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Seeing stellar mass black holes
x-ray binary .
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e.g., Giacconi et al. (1962), Fabbiano (2006), McClintock & | o
Remillard (20006), Corral-Santana et al. (2016), Ingram ‘

& Motta (2019), Harrison et al. (2020), Fortin et al. (2024 . | o
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Seeihg stellar mass black holes

e.g., Abbott et al. (2016), L1GO

Microlansing
Scientific Collaboration (2025), ete. 1 e

e.g., Agol et al. (2002); Lu et al. (2016),
L.am et al. (2022), Sahu et al.(2022)

Gravitational
. wave emissions

Also: RVs + photometrice, e.g., | {
Thompson et al. 2019; Chawla et al. 2024

e.g., Zevin et al. (2021), Fishbach & B
Kalogera (2022), Fishbach et al. (2025). f

~Astrometry

Gaia BHs
e.g., El-Badry et al. (2025), Gaia | /
Collaboration et al. (2024) &
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We need a binary!

Sana et al.

b
b

Stefano 2017

1

1nary

Raghavan et al 2010

Moe & D

9.

Seeing stellar mass black holes

-ray b
See also
2012
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 Formation ideas: { o
= Binary channel

e.g., Podsiadlowski et al. 2003, 2010; Kiel & \ E |
Hurley 2000; Ivanova et al. 2015; 2015; Wong 5
- et al. 2014; Kimball et al. 2023
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Formation ideas: Born 1n Trip168+

Spectral Type QOffner et al. 2023
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Hierarchical triple system
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Hierarchical triple system

Kozai 1962, Lidov 1962

z1 1S COIISCrvea oIty 10" ar axis-

B ade orbit L mmet.rlc potential and f:()I‘ a tes
retrograde | - particle (massless particle

(1€ qUAATUPOLE 01

Naoz et al, Nature (2011), arXiv:1011. 2501

Naoz et al (2013) MNRAS, arXiv:1107. 24
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Theeccentrlc Koza|~Lidov mechamsm

o for the z-component of the ang lar momenta of See Naoz (2016) for review
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he inner and outer orbit to change al ea&g at the
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__xpanclmg the aPPrOXImatlon H@) the oc:tupole level
| (e g Ford et al 2000 Blaes et al 2002 - alreaciu done before

us. exacl¢capo|e~|eve| as ncedecl (e, will 2017 Holzkncc]ﬁt ' v |
etal. 2026
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Both the magnitucle and orientation of the aﬂgular

“momentum can change
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eccentric Kozai-l.idov mechanism

GR eHects: Naoz et al (2013)
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eccentric Kozai-l1.idov mechanism

I I

{GR effects: Naoz et al (201%)
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- Formation ideas:

. Triple channel

~ No Common envelope
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Fccentric Kozai-lidov (KKL) -

mechanism (Kozai 1962; Lidov 1962;
Naoz 2016) .
General relativity (1pN) 1 0.01
Tides 10-3
Post-main-sequence stellar evolution

(SSE, Hurley et al. 2002) | LTMXB
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No BH kicks Shariat, Naoz et al (2025) Snhanat {

. Triple channel e

No Common Triples form BH-1L.MXBs efficiently, without a common envelope
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- Seeing stellar mass black holes ,
The Triple Connection: ‘
M Low mass X-ray binaries are |
efficiently formed via triples
M Ultracompact X-ray binaries are ‘
also efficiently formed through ‘
triples (+Multimessanger |
X] No connections to the other BH \
systems |



Seeihg stellar mass black holes

Gravitational B
As tI‘OIIthI‘y b

“L.ow mass x-ray binary .
wave emissions B

.......

.....

ﬂ@(\) e.g., Zevin et al. (2021), Fishbach & Kalogera (2022), Fishbach et al. (2025). b z

, *We also see stel ar mass black holes via microlensing \ \ | | e
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Formation suggestions: fine-tuned mass transfer or envelope ejection,

triple-star evolution, and natal BH kicks that reshaped the orbit (e.g., El-
Badry et al. 2025b; Generozov & Perets 2024; Li et al. 2024; Fishbach et al. 2025).

20,000 Gaia BH are expected in the MW, e.g., Nagarajan et al. (2025)

(Gai1a BHs
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e.g., El-Badry et al. 2023a,b; Gaia f

Collaboration et al. 2021,2023,2024




Seeihg stellar mass black holes

Gravitational B
As tI‘OIIthI‘y b

“L.ow mass x-ray binary .
wave emissions B
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ﬂ@(\) e.g., Zevin et al. (2021), Fishbach & Kalogera (2022), Fishbach et al. (2025). b z
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- Dynamical — (Gprayitational wave emissions  Isolated &
j channel binaries é
" Globular Clusters £

’e g , Rodriguez et al. 2016, 2018; Miller & Hamilton
02 Portegies Zwart & McMillan 02, Morscher et al. B
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Usteble « Common- envelope s
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& Samsing 18, Zevin et al. 19, Kremer et al. 19, . s *' Je
, envelope ‘
Gerosa, Vitale et al. 20 ‘ e.g., Van den Heuvel 1976, Kalogera et al. 2007,/ (

G l o N l . Dominik et al. (2012, 2013, 2015), Belezynski et .
alactic \uclel AT al. 2016, 2020, Bavera et al. 2020, 2021, 2022.
e >.g., GW capture: O’Leary et al. 2009; Naoz & § ‘

= Sari in prep; EKL: Hoang, Naoz et al. 2018,
2019; Xuan, Naoz et al. 2023, 2024a, 2024b;
 Large-scale dynamics: Petrovich & Antonini

,.;_-,1&017 AGN disks: Tagawa et al. 2020; Samsing et
= al. 2022
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Chemically =

homogeneous

Mink & Mandel 2016; Mandel & de Mmk 2016;
Marchant et al. 2016, du Bulsspn et al., 2021;
Riley et al., 2021; Bavera et al. 2020, 2021 2()22

Hlerarchlcal triples

e g , Thompson 2011; Antonini et al. 2016,
2017; Silsbee & Tremaine 2017; Liu et al.

2019 Dorozsmai et al. 2024; Kummer et al.
* | - 2025; Stegmann et al 2025
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