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POPULATION OF .KNOWN BLACK HOLES AND NEUTRON STARS
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PRIMORDIAL BLACK HOLES AS DARK MATTER?

theoretical s
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HOW TO FIND DARK MATTER"

AR Masswe Astrophysmal Compact Halo Ob]ects i

Part of the halo e § |
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78_0kpc.- " 4 ¥ * o ' Ea

LT s Magellanic, o
.~ .Clouds. '

adopted from figure by’ M.Moniez -tukasz Wyrzykowski



'MICROLENSING

0 Gravitational lensing by compact lenses (stellar or remnants)

e Mass rahge from Earth-like to ~100 MSun

~

e Sources: background stars (chance: 10-6 in the Bulge, 10-8 in the LMC)

photometry (sum of images) astrometry (centroid motion)

I-.

Maerni fiealion
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Tirne i,

~1 month

animations by S.Gaudi

http://www.astronomy.ohio-state.edu/~gaudi/movies.html tukasz Wyrzykowski



MICROLENSING CONSTRAINS ON HALO DARK MATTER

. OGLE '(1'9_'97-2009) monitoring of Magellanic Clouds - very few microlensing events
All can be explained by self-lensing: stars in the LMC lens. stars from the LMC
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Low mass compact objects excluded from MW halo up to ~ few MSun.

Wyrzykowski+ 2009,2010,2011a,2011b
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MICROLENSING CONSTRAINS ON HALO DARK MATTER

. OGLE '(1'9_'97-2009) monitoring of Magellanic Clouds - very few microlensing events
All can be explained by self-lensing: stars in the LMC lens stars from the LMC
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Low sensitivity in Gravitational Wave BH mass regime

Wyrzykowski+ 2009,2010,2011a,2011b
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GAP OR NOT GAP?
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BLACK HOLES AS LENSES

Source motion

“with relative .

proper motion:firel

for example
Mgh=10 Mo at D=1 kpC .
Oe=T Omas, Hrel = BSmas/yr ->te=2 yrs S

tukasz Wyrzykowski



Bulge BH 10 MSun

Einstein Ring crossing time [yrl
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BLACK HOLES AS LENSES
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7 HowTOFlNDBLACK HOLES? o
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5 MILLION STARS EVERY 3 MINUTES
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BH CANDIDATES FROM OGLE
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NEW NEUTRON STAR AT OUR DOORSTEPS‘7

or a prlmordlal black hole?

OGLE3-ULENS-PAR-03
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. ‘CLOSING THE MASS-GAP
» wide mass-gap with Mmin=5 MSun is excluded
' narrower mass-gap still possible (2-3 MSun)

single, with Gaia
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'MASS-GAP DARK LENS CANDIDATES
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'MASS-GAP DARK LENS CANDIDATES

PAR-07 (Notéc) PAR-15 (Nysa) PAR-30 (Slupia)
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ASTROMETRY FROM GAIA

OGLE3 ULENS PAR 02 - candldate ~10MSun BH
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HOW TO FIND BLACK HOLES"

on gomg
mlcrolensmg events : . |
(,) (. [ // ‘ Ilght curves (~20 telescopes) i
~ spectra (VLT Gemlnl SALT)
space observatlons (Spltzer) P

follow up
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MICROLENSING EVENTS FROM GAIA
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Gaial8ces
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INTERESTING CANDIDATES

OGLE-2018-BL(+-0988

LI

7800 8000
HJD - 2450000

Gaial8bmt

|

Spitzer,

Mer.'15

Apr. "1t

Ny "18

Obswrvation calw (TCAL

un.’'18

Jul 18

aug. 16

I magnitude

residuals [mag]

OGLE-2017-BLG-0074

| I 1 | | | l

7200 400 7800 7800
ITJTY - 2450000

5000

1 — FS=L modal weh parallax

== PSSO madal
Fulloww-up 1
Fellow ug i
Fellow-up v

Dan

T
7900

JD-245

tukasz Wyrzykowski



GAIA16AYE

probably the most complex binary microlensing event ever studied!

Gaia
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» multiple caustic crossings due to large microlensing parallax ~ model by

* more than 2 years in'‘duration e b o il
 more than 20,000 ground-based images taken (also by amateurs) A
* impossible to solve without long-term ground-based follow-up

tukasz Wyrzykowski



~ GAIA1BAYE

- /ens,’ % source

~10kpc | TR

—

~ semi-regular
¢ el IRle
‘ B i, NS GNE
M1 - 04 MSun- — - P s s E2%4) ' o) :
M2 = 0.6 Msun _ : i R 20 BSun
P=34yrs - . - -

incl = 60 deg
ecc=0.3

- full orbital solution!



