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A B S T R A C T 

We investigate close encounters between initially unbound black holes (BHs) in the gaseous discs of active galactic nuclei 
(AGNs), performing the first 3D non-isothermal hydrodynamical simulations of gas-assisted binary BH formation. We discuss 
a suite of 135 simulations, considering nine AGN disc environments and 15 BH impact parameters. We find that the gas 
distribution within the Hill sphere about an isolated embedded BH is akin to a spherically symmetric star with a low-mass 
convective envelope and a BH core, with large convective currents driving strong outflows away from the mid-plane. We find that 
Coriolis force acting on the outflow results in winds, analogous to cyclones, that counter-rotate with respect to the mid-plane flow 

within the Hill sphere. We confirm the existence of strong thermal blasts due to minidisc collisions during BH close encounters, 
as predicted in our previous 2D studies. We document binary formation across a wide range of environments, finding formation 

likelihood is increased when the gas mass in the Hill sphere is large, allowing for easier binary formation in the outer AGN 

disc. We provide a comprehensive overview of the supermassive black hole’s role in binary formation, investigating how binary 

formation in intermediate density environments is biased towards certain binary orientations. We offer two models for predicting 

dissipation by gas during close encounters, as a function of the ambient Hill mass alone, or with the periapsis depth. We use 
these models to motivate a prescription for binary formation likelihood that can be readily applied to Monte Carlo simulations 
of AGN evolution. 

Key words: gravitational waves – hydrodynamics – binaries: general – galaxies: nuclei – black hole mergers. 
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 I N T RO D U C T I O N  

ctive galactic nuclei (AGNs) are promising locations for binary 
lack hole (BBH) formation and mergers and may make signifi- 
ant contributions to the gravitational wave (GW) events detected 
y LIGO/VIRGO/KAGRA (LVK) (McKernan et al. 2012 , 2014 ; 
agawa, Haiman & Kocsis 2020 ; McKernan & Ford 2024 ). BBH

nteractions in AGNs are expected to be frequent due to the high
ensity of compact objects in the galactic core, which may then be
aptured into the AGN disc (Bahcall & Wolf 1976 ; Miralda-Escudé & 

ould 2000 ; Kennedy et al. 2016 ; Bartos et al. 2017 ; Panamarev et al.
018 ; Fabj et al. 2020 ; Nasim et al. 2023 ). Black holes (BHs) may
lso form within the AGN itself due to gravitational instability in the
uter disc (Stone, Metzger & Haiman 2017 ; Secunda et al. 2019a ).
he interaction frequency between BHs in AGNs may be enhanced 

f the BHs are captured into migration traps, regions where there is a
ign change in the migration driven by gas torques (Paardekooper & 

ellema 2006 ; Bellovary et al. 2016 ; Secunda et al. 2019b , 2020 ;
rishin, Gilbaum & Stone 2024 ). During close encounters, BHs can 

orm stable binaries by a variety of means. GWs alone can form a
inary over a very small capture cross-section (O’Leary, Kocsis & 

oeb 2009 ); this cross-section can be enhanced by Jacobi encounters, 
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here the supermassive black hole (SMBH) drives the binary through 
ultiple encounters before ionization (Boekholt, Rowan & Kocsis 

023 ). If another BH is present, three-body encounters can also
rive binary formation and hardening (Leigh et al. 2018 ; Samsing
t al. 2022 ). This study focuses on a third case, where gas gravity
issipation (Tagawa et al. 2020 ; Li et al. 2023 ; Rowan et al. 2023 ,
024b ; Whitehead et al. 2024a , b ) drives binary formation. 
Along with the potential to contribute to the GW rate, the AGN

hannel is of specific interest due to the potential for associated
lectromagnetic emission at merger (McKernan et al. 2019 ; Graham 

t al. 2020 ; Kimura, Murase & Bartos 2021 ; Wang et al. 2021 ;
agawa et al. 2023b ; Chen & Dai 2024 ), or even at the moment of
inary formation (Whitehead et al. 2024b ). 
Accurate modelling of BBH formation by gas gravitation in 

