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KILONOVA

Li&Paczyński 1998, Metzger 2014
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GW170417 Kilonova from merging neutron stars (GW170817)
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MW FOLLOW-UP
• Optical (imaging) follow-up still the easiest

• Numerous telescopes on any hemisphere

• Continous monitoring, fast reactions

• Extensive archives

Smartt et al. 2017 (Nature)
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➔Mass = 33 M⊙ , distance = 590 pc

➔Companion: old giant (0.76 M⊙) very low metallicity [Fe/H] = −2.56 ± 0.11

➔Possibly part of Sequoia halo structure: median [Fe/H] ∼ −1.7

➔or more probable ED-2 stream: [Fe/H] = −2.6 ± 0.2 Video credit: ESA/Gaia/DPAC, Stefan Jordan, Toni Sagristá

THE MOST MASSIVE GALACTIC BLACK HOLE - GAIA BH3

Panuzzo+2024 
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THE MOST MASSIVE GALACTIC BLACK HOLE - GAIA BH3

Video credit: ESA/Gaia/DPAC, Stefan Jordan, Toni Sagristá
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THE FIRST SINGLE BLACK HOLE - MICROLENSING EVENT OGLE110462 

astrometric time-seriesphotometric time-series

Hubble 
Space 
Telescope

Alert

Sahu+2022, Lam+2022, Mróz+2022

Mass=7.9+-0.8 Mo 

Distance=1.5+-0.1 kpc

OGLE110462+HST
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QUASAR MONITORING

Wozniak et al. 2000

Kozlowski et al. 2013, 2021

▸ AGN studies: reverberation mapping, sizes, masses of BHs 

▸ Lensed QSOs - sizes, dark matter 

▸ Binary SMBHs

e.g. Charisi et al. 2022, Yong-Jie et al. 2024
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SMBH TRANSIENTS
▸ Mergers in binary SMBHs (Tic-Toc candidate) 

▸ Changing Look QSOs (MacLeod+2012) 

▸ Bowen Fluorescence Flares (Trahtenbrot+2019) 

▸ Tidal Disruption Events (Van Veltzen+2011)

Jiang et al. (2022)Trahtenbrot+2019, NatAst



THERE IS ALWAYS A TIME-DOMAIN INTERESTING OBJECT VISIBLE ON THE SKY

LUKASZ WYRZYKOWSKI - NCBJ, PL

Gaia Alerts



Łukasz Wyrzykowski
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GAIA - ALL SKY - PERFECT OPTICAL SURVEY

▸ ESA mission since 2013 

▸ located in L2 

▸ 10m in diameter 

▸ two 1.4m mirrors 

▸ depth: G~20.5mag 

▸ positional accuracy:  
<1 mas 

▸ 2 billion sources 

▸ simultaneous brightness, 
position and spectral  
observations  

▸ typical cadence: 30 days



▸ 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

GAIA ALERTS

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

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


GAIA18AJZ ALERT
▸ one of the longest events ever (te~450d) at gal_l=+23 deg 

▸ dark lens, most likely ~12 MSun at ~2kpc 

▸ hint for microlensing signal in astrometry in elevated RUWE (=1.5)

by Kornel Howil with MulensModel

M =
✓E
⇡E MICROLENSING PARALLAX

EINSTEIN RADIUS FROM GALAXY MODEL

Howil et al. 2024



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

▸ Optical + Infrared time-series

Szegedi-Elek et al. 2020



Large  
Magellanic Cloud 
satellite galaxy

Halo
50 kpc

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)

▸ 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

Wyrzykowski+ 2009,2010,2011a,2011b; Mroz+2024
Garcia-Bellido & Clesse 2017

Ł.W.

