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GWTC-3:  90 merger events, with 2 NS/NS mergers, 3 NS/BH mergers 



Observation Run 4 (O4)

100+ candidates



Gravitational waveform gives M1,M2,�e↵



What to do with these GW detections?



What to do with these GW detections?
1. Test gravity theory in nonlinear regime:

Cornell-Caltech collaboration



What to do with these GW detections?
1. Test gravity theory in nonlinear regime

2. Study dense nuclear matter

Shibata et al.



What to do with these GW detections?
1. Test gravity theory in nonlinear regime

2. Study dense nuclear matter

Inspiral phase:  
    Tidal/spin deformation (quasi-static tide)        well-understood (since 1990s): many papers…
     Resonant tide (excitation of g-mode etc) ?    e.g. Lai 1994; Yu et al 2024…

Merger waveform:  
    Remnant NS (hyper-massive or supermassive) or BH ?

    



What to do with these GW detections?
1. Test gravity theory in nonlinear regime

2. Study dense nuclear matter

3. Nucleosynthesis & EM counterparts



LIGO’s first NS Binaries: GW170817 / AT2017gfo



What to do with these GW detections?
1. Test gravity theory in nonlinear regime

2. Study dense nuclear matter

3. Nucleosynthesis & EM counterparts 

4. Astrophysics of BH binary formation



Formation of Merging BH Binaries
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Final AU problem…



Formation Channels of Merging BH Binaries

-- Isolated Binary Evolution

-- Dynamical Formation: 
   several flavors: star clusters, triples (multiples), AGN disks

How to distinguish different channels?

    Rates (uncertain)? 
    Masses and mass ratio
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Formation Channels of Merging BH Binaries

-- Isolated Binary Evolution

-- Dynamical Formation: 
   several flavors: star clusters, triples, AGN disks

How to distinguish different channels?

    Rates (uncertain)? 
    Masses and mass ratio
    Residual eccentricity when enter LIGO band (10Hz) or lower-f band
    Spin-orbit misalignment 
    EM counterpart    



Isolated Binary Evolution Channel:  Standard

Belczynski +16 

Produce 
  circular orbit at 10 Hz
  mostly aligned spin-orbit 

many papers, uncertain 
physical ingredients
(e.g. common envelope;
 Gaia BH1,2,3 ??)



Dynamical Formation Channels  
several flavors…



Dynamical Formation Channels  
several flavors…

1. Dense clusters: binary-single scatterings  tight binary

Samsing+14

Produce mostly circular orbit when enter LIGO band (10 Hz) ??
               Expect random spin-orbit orientations 

Portegies Zwart & McMillan 2000; Rodriguez et al.2015; Chatterjee et al.2017; Samsing et al. 2018; …

Enough BHs in clusters? Kicks? GCs or Nuclear Star Clusters? 



Dynamical Formation Channels  
several flavors…

1. Dense clusters: binary-single scatterings  tight binary

2. Tertiary-Induced Mergers:
     Mergers induced by (gentle) perturbations from tertiary companion
     (via Lidov-Kozai or other secular resonance effects) 
     stellar triples in galactic field, binary around SMBH



Lidov-Kozai Effect
Can perturbation from the Moon make Earth’s satellites fall?



Lidov-Kozai Effect

• Eccentricity and inclination oscillations induced 
if 𝑖	> 40 degrees. 

• If 𝑖	large (depending on octupole strength), get 
extremely large eccentricities (e > 0.99) 

See Naoz (2016) review



LK oscillation + Gravitation Radiation



Tertiary-Induced Binary Mergers
merger window, mass ratio, GR effects, spin-orbit misalignments

Liu & DL 2017-2023
Su et al.2021a,b; Su+2024

Bin Liu 
(CornellNiels Bohr Inst
 Zhejiang U.)

Previous/related works (in various contexts):  
e.g. Blaes et al. 2002; Miller & Hamilton 2002; Wen 2003; 
       Thompson 2011; Antonini et al. 2012,2014,2017, 
       Silsbee & Tremaine 2017; Petrovich & Antonini 2017....
Note: Related/general effects of galatic tidal potential  

Hamilton & Rafikov 2019-2021  (a la Heisler-Tremaine)

Yubo Su
(Cornell, Ph.D.22
 Princeton)



Summary of Tertiary-Induced Mergers
Some general “predictions”:

1. Residual eccentricity at 10 Hz:   a few % have e ~0.1-0.2 

2. Broad spin-orbit angles, peak around 90 degrees

3. In galactic field (induced by another star):  
 unequal-mass mergers are more likely (other factors being equal)
 maybe constrained by LIGO data

4. In nuclear star cluster (induced by SMBH):
 SMBH spin enhances the LK merger fraction; 
             Galactic tidal potential (e.g. Petrovich & Antonini 2017; Hamilton & Rafikov)
 Synergy between galactic tide and stellar flybys (Winter-Granic+2024)
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How does BH spin axis evolve ?
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How does BH spin axis evolve ?

