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What is essential is
invisible to the eye.

- Antoine de Saint-Exupéry,
The Little Prince
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X-ray binaries and
gravitational wave events:
“easy” to find, but rare
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X-ray binaries and
gravitational wave events:
“easy” to find, but rare

BHs in wide binaries +
Isolated BHs:
hard to find, but common
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Time present and time past
Are both perhaps present in time future,
And time future contained in time past.

T.S. Eliot, Four Quartets
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Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
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Masses in the Stellar Graveyard
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Microlensing:
~requires astrometry

,; : X

probably the only way to find isolated BHs

' Microlensing Black Hole: . . -
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Population demographics of Galactic BHs (KE guesstimates)

‘ 108 single BHs .
10’ BH + BH binari
‘ ‘ 0" BH + BH binaries -‘- ‘ < 3 HMXBs

‘ /‘/ 10° BH + NS binaries
‘ ‘ 10° BH + massive star binaries

‘ 10° BH + low mass star binaries
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Population demographics of Galactic BHs (KE guesstimates)

‘ 108 single BHs .
10’ BH + BH binari
‘ ‘ 0" BH + BH binaries -‘- ‘ < 3 HMXBs

‘ /‘/ 10° BH + NS binaries ‘ ‘
3 : .
‘ ‘ 10° BH + massive star binaries 10°BH + BH + star

‘ 10° BH + low mass star binaries

< 10° LMXBs

(+ many other possibilities!)
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Population demographics of Galactic BHs (KE guesstimates)

‘ 108 single BHs

1 observed -‘» < 10° LMXBs
25-70 observed

10’ BH + BH binari
‘ ‘ oo B bmanes -‘- ‘ < 3 HMXBs

observed
1-3 observed

‘ /./ 10° BH + NS binaries

0 observed ' ‘

3 . S
‘ ‘ 10° BH + massive star binaries 10°BH + BH + star
~1 observed

0 observed

‘ 10° BH + low mass star binaries

~3 observed (+ many other possibilities!)
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Open gquestions

- What are the masses, spins, and natal kicks of BHs and NSs?
- How do these quantities depend on properties of the progenitor stars?
- How do BH/NS binaries form, evolve, and survive?

- What else lurks in the dark?
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The Gaia mission: precise positions for 2 billion stars

Records astrometry with ~0.01 milliarcsecond precision (at bright end)
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0.01 milliarcsecond precision
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0.01 milliarcsecond precision

0.2 mm

= (.01 milliarcseconds

5000 km
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0.01 milliarcsecond precision
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0.01 milliarcsecond precision

Gaia observes a binary
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RIP Gaia (2014-2025)

11 year baseline: sensitive to orbits up to ~20 years
~120 astrometric measurements per source on average
Only the first 3 years of data are processed so far.

DR4 this December. The best is yet to come!
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Gaia DR3: 170,000 astrometric binary solutions
factor of ~50 increase over all previous literature
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Gaia DR3: 170,000 astrometric binary solutions
factor of ~50 increase over all previous literature
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I I I
all astrometric binaries
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Gaial BH1
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How to form this?

1.4 au
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How to form this?

1.4 au

10 Msun BH = ~40 Msun progenitor?
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Helium coremmi"1

~few Rsun

If systems survives a common envelope, final separation should be very tight
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There are currently significantly more models than Gaia BHs

Isolated binary evolution (+ strong winds): Gilkis & Mazeh 2024,
lorio+2024, Kotko+2024, Kruckow+2024, Chawla+2025,
Olejak+2025

Triples: Li+2024, Generozov & Perets 2024, Nagarajan+2024,
Naoz+2025, Hu+2025, Li+2026

Open clusters: Rastello+2023, Marin Pina+2024, Di Carlo+2024,
Tanikawa+2024, Zhou 2025

Massive clusters: Fantoccoli+2025, Souvaitzis+2025, Banerjee
2025, 2026
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Gaia BH2
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But wait, there’s more!

Astrometric orbit
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We have metallicities!