EROS

OGLE
Microlensing



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)

LUKASZ WYRZYKOWSKI - NCBJ, PL



5 MILLION STARS IN A SINGLE IMAGE!
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Black hole detection
Astrometry

Credit: ESA, link to video

Orbit usually smaller than instrument resolution: model photo-centre of the system.

https://sci.esa.int/web/gaia/-/58787-star-and-planet-orbiting-their-common-centre-of-mass
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Black hole detection
Astrometry

Two-body motionKeplerian orbitSingle-star motion

Credit: ESA/Gaia/DPAC/Johannes Sahlmann, link to video

Orbit usually smaller than instrument resolution: model photo-centre of the system.

https://www.youtube.com/watch?v=oGqSgBIJtZ0
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Black hole detection

Credit: ESA/Gaia/DPAC/Johannes Sahlmann, link to video

Astrometry orbit
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Gaia BH 1, 2, 3 orbits



BH3, Geneva,16 Apr 2024, Berry Holl 30

Stellar remnant black holes

Figure adapted from Pasquale Panuzzo and Tsevi Mazeh

BHs in X-ray binaries
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Stellar remnant black holes

Figure adapted from Pasquale Panuzzo and Tsevi Mazeh
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Stellar remnant black holes

Figure adapted from Pasquale Panuzzo and Tsevi Mazeh

BHs in X-ray binaries
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Cyg X-1

Bl
ac

k 
ho

le
 m

as
s 

[M
⊙

]

0

5

10

15

20

25

30

35

Period [days]
10−1 1 101 102 103 104

(Dormant)



BH3, Geneva,16 Apr 2024, Berry Holl 33

Stellar remnant black holes

Figure adapted from Pasquale Panuzzo and Tsevi Mazeh

Gaia BH1 Gaia BH2

Gaia BH3BHs in X-ray binaries
BHs in spectroscopic binaries
BHs in astrometric binaries
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Stellar remnant black holes

Figure adapted from Pasquale Panuzzo and Tsevi Mazeh
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Gaia BH1 Gaia BH2

Gaia BH3
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How to form BHs this massive?

Gaia BH1 Gaia BH2
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Gaia BH1 Gaia BH2

Gaia BH3
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How to form BHs this massive?

Could teach us about:

‣ Initial Mass Function (IMF)

‣ Stellar & binary evolution

‣ galaxy formation.
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Multiple BH mass regimes
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Gravitational wave 
distribution

Do we expect a high mass regime?  
➜ Gravitation wave data suggests yes!
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Do we expect a high mass regime?  
➜ Gravitation wave data suggests yes!
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Gaia BH3Gaia BH2&1
astrometric detections: 
closeby (often bright) 

allowing detailed study

Multiple BH mass regimes
Do we expect a high mass regime?  
➜ Gravitation wave data suggests yes!
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Gaia BH3: binary evolution models 
            Binary evolution

Can BH3 teach us something about binary evolution?

Slide credit Anastasios Fragkos
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Gaia BH3Gaia BH2&1 Second peak: 
Accretion onto lower mass 
BHs could perhaps do the 
trick!5728 M. M. Briel, H. F. Stevance and J. J. Eldridge 

MNRAS 520, 5724–5745 (2023) 

Figure 3. The event rate density over the primary BH mass (left) and the mass ratio (right) at z = 0 with the results from the PP model from Abbott et al. 
( 2021 ) as the dashed line. The grey area is the 95 per cent confidence interval. The presence of a CE in the evolution of the BBH merger progenitor has been 
marked with red, while blue indicated that no CE has taken place and only SMT has occurred during the life of the BBH progenitor system. The vertical dotted 
line indicates the 35 M ! BH mass. q BH is split into 40 linear bins between 0 and 1. 
ratio distribution. In Fig. 3 , we compare the predicted population 
against the intrinsic observed population from the PP model from 
Abbott et al. ( 2021 ). We split the M 1, BH space into 40 logarithmic 
spaced bins between 2 and 200 M !. Unless otherwise stated, we use 
this binning for all M 1, BH distributions. In Appendix A , we perform 
a Poisson error calculation, bootstrap sampling, and apply a kernel 
density function to determine the uncertainty associated with this 
distribution, which is limited. 