GNs is crucial to informing studies attempting to calculate the 
ontributions of the AGN channel to the overall LVK rates as a
unction of source parameters. Previous studies have implemented 
emi-analytical methods (Tagawa et al. 2020 ) or Monte Carlo simu-
ations (Delfavero et al. 2025 ; McKernan et al. 2024 ), evolving the
opulation of BH and BBH binaries to estimate both the frequency of
ergers and the properties of the merging binaries. Mergers in these

imulations may occur for pre-existing binaries, but generally are 
ominated by those binaries formed within the disc by gas-capture 
Tagawa et al. 2020 ). While older models considered gas dynamical
riction time-scales to calculate the likelihood of binary formation, 
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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ore recent studies have directly implemented models informed by
ydrodynamical simulations (Rowan, Whitehead & Kocsis 2024a ). 

Simulating BBH formation in AGNs warrants care for a variety of
easons. Notably, studies must consider a large range of length-scales
n order to resolve both the circum-BH flow and the motion of the
Hs through the disc. There are also many physical processes that can
ffect the gas dynamics including viscosity, equation-of-state, radia-
ion, and magnetism. Additionally, there are a wide variety of initial
onditions pertinent to the encounter outcome such as the ambient
isc conditions and BH trajectories. Previous works have approached
he problem with a variety of numerical methods, including semi-
nalytical gas dynamical friction (DeLaurentiis, Epstein-Martin &
aiman 2023 ; Rozner, Generozov & Perets 2023 ; Qian, Li & Lai
024 ), 3D isothermal smoothed particle hydrodynamics (Rowan et al.
023 , 2024b ), and 2D Eulerian hydrodynamic codes (Li et al. 2023 ;
hitehead et al. 2024a , b ). Of significant importance to the AGN

hannel are studies of pre-existing binaries that study the binary
volution over many orbits (Baruteau, Cuadra & Lin 2011 ; Li et al.
021 , 2022 ; Dempsey et al. 2022 ; Li & Lai 2022 , 2023 , 2024 ; Calcino
t al. 2024 ; Dittmann, Dempsey & Li 2024 ). Mishra & Calcino
 2024 ) performed simulations of single and binary black holes in an
sothermal turbulent magnetized AGN disc, making it the first study
n this field to include magnetic fields. Recently, Rowan et al. ( 2025 )
nd Wang et al. ( 2025 ) extended the analysis of embedded binaries
o consider binary-single scattering events under a hydrodynamical
reatment. 

This paper features the most realistic treatment of the embedded
ormation scenario to date, modelling binary interactions between
wo initially isolated BHs embedded within four different AGN
isc environments to form a suite of 135 3D viscous adiabatic
imulations. We examine the behaviour of the circum-BH flow when
he BHs are distant, documenting the gas morphologies. We track the
inary components through close encounter and report where binary
ormation occurs, providing a large number of simulations spanning
 variety of disc environments and encounter types. In analysing the
tatistics of our large suite of simulations, we provide a hydrody-
amically informed model for BBH formation in generalized AGN
nvironments. We first describe the computational methodology in
ection 2 , followed by the initial conditions for the simulations in
ection 3 . In Section 4 we present the results of a fiducial simulation,
escribing the pre-encounter gas morphology and the chronology of
 binary formation event. In Section 5 we widen our scope to the full
imulation suite, comparing across AGN environment and a variety
f BH trajectories. We discuss the findings of the study in Section 6
nd summarize our conclusions in Section 7 . 

 C O M P U TAT I O NA L  M E T H O D S  

his work builds directly on to our two previous works (Whitehead
t al. 2024a , b ), hereafter HW1 and HW2, respectively, which
imulated BBH formation in 2D: here we extend the domain
o 3D but maintain much of the core computational set-up. We
se the Eulerian general relativistic magnetohydrodynamics code
thena ++ (Stone et al. 2020 ) to perform our hydrodynamical
imulations, neglecting any effects associated with gas self-gravity,
elativity, magnetism, and radiative transfer. We utilize a second-
rder accurate van Leer predictor-corrector integrator with a piece-
ise linear method spatial reconstruction and the Harten–Lax–van
eer–Contact Riemann solver. We simulate a 3D cuboid patch of
isc (the ‘shearing box’) in a corotating frame about the SMBH; this
et-up is similar to previous works (Dempsey et al. 2022 ; Calcino
t al. 2024 ; Dittmann et al. 2024 ). The standard length-scales in
NRAS 542, 1033–1055 (2025)
he shearing frame are the single and binary Hill radii: rH , s and rH ,
espectively, 

