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Simulations of Circumbinary Accretion
Artymowicz & Lubow 1996; Günther & Kley 02; MacFadyen & Milosavljević 08;  Cuadra et al.09; 
Hanawa et al. 10; de Val-Borro et al. 11; Roedig et al. 12; Noble et al.12; Shi et al. 12; D’Orazio et al. 13; 
Pelupessy & Portegies-Zwart 13; Farris et al. 14; Shi & Krolik 15; Lines et al. 15; O’Ozario et al. 16;  
Ragusa et al. 16, Munoz & Lai 2016; Miranda, Munoz & Lai 2017; Tang et al. 17; Bowen et al.17,19; 
Munoz, Miranda, Lai 2019; Moody, Shi & Stone 19;  Munoz, Lai et al.2020; Duffell et al.20; Tiede et al. 
20; Heath & Nixon 20; D‘Orazio & Duffell 21; Zrake et al.21; Penzlin et al.22; Siwek et al.22...

Some pioneering works:
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Many simulations excised the inner “cavity”

Some cover the whole domain: Circumbinary disk ! stream ! circumsingle disks:
Using finite-volume moving mesh codes:

DISCO:  Farris, Duffell, MacFadyen, Haiman 2014…
AREPO: resolve accretion onto individual body to 0.02ab

(Munoz & Lai 2016; Munoz, Miranda & Lai 2019; Munoz, Lai et al 2020…)
ATHENA++ (Moody, Shi & Stone 2019)



Summary of Key Dynamical Results
• Short-term variabilities
• Long-term variabilities
• Angular momentum transfer and binary evolution

Disk H/r ⇠ 0.1, ↵ = 0.05� 0.1 (down to 0.01)

Our works:
-- Solve viscous hydrodynamic equations in 2D
-- alpha viscosity,  (locally) isothermal sound speed

Diego Munoz
(Harvard PhD’13->Cornell
-> Northwestern)

Ryan Miranda
(Cornell Ph.D.17 
! IAS !industry)



Short-term (~Pb) Accretion Variabilities
For eb . 0.05: Ṁ(= Ṁ1 + Ṁ2) varies at ⇠ 5Pb (Kepler period at rin ~ 3ab) 

Munoz & DL 16

Known from
MacFadyen & Milosavljevic 08,
Shi et al.12, D’Orazio et al.13,
Farris et al.14eb=0



Short-term (~Pb) Accretion Variabilities

Munoz & DL 16

eb=0.5

For eb & 0.05: Ṁ = Ṁ1 + Ṁ2 varies at ' Pb



Long-Term Variability:

eb=0
qb=1

Ṁ1 ' Ṁ2



Long-Term Variability: Symmetry Breaking

eb=0.5
qb=1

Ṁ1 & 20Ṁ2

every ~200 Pb

Switch between

and
Ṁ2 & 20Ṁ1

Single AGN with binary BHs ?Munoz & Lai 2016



Apsidal precession of eccentric disk around the binary

Precession period  200-300 Pb

Theory of eccentric disks around binary:  see Miranda, Munoz & Lai 2017
Munoz & Lithwick (2020)
Wang HY, Bai, Lai (2022)



Angular Momentum Transfer to Binary
and Long-term Orbital Evolution

Many claims of orbital decays (1980s-2017): 
Suppressed accretion onto binary (?),  binary loses AM through outer Lindblad torque …

First indication of orbital expansion:  Miranda, Munoz & Lai 2017
(using PLUTO, excised cavity)

But see Matthew Bate’s talk (in star formation) context on Monday



Ṁ0

Ṁ(r, t)
Ṁ1

Ṁ2

(mass supply rate)

Ṁ(r, t), Ṁ1, Ṁ2 are highly variable

Quasi-Steady State: hṀ(r, t)i = hṀ1i+ hṀ2i = Ṁ0



Angular Momentum Current (Transfer Rate) in CBD

Miranda, Munoz & Lai (2017) found: 
<latexit sha1_base64="dZpj+OzjUZ7a/cBe5AyqrcdGxgk="></latexit>

hJ̇i = const ' (0.7a2B⌦B)hṀi



Direct computation of torque on the binary

Gravitational torque from all gas + Accretion torque 

J̇b = (L̇b)grav + (L̇b)acc + (Ṡ1)acc + (Ṡ2)acc

Definitive proof requires simulation of the cavity  Munoz & Lai 2016
Munoz et al. 2019

AREPO

NOTE:  Use “passive binary” with prescribed motion; no “Newton’s 3rd law” problem.
NOTE:  I now think we should have added torque from pressure (see Rixin Li & Lai 2022 for method)



Direct computation of torque on the binary

l0 ⌘ hJ̇bi
hṀbi

= 0.68a2b⌦b

Angular momentum transfer to the binary per unit accreted mass

eb=0



Recap: Although the accretion flow is highly dynamical, the system reaches 
quasi-steady state:

Angular momentum transferred to the binary per unit accreted mass:

hṀ(r, t)i = hṀ1i+ hṀ2i = Ṁ0

hJ̇bi ' hJ̇disk(r, t)i = const

l0 ⌘ hJ̇bi
hṀbi

= 0.68a2b⌦b Munoz, Miranda & DL 2019

Confirmed by Moody, Shi & Stone 2019 (ATHENA++)
Duffell et al. (2020), ….



where lB = a2B⌦B

Binaries can expand due to circumbinary accretion !

