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LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

WARSAW UNIVERSITY ASTRONOMICAL OBSERVAIORY opme .

» 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 etam .

» Warsaw School of Photometry since 1950s with Ostrowik station
» Krzeminski (discovery of polars), Lick Observatory, Las Campanas, Carnegie (1960s)
» Smak, Czerny, Kruszewski, Stepien (variable stars, accretion disks)
» Paczynski:

» 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 Paczynski

(1940—2007)
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OPTICAL GRAVITATIONAL LENSING EXPERIMENT (9 (]S

initated in 1992 by Bohdan Paczynski and Andrzej Udalski

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

.

Iong-t_e__rm monitoring experiment totestMACHOtheory

Andrzej Udalski
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OGLE data (1996-2009) was
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Dark Matter in form of primordial
black holes (PBH) with

monochromatic mass spectrum
was ruled out to <~10 Solar Mass
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OGLE-BLG-LPV-110492
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1 million variable stars

20,000 microlensing events
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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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Udalski et al. 2002, Bond et al. 2004, Cassan et al. 2012, Sumi et al. 2011, Mroz et al. 2017
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CEPHEIDS AS TRACERS OF THE GALAXY STRUCTURE

» Well-calibrated distance tracers : . f\
H i i
g i i
» 3D structure of the Galaxy £ |l | i
» Warping of the Disk discovered | —
Dorota Skowron
: Time
LIS i, - = oS
& uE e ‘.'
it i :
Hon
l [ 4
EE=as 2 -
ij _ -E"*'u“'. 4 . | $ 0y 920 000 Iy 4(3050 ly * 60000 ly
,,:— ’:‘H‘:-M:‘ 0 —j 3

SkoWron et al. 2020



LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

MASSES OF BLACK HOLES AND NEUTRON STARS

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Black Holes EM Neutron Stars Microlensing
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MASSES OF BLACK HOLES AND NEUTRON STARS

'LIGO- Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars‘ EM Black Holes EM Neutron Stars Microlensing
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MASSES OF BLACK HOLES AND NEUTRON STARS

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars [ EM Black Holes EM Neutron Stars'| Microlensing

Non-interacting ’
Systems
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Abbott+2021 Thompson et al. 2019, Liu+2020, Shenar+2022 Sahu+2022
Corral Santana+2016 Rivinius+2020, Jayasinghe+2021 Lam+2022, Mroz+2022
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MASSES OF BLACK HOLES AND NEUTRON STARS

EM Neutron Stars Microlensing

L.Wyrzykowski | Warsaw
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FIRST ISOLATED BLACK HOLE FOUND WITH MICROLENSING

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars ' Iicrolernsiric

" MOA-2011-BLG-191
OGLE-2011-BLG-0462

12 14 16 18

Year — 2000
astrometric time-series |, AR PN photometric time-series

Sahu+0OGLE, 2022
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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)
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Possible binary black hole merger in a distant galaxy "“?’;}
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OTHER TIME-DOMAIN SURVEYS

» 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 :)
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FUTURE SURVEYS (2025+)

» 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 :)
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[WICKY TRANSIENT FACILITY @TF

» 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/

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

u==0.65, =158.2, tg=095.0, Myze,—23.3, ;=1.00

2.7
DETECTED
22.8
w.
T 229
=
& 23.0
0
&
| 23.1
~
93,0

23.3

VERA C.RUBIN
OBSERVATORY




VERA C.RUBIN
OBSERVATORY




2.4-m Infrared space survey
cadence 15m|n months
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ULTRASAT - ULTRAVIOLET SPACE SURVEY

PR V1 10X 0D
FUCE] WHZMANN INSTITUTE OF SCIENCE

» Weizmann Institute (Israel)

and pa rtners (inCI. DESY) OME SCIENCE MISSION PROJECT & TECHNOLOGY - FORSCIENTIST% OUR TEAM PU.BLICATIONS EVENTS
. £ ©, P! Lkt : -
» Wide-field UV space survey U LT RASAT | _-Exp[ormg t_he
) DediCted for tranSientS: Ultraviolet;F%sie‘ntAstronomySatellite Dynamlc UV Sky
- TDE ' ~ '
- supernovae

- gamma-ray bursts

NEWS & UPDATES

https://www.weizmann.ac.il/ultrasat/



https://www.weizmann.ac.il/ultrasat/
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GAIA SPACE MISSION -~
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. GAI‘A SPACE MISSION - AN ALMOST PERFECT TIME-DOMAIN OPTICAL SURVEY
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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

> posmonal precision: g A
<1 mas |

N il ol f|e D

- E ‘:

). &multaneou"b

__ position and spe:
observations

&
s - -
al

o5
ightn =
ec

—
- - T

.
——————.