Gaia BH1, [Fe/H] =-0.2

Gaia BH3, [Fe/H] = -2.5
Mgy = 33M,
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We have metallicities!
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Mgy [M |

We have metallicities!
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Mgy [M o ]

We have metallicities!
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But what if it’s two black holes?
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But what if it’s two black holes?
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But what if it’s two black holes?
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But what if it’s two black holes?
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A silent majority of dormant BH binaries

T T T T I T ? GIS 13354:-64|- T T T I T T T T T T T T I T T T T T T T T I T T T |
TL H 1705-250 GX 339-4 GRS 1915+105 -
10 I MAXI J1305-704 t 4U 1543-47 + ]
[ GRS 1009-45 {XT J1859+2 1
— - GS 1124-684 1
& ' XTE JIR00- 1301 %o V54§41 > @ ]
R, ] MAXI J1820+070 V404 Cyg NGC 3201 #12560 1
=, IGRO J0422+32 |
Q th 2000+25 GRO J1655-40 °
8 XTE J1118+480 Cyg.X-1 HD 130298 OGLE-? ?5101|-a?(le_dc-);-0462
8 $ A0620-00 °
Z o0l o |
= 10 | Gaia BH2 ]
@ Gaia BH3]
¢ LMXBs ®  detached (low — massstars in GCs) Gaia BH1 1
¢ HMXBs ®  detached (high — mass stars .
g
1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 I
10" 10° 10" 10° 10°

P, orb [days]

El-Badry et al. 2024

Kareem EIl-Badry (Caltech)



Chandra (X-rays)

X-ray and radio: zero photons
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X-rays and radio: come back in a few Gyr
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21 neutron stars in wide binaries
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21 neutron stars in wide binaries
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Unexpected Li enhancement in NS companions
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Unexpected Li enhancement in NS companions

1.0
W
=
=
.=
gos8
Tg 1 1 1
§06_RatNSmmmmmn | Al ® GALAH metal — poor stars :
| Black: normal comparison star e metal — poor NS candidates

3_

A(Li)

normalized flux

gOO i 5500 6000 6500 7000
Test [K]

normalized flux

6675 6680 6685 6690 6695 6700 6705 6710 6715 6720
wavelength [A]

Kareem El-Badry (Caltech)



Gaia NSs as future X-ray binaries

Residuals
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Gaia NSs as future X-ray binaries
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We are sensitive to low-mass BHs. We do not detect them.

We can measure the mass distribution of pristine NSs
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A mass gap over 4 orders of magnitude in orbital period
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A mass gap over 4 orders of magnitude in orbital period

GWTC-4 (talk by S. Vitale)

10° 5 —— FuLLPOP-4.0
. —— BGP
To
=
|
5
i
T T T T 4
¢ BH X-ray binaries ¢  BHs from Gaia ¢ pulsar binaries (NSs) Y @‘ -
30 ¢ BH spectroscopic binaries ¢ NSs from Gaia Gaia BH3| E
520 t 3 | ——
) :
ol t t * t o ] | f é
8 8t tt 1 1 Gaia‘BH1 e : 1072
Sef ¢ [ ++ S GaBn2 1 2 4 6 8 10 12 14
;g’ I my [Mo)]
& 4t t¢
2 }
8 2l . ° . R Gaia NS1 T'T) g
¢ ° ° + ° ¢ } = Y
o tEe cha e T e wme i
1L . + N ,* other NS candidates (thjs work) m>’
10" 10° 10’ 10° 10° s , e 0.0 05 10
P [days] o, : N A (gap depth)
El-Badry+2024 £ —_— —
~
% 10~ 4 | ; o
10—2 T
2 4 6 8 10 12 14

Kareem El-Badry (Caltech)



Selection functions and population
inference with Gaia data

Kareem EIl-Badry (Caltech)



Population inference with Gaia data

Star
- Transits: astrometry + G photometry
- Single star solution: Aw, A3, @, .. , Hs
- Radial velocity

Preprocessing
Correction of perspective
Calculation of the
single-star solution

no o .
Acceptance? > Slngle.star
solution

Gaia astrometric catalogs e seeeeraton
are made with a L <
complicated cascade

cascade of astrometric

Varlability-induced
mover solution

N

Retain 5-parameter solution from eDR3

v

If acceleration solution is “OK”, don’t try an orbital solution

Astrometric
binary
solution

If an “OK” solution is not good enough to be
published, don’t try anything else

[ u:-mmmnoﬂvﬁmo\ ]