For q = 1, eB = 0 binary:

J̇B = ṀBl0

"

Implication of J̇B > 0:

For eB=0:

Munoz, Miranda & Lai 2019

l0 ' 0.68 lB

ȧB
aB

' 2.68
ṀB

MB



Eccentric Binaries
To obtain ȧb and ėb, we need J̇b and Ėb

Eb ⌘ 1
2 ṙ

2
b � GMb

rb

dEb
dt = �GṀb

rb
+ ṙb · (f1 � f2)

where rb = r1 � r2, Mb = M1 +M2

Munoz et al. 2019

f1 = (force/mass on M1) = f1,gravity + f2,accretion



Eccentric Binaries

Zrake et al. 2021
See also D’Orazio & Duffell 2021

Eccentricity Attractor



Unequal-mass binaries q = M2/M1 < 1
eb = 0 Munoz, Lai, Kratter, Miranda 2020

See also Duffell+2020



Unequal-mass binaries q = M2/M1 < 1

-- Low-mass component accretes more
eb = 0 Munoz, Lai, Kratter, Miranda 2020

See also Bate+2000; Farris+2014



Unequal-mass binaries q = M2/M1 < 1

-- Dominant variability frequency
eb = 0 Munoz, DL +2020



Unequal-mass binaries q = M2/M1 < 1

-- Angular momentum transfer
eb = 0 Munoz, DL +2020



Unequal-mass binaries q = M2/M1 < 1

-- Orbit evolution
eb = 0

Munoz, DL +2020

See also Duffell et al. 2020:  ȧb < 0 for qb . 0.05

Unequal-mass, eccentric binaries:  
see M.Siwek, Weinberger, Munoz, Hernquist,  arXiv:2203.02514



Recap:

In quasi-steady state, comparable-mass binary can expand
while accreting from CBD



Is binary decay possible ?
e.g. Supermassive BH Binaries, final pc problem
e.g. Formation of close (AU) stellar binaries?



Is binary decay possible ?
e.g. Supermassive BH Binaries, final pc problem
e.g. Formation of close (AU) stellar binaries?

Yes/maybe…
e.g. Thin (low-viscosity) disks

“steady-state”?  finite torus = mass-fed disk?  Pressure? 

e.g.   Large (locally) massive disk: 

e.g.   Gas could get ejected in outflow (?)…

⌃⇡a2b & M2

Caveats of 2D viscous hydro simulations: 
Equation of state/cooling  (Haiyang Wang, Bai, Lai 2022 in prep)
B fields, turbulence….. 

Chris Tiede’s talk on Tuesday
See Penzlin, Kley et al. 2022

Likely what is happening for 
young star binaries  (Maxwell Moe)



So far:  Co-planar disks

What about misaligned disks ?

See Steve Lubow’s talk (next)



Observations:
An example of Misaligned circumbinary disk

IRS 43
ALMA
ab ~ 74 au, three disks

Brinch et al. 2016



Warped Disks

Torque from binary on disk => disk (ring) nodal precession

Differential precession + internal fluid stress ==> warped/twisted disk

Ld



Dynamics of Warped Disks

Warp + Viscosity " Dissipation " Align Lb and Ld

Ld

Foucart & DL 2014
Zanazzi & DL 2018

|Text| ⇠ r2⌦!ext, !ext = ⌦prec

Typical alignment time can be short 
(~ precession period)



Surprise:  Disk around eccentric binary may evolve 
toward polar alignment

Martin & Lubow (2017): viscous hydro simulation using SPH 



Test particle around eccentric binary
has two “masters” 

Theoretical Calculation of Polar Alignment
of Disks Around Eccentric Binaries

J.J. Zanazzi
(Cornell Ph.D.18
!CITA!Berkeley)

Zanazzi & Lai 2018



For l̂ to precess around êb,
require sin I > sin Icrib

Zanazzi & DL 2018



Warped viscous disk around eccentric binary

Evolve towards either align (anti-align) or polar align with the binary

Zanazzi & DL 2018





Ian Czekala Disucssion Session this afternoon 



Binary in a big disk

SMBH

Binary BH mergers in AGN disks ?   
McKernan+12, Bellovary+16, Bartos+17, Stone+17, McKernan+18,  Secunda+18, Yang+19, Tagawa+20, etc

See Saavik Ford’s talk on Tuesday



Is it like “Circumbinary Accretion”?

Picture from Li & Cheng (2019)

Not clear in general
What is Mdot?
How does binary evolve?