H , s = R0 

(
mBH 

3 MSMBH 

) 1 
3 

, rH = R0 

(
Mbin 

3 MSMBH 

) 1 
3 

. (1) 

ere R0 is the distance from the SMBH with mass MSMBH , with mBH 

nd Mbin the single and binary BH masses, respectively. Throughout
he paper, subscripts H , s refer to quantities appropriate for isolated
Hs and subscripts H refer to binary quantities. 

.1 The shearing box 

he shearing box is a non-inertial domain that co-rotates with the
lobal AGN disc at a radius R0 . In this local region, we introduce
artesian coordinates { x , y , z} related to the global position r by 

r =
⎛ 

⎝ 

R 

φ

z 

⎞ 

⎠ =
⎛ 

⎝ 

R0 + x 

�0 t + y 

R0 

z 

⎞ 

⎠ , (2) 

here �0 =
√ 

GMSMBH 
R3 

0 
is the angular frequency of the frame about

he SMBH. In the shearing box, all bodies experience additional
ccelerations due to fictitious Coriolis, centrifugal forces, and the
ertical component of the SMBH gravity; we define the sum of these
s 

a SMBH = 2u × �0 ̂  z + 2 q�2 
0 x − �2 

0 z , (3) 

here we have introduced the shear rate q = − d ln �
d ln R = 3 

2 and u , the
ody’s velocity in the rotating frame. These fictitious forces vanish
or equilibrium trajectories satisfying 

u eq =
⎛ 

⎝ 

ux 

uy 

uz 

⎞ 

⎠ =
⎛ 

⎝ 

0 
−q�0 x 

0 

⎞ 

⎠ , z = 0 , (4) 

here u is expressed in Cartesian form. These equilibrium trajecto-
ies are straight lines in the shearing frame: in the global frame they
re zero-inclination circular orbits of varying radii. 

.2 Gas dynamics 

as evolves within the shearing box according to the Navier–Stokes
quations, with additional accelerations associated with the SMBH
see Section 2.1 ). 

∂ ρ

∂ t 
+ ∇ · ( ρu ) = 0 , (5) 

∂ ( ρu ) 

∂ t 
+ ∇ · ( ρu u + P I + � ) = ρ ( a SMBH + a BH ) , (6) 

here we have introduced ρ, P , u , and � as the gas density, pressure,
elocity, and viscous stress tensor with components 

ij = ρν

(
∂ ui 

∂ xj 

+ ∂ uj 

∂ xi 

− 2 

3 
δij ∇ · u 

)
, (7) 

or a given kinematic viscosity ν. For simplicity, we adopt a single
tatic and homogeneous value for ν as given by the ambient kinematic
iscosity in the local AGN disc, such that ν = α�0 H

2 
0 , where H0 is

he ambient disc scale height and α is the Shakura–Sunyaev viscosity
oefficient. Constraining the viscosity in this way will result in an
nderestimate of the viscosity in the hotter regions close to the BH,
eading to less viscous heating (see Section 6.4 ). We have also added
 term aBH to equation ( 6 ), which accounts for gravitation by any
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tellar mass BHs within the simulation: 

 BH = −∇φBH (r ) =
nBH ∑ 

n = 1 

mBH ,n g

(
r − r n 

h 

)
, (8) 

here mBH ,n and r n are the mass and position of the nth BH and 
 = 0 . 025 rH , s is the smoothing length for the gravitational spline
ernel, g(δ) (Price & Monaghan 2007 , appendix A). 