SPACE PARALLAX

——— ground-based follow-up
—— Gaia

\
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At the casutic crossing the brightness changes within hours.
We were lucky that Gaia observed this event at the 4th caustic crossing!




‘GAIAT16AYE ASTROMETRY
position of the centroid of the images (2, 3 or 5)

7602 < HIJD' < 7614
7614 < HID' < 7649

7714 < HJD' < 8500

~3 mas

e (Jaia transits

solely source centroid motion
real observations will smear this with proper motion and parallax of the source



POPULATION OF .KNOWN BLACK HOLES AND NEUTRON STARS
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POPULATION OF KNOWN BLACK HOLES AND NEUTRON STARS




tukasz Wyrzykowski
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"TRACKING BLACK HOLES EVOLUTION

12

Pop Ill

stellar seeds , *

Nuclear cluster of
1 0 2nd generation stars

8 10 102

& Mezcua (2017)

Nuclea cluster / p/

npr otog alaxy

Direct collapse

Mergers of
protogalaxies

leftover IMBHs . .
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IMBH - WHERE ARE THEY?
 MILKY WAY: ' E

- leftovers from disruption
. of dwarf galaxies

DWARF. GALAXIES:
“in the centres of
old low-mass galaxies

Baldassare+15

tukasz Wyrzykowski



IMBH - WHERE ARE THEY?

MILKY WAY:
leftovers from disruption
of dwarf galaxies

. : . ' . '." - . P~
~ IR
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DWARF. GALAXIES:
“in the centres of |
~old low-mass galaxies

tidal disruption events

see Mariusz’ and Nada’s talks

Baldassare+15

tukasz Wyrzykowski



BLACK HOLES AS LENSES

¥ -
/ \
W\

| Source motion -

‘with relative
proper motion: flrel

for example
~Msni=100 M@ at D|_—1 kpc ->1E=5Yyrs
Mgh = 1000 M@ at Di=4kpc -> te =6 yrs

tukasz Wyrzykowski
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BLACK HOLES AS LENSES
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BH lens M~1000 M.

image(+) motion

image(-) motion
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Magnitude difference (mag)
§eN
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Courtesy Jos de Bruijne

PLATO 2.0 Science Conference

Taormina, 05 Dec 2014




SUMMARY

-Mlcrolensmg can help discover low and highimass black holes
Including the primordial ones

e remnant (dark lens) mass distribution -> no mass-gap?

- & Gaia astrometry in 2023 (DR4) will yield accurate lens masses of
currently on-going microlensing events

o Without ground-based photometry the Gaia data will be useless!

e IMBHs in Milky Way can be searched via lensing in Gaia data (but
no alerts)

tukasz Wyrzykowski
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TIDAL DISRUPTION EVENTS

iet SMBH di ti t
Quiet S ‘&up ing a star




TIDAL DISRUPTION EVENTS

e disruption of a star by central Black Hole (up to 1048 MSun)
e hot, UV-bright flares (>30,000K)

*10-5 events per galaxy

ethe shorter the flare, the less massive the BH

e channel for IMBH discovery (White Dwarf disruption)

b If'l Time since peak (rest-frame days)
- \ ! -50 -20 O

v 1RO
- 1 U R@

Time since disruption (rest-frame days)




TIDAL DISRUPTION EVENTS & IMBHS

Y-axis (rtidal in km)

10 MO )
MS star _.="

-

Schwarzschild radius

X-axis (MBH in MQ)
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o o o
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credit: Peter Jonker



TIDAL DISRUPTION EVENTS & IMBH

Ooterttial agtrophugical souresg producing fagt trangiente
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High-cadence all-sky observations needed to detect short TDE!



Macleod+2015
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TIDAL DISRUPTION EVENTS & IMBH

WD disruption by an IMBH model

f=—=-19 at max in UV
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How to find an IMBH : surveys

OGLE

http: //ogle astrouw edu.pl

f
., ;;,n,_nu

Polish 1.3m dedicated telescope
in Las Campanas, Chile

Surveying continuously since 1992.