Simulations of binary in disk
Baruteau, Cuadra & Lin 2011

The Astrophysical Journal, 726:28 (19pp), 2011 January 1 Baruteau, Cuadra, & Lin

Figure 2. Calculation result of the rescaled problem (q = 10−3, h = 5%, α = 4×10−3). Top left: surface density contour at 500 orbits of the gaseous disk surrounding
the supermassive black hole, located at x = 0, y = 0. The binary’s center of mass is located at x = 1, y = 0. Top right: close-up of the density distribution around the
binary (note that polar coordinates are used in this panel, the binary’s center of mass is located at r = rb, ϕ = ϕb). The dashed circle shows the binary’s Hill radius.
Part of the computational grid is overplotted in the bottom-left part of the panel. The bottom panels show a sequential time evolution of the disk density in the binary’s
Hill radius over almost half a revolution of the stars around their center of mass (which corresponds to about 0.05 orbital periods around the central black hole). The
color scale and the axes are the same as in the top right panel.
(A color version of this figure is available in the online journal.)

bottom panels in Figure 2 display a time evolution sequence of
the density inside the binary’s Hill radius during almost half a
revolution of the stars around their center of mass (that is during
≈0.05 orbital periods around the central black hole). The color
scale and the axes are identical as in the top right panel of this
figure. This sequence shows that the density in the trailing tails
is strengthened as the stars cross the tidal wake induced by the
binary’s center of mass. This density enhancement arises from
a larger velocity difference between the stars and the gas at the
location of the tidal wake.

Far enough from the binary’s Hill radius, the disk density
much resembles the typical disk density obtained with a single
satellite, as expected (the quadrupole component of the binary’s
potential becomes negligibly small compared to the monopole
outside of the binary’s Hill radius). The left panel of Figure 3
compares the time-averaged surface density profiles obtained
with the single and binary satellites. Time-averaging is done
over the 500 orbits of the simulations. In contrast to the left
panel of Figure 1, the azimuthal averaging does not discard
the material close to the satellite’s location. This is meant to
highlight that the disk mass in the vicinity of the single satellite
is about two orders of magnitude larger than the one around the
binary. In the binary case, the fast relative motion of the stars
and of the background gas hinders gas accumulation inside the
satellite’s Hill radius. This is in contrast to the single satellite,
where a massive circumsatellite disk forms inside the Hill radius

(see e.g., Crida et al. 2009). Despite the large-mass difference
inside the Hill radius, the width and depth of the gaps opened
by the single and binary satellites are in good agreement.

The right panel of Figure 3 displays the running-time averaged
specific torque exerted on each star of the binary system (solid
curves). Recall that time is in units of the satellite’s orbital period
around the black hole (as in all other figures). Both torques are
indistinguishable. For comparison, the running-time averaged
specific torque on the single satellite is also shown (dashed
curve). At 500 orbits, the torque obtained in the binary case
is about 10% more positive, which results from a slightly less
depleted gap, as illustrated in the left panel of Figure 3. In
addition, we notice from the time evolution of the torques that
the gap’s depletion timescale takes somewhat longer with a
binary satellite. In particular, the running-time averaged torque
on the binary has not reached a steady state at 500 orbits. We
will show in Section 6.3 that it does not change our results for
the binary’s orbital evolution.

6.2. Binary’s Orbital Evolution

The simulation presented in Section 6.1 was restarted at 500
orbits, allowing the binary stars to feel the force exerted by the
disk. As previously, we compare calculation results of single and
binary satellites. The semi-major axis of the binary’s center of
mass (solid curve), and of the single satellite (dashed curve)
are displayed in the top panel of Figure 4. Both the single
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Figure 4. Orbital evolution of the binary star in its parent gaseous disk. The top
panel shows the semi-major axis a of the binary’s center of mass (solid curve).
The calculation result with a single satellite is overplotted for comparison
(dashed curve). The binary’s semi-major axis abin is displayed in the middle
panel. The calculation was halted when the separation between the binary stars
became approximately smaller than the stars softening length, depicted as an
horizontal dash-dotted line in this panel. Recall that both a and abin are expressed
in units of a0, the value of a before restart. The binary’s eccentricity ebin is shown
in the bottom panel.
(A color version of this figure is available in the online journal.)

The inset plot in Figure 5 depicts the time variation of the
semi-major axis of the binary’s center of mass obtained with
the previous simulations. The migration rates obtained with
f = 0 and f = 1/2 are in very close agreement, whereas the
binary’s hardening rates differ by a factor of ∼2. It suggests
that the hardening of the binary has a very limited impact on
its migration rate. For f = 1 (no hardening), the migration
rate takes a smaller value, in agreement with the findings with
a single-star satellite (Crida et al. 2009). Our results thus show
that the hardening rate of the binary is primarily triggered by the
disk inside the binary’s Hill radius, whereas its migration rate is