𝑳

𝑺𝟏

𝑳𝒐𝒖𝒕

𝑺𝟐
Spin-orbit coupling
(de Sitter precession):
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900 “attractor”

Liu & Lai 2018



BH spin dynamics during LK oscillations

𝑳out

𝑺𝟏
𝑳

θsl I

ΩL

ΩSL

Outer binary axis
Inner binary axis
Spin axis

(de Sitter Precession)

But 𝑳 precesses and nutates
around 𝑳out
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In the frame co-rotating with 𝑳

Ω" and Ω#" both vary (𝑎, 𝑒, 𝐼)

Over orbital decay timescale (≫ 𝑡"$), LK oscillation of 𝑒 and 𝐼 can “average” out…
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Su, Lai & Liu 2021; Su 2025
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Digression:  
Stellar Obliquity (S-L misalignment) of Hot Jupiter Systems 



One of the ways of forming Hot Jupiters: 
Tertiary-induced high-e migration
 Planet forms at ~ a few AU

 Interaction with companion (other star or planets)  pumps planet into high-e orbit  
      (e.g. Lidov-Kozai)

 Tidal dissipation in planet during high-e phases causes orbital decay

  Combined effects can result in planets in ~ few days orbit

 



What happens to stellar spin axis as the planet
undergoes Lidov-Kozai Oscillations ?

Star rotates  oblate
 S precesses around L
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Stellar spin dynamics during LK oscillations

𝑳out

𝑳

θsl I

ΩL

ΩSL

Outer binary axis
Inner binary axis
Spin axis of host star

(Newtonian Precession)

But 𝑳 precesses and nutates
around 𝑳out
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Outer binary axis
Planet orbital axis
Stellar spin axis

Spin evolution can be chaotic 
(even when the orbit is regular)

Storch, Anderson & Lai 2014
Anderson, Storch & Lai 2016



BH spin:

(de Sitter Precession)
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Theory of Spin Chaos during Lidov-Kozai 

LB

S
L

θslθlb

θsb

Ω
pΩps

Chaos arises from overlapping 
resonances (Chirikov criterion)

Storch & Lai  2015,2017 

Logistic map



Vick, Su & Lai (2023)

Population synthesis of Lidov-Kozai high-e migration 
“Predicted” S-L angle Distribution
(including star-disk-binary interaction prior to LK phase)

Michelle Vick
(Cornell PhD 20Brown)





Summary of Tertiary-Induced Mergers
Some some general “predictions”:

1. Residual eccentricity at 10 Hz:   a few % have e ~0.1-0.2 

2. Broad spin-orbit angles, peak around 90 degrees

3. In galactic field (induced by another star):  
 unequal-mass mergers are more likely (other factors being equal)
 maybe constrained by LIGO data

4. In nuclear star cluster (induced by SMBH):
 SMBH spin enhances the LK merger fraction; 
             Galactic tidal potential (e.g. Petrovich & Antonini 2017; Hamilton & Rafikov)
 Synergy between galactic tide and stellar flybys (Winter-Granic+2024)



Dynamical Formation Channel:
3. Binary BH Mergers in AGN (Active Galactic Nuclei) disks



Empirical evidence for massive stars (-> stellar mass BHs)
in AGN disks

Galactic Center:  
        0.04-0.5 pc: OB/WR stars in disk

Broad emission lines of AGN 
        ==> metal rich (independent of redshift)



Dynamical Formation Channel:
3. Binary BH Mergers in AGN (Active Galactic Nuclei) disks

Previous works: Bellovary+16, Bartos+16, Stone+17, McKernan+18,  Secunda+18, Yang+19, Tagawa+20…

Several merger scenarios…

Tagawa+20



AGN channel merger scenarios:
(leading to different “predictions”)

-- Gas-free (essentially) mergers
   AGN disk helps to bring BHs to a plane…

-- Gas-assisted mergers



Gas-free single-single “collision”
via GW bremsstrahlung

Two BHs (m1, m2) on closely-packed, nearly 
circular, nearly-coplanar orbits around a SMBH (M)
(e.g. brought together by migration in AGN disks 

M

m1

m2

𝑎"

𝑎(

Jiaru Li, Cornell Ph.D.23
 Northwestern

Li, Lai & Rodet 2022
Also: Rom, Sari & Lai 2024
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orbits are dynamically unstable.
What happens to the two BHs?