» typical cadence: 30 ays

-



LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

GAIA SPACE MISSION - AN ALMUST PERFECT TIME DOMAIN UPTICAL SURVEY

» ESA mission since 2013 @esa }
» located in 12 '
» 10m in diameter
» two 1.4m mirrors
» depth: G~20.5mag

) posmonal precision:
<1 mas

_ position and spectral
~ Observations = =

» typical cadence: 30..daysE
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Gaia Alerts Alerts Index All-Sky Alerts Search GaiaX Test Documentation About

Surveys-ATels Tools

Yoo Gaia Photometric Science Alerts

in operation from 2014 =

~20,000 alerts

Index to Gaia Photometric Alerts

If vou publish any results basec on these Gaia discoveries, we would appreciate an acknowledgement glong the lines of. "We acknowlecge ESA Geia, DPAC and the Photometric Science Alerts
Team (http://gsaweb.ast.cam.ac.uk/alerts)"

ALL types of transients:
- supernovae

These zare zll the alerts raised to date. You might wish to view or download these as a teable in CSV or pipe-delimited fermats or using the tools described in this pace.

See hare for an explanation of the columns.

/

oung stellar objects

— -~

e-typeoutbUrstsI s
- microlensing evenics{_:‘if

riables

e 8

' 4

Name

Gaia22edi

Gaia2Z2edi

Gaia22edy

Caia22edf

- tidal disruption events i

super-luminous SNe ?
cataclysmic va
dimming stars (RCrB)

TNS

AT2022xat

AT2022vkz

AT202Zxas

AT2022 xar

AT2022xaq

Observed

2022-1C-(2

05:42:26

2022-1C-(3
01:06:20

2022-1C-02
05:5027

2022-08-24
06:48.57

2022-1C-C2

10:54.37

RA
(deg.)

306.25649

300.36226

221.0618&5

276.57349

Dec.

(deg.)

0.85937

53.49412

7.12998

-96 24877

-33 62638

Historic
mag.

19.09

Historic
scatter

0.C3

Class

unknown

unknown

unknown

unknown

unknown

Published

2022-10-08
10:41:06

2022-10-08
09:09:38

2022-10-08
Na:09:30

2022-10-08
09:09:20

2022-10-08
09:09:13

Comment

0.3 maq flar2 on red Gaia sourc2

2 mag outburst in Geia source

2 irag outburst in cancidate CV

Qultburst in erratic Gaig souree

bright gal.plane source candidate microlensing event or Be-type
outburst rises by 0.4 mag

- QuUasars -
- Gaia22cde  SN2022wbh 2022 1C (2 107.388C50 24.63189 2022 10 08 corfirmad €N la
l“— -
A ™ 02:06.43 09:09:08
- . W —
‘——' SN2022vax  2022-1C-02 1121777 17.25046 SN la-pec 2022-10-08 corfirmad SN la-pac

human-vetted,

but automation is coming

typical latency: 1-2 days

(3aia?2?ede

Gaia22edb

Gaia22eda

AT?202Z2vsw

AT2022xap

AT202Zxao

U3:14.44

2022-1C-(3
02:2522

2022-1C-(2

16:52.57

2022-1C-(2
20:06.06

116.134¢1

274.42710

102.59372

7 04804

-34 06443

25.04992

unknown

unknown

unknown

U9:09:02

2022-10-08
09.08.56

2022-10-08
09.08:49

2022-10-08
09:08:41

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

candidate SN near PanSTARRS source

Apparently hostless tfransient

fading in known blazar QSO B0647+250



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

s,
i AR
e

Dark lens identified, mass 1.13 MSun

01 — FSPL Earth + parallax ¢ LCOCTI
w=e FSPL Earth CT13 1
— FSPL Gaia LCOGT V

Spitzer ' ROAD V
¢ OGLE/ KKO R
& Caia Kumeu K
' AO R
FCO R

0.00

'
pr—
—
-
_
—
——
et
Ll
e
-
Nt

U
o—
.
—
—
—_—
-
e
is
-
-
~
—

Rybicki et al. 2022
670 R680 8681 8682 8683 8684 Bachelet et al. 2022

8100 8500 8600 8700 8800 8900 HID - 2450000
o s Cassan et al. 2022

animation by Kris Rybicki HJD - 2450000




LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

GAIAT9BLD ALERT

» observed from Gaia, Earth and Spitzer satellite
Light curve

y [mas]
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Source-lens relative trajectories
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GAIAT9BLD ALERT

» bright enough for optical interferometry (second case ever)

Source-lens relative trajectories
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Gaialbéaye — the most complex microlensing event !