Figure 5. Impact of the disk’s density distribution inside the binary’s Hill radius
on its hardening. We show the result of four runs restarted from the simulation
of Section 6.1. In these four runs, the calculation of the force (or the torque)
exerted by the disk on the binary stars excludes a fraction f of the binary’s Hill
radius RH (centered on the binary’s center of mass). The fraction f equals 0, 1/4,
1/2, and 1 from bottom to top. The particular case with no material exclusion
(f = 0) corresponds to the calculation results shown in Figure 4. When the
torque exerted by all the fluid elements in the binary’s Hill radius is discarded
(f = 1), the binary does not harden with time. The semi-major axis of the
binary’s center of mass is displayed in the inset plot for all four calculations.
(A color version of this figure is available in the online journal.)

controlled by the disk outside of its Hill radius. Our calculations
do not suggest there is a significant feedback from one rate on
the other. This result does not mean that modeling the global
disk structure around the central black hole is unnecessary. Akin
to the single satellite case, the flow of gas entering and leaving
the Hill radius depends indeed on the interaction of the satellite
with the whole disk (e.g., by the capture of fluid elements inside
the satellite’s horseshoe region). We finally comment that as the
binary hardens, more gas can flow inside the binary’s Hill radius,
which can explain the slow increase of the binary’s hardening
rates seen in the middle panel of Figure 4.

6.3. Parameter-space Study

We have shown in Section 6.2 that the interaction between a
binary star and the gaseous disk it is embedded in leads to the
hardening of the binary as it migrates inward. The hardening
timescale is found to be much shorter than the migration
timescale. This section is aimed at investigating the dependency
of the hardening timescale upon the disk and satellite properties,
and upon numerics. A detailed exploration of the parameters
space is outside the scope of this paper. Disk and satellite
parameters are allowed to vary within a narrow range of values
such that the main assumption of our model (the binary opens a
gap) is fulfilled.

We first consider the impact of the unperturbed surface
density at the binary’s location. Two additional simulations were
performed with Σ0(a0) = 5 × 10−4 and Σ0(a0) = 2 × 10−3.
The initial Toomre parameter Q0 at the binary equals 32 and 8,
respectively. The result of these simulations and that of the run of
Section 6.2, are displayed in the top left panel of Figure 6 (solid
curves). Increasing the unperturbed density results in a faster
hardening of the binary. For Q0(a0) = 8, which can be seen as
a representative value for our original model in Section 2, the
binary’s semi-major axis is reduced by a factor of two in only
∼5 orbits. In that case, the mass enclosed in the binary’s Hill
radius when it starts to harden is about 50 times smaller than
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Global disk (FARGO): " Orbital decay 



Simulations of binary in disk
Y.Li… Hui Li… (LANL) 2021

Orbit expands (if gravitational softening is small enough)
Orbit decays if inner disk is heated (Li …Hui Li.. 2021b)

See Dempsey’s talk
Hui Li discussion session



Local simulations of binary in disk

Dr. Rixin Li 
(Cornell)

R.Li & Lai, arXiv:2022.07633
Ri.Li & Lai, in prep

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>

ȧb, ėb



Some ‘’Typical” Results:
<latexit sha1_base64="bdfMJOL/MUZWsHzakjH73mH7/Zo=">AAACBXicbVC7TsMwFHXKq5RXgBEGixaJqUoqBIwVLIxFog+piSLHdVqrthPZDlIVdWHhV1gYQIiVf2Djb3DTDNBypCsdnXOvfe8JE0aVdpxvq7Syura+Ud6sbG3v7O7Z+wcdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPxzczvPhCpaCzu9SQhPkdDQSOKkTZSYB/XPIbEkBGYeYNYQz4NQk/mSg0GdtWpOzngMnELUgUFWoH9ZR7BKSdCY4aU6rtOov0MSU0xI9OKlyqSIDxGQ9I3VCBOlJ/lV0zhqVEGMIqlKaFhrv6eyBBXasJD08mRHqlFbyb+5/VTHV35GRVJqonA84+ilEEdw1kkcEAlwZpNDEFYUrMrxCMkEdYmuIoJwV08eZl0GnX3on5+16g2r4s4yuAInIAz4IJL0AS3oAXaAINH8AxewZv1ZL1Y79bHvLVkFTOH4A+szx9ls5ff</latexit>

hṁbi : can be << Bondi-Hoyle-Lyttleton rate (even including shear)
depends on sink radius  (for non-viscous flow)  

<latexit sha1_base64="2oIqdp9WY0PhNWRgJirkeKjNmus="></latexit>

m2/m1 = 1, eb = 0

q/h3 ⇠ 1, � = 5, � = 5/3



Eccentric, equal-mass
binaries



Circular, unequal-mass
binaries



Summary II: Hydrodynamics of Binary Embedded in a Disk

Many issues remain to be explored/understood

2D vs 3D
Local vs global
EOS, viscosity  (! magnetic field, turbulence)



Formation of Merging BH Binary in AGN Disk

SMBH



Where do BH binaries in AGN disks come from?

1. Binaries form in disks via GI (~pc)

2. Binaries in nuclear clusters get captured
in disks

3.    Single BHs in AGN disks get captured 
in binaries

Tagawa, Haiman, Kocsis 2020
See also Bartos+17; Stone+17; Secunda+18;….