Two planets in unstable orbits around a star:

M

m1

m2

𝑎"

𝑎(

Three outcomes: 
1. Ejection of lower-mass planet
2. Planet-planet collision
3. Injection into the the near vicinity of star

Two BHs in unstable orbits around a SMBH:

Since 
Ejection and injection are not possible 
     (takes many orbits > Hubble time)

 The two BHs undergo “chaotic” motion, experience
     recurring closer encounters (separation < RH)
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For VERY close encounter:
      

     GW emission 
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Capture radius for forming “permanent” binary
due to GW bremsstrahlung



How likely/often does this happen?
(“loss cone” problem…)

Probability of very close encounters  
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lrel '
p
2m12rrel

<latexit sha1_base64="9lAKZDAYsYFNJKbk8TdDuJRXpCA=">AAACF3icbVC7TsMwFHV4lvIKMLJYtEhliZIKAQNDBUvHguhDaqLIcZ3WqvOQ7YCqqH/Bwq+wMIAQK2z8DU6aAVqOZOncc+7V9T1ezKiQpvmtLS2vrK6tlzbKm1vbO7v63n5HRAnHpI0jFvGehwRhNCRtSSUjvZgTFHiMdL3xdeZ37wkXNArv5CQmToCGIfUpRlJJrm7UHqgcQUFixHMJVi8hd1ObB5ATNrUZg7ezsjmtnrh6xTTMHHCRWAWpgAItV/+yBxFOAhJKzJAQfcuMpZMiLilmZFq2k2w1HqMh6SsaooAIJ83vmsJjpQygH3H1Qglz9fdEigIhJoGnOgMkR2Ley8T/vH4i/QsnpWGcSBLi2SI/YVBGMAsJDignWLKJIghzqv4K8UgFhKWKsqxCsOZPXiSdumGdGac39UrjqoijBA7BEagBC5yDBmiCFmgDDB7BM3gFb9qT9qK9ax+z1iWtmDkAf6B9/gAu5p6s</latexit>

(with separation < rrel ⌧ RH)

<latexit sha1_base64="SbDEgYovC1ELT8SWX5IWX+D4IsY=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWwVVNpKjLopsuq9gLtCFMpqft0MkkzEyEEgK+ihsXirj1Odz5Nk7bLLT1h4GP/5zDOfMHMWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWihJJoUkjHslOQBRwJqCpmebQiSWQMODQDsa303r7EaRikXjQkxi8kAwFGzBKtLF8+0j6aU+GWALPzu/nXM98u+xUnJnwMrg5lFGuhm9/9foRTUIQmnKiVNd1Yu2lRGpGOWSlXqIgJnRMhtA1KEgIyktn52f41Dh9PIikeULjmft7IiWhUpMwMJ0h0SO1WJua/9W6iR5ceykTcaJB0PmiQcKxjvA0C9xnEqjmEwOESmZuxXREJKHaJFYyIbiLX16G1kXFvaxU76rl2k0eRxEdoxN0hlx0hWqojhqoiShK0TN6RW/Wk/VivVsf89aClc8coj+yPn8A04aVaA==</latexit>

rrel/RH

<latexit sha1_base64="no1YuT/fg4qwBWxHdhB0iLes6KM=">AAACHHicbZDLSgMxFIYzXmu9VV26CRahbsqMFnXhouimyyr2Ap1SMulpG5rMjElGKMM8iBtfxY0LRdy4EHwb03YWtfWHwM93zklyfi/kTGnb/rGWlldW19YzG9nNre2d3dzefl0FkaRQowEPZNMjCjjzoaaZ5tAMJRDhcWh4w5txvfEIUrHAv9ejENqC9H3WY5Rogzq5s2rhSnZiVwosgScnrmICHjCOZ6AbmBvw3RRUkqSTy9tFeyK8aJzU5FGqaif35XYDGgnwNeVEqZZjh7odE6kZ5ZBk3UhBSOiQ9KFlrE8EqHY8WS7Bx4Z0cS+Q5vgaT+jsREyEUiPhmU5B9EDN18bwv1or0r3Ldsz8MNLg0+lDvYhjHeBxUrjLJFDNR8YQKpn5K6YDIgnVJs+sCcGZX3nR1E+LznmxdFvKl6/TODLoEB2hAnLQBSqjCqqiGqLoCb2gN/RuPVuv1of1OW1dstKZA/RH1vcvXXihlA==</latexit>