Halbwachs+2023
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Population inference with Gaia data

accepted

And there are many
complicated cuts

S 10°
(© .~ rejected

. 0.>0.0794In(P) - 0.244

ao0/0a,

0.1

(TR 10° ' 101 102 i0°
P(d) P(d)
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Need to be able to predict things like eccentricity error to know completeness




Population inference with Gaia data

0.6 B | | | | B
But even so, Gaia observations 04+t |
are easy to simulate —
g Der .
Signal depends only on flux ratio o ol _
and orbit 52 b
-0.2 |
So: let’s forward-model everything
_0.4 - | | =

0.5 0.0 -0.5 -1.0
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Population inference with Gaia data

Fin, ast [Mo)]

fm, ast <0.3 Mo
‘fm.aT't >0.3 Mgy

Astrometric model cascade and
quality cuts are also easy to
simulate 06 ' L 10°p ' .

0. >0.0791n(Pyy,/d) — 0.244
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Population inference with Gaia data

It works pretty well! T e
(but not perfect) .
10°
Z 10° 1 5000}
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Population inference with Gaia data

It works pretty well! TR e
(but not perfect) .
10
Z 10° 1 5000 |
10’ 1 DR3 .
. o o 0 T
Gaia is not complete anywhere s PP .
Porp [d] G [mag]
But, we understand the 4000 - ]
completeness remarkably well! 10000 -
= 2000 15000 -
For many applications, this is as
good as being complete %0 05 00 05 10

CcoS1?

El-Badry+2024
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Two models for the Galactic BH population

Isolated binary evolution
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Dynamical formation
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Two models for the Galactic BH population

Isolated binary evolution
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Two models for the Galactic BH population
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Commercial break

We understand the selection function of Gaia
astrometric catalogs remarkably well.

Apply it to your favorite simulated binary population
today!

gaiamock ' Public

O GitHub



J
Wh at S neXt? Simulated astrometric binaries in future Gaia releases

[ DR3 (N =249150)

Many more binaries coming: 1 DR4 (N =1254356)
- DR4 (2000 day baseline): December e e il
- DR5 (4000 day baseline): 2030

2.00

Longer observing baseline —> larger 175
orbits —> larger search volume

-
n
o

-
N
(¢}

DR4 will include:

- epoch astrometry for all sources.

- epoch RVS spectra for 30M
sources with G_RVS < 14

- epoch light curves for all sources

distance [kpc]
.o —
~ (=]
(6] o

o
[}
o

0.25

These data will be transformational
for BHs, exoplanets, and basically
all kinds of binaries

Kareem EIl-Badry (Caltech)
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Simulated BH+low mass star detections in Gaia DR4/DR5
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What about BHs with massive star companions?
10M4BH + 15 M star
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What about BHs with massive star companions?
10M4BH + 15 M star
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DR4 will require a lot of follow-up

- Multi-epoch, high-resolution spectra
To vet and refine orbits
To rule out luminous companions
To measure metallicities, rotation,
atmospheric parameters...
To look for pollution from SN ejecta
- High-resolution imaging

- To search for tertiaries + rule out

blending

- X-ray + radio

- To detect accretion

Follow-up will be more challenging than
DR3: more targets, fainter sources, more
false-positives

Kareem EIl-Badry (Caltech)



La Silla MPG.2.2 m

DR4 will require a lot of follow-up e

- Multi-epoch, high-resolution spectra |
- To vet and refine orbits FEROS spectrograph
- To rule out luminous companions T AT
- To measure metallicities, rotation, Gemini 10m il
atmospheric parameters... -
- To look for pollution from SN ejecta
- High-resolution imaging
- To search for tertiaries + rule out
blending
- X-ray + radio
- To detect accretion

Follow-up will be more challenging than
DR3: more targets, fainter sources, more
false-positives

'HIRES spectrograph
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Isolated BH searches with Roman: beginning next year!

te(days) =249.4, 6Og(mas) =5.19, mg =0.013
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The search is on for stellar-mass black holes

Astrometric and spectroscopic surveys have made the first discoveries, with
more to come; microlensing detections will accelerate with Roman

Gaia is just getting warmed up
Sensitivity improves dramatically with increasing observing baseline, and we
have only analyzed the first 30% of the data

Binaries are key to most open & interesting
problems in stellar physics

We do not yet understand how most detected BHs (in X-ray binaries, wide
binaries, GW sources...) formed.
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