Gaia Science

http://gsaweb.ast.caliraciuk/aler

ESA space mission with 2x1.4m telescopes Iocated in L2.
In operation since 2014.
DR1 in Sepember 2016,

DR2 in April 2018 o



How to find an IMBH : follow-up

NOT/ALFOSC
NUTS PI: S. Mattila

SALT/RSS , =
Transient Universe
Pl: D. Buckley

ESO/VLT/FORS2 (P<101) .
Pl: L. Wyrzykowski S
Pl: M. Gromadzki I g

ESO/NTT/EFOSC2 B
ePESSTO PI: S. Smartt




~ OGLE-GAIA SKY

A

40 60 80 100 120 140 160
Number of Gaie observations after 5 years

Transients Search Fields

Galactic

LMC-SMC

Gaia figure b.y Nadia Blagorodnova, OGLE fields by Jan Skowron

kowski



OGLE TRANSIENTS

700sq. deg monltored 200 SN/year 3rd world provider!

OGLE 2015 SN (22 Ra,Dec= W max= 7029.70629 ..015 31 07.206 LMCL% 14, ‘b/N Dlsc_[iJD= 2457035 "4181 Disc_Imecg= 20 .48~ Offset= 41 .36pix (10.73as) Phot clax=

1"-‘d "-1--.

e 2 =l - - .
140 2550005 Z A N mo W N ) S l..f'

OGTFE-2115-SN{12| Ra,Nec=_:38:899.59 -69:13:46.| HID_max= D37 56431 201S-01-15.043 SMCE! 228 130N Dise_H = ?-‘h’ﬂ’? 5443 Dise_Tmag= 15095 Offset= 13 5601 (3.53as) Thot.clazs= -

OGLE is good in finding nuclear transients
with difference imaging.



OGLE AND GAIA NUGCLEARS 2016-2017

core-collapse SN

AGN

TDE candidates

Alex Hamanowicz Master thesis 2017



WIUYOTr)
W2 (UVOT)

OGLE16AAA - HUNGRY BLACK HOLE

M2 (UVOT)
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Vega Magnitude
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i slowly rising I-band light curve (~30d) -
E unlike in most SNe, UV-bright (Swift)

ul E very broad Hell and Hx emission
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hot black-body flare spectrum: 22,000K
weak narrow AGN lines
SMBH: 106-> MSun, star: 0.3 MSun

—
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Wyrzykowski+2017




OGLE17AAJ
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ASASSN-17BGT - NEW CLASS OF AGN FLASHES?
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MAP OF GAIA ALERTS

Scan coverage on 15 Nov 2017

Alerts
» last 7 days
older alerts

Y . .
10 (fading with age)

Number of scans

http.//gsaweb.ast.cam.ac.uk/alerts/maps/alerts-equatorial-coverage-map.png
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Nuclear transients in Gaia
Gaia’s adventages: astrometry and spectra

Currently the astrometric
accuracy Is about 0.1arcsec.

Sub-mas astrometry will help
recognise genuine nuclear
transients (in DR4/2022).

| ;| , possible real-time astrometry
4 KN for the alerts from 2019

20.5
600 900 1000 1100 1200 1300 1400 1500 1600

single Gaia spectrum
at <19mag can distinguish
transient type (SN/TDE)
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calibrated BPRP
spectra soon to be
available for alerts

50 .
leO(l 2100 1200 1300 1400 1500

Blagorodnova+2015,2016

I

raw public Gaia data!



Nuclear transients in Gaia
examples
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Nuclear transients in Gaia
Current Alerts Pipeline not sensitive enough to nuclears!

Independent check in the Gaia light curves revealed hundreds of potential nuclear alerts.
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300 1000 1200 1400 1600 1800 2000 2200
JD-2456000 d

Significant population of bright nuclear transients!

work in progress
to Improve the alerting system
(Cambridge, Warsaw, Utrecht, Nova Gorica, Turku)
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Kostrzewa-Rutkowska et al. submitted



Let’s go to space!
e UV survey for bright nuclear flares - probe IMBHs

¢ additional science:
novae, kilonovae, supernovae, super-luminous supernovae

¢ Polish HyperSAT platform for small instruments (10-100kg of load)




SUMMARY

| -Mlcrolensmg can help discover low and high mass black holes,
including the primordial ones

*remnant (dark lens) mass distribution -> no mass-gap?

e Gaia astrdmetry in 2022 (DR4) will yield accurate lens masses of
currently on-going microlensing events

*IMBHs in other galaxies can be found with tidal disruption events

e Gaia Alerts will improve its sensitivity to nuclear transients over
next years and will provide sub-mas astrometry and spectra!l.

o ShOrt-Iived UV flashes best observed from space
(TDE on IMBH and kilonovae) |

tukasz Wyrzykowski
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GAIA AND MICROLENSING

x Apr|I 2018 1 3 b|II|on stars in the Milky Way have their parallaxes and
proper motions measured based on 2014-2016 observations by Gaia.