P (< rrel) '
rrel
RH



Two BHs get captured into a (very eccentric) binary 
via GW bremsstrahlung

<latexit sha1_base64="sGhEBD6IObTvQvGOqZ5WTR8Xhc0="></latexit>

fcap ' (1.4Hz)

✓
4µ

m12

◆�3/7✓ M

108M�

◆�2/7 ✓ m12

100M�

◆�5/7 ⇣ a1
100M

⌘�3/7

Once captured, it will take a few orbital period to merge
                          it enters LIGO band with 

This mechanism always produces eccentric mergers

<latexit sha1_base64="2YGzfizUA8bo3Z21HG/AuZMN2y0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0hE1GPRi8cK9gOaUDbbTbt0Nwm7E6GU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvyqQw6HnfTmltfWNzq7xd2dnd2z+oHh61TJprxpsslanuRNRwKRLeRIGSdzLNqYokb0eju5nffuLaiDR5xHHGQ0UHiYgFo2ilgAcDtKYinuv3qjXP9eYgq8QvSA0KNHrVr6CfslzxBJmkxnR9L8NwQjUKJvm0EuSGZ5SN6IB3LU2o4iaczG+ekjOr9EmcalsJkrn6e2JClTFjFdlORXFolr2Z+J/XzTG+CSciyXLkCVssinNJMCWzAEhfaM5Qji2hTAt7K2FDqilDG1PFhuAvv7xKWheuf+VePlzW6rdFHGU4gVM4Bx+uoQ730IAmMMjgGV7hzcmdF+fd+Vi0lpxi5hj+wPn8AfyvkQE=</latexit>

e & 0.1

Li, Lai & Rodet 2022
Rom, Sari & Lai 2024



Gas Effects:  Formation of BH binaries
hydrodynamics simulations

• Initial condition:
𝒂𝟐 − 𝒂𝟏 = 𝟐𝑹𝐇

• Simulation setup:
- 𝑀!"#$ = 1, 	 𝑚% = 10&', 	 𝑚( = 5×10&)

- Thin disk 𝐻/𝑅 = 0.01, low viscosity 𝛼 = 0.01.
- Isothermal disk.
- High resolution with 50100 grid cells per 𝑅$,     
where 𝑅$ = 0.017𝑅*

M

𝑚"

𝑚(

𝑎(

𝑎"

X  [R0]

Y 
 [

R
0]

Jiaru Li … Hui Li’s LANL group… 2023,2025

See also Rowan et al. 2023,24;
  Whitehead et al 2024



Formation of a binaryCircum-
single disk 
(CSD)

Circum-single 
disk (CSD)



Outcomes:  depend on gas density,
                 initial                         and orbital phase

<latexit sha1_base64="ZlIifVHPHiMyvI1PbGbS3bpl4hU=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCG8tMKepGKLopuKliH9AOQybNtKFJZkgyQh2Kv+LGhSJu/Q93/o1pOwttPXDhcM693HtPEDOqtON8W7ml5ZXVtfx6YWNza3vH3t1rqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBUMryd+64FIRSNxr0cx8TjqCxpSjLSRfPsA+eVT5LuX8Abe+WlXclgb+3bRKTlTwEXiZqQIMtR9+6vbi3DCidCYIaU6rhNrL0VSU8zIuNBNFIkRHqI+6RgqECfKS6fXj+GxUXowjKQpoeFU/T2RIq7UiAemkyM9UPPeRPzP6yQ6vPBSKuJEE4Fni8KEQR3BSRSwRyXBmo0MQVhScyvEAyQR1iawggnBnX95kTTLJfesVLmtFKtXWRx5cAiOwAlwwTmoghqogwbA4BE8g1fwZj1ZL9a79TFrzVnZzD74A+vzB/A2k6A=</latexit>