Long-Term Evolution of Tightly-Packed Stellar BHs in AGN Disks: 
Formation of Merging BH Binaries via Close Encounters

Jiaru Li,  Dong Lai, Laetitia Rodet

arXiv:2203.05584

Jiaru Li 
(Cornell Ph.D. 2023)



The Problem:

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"

When 
<latexit sha1_base64="LjRXp8kCFaW1S7T0imRGKZwdbTk=">AAACDXicbVC7SgNBFJ2NrxhfUcHGZjAKFhp2o6hliE3KRMwDsssyO5lNhszsrjOzQljyAzZ+iWBjoYiVYG9n47c4eRSaeODC4Zx7ufceL2JUKtP8MlJz8wuLS+nlzMrq2vpGdnOrLsNYYFLDIQtF00OSMBqQmqKKkWYkCOIeIw2vdzn0G7dESBoG16ofEYejTkB9ipHSkpvdR27hGLmWzYiUknJYsOWNUMnJwD66chNbcFgeuNmcmTdHgLPEmpBccaf6TR9K7xU3+2m3QxxzEijMkJQty4yUkyChKGZkkLFjSSKEe6hDWpoGiBPpJKNvBvBAK23oh0JXoOBI/T2RIC5ln3u6kyPVldPeUPzPa8XKv3ASGkSxIgEeL/JjBlUIh9HANhUEK9bXBGFB9a0Qd5FAWOkAMzoEa/rlWVIv5K2z/GlVp1ECY6TBLtgDh8AC56AIyqACagCDO/AInsGLcW88Ga/G27g1ZUxmtsEfGB8/AvSenA==</latexit>

a2 � a1 . 2
p
3RH

orbits are dynamically unstable.

What happens to the two BHs?

Neglect gas effect for now…

<latexit sha1_base64="+8Gk7HX3OFEPSs1FPZexzH1DBYU="></latexit>

RH = a1
⇣m12

3M

⌘1/3
, m12 = m1 +m2



Two planets in unstable orbits around a star:

M

m1

m2

𝑎!

𝑎"

Two outcomes: 

1. Ejection of lower-mass planet
2. Planet-planet collision

See Li, Lai, Anderson & Pu 2021 and refs therein

Two BHs in unstable orbits around a SMBH:

Since 
ejection is not possible (takes many orbits > Hubble time)

" The two BHs undergo “chaotic” motion, experience
recurring closer encounters (separation < RH)

<latexit sha1_base64="vUp6R5phUpMVQGXNFKr4ZnQ5cPE=">AAACAXicbVDLSgMxFM3UV62vqhvBTWgRBKFOilSXRTduhAr2AZ1xyKSZNjSZGZKMUIa68Rf8BDcuFHHrX7jr35g+Ftp64MLhnHu59x4/5kxp2x5ZmaXlldW17HpuY3Nreye/u9dQUSIJrZOIR7LlY0U5C2ldM81pK5YUC5/Tpt+/GvvNByoVi8I7PYipK3A3ZAEjWBvJyx+kN6fCS1F5OHQUExDZ9xWn24XIyxftkj0BXCRoRorVgnPyPKoOal7+2+lEJBE01IRjpdrIjrWbYqkZ4XSYcxJFY0z6uEvbhoZYUOWmkw+G8MgoHRhE0lSo4UT9PZFiodRA+KZTYN1T895Y/M9rJzq4cFMWxommIZkuChIOdQTHccAOk5RoPjAEE8nMrZD0sMREm9ByJgQ0//IiaZRLqFI6uzVpXIIpsuAQFMAxQOAcVME1qIE6IOARvIA38G49Wa/Wh/U5bc1Ys5l98AfW1w9RS5h/</latexit>

M/m12 ⇠ 106 � 1



Close encounters with
<latexit sha1_base64="XnAxTumrqQ68TOj/yTwdLxOSbnE=">AAAB/nicbZDLSgMxFIYzXmu9jYpu3ASL4KrMiKgLF6VuumzFXqAdhkyaaUOTzJBkhDIUfBU3LpTi1gfwCdy58VlMO11o6w+Bj/+cwzn5g5hRpR3ny1paXlldW89t5De3tnd27b39hooSiUkdRyySrQApwqggdU01I61YEsQDRprB4HZSbz4QqWgk7vUwJh5HPUFDipE2lm8fSj/tSA4lYaObu4wrI98uOEVnKrgI7gwKpaPaNx2XP6q+/dnpRjjhRGjMkFJt14m1lyKpKWZklO8kisQID1CPtA0KxIny0un5I3hqnC4MI2me0HDq/p5IEVdqyAPTyZHuq/naxPyv1k50eO2lVMSJJgJni8KEQR3BSRawSyXBmg0NICypuRXiPpIIa5NY3oTgzn95ERrnRfeyeFEzaZRBphw4BifgDLjgCpRABVRBHWCQgifwAl6tR+vZGltvWeuSNZs5AH9kvf8AxleZEg==</latexit>