(δ) = − G 

h2 
ˆ δ

⎧ ⎨ 

⎩ 

32 
3 δ − 192 

5 δ
3 + 32 δ4 0 < δ ≤ 1 

2 
− 1 

15 δ2 + 64 
3 δ − 48 δ2 + 192 

5 δ
3 − 32 

3 δ
4 1 

2 < δ ≤ 1 
1 
δ2 δ > 1 

(9)

his kernel reproduces the gravitational force exactly for r ≥ h , 
nd smoothly transitions to zero at r = 0. The BHs are introduced
teadily into the simulation, such that their mass grows from zero 
ver a period of tgrow = 0 . 25 PSMBH , where PSMBH = 2 π�−1 

0 ; this is
one to give the gas time to adjust to the BHs’ presence and reduce
ggressive shock heating at early times. Mass growth and softening 
re applied only to BH–gas interactions; the BH–BH gravitation is 
nsoftened and uses the true masses. 
Unlike this paper’s predecessor HW2, which considered a mixture 

f radiation and gas in 2D, here we focus only on adiabatically
volving gas in 3D. Removing the radiation component reduces com- 
utational expense and proves to be numerically stabler. However, in 
oing so, we have removed a pressure term from our fluid evolution.
e find that while gas pressure consistently dominates in the ambient 

nvironments, close to the BHs the radiation pressure should be much 
arger. Furthermore, in 3D we are unable to implement the on-the-fly 
ooling terms used in 2D. Such approximations are inaccessible to 
ur 3D simulations, where accurate cooling dynamics would require 
 full radiative transport treatment, which we neglect here due to 
omputational cost. For the AGN environments considered in this 
aper (see Section 3 ), we calculate approximate optical depths of
( L ) ≡ ρ0 κes L 

( rH ) ∼ 7 × 103 –4 × 104 (10) 

( H0 ) ∼ 2 × 103 –8 × 103 (11) 

( 
xmin ) = 10–70 , (12) 

here here 
xmin is the size of the smallest resolution element (see 
ection 2.3 ), and κes = 0 . 2 ( 1 + X) cm 

2 g−1 is the opacity due to
lectron scattering. We reason that given the generally high optical 
epth of these systems, neglecting radiative transport and therefore 
ooling from this study allows for a reasonable first approximation 
f the hydrodynamics close to the BHs. In the upper disc atmosphere
here the gas density is lower, this approximation will break down. 
e leave more complete computational representations of these flows 

or future studies. As such the energy of the gas evolves as 

∂ E 

∂ t 
+ ∇ · [ ( E + P ) u + � · u ] = ρu · ( a SMBH + a BH ) . (13) 

ere E represents the total fluid energy per unit volume, separable 
nto internal and kinetic components 

 = U + K = U + 1 

2 
ρu · u . (14) 

e assume the gas behaves ideally, such that the gas pressure P and
nternal energy P can be expressed as 

 = kB 

μp mu 

ρT , (15) 
 = P 

γ − 1 
= 3 

2 

kB 

μp mu 

ρT , (16) 

here kB , μp , mu , and γ = 5 
3 are the Boltzmann constant, average 

olecular weight, atomic mass constant, and the adiabatic constant 
or monatomic gas, respectively. We model the AGN gas as a fully
onized mixture of H and He with mass fractions ( X, Y ) = (0 . 7 , 0 . 3)
uch that the average molecular weight is μp = 8 

13 . 

.3 Adaptive mesh refinement 

n order to significantly reduce computational expense while still 
aintaining a high spatial resolution in the regions of interest we

mplement an adaptive mesh refinement (AMR) routine that increases 
he number of cells near the BH. Mesh regions nearer to the BHs
re more refined, with each extra refinement level halving the cell
ide length (increasing the number of cells in said region eightfold).
he AMR criterion is preferentially biased towards refinement in the 
isc plane (as opposed to in the z direction) by a factor zbias = 2;
his is implemented via an effective distance r2 

eff = ( x − xBH )2 +
 y − yBH )2 + z2 

bias ( z − zBH )2 . If reff < 0 . 2 rH , s , the mesh is maximally
efined to six levels above the root grid. If 0 . 2 rH , s < reff < 0 . 5 rH , s ,
he mesh is refined to five levels above root. Outside this region,
he refinement transitions smoothly to the base level. As the BHs
ropagate through the simulation, these hyper-refined regions will 
ove with them. This scheme allows us to focus the majority of

he computation power on resolving the BH minidiscs while still 
imulating the large-scale flow structures at a lower resolution. 