a2 � a1 = KRH



Gas-assisted binary formation:  Toy model calculation
<latexit sha1_base64="RatKKIDaGICv0K7KWM70kD4frt4=">AAACH3icbVDLSgMxFM3UV62vUZdugkVw0ZYZKdWNUBREcFPBPqBThkyaaUOTmSHJFMowf+LGX3HjQhFx178xbWehrQdCDufce5N7vIhRqSxrauTW1jc2t/LbhZ3dvf0D8/CoJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDvz22MiJA2DJzWJSI+jQUB9ipHSkmvWEsfz4V3qJo7gsC/QIL0uc6fklJK5M07L2e0+OKGeBB2F4tQ1i1bFmgOuEjsjRZCh4ZrfTj/EMSeBwgxJ2bWtSPUSJBTFjKQFJ5YkQniEBqSraYA4kb1kvl8Kz7TSh34o9AkUnKu/OxLEpZxwT1dypIZy2ZuJ/3ndWPlXvYQGUaxIgBcP+TGDKoSzsGCfCoIVm2iCsKD6rxAPkUBY6UgLOgR7eeVV0rqo2LVK9bFarN9kceTBCTgF58AGl6AO7kEDNAEGz+AVvIMP48V4Mz6Nr0Vpzsh6jsEfGNMfYzmimg==</latexit>

Fdrag = �m
v � vK

⌧
Gas drag on each BH:



Gas-assisted binary formation:  Toy model calculation

Qian, Jiaru Li & DL 2024

<latexit sha1_base64="RatKKIDaGICv0K7KWM70kD4frt4=">AAACH3icbVDLSgMxFM3UV62vUZdugkVw0ZYZKdWNUBREcFPBPqBThkyaaUOTmSHJFMowf+LGX3HjQhFx178xbWehrQdCDufce5N7vIhRqSxrauTW1jc2t/LbhZ3dvf0D8/CoJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdDvz22MiJA2DJzWJSI+jQUB9ipHSkmvWEsfz4V3qJo7gsC/QIL0uc6fklJK5M07L2e0+OKGeBB2F4tQ1i1bFmgOuEjsjRZCh4ZrfTj/EMSeBwgxJ2bWtSPUSJBTFjKQFJ5YkQniEBqSraYA4kb1kvl8Kz7TSh34o9AkUnKu/OxLEpZxwT1dypIZy2ZuJ/3ndWPlXvYQGUaxIgBcP+TGDKoSzsGCfCoIVm2iCsKD6rxAPkUBY6UgLOgR7eeVV0rqo2LVK9bFarN9kceTBCTgF58AGl6AO7kEDNAEGz+AVvIMP48V4Mz6Nr0Vpzsh6jsEfGNMfYzmimg==</latexit>

Fdrag = �m
v � vK

⌧
Gas drag on each BH:

Kecheng (Stephon) Qian
(Cornell ’24 -> UC Berkeley) 

<latexit sha1_base64="ZlIifVHPHiMyvI1PbGbS3bpl4hU=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCG8tMKepGKLopuKliH9AOQybNtKFJZkgyQh2Kv+LGhSJu/Q93/o1pOwttPXDhcM693HtPEDOqtON8W7ml5ZXVtfx6YWNza3vH3t1rqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBUMryd+64FIRSNxr0cx8TjqCxpSjLSRfPsA+eVT5LuX8Abe+WlXclgb+3bRKTlTwEXiZqQIMtR9+6vbi3DCidCYIaU6rhNrL0VSU8zIuNBNFIkRHqI+6RgqECfKS6fXj+GxUXowjKQpoeFU/T2RIq7UiAemkyM9UPPeRPzP6yQ6vPBSKuJEE4Fni8KEQR3BSRSwRyXBmo0MQVhScyvEAyQR1iawggnBnX95kTTLJfesVLmtFKtXWRx5cAiOwAlwwTmoghqogwbA4BE8g1fwZj1ZL9a79TFrzVnZzD74A+vzB/A2k6A=</latexit>

a2 � a1 = KRH

Initial condition:

See also
Tjarda Boekholt et al. 2023
Mark Dodici & Tremaine 2024



M m1

m2

𝑎"