rrel < RH

Close encounters with

Close encounters with

<latexit sha1_base64="TgOsB0DpY6ejdgHngrOtIR3XJvY=">AAACAnicbVDLSsNAFJ3UV62vqCCIm8EiuAqJiLpwUeqmy1bsA9oQJtNJO3QyCTMToYTgxl9xI6iIW5d+gTs3fovTx0JbD1w4c869zL3HjxmVyra/jNzC4tLySn61sLa+sbllbu80ZJQITOo4YpFo+UgSRjmpK6oYacWCoNBnpOkPrkZ+85YISSN+o4YxcUPU4zSgGCkteea+8NKOCKEgLLu0LQdeT96VzDOLtmWPAeeJMyXF0l7tmz6VP6qe+dnpRjgJCVeYISnbjh0rN0VCUcxIVugkksQID1CPtDXlKCTSTccnZPBIK10YREIXV3Cs/p5IUSjlMPR1Z4hUX856I/E/r52o4MJNKY8TRTiefBQkDKoIjvKAXSoIVmyoCcKC6l0h7iOBsNKpFXQIzuzJ86RxYjln1mlNp1EGE+TBATgEx8AB56AEKqAK6gCDO/AAnsGLcW88Gq/G26Q1Z0xndsEfGO8/fjmZ6Q==</latexit>

rrel < 0.1RH

<latexit sha1_base64="15YyIPJjQ+sv6UZfo1LA+tQMacI=">AAACBnicbVC7SgNBFJ2Nrxhfq4KNCINBsDHsBlELixCblImYByTrMjuZTYbMzi4zs0JYtrLxVyy0UMTWwi+ws/FbnDwKjR64cDjnXu69x4sYlcqyPo3M3PzC4lJ2Obeyura+YW5uNWQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDS5GfvOGCElDfqWGEXEC1OPUpxgpLbnmnnCTjgigICw9t63r5KiYwsuJVkldM28VrDHgX2JPSb60U/uiD+X3qmt+dLohjgPCFWZIyrZtRcpJkFAUM5LmOrEkEcID1CNtTTkKiHSS8RspPNBKF/qh0MUVHKs/JxIUSDkMPN0ZINWXs95I/M9rx8o/cxLKo1gRjieL/JhBFcJRJrBLBcGKDTVBWFB9K8R9JBBWOrmcDsGeffkvaRQL9knhuKbTKIMJsmAX7INDYINTUAIVUAV1gMEtuAdP4Nm4Mx6NF+N10poxpjPb4BeMt2+KqZuY</latexit>

rrel < 10�2RH



During close encounters, the BH pairs are temporarily bound with  
<latexit sha1_base64="IucnDAc+0W8qrlV5paPIPWDpxAc=">AAACAnicbVDLSsNAFJ34rPUVFQRxM1gEVyURUZelbrpsxT6gCWEynbRDZ5IwMxFKCG78FTeCirh16Re4c+O3OG260NYDF86ccy9z7/FjRqWyrC9jYXFpeWW1sFZc39jc2jZ3dlsySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9odXY799S4SkUXijRjFxOeqHNKAYKS155gHyUkdwKAjLHEk5vM7ftcwzS1bZmgDOE3tKSpX9xjd9qn7UPfPT6UU44SRUmCEpu7YVKzdFQlHMSFZ0EklihIeoT7qahogT6aaTEzJ4rJUeDCKhK1Rwov6eSBGXcsR93cmRGshZbyz+53UTFVy6KQ3jRJEQ5x8FCYMqguM8YI8KghUbaYKwoHpXiAdIIKx0akUdgj178jxpnZbt8/JZQ6dRBTkK4BAcgRNggwtQATVQB02AwR14AM/gxbg3Ho1X4y1vXTCmM3vgD4z3H7b5mrI=</latexit>

arel ⇠ RH

But they are all short-lived (destroyed by tide from SMBH in ~ one orbit)



For VERY close encounter:

GW emission 
<latexit sha1_base64="Fzzxq0xxNzrAjQJ4CgZuFxzNz4Q="></latexit>

�EGW ⇠ µ2m5/2
12

r7/2
rel

& Gm1m2

RH

<latexit sha1_base64="q1HpPwkGs/ZsQFmUfeagSn8OO8w="></latexit>

rrel
RH

. 10�4

✓
4µ

m12

◆2/7 ✓106m12

M

◆10/21 ⇣ a1
100M

⌘�5/7

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

What is the cumulative capture rate (i.e. CE4 rate)? 