Apparent motion of a star seen from Earth

O

Parallax - due to motion of Earth

/

“Proper” motion - due to star’s orbit in Milky Way

:

Undisturbed motion of the star

Gaia+2018

tukasz Wyrzykowski



GAIA AND MICROLENSING

x Apr|I 2018 1 3 b|II|on stars in the Milky Way have their parallaxes and |
proper motions measured based on 2014-2016 observations by Gaia.

Apparent motion of a star seen from Earth

Q

Parallax - due to motion of Earth

*Proper” motion - due to star’s orbit in Milky Way

h

Microlensed images separated by ~mas
" are not resolvable by Gaia. . L

Undisturbed motion of the star

But the motion of their centr0|d can bé
detected!

?*

Microlensed star

Size of the loop ~ Einstein Radius

Gaia+2018

tukasz Wyrzykowski



HOW TO CONFIRM A BH LENS"

S hlgh resolutlon imaging after 15 years
¢ if-non-BH the star should appear next to the source

e separation-about 50 mas .
| e brightness estimated from blending

. e VLT/NACO image of PAR-02
simulated luminous lens S50 R e e

e

(Credit: Alek Kurek)- .
i
:

Kurek, Wyn=ykowski in prep. O OBViOUS luminous lens seen! - .

tukasz Wyrzykowski



FUTURE WORK

OGLEII e OGLEIII + OGLEIV 20 years- Iong Ilght curves

: search for events with Mgan ~100 MSun (GW-Ilke)
te > 4 years -- |

JOGLE-I

Wy PR SUE wigrinv ey

- 1997° © OGLE-2005-SMC-001 - 2017 o ipmiones



‘ GUESSING THE MASS
Assume:
- know source distance (selected Red Clump sources)

- source moves randomly as all Bulge stars
- stellar remnants in the Galactic Disk move as all the stars

e

FE0BW — F814W [Meg]
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. GUESSING THE MASS
Assume: - | | SR
- know source distance (seleeted—Red—Glump—seuFees) '
- source-mevesrandomiy-as-al-Bulge-stars .

. stellar remnants in the Galactic Disk move as all the stars.

* direction of mu_L
is known fljom
the parallax vector

¢’ 1a+ N
" GGIG 20 I 8 tukasz Wyrzykowski



OGLE17aaj




OGLE17aaj

RA= 01:56:24.92 OGLE-|

DEC=-71:04:15.9 OGLE-V
Swift-UVW1
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OGLE17aaj - spectral evolution

| Ha + [NII]
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OGLE17aaj - host- pre-outburst variability
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OGLE17aaj - host - black hole mass
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ASAS-SN17gs

Blazar emission mechanisms

synchrotron radiation
by e ore’/e
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ASAS-SN17gs

Example blazar lightcurves

JC454.3

Jet dominates optical light

| -

Flares

.'Fl -

-3500 - 3000 -2500 -2000 -1500
JID-245790C

$
Jet contribution comparable x| ?ﬁ}
to other AGN components :

) %
a B o * {’
Slow irregular variations .. NG

-3500 -3000 -2500 -2000 -1500 - 1000
ID-2457900

SMARTS monitoring data by Bonning et al. 2012, AplJ, 756, 13




ASAS-SN17gs

ASASSN-17gs = 2017egv

e Discovered on 2017-05-25 near the center of galaxy
2MASX J15441967-0649156

e Coincides with a GeV transient observed by
Fermi/LAT (ATel #10482)

e X-ray transient by MAXI (ATel #10495) and Swift/XRT

e« MDM 2.4m Hiltner telescope on 2017-06-14
measured host z=0.171 (ATel #10491)

e No previous X-ray detection
e Historical radio detection (NVSS) 47 mly at 1.4 GHz




ASAS-SN17gs
ASASSN-17gs Iong term Ilghtcurve

CSS —a—
ASASSN

18
-4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 500

JD-2457900




ASAS-SN17gs
ASASSN 17gs short term Ilghtcu rve
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ASAS-SN17gs
Short-term UV lightcurve from Swift

16.2
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ASAS-SN17gs

UV color temperature

ASASSN-17gs (z=0.171) 2017-06-09 00010145003
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ASAS-SN17gs
Swift/XRT lightcurve

Irregular variations
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ASAS-SN17gs

Stacked Swift/XRT data

Exposure: 30ks between 2017-05-26 and 2017-09-28
Absorbed power law model with '=1.79 +/-0.01

X-ray image X-ray spectrum

data and folded model




ASAS-SN17gs
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ASAS-SN17gs

asassn-17g
z=0.171
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ASAS-SN17gs
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