𝑎(

<latexit sha1_base64="ZlIifVHPHiMyvI1PbGbS3bpl4hU=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCG8tMKepGKLopuKliH9AOQybNtKFJZkgyQh2Kv+LGhSJu/Q93/o1pOwttPXDhcM693HtPEDOqtON8W7ml5ZXVtfx6YWNza3vH3t1rqiiRmDRwxCLZDpAijArS0FQz0o4lQTxgpBUMryd+64FIRSNxr0cx8TjqCxpSjLSRfPsA+eVT5LuX8Abe+WlXclgb+3bRKTlTwEXiZqQIMtR9+6vbi3DCidCYIaU6rhNrL0VSU8zIuNBNFIkRHqI+6RgqECfKS6fXj+GxUXowjKQpoeFU/T2RIq7UiAemkyM9UPPeRPzP6yQ6vPBSKuJEE4Fni8KEQR3BSRSwRyXBmo0MQVhScyvEAyQR1iawggnBnX95kTTLJfesVLmtFKtXWRx5cAiOwAlwwTmoghqogwbA4BE8g1fwZj1ZL9a79TFrzVnZzD74A+vzB/A2k6A=</latexit>

a2 � a1 = KRH

See Petit & Helon 1986
“Satellite Encounters”



Relative trajectories of the BHs  ⇒  

2D Hydro simulation survey:
Jiaru Li et al, 2025 (in prep)

Capture happens only for Why?   
<latexit sha1_base64="+nsgeyf+MC5nv1UA/qOvYckc/v4=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyGpta27ohvBTQX7gDaUyXTSDp1JwsxEKKG48VfcuFDErV/hzr9xmkZR0QMXDufcy733eBGjUtn2u5FbWFxaXsmvFtbWNza3zO2dlgxjgUkThywUHQ9JwmhAmooqRjqRIIh7jLS98fnMb98QIWkYXKtJRFyOhgH1KUZKS31zz7GqPUaklJTDyy9Wspy+WbStE9s5rRxD27JTpKTmlGrQyZQiyNDom2+9QYhjTgKFGZKy69iRchMkFMWMTAu9WJII4TEakq6mAeJEukn6whQeamUA/VDoChRM1e8TCeJSTrinOzlSI/nbm4l/ed1Y+TU3oUEUKxLg+SI/ZlCFcJYHHFBBsGITTRAWVN8K8QgJhJVOraBD+PwU/k9aOq6KVb4qF+tnWRx5sA8OwBFwQBXUwQVogCbA4Bbcg0fwZNwZD8az8TJvzRnZzC74AeP1A4qilkM=</latexit>

1.7 . K . 2.1



Digression:

Two-body encounter 



M

m
𝑎

𝒂 + 𝒙
Test mass



Two-body encounter in the presence of M 

M



Relative trajectories of the BHs  ⇒  

2D Hydro simulation survey:
Jiaru Li et al, 2025 (in prep)

Capture happens only for 
<latexit sha1_base64="+nsgeyf+MC5nv1UA/qOvYckc/v4=">AAACAnicdVDLSsNAFJ3UV62vqCtxM1gEVyGpta27ohvBTQX7gDaUyXTSDp1JwsxEKKG48VfcuFDErV/hzr9xmkZR0QMXDufcy733eBGjUtn2u5FbWFxaXsmvFtbWNza3zO2dlgxjgUkThywUHQ9JwmhAmooqRjqRIIh7jLS98fnMb98QIWkYXKtJRFyOhgH1KUZKS31zz7GqPUaklJTDyy9Wspy+WbStE9s5rRxD27JTpKTmlGrQyZQiyNDom2+9QYhjTgKFGZKy69iRchMkFMWMTAu9WJII4TEakq6mAeJEukn6whQeamUA/VDoChRM1e8TCeJSTrinOzlSI/nbm4l/ed1Y+TU3oUEUKxLg+SI/ZlCFcJYHHFBBsGITTRAWVN8K8QgJhJVOraBD+PwU/k9aOq6KVb4qF+tnWRx5sA8OwBFwQBXUwQVogCbA4Bbcg0fwZNwZD8az8TJvzRnZzC74AeP1A4qilkM=</latexit>

1.7 . K . 2.1



Gas effects: Embedded Binary in AGN Disk

SMBH

Baruteau et al. 2011
Y.Li,… H.Li… 2021
Dempsey, H.Li… 2023
R.Li & DL 2022,23,24



Local simulations of binary in disk

Dr. Rixin Li 
(Cornell -> Berkeley)