While the predicted rate o v er mass ratio with q BH = M 2, BH /M 1, BH , 
where M 2, BH is the mass of the secondary BH in Fig. 3 does increase 
rapidly at low q BH , it does not continue to increase with increasing 
q BH and instead drops beyond q BH ∼ 0.4. This might be due to our 
CE prescription, which dominates the mass ratio distribution, or the 
remnant mass prescription (for the latter, see Section 6.2 ). 

Although the mass ratio distribution does not agree with the 
observed values, we find good agreement in the high-mass regime 
of the M 1, BH distribution between our predictions and GWTC-3. 
The predicted distribution contains a double peak structure with a 
peak near 5 and 35 M ! with the latter agreeing with observations. 
Moreo v er, it e xtends into the PISN mass gap with masses o v er 100 
M !, as shown in Fig. 3 . Howev er, it does o v erpredict the low-mass 
BBH mergers (M 1, BH ! 5 M !) and underestimates the number of 
systems near 10 M !. 

The well-matched nature of the predictions to observations in 
the high BH mass regime raises questions about the formation of 
the high-mass BHs and their merger time. Moreo v er, the peak at 
35 M ! seems to be disconnected from the turn-off of the M 1, BH 
distribution, as observed; this calls into question its connection to 
PPISN, which is thought to lead to a pile-up at the end of the primary 
BH mass distribution near ∼40–50 M ! (Marchant et al. 2019 ; Renzo 
et al. 2020a ; Woosley & Heger 2021 ). Because these questions are 
linked, Section 4 will co v er these components in detail, but here 
we will discuss the formation channels giving rise to the M 1, BH 
distribution. 

To this end, we tag BBH merger progenitor model that undergo 
CE during their evolution as CEE, and models that only experience 
SMT as SMT. If multiple mass transfer phases take place during the 
evolution, we check if any of them is unstable, if so we tag the model 
as undergoing CEE. If no interactions take place, the model is tagged 

as NON. We perform the tagging for the primary and secondary 
models. 

In Fig. 3 , we separate the M 1, BH distribution into a formation 
channel with a CE in their evolution, and in a pure SMT sample, that 
only contains systems (primary and secondary models) with SMT. 
We find that high-mass BH (20–115 M !) are increasingly formed 
through systems only undergoing SMT, which is in agreement with 
Neijssel et al. ( 2019 ) and van Son et al. ( 2022 ). The majority of these 
ev ents hav e mass ratios below q BH < 0.4. 

To see what models these systems come from, Fig. 4 shows 
that the main channels contributing to the SMT only channel are 
SMT + SMT with SMT in the primary and secondary model, and 
SMT + NON, where after SMT in the primary model, no interaction 
in the secondary model takes place. Both channels originate from 
massive stars (M 1, ZAMS > 60 M !) with a slightly less massive 
companion (M 2, ZAMS > 35M !). This is further moti v ated by the 
central figure, which shows the fraction of events going through a 
formation pathway at a given M 1, ZAMS and M 2, ZAMS . While these 
systems originate from similar populations, they undergo drastically 
dif ferent e v olution. The NON + SMT systems only contrib ute 
0.30 per cent to the total merging BBH rate, but originate from a 
wide variety of initial masses. 

Nearly all BBH merger progenitor systems interacted during their 
lifetime and the CE and SMT channel result in different remnant 
mass outcomes. Fig. 5 sho ws the period e volution separated per 
evolutionary phase and mass transfer case. In the left column, i.e. the 
evolution of the binary before the first supernova where the primary 
star , M 1 , initiates mass transfer , while the right column shows the 
period evolution of the secondary binary models, where the initial 
primary star has become a compact object and the secondary star, 
M 2 , fills its Roche Lobe. Throughout the evolution, we keep the 
definition of the primary (1) and secondary (2) the same, as such in 
the primary (secondary) models M 1 is M d (M a ) and M 2 is M a (M d ). 

