEN  List Fits Manage Groups

Names Gaia20azc
SIDEREAL
242.75086
16:11:0.206
25.00718
+25:00:25.848
Epoch 2000.0

Photometry
Target Type

Right Ascension

Declination

gaia_alert_name Gaia20azc

calib_server_name ivo://Gala20azc
ztf_alert_name

galadr2_id
classification

ZTF18abjndpj

rapidly changing
blazar/quasar
tweet False

jdlastobs 2459073.7281134
maglast 20.83

priority 5.0

dicovery_date
cadence 1.0

Sun_separation 62.112924142328666

Photometry Spectroscopy pload Observe Observations Data

Manage Groups

Upload a data product

Here you can upload your photometric and spectroscopic cbservations for this target. Please
refer to the BHTOM manual for detalls.

Example CSV formats for and

Instrumental photometry. FITS Is supported for spectra.

Fuor phwstumetic FITS prucessing cwuse Uhe vuservalury lun Uee sl Yuu can add o new

. SExtractor format is required for

instrument

Files

Choose Fles BEMESGFES)

Data product type

@ Instrumental photometry file (SExtractor format)
@ Fits image for photometric processing

® Spectrum as ASCI

® Photometric time-series (CSV)

Spectroscopy

https://bhtom.space

Upload Observe Observations Data

Check for new data

Time

fromlast Required Sun
Event Number of Target obs Cadence Observing distance
Name/Aliases RA Dec Observations Impartance  [days] [days] Priarity [deg]

2411518 -41.10463 3164 10.0 9. 1.0 2931
24275066 25.00718 444 . 4, 1.0 270.6
184.61816 -63.49726 10852 . . . 0.5 223.0
30236516  28.93588 3316 . . 1.0 2151
Submit an observation to LI

343.03385 6066893 333 . . 1.0 160.6

205.559 64.31565 X ; 1.0 107.4

Names Gai20cgn

TOM TOOLKIT seerasary

Target Type SIDEREAL
Right A<cension 370

00 1 k3C,. 0

Constraims®

OPTICON
radioNet

L RPilot

Dechnaton 644329 Start Date*

+OULSINSE)


https://bhtom.space

Q Citizen science project by the European Space
/G Agency supporting Gaia Variable stars classification
; @ esa 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

Sed NAl : nsé:\:\?.nce More to come! Stay tuned!



http://www.gaiavari.space