Close encounters with
<latexit sha1_base64="XnAxTumrqQ68TOj/yTwdLxOSbnE=">AAAB/nicbZDLSgMxFIYzXmu9jYpu3ASL4KrMiKgLF6VuumzFXqAdhkyaaUOTzJBkhDIUfBU3LpTi1gfwCdy58VlMO11o6w+Bj/+cwzn5g5hRpR3ny1paXlldW89t5De3tnd27b39hooSiUkdRyySrQApwqggdU01I61YEsQDRprB4HZSbz4QqWgk7vUwJh5HPUFDipE2lm8fSj/tSA4lYaObu4wrI98uOEVnKrgI7gwKpaPaNx2XP6q+/dnpRjjhRGjMkFJt14m1lyKpKWZklO8kisQID1CPtA0KxIny0un5I3hqnC4MI2me0HDq/p5IEVdqyAPTyZHuq/naxPyv1k50eO2lVMSJJgJni8KEQR3BSRawSyXBmg0NICypuRXiPpIIa5NY3oTgzn95ERrnRfeyeFEzaZRBphw4BifgDLjgCpRABVRBHWCQgifwAl6tR+vZGltvWeuSNZs5AH9kvf8AxleZEg==</latexit>

rrel < RH

Close encounters with

Close encounters with

<latexit sha1_base64="TgOsB0DpY6ejdgHngrOtIR3XJvY=">AAACAnicbVDLSsNAFJ3UV62vqCCIm8EiuAqJiLpwUeqmy1bsA9oQJtNJO3QyCTMToYTgxl9xI6iIW5d+gTs3fovTx0JbD1w4c869zL3HjxmVyra/jNzC4tLySn61sLa+sbllbu80ZJQITOo4YpFo+UgSRjmpK6oYacWCoNBnpOkPrkZ+85YISSN+o4YxcUPU4zSgGCkteea+8NKOCKEgLLu0LQdeT96VzDOLtmWPAeeJMyXF0l7tmz6VP6qe+dnpRjgJCVeYISnbjh0rN0VCUcxIVugkksQID1CPtDXlKCTSTccnZPBIK10YREIXV3Cs/p5IUSjlMPR1Z4hUX856I/E/r52o4MJNKY8TRTiefBQkDKoIjvKAXSoIVmyoCcKC6l0h7iOBsNKpFXQIzuzJ86RxYjln1mlNp1EGE+TBATgEx8AB56AEKqAK6gCDO/AAnsGLcW88Gq/G26Q1Z0xndsEfGO8/fjmZ6Q==</latexit>

rrel < 0.1RH

<latexit sha1_base64="15YyIPJjQ+sv6UZfo1LA+tQMacI=">AAACBnicbVC7SgNBFJ2Nrxhfq4KNCINBsDHsBlELixCblImYByTrMjuZTYbMzi4zs0JYtrLxVyy0UMTWwi+ws/FbnDwKjR64cDjnXu69x4sYlcqyPo3M3PzC4lJ2Obeyura+YW5uNWQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDS5GfvOGCElDfqWGEXEC1OPUpxgpLbnmnnCTjgigICw9t63r5KiYwsuJVkldM28VrDHgX2JPSb60U/uiD+X3qmt+dLohjgPCFWZIyrZtRcpJkFAUM5LmOrEkEcID1CNtTTkKiHSS8RspPNBKF/qh0MUVHKs/JxIUSDkMPN0ZINWXs95I/M9rx8o/cxLKo1gRjieL/JhBFcJRJrBLBcGKDTVBWFB9K8R9JBBWOrmcDsGeffkvaRQL9knhuKbTKIMJsmAX7INDYINTUAIVUAV1gMEtuAdP4Nm4Mx6NF+N10poxpjPb4BeMt2+KqZuY</latexit>

rrel < 10�2RH



For a typical “SMBH + 2 BHs” system (in unstable orbits),
what is the cumulative capture rate to form real bound binary? 

<latexit sha1_base64="5I5zb2lHGrDpWZvFAgOAqZntB+0=">AAACIHicbVDNSgMxGMzWv1r/Vj16CRbBg5RdKdaTVAURTxXsD3SXJZumbWh2syRZoSz7HJ68+BI+gBcPiuhNn8Z020NtHQhMZr6PZMaPGJXKsr6N3MLi0vJKfrWwtr6xuWVu7zQkjwUmdcwZFy0fScJoSOqKKkZakSAo8Blp+oPLkd+8J0JSHt6pYUTcAPVC2qUYKS15ZiVJHBHATlpzuJ6Dk5tzxLyMCsLS1IkEjxSHU5pnFq2SlQHOE3tCitWzq/LD8/lNzTO/nA7HcUBChRmSsm1bkXITJBTFjKQFJ5YkQniAeqStaYgCIt0kC5jCA610YJcLfUIFM3V6I0GBlMPA15MBUn05643E/7x2rLqnbkLDKFYkxOOHujGDOuyoLdihgmDFhpogLKj+K8R9JBBWutOCLsGejTxPGscl+6RUvtVtXIAx8mAP7INDYIMKqIJrUAN1gMEjeAFv4N14Ml6ND+NzPJozJju74A+Mn1/jqab/</latexit>