In the initial phase of the evolution (left), we see that SMT (top) 
leads to larger periods and thus larger separations than systems 
experiencing CEE (bottom). This is a result of material being 
transferred from the more initially massive star to the less massive 
in the system. At the start of mass transfer, this results in an orbit 
shrinkage, but once the mass ratio becomes more equal, the orbit 
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BH3, Geneva,16 Apr 2024, Berry Holl 41

Gaia BH3

One possible story...

Slide credit Anastasios Fragkos & Sylvia Ekström

1. Gaia BH3 formed from single massive very metal poor star, 

2. Interacted heavily with others in a globular cluster  
and/or was in 3-body system, 

3. finally paired up with a 0.76 M⊙ companion  
having no chemical enrichment.
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Gaia BH3: binary evolution models 
            Binary evolution

Can BH3 teach us something about binary evolution?

Slide credit Anastasios Fragkos
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Gaia BH3Gaia BH2&1 Origin of BH1 and 2: 
Stars above 80 M⊙  
(at solar metallicity)

skip giant phase and 
become WR:  
losing lots of mass. 
 
Resulting remnants: 
10-12 M⊙ BH 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Gaia BH3: binary evolution models 
            Binary evolution

Can BH3 teach us something about binary evolution?

Slide credit Anastasios Fragkos
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Gaia BH3Gaia BH2&1 Second peak: 
Pulsational pair instability 
disrupts stars when they 
are too massive 
 
Resulting remnants:  
<45 M⊙ BH 

But not though to really 
be responsible for this 
peak.
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Gaia BH3: binary evolution models 
            Binary evolution

Question: could second (GW) peak come primarily  
from mergers of sources from those in the lower peak?

Slide credit Anastasios Fragkos
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Gaia BH3 Answer:  
probably not, as in GW

data you can deduce spin 
information, and the second 
peak would have then usually 
very high spin as it absorbs 
the angular orbital momentum 
of the merging binary, and this 
is not observed in general

for second peak GW sources.
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Gaia BH3: clues for its origin 
From the companion:


- Galactic orbit in halo 
- moving in opposite direction to Galactic disk stars (high-energy retrograde orbit)

- very low metallicity ([Fe/H] = −2.56 ± 0.11)

- very old (>12Gyr)

- normal chemical abundances  (→ no pollution from a companion) 

It supports, for the first time, the idea that the high-mass black holes observed by 
gravitational wave experiments were produced by the collapse of primaeval massive stars 
that are poor in heavy elements. 
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Gaia BH3: clues for its origin 
From the companion:


- Galactic orbit in halo 
- moving in opposite direction to Galactic disk stars (high-energy retrograde orbit)

- very low metallicity ([Fe/H] = −2.56 ± 0.11)

- very old (>12Gyr)

- normal chemical abundances  (→ no pollution from a companion) 

Galactic substructures
Dodd, Callingham, Helmi et al. (2023)
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Gaia BH3: clues for its origin 
From the companion:


- Galactic orbit in halo 
- moving in opposite direction to Galactic disk stars (high-energy retrograde orbit)

- very low metallicity ([Fe/H] = −2.56 ± 0.11)

- very old (>12Gyr)

- normal chemical abundances  (→ no pollution from a companion) 

Compatible with ED-2 halo stream 
(which also has median [Fe/H] = −2.6 ± 0.2 !)


ED-2 is the remnant of a Globular Cluster

Galactic substructures
Dodd, Callingham, Helmi et al. (2023)

→ Has Gaia BH3 been accreted in a binary 
system due to cluster dynamics?
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‣ Launched: 19 Dec 2013

‣ Orbit: around L2 Lagrange point

‣ Operations: Jul 2014 - Jan 2025 (10+ years!)

Two billion star mission
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Photometry
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6D orbital 
motion

mean RV

Multi-domain measurements
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Gaia BH3 observations