R.Li & Lai 2022,2023,2024

Local shearing box
(not ”local wind tunnel box”
used by Kaaz et al. 2021) 

ATHENA
Mesh refinement
Resolution: ab ~250 cells
          zero softening in gravity



Length scales of the problem:
<latexit sha1_base64="PIuyWdrlE1BT0WyikXxvJthNbMw="></latexit>

ab, RB ⇠ Gmb

c21
, RH ⇠ r0

⇣
mb

M

⌘1/3
, H

Velocity scales of the problem:
<latexit sha1_base64="bn3eK9NOgGYL+IdjrGvnMIpDP0M=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiuJAyI0VdFt24rGAv0ClDJs20oUlmSDKFYWhXbnwVNy4UcesruPNtTNtZaOsPgY//nMPJ+YOYUaUd59sqrKyurW8UN0tb2zu7e/b+QVNFicSkgSMWyXaAFGFUkIammpF2LAniASOtYHg7rbdGRCoaiQedxqTLUV/QkGKkjeXbxyM/OJ9MsO9REerUYNPPPMmhGhAkx75ddirOTHAZ3BzKIFfdt7+8XoQTToTGDCnVcZ1YdzMkNcWMjEteokiM8BD1ScegQJyobja7YwxPjdODYSTNExrO3N8TGeJKpTwwnRzpgVqsTc3/ap1Eh9fdjIo40UTg+aIwYVBHcBoK7FFJsGapAYQlNX+FeIAkwtpEVzIhuIsnL0PzouJeVqr31XLtJo+jCI7ACTgDLrgCNXAH6qABMHgEz+AVvFlP1ov1bn3MWwtWPnMI/sj6/AGZd5nK</latexit>

vb, c1, Vshear

 Dimensionless ratios: 
<latexit sha1_base64="xewowZHpCzSuUJVv8kSWw19ob84=">AAACGnicbVA7T8MwGHR4lvIKMLJYVEgMqEqgAsYKlo4F0YfUhMhxnNaq86jtVKqi9G+w8FdYGECIDbHwb3DbDNBykqXT3X22v3NjRoU0jG9taXlldW29sFHc3Nre2dX39psiSjgmDRyxiLddJAijIWlIKhlpx5ygwGWk5fZvJn5rSLigUXgvRzGxA9QNqU8xkkpydDMdWJEKwN7DeXY6Hqd3TmrxANaymYwcN7PIIKFDaDF1rYccvWSUjSngIjFzUgI56o7+aXkRTgISSsyQEB3TiKWdIi4pZiQrWokgMcJ91CUdRUMUEGGn09UyeKwUD/oRVyeUcKr+nkhRIMQocFUyQLIn5r2J+J/XSaR/Zac0jBNJQjx7yE8YlBGc9AQ9ygmWbKQIwpyqv0LcQxxhqdosqhLM+ZUXSfOsbF6UK7eVUvU6r6MADsEROAEmuARVUAN10AAYPIJn8AretCftRXvXPmbRJS2fOQB/oH39ANhqoWE=</latexit>

q

h3
,

RH

ab
⌘ �

<latexit sha1_base64="iIL3sN8gJFagx3q92tx1pGBqM8k=">AAACA3icbVDLSgNBEJyNrxhfq970MpgIHiTZDaJeAkEvuQgRzAOSsMxOOsmQ2Yczs0pYAl78FS8eFPHqT3jzb5wke9BoQUNR1U13lxtyJpVlfRmphcWl5ZX0amZtfWNzy9zeqcsgEhRqNOCBaLpEAmc+1BRTHJqhAOK5HBru8HLiN+5ASBb4N2oUQscjfZ/1GCVKS465dz8AATh3W/Ict3CVO8a5QalSEI6Vc8yslbemwH+JnZAsSlB1zM92N6CRB76inEjZsq1QdWIiFKMcxpl2JCEkdEj60NLUJx7ITjz9YYwPtdLFvUDo8hWeqj8nYuJJOfJc3ekRNZDz3kT8z2tFqnfeiZkfRgp8OlvUizhWAZ4EgrtMAFV8pAmhgulbMR0QQajSsWV0CPb8y39JvZi3T/Mn18Vs+SKJI4320QE6QjY6Q2VUQVVUQxQ9oCf0gl6NR+PZeDPeZ60pI5nZRb9gfHwDIQ2VQg==</latexit>