dP

d lrel
/ lrel

<latexit sha1_base64="shkGM+MEtzoteMSNo0LxltCHbyY=">AAACFHicbVDLSsNAFJ34rPVVdeHCzaAIglCSIuqy6MZlBfuAJoTJ9EYHZ5J0ZiKUkG8QN678DzcufODWhTs/xL3TB/ioBy4czrmXe+8JEs6Utu0Pa2JyanpmtjBXnF9YXFouraw2VJxKCnUa81i2AqKAswjqmmkOrUQCEQGHZnB53PebVyAVi6Mz3UvAE+Q8YiGjRBvJL+1yP3OlwBJ47iomoItd1ZU6qwg/cyq5/LZzv7Rll+0B8DhxRmSrun638/l87db80rvbiWkqINKUE6Xajp1oLyNSM8ohL7qpgoTQS3IObUMjIkB52eCpHG8bpYPDWJqKNB6oPycyIpTqicB0CqIv1F+vL/7ntVMdHnoZi5JUQ0SHi8KUYx3jfkK4wyRQzXuGECqZuRXTCyIJ1SbHognB+fvyOGlUys5+ee/UpHGEhiigDbSJdpCDDlAVnaAaqiOKbtA9ekRP1q31YL1Yr8PWCWs0s4Z+wXr7ArS4ovU=</latexit>

lrel '
p
2m12rrel

<latexit sha1_base64="KXzKD+zA0eNf2VMGLkJ+pjJzTRQ=">AAACC3icbVDLSgMxFM3UV62vUZduQotQEcqMiLpwUXTjsoJ9QGcYMmnahiaZIckIw9C9G3d+hxsXirj1B9z1b0wfi9p6IHA4515uzgljRpV2nJGVW1ldW9/Ibxa2tnd29+z9g4aKEolJHUcskq0QKcKoIHVNNSOtWBLEQ0aa4eB27DcfiVQ0Eg86jYnPUU/QLsVIGymwi7XytQwyT3IoCRueeLGMYh3BOS2wS07FmQAuE3dGStWid/oyqqa1wP7xOhFOOBEaM6RU23Vi7WdIaooZGRa8RJEY4QHqkbahAnGi/GySZQiPjdKB3UiaJzScqPMbGeJKpTw0kxzpvlr0xuJ/XjvR3Ss/oyJONBF4eqibMGjCjouBHSoJ1iw1BGFJzV8h7iOJsDb1FUwJ7mLkZdI4q7gXlfN708YNmCIPjkARlIELLkEV3IEaqAMMnsAreAcf1rP1Zn1aX9PRnDXbOQR/YH3/Ar5lnd4=</latexit>

P (< rrel) / rrel"

<latexit sha1_base64="N9ooRDESxNdWmWgdLXeZoTtAIiQ="></latexit>

hNcap(t)i ' 6⇥ 10�5

✓
t

P1

◆0.52✓ rcap
10�4RH

◆

It takes 10#𝑃! (on average) for two BHs to capture into bound merging binary



Captured BH binary as GW source

<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 capture, it will take a few orbits to merge
it enters LIGO band with 

<latexit sha1_base64="k9H5d0jBKVzAc8/tx0UqkN7+l4s=">AAAB83icbVDLSgMxFM3UVx1fVZdugkVwNcyIr41YdOOygn1AZyiZNNOGJpmQZIQy9DfcuFDUrd/h3o34N6aPhbYeuHA4517uvSeWjGrj+99OYWFxaXmluOqurW9sbpW2d+o6zRQmNZyyVDVjpAmjgtQMNYw0pSKIx4w04v71yG/cE6VpKu7MQJKIo66gCcXIWCkkYddYk0PfO2mXyr7njwHnSTAl5csP90K+frnVdukz7KQ440QYzJDWrcCXJsqRMhQzMnTDTBOJcB91SctSgTjRUT6+eQgPrNKBSapsCQPH6u+JHHGtBzy2nRyZnp71RuJ/XiszyXmUUyEzQwSeLEoyBk0KRwHADlUEGzawBGFF7a0Q95BC2NiYXBtCMPvyPKkfecGpd3zrlytXYIIi2AP74BAE4AxUwA2oghrAQIIH8ASencx5dF6ct0lrwZnO7II/cN5/AGJVlEI=</latexit>

e & 0.5

<latexit sha1_base64="VCM6P/Rufoh29+aAPFWASc+Mu2I="></latexit>

Rate ⇠ 1Gpc
�3

yr
�1

assuming each AGN has one BH pair trapped at 100MTentative: 



What about the gas effect?

In N-body simulations, add 

and/or

Gas does not increase the 
capture rate



Summary
Circumbinary Accretion:

-- short-term variabilities: ~ 5 Pb (for eb~0) vs Pb (finite eb, or q<0.4)
-- Small-mass accretes more; symmetry breaking in accretion (q=1, finite eb)
-- Binary can gain angular momentum and can expand (q>0.1);  but thin disks?
-- Eccentricity attractor eb~0.4

Hydrodynamics of binary in a big (AGN) disk:
-- Scaling parameters for simulations
-- Accretion can be strongly suppressed compared to Bondi
-- Orbital evolution (decay) always accompanied by accretion

Merging BH binary from closer encounters in AGN disks:

-- GW bremsstrahlung capture, very eccentric merger