20,000 ground-based follow-up observations from 51 observatories
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Wyrzykowski et al. 2020
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Gaialbaye — the most complex microlensing event !
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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

Gaia
Bialkow 1
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HJD'=7649 DEMONEXT [
Swarthmore /

Magnitude

—0.6

Residual

—0.8
-08 —-06 =04 =02 0.0 0.2 0.4 0.6 0.8 7300 7400 7600 7700 7800 7900
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L 4 #gaialb6aye Wyrzykowski et al. 2020




Gaia astrometric time-domain - new domain to be openned by Gaia in 2025!
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https://www.cosmos.esa.int/web/gaia/iow_20210924

New example of rare FU Ori young stellar object in outburst

Optical + Infrared time-series

2015 2016

p—
()

p—t
Qo

S
2
&
&
=

8000
JD - 2,450,000

8500

Szegedi-Elek et al. 2020
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THERE IS ALWAYS A TIME-DOMAIN INTERESTING OBJECT VISIBLE ON THE SKY

B> UNIVERSITY OF
® CAMBRIDGE http://gsaweb.ast.cam.ac.uk/alerts/



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

PROPERTIES OF AN ULTIMATE EM TIME-DOMAIN INSTRUMENT:

» 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 uas/mas astrometry

» Polarimetry



PROPERTIES OF AN ULTIMATE EM TIME-DOMAIN INSTRUMENT:

» All sky (North, South)
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Space (nc-weather problems, unlimited transmission)

(at least) Two obseirzatories separated by 1 AU (avoidinry Sun)

Large Field-of-View (many iens square degrecs)

High temporal cadence in repeating cbservations (ms-s-min-hours-weeks-months-years)
Multi-wavelength: radio-ortical-ultraviolet-X-gamma

High- and low-resciution spectroscopy (spaxels?)

High-angular resolution for uas/mas astrometry

Folarimetry
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Galaz20azc Photometry  INEagess Observe  Observations  Data

Update R IIEEN  List Fits Manage Groups

Names Gaia20azc

Photometry Check for new data

Target Type SIDEREAL
Right Ascension 242.75086
16:11:0.206
Declination 25.00718
+25:00:25.848
Epoch 2000.0

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

Time

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

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 phwwstunmetic FITS prucessing cwouse Uhe vuservalury lun Uee sl Yuu can add o new

. SExtractor format is required for

instrument

Files

Choose Fles BEMESFES)

Data product type Names
Target Type

@ Instrumental photometry file (SExtractor format) ‘
Right A<cension

@ Fits image for photometric processing
® Spectrum as ASCI
® Photometric time-series (CSV)

Dechraton

Gai20cgn
SIDSREAL
3703

00 1 30,340
64 429

+OULSINLE)

Submit an observation to L1

Sart Date*

Constraims®

2411518

242.75086

184.61816

302.35516

343.03385

205.559

-41.10483

25.00718

-63.49726

26.93588

60.66893

64.31565

el
W\ /]
\//

TOM TOOLKIT strasary

3164

444

10852

3316

10.0

299

1.0

1.0

0.5

1.0

1.0

1.0

2931

270.6

223.0

215.1

160.6

107.4

AkondlLab
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Photometry Spectroscopy Upload Observe Observations Manage Groups Publication
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Download photometry stats latex table =~ Download photometry stats

Full orbital solution for the binary system in the northern Galactic
disc microlensing event Gaia16aye*

Eukasz Wyrzykowski~**, P, ] Mrdi' K. A vauls.n M. Gromadzki*, Z. Kolaczkowskii3: 224+ M Zicliiski*, P,
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LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

» 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!

tukasz Wyrzykowski
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BLACK HOLE TOM - PLANS: https://bhtom.space

LUKASZ WYRZYKOWSKI - TIME-DOMAIN OPTICAL ASTRONOMY

» 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

tukasz Wyrzykowski
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MICROLENSING EVENTS IN GAIA DR3 (2014-2018)

20141 https://youtu.be/o17MoMTbwy0 Maja Jabtonska, Andrzej Kru,ok_a, LW


https://www.youtube.com/watch?v=o17MoMTbwy0
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5 MILLION STARS IN A'SINGLE IMAGE!




38.4m mirror, 10 sq.deg. ~25mag survey

DETECTED

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

number of events per year per sq.deg.

I . . . 1.3 .
Street+2018, arxiv:1812.03127 Sajadian&Poleski 2019 bulssz Wyrapkowsh




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!
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