where q = mb/M , h = H/r0

<latexit sha1_base64="M9gJ/z1S6sgQhf+puuC6uYUOkkU=">AAACInicbVDLSgMxFM34tr6qLt0Ei6Ag44yIj11RBHdWtCq0ZbiT3rbBZGZIMkoZ2l9x46+4caGoK8GPMX0sfB1IODnnXm7uCRPBtfG8D2dkdGx8YnJqOjczOze/kF9cutRxqhiWWSxidR2CRsEjLBtuBF4nCkGGAq/Cm6Oef3WLSvM4ujDtBGsSmhFvcAbGSkH+QAbbWzLwN7tdDEJ7Z1Ul6fHpeafbXe9zdJuufVSbICUMbAF3nY0gX/Bcrw/6l/hDUiBDlIL8W7Ues1RiZJgArSu+l5haBspwJrCTq6YaE2A30MSKpRFI1LWsv2KHrlmlThuxsicytK9+78hAat2Woa2UYFr6t9cT//MqqWns1zIeJanBiA0GNVJBTUx7edE6V8iMaFsCTHH7V8paoIAZm2rOhuD/Xvkvudx2/V1352ynUDwcxjFFVsgqWSc+2SNFckJKpEwYuSeP5Jm8OA/Ok/PqvA9KR5xhzzL5AefzC/+7pAA=</latexit>

m2/m1, eb, EOS (e.g. � law)



Example of flow structure
Pairs of bow shocks, spiral shocks

BH = absorbing sphere: 

Force on each BH:  from gravity + accretion + pressure

 

 Torque on binary, energy transfer rate   

<latexit sha1_base64="iI3q+/Q0wwUfrN/LKAXWYSbUVsc=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0kxmTO0IZ+hNuXCji1t9x59+YtrPQ1gOBwzn3kHtPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTm8QI4n6Qb9ccavuHGSVeDmpQI5Gv/xloyyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/m+U3JmlQEJY22fQjJXfycyGhkziQI7GVEcmWVvJv7ndVMMr/1MqCRFrtjiozCVBGMyO54MhOYM5cQSyrSwuxI2opoytBWVbAne8smrpHVR9S6rtftapX6T11GEEziFc/DgCupwBw1oAgMJz/AKb86j8+K8Ox+L0YKTZ47hD5zPH7Wsj8Q=</latexit>

ṁb

<latexit sha1_base64="sTDLJvrE3tLxKsDahH+O1MflD0Y=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFcSEmkqMuiG5cV7APaECbTSTt0MgkzN0II7a+4caGIWz/EnX/jNO1CWw8MHM65h3vnBIngGhzn21pb39jc2i7tlHf39g8O7aPjto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDfzO09MaR7LR8gS5kVkKHnIKQEj+XalP4gBEz+4mE4LyvzAt6tOzSmAV4m7IFW0QNO3v0yUphGTQAXRuuc6CXg5UcCpYJNyP9UsIXRMhqxnqCQR015eHD/BZ0YZ4DBW5knAhfo7kZNI6ywKzGREYKSXvZn4n9dLIbzxci6TFJik80VhKjDEeNYEHnDFKIjMEEIVN7diOiKKUDB9lU0J7vKXV0n7suZe1eoP9WrjdlFHCZ2gU3SOXHSNGugeNVELUZShZ/SK3qyp9WK9Wx/z0TVrkamgP7A+fwARAZRo</latexit>
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Embedded binaries in gas disks

Prograde binaries:
Orbital decay or expansion? Depends on gas thermodynamics, viscosity, size of accretor…
 

Retrograde binaries:
Always orbital decay

In general, orbital evolution of the binary is much faster than migration 
of the center of mass of binary in AGN disk. 



Take-Home Messages
Formation Channels of Merging BH Binaries:
   Isolated binary evolution: ”standard model” 
    Dynamical formation channels: 
       1. Dense star clusters
       2. Tertiary-induced mergers 
       3. BH Mergers in AGN disks
   All can contribute:  Rates, branching ratios uncertain… “smoking guns”?
   More detections (aLIGO, ET), LISA useful for probing dynamical formation 
    
        
Planetary dynamics applied to new/different regimes
   e.g.
   -- Spin-orbit coupling: GR vs Newtonian gives different spin obliquities
   -- BH-BH scatterings around SMBH vs planet-planet scatterings
      Loss cone via GW bremsstrahlung
   -- Binary capture vs pebble accretion…
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