.4 Boundary conditions 

e adopt the similar boundary conditions to those utilized in HW1
nd HW2. In the x direction, we set the ghost cells to have the
ame properties as the ambient disc. We do not use a shear-
eriodic boundary condition as the presence of the BHs breaks 
he radial translational symmetry of the system. In the z direction,
he boundaries are set to outflow. In the y direction, we impose
ifferent boundary conditions to the upper and lower domain edge. 
he boundaries are set to either ‘outflow’ or ‘refill’, where the ghost
ells are set to the ambient disc state. Ghost cells downstream of
he simulation domain are set to outflow, while gas in the upstream
egions are refilled. 

 y = ymin ) =
{

x < 0 refill 
x ≥ 0 outflow 

(17) 

 y = ymax ) =
{

x ≤ 0 outflow 

x > 0 refill 
(18) 

his boundary condition assumes that the evolution within the 
imulation domain does not significantly perturb the annulus of the 
GN disc containing the shearing frame. Gas entering from the 
pstream regions retains no information from the downstream. 

 I NI TI AL  C O N D I T I O N S  

n this paper, we consider the dynamics of BBH formation between
wo 25 M� BHs in nine different AGN disc environments, with 
he initial hydrodynamic states computed using the pAGN pipeline 
Gangardt et al. 2024 ), which implements a vertically one-zone 
xisymmetric equilibrium Shakura–Sunyaev α disc (Shakura & Sun- 
aev 1973 ) assuming self-regulating equilibrium with an extra source 
f heat (and pressure) in the star-forming regions (Sirko & Goodman
MNRAS 542, 1033–1055 (2025)
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M

Table 1. AGN disc parameters held constant for all models discussed in this 
paper. From left to right, the quantities are SMBH mass, Shakura–Sunyaev 
viscosity coefficient, radiative efficiency, hydrogen abundance, and switch 
of viscosity–pressure relation ν = α�−1 P b 

g P
1 −b . These quantities are fed 

to the pAGN pipeline (Gangardt et al. 2024 ) when generating ambient disc 
states, which then set the hydrodynamic initial conditions of each simulation 
(see Table 2 ). 

MSMBH α ε X b
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003 ; Thompson, Quataert & Murray 2005 ). All simulations feature
 central SMBH with MSMBH = 4 × 106 M�. We consider three
ogarithmically spaced values for both the radial location within
he AGN disc R0 ∈ [5 × 103 , 104 , 2 × 104 ] Rg and the total AGN
isc Eddington fraction lE ∈ [0 . 05 , 0 . 16 , 0 . 5]. Table 1 records the
GN parameters fixed across all simulations, and Table 2 records

he ambient gas properties for each of the nine AGN environments.
n this study we aim to explore a range of regions with different
inary formation rates. HW1 found the minidisc mass to be the
ey determinant for successful binary formation, as more massive
inidiscs resulted in greater gas dissipation during close encounters.
he minidisc mass is positively correlated with the ambient Hill
ass: 

H , 0 =
•

r<rH 

ρd V ∼ �0 πr2 
H = 2 πρ0 H0 r

2 
H , (19) 

here �0 and H0 are the vertically integrated ambient density and
isc scale height, respectively. Throughout the parameter space ex-
lored in this study, rH > H0 . For the three distances from the SMBH
elected in this study, the Hill radii are rH ∼ [ 80 , 160 , 320] Rg , where
g ∼ 3 . 82 × 10−7 pc . The nine environments selected represent a
ide range of ambient Hill masses, with mH , 0 ∈ [ 0 . 005 , 0 . 2] . These

nvironments are located close to the boundary of the star-forming
egion in the outer AGN disc, see Fig. 1 . Binary formation may
till be viable deeper within the AGN disc, but due to the linear
ependence of rH on R0 the volume that the BH can trap mass within
ecreases severely, resulting in diminishing mH , 0 . We note that one
f our simulation environments ( R0 , lE ) = (2 × 104 Rg , 0 . 16) lies
ithin the star-forming region of the outer AGN disc, where the

nitial conditions for the gas are less well understood. This simulation
eceives the same modelling treatment as the other models regardless.

Within each of the nine AGN environments, we run 15 simulations
f BH–BH close encounters, varying the impact parameter b linearly
etween 1.7 and 2.4 rH . Binary formation may be viable outside
f this range, especially when mH , 0 is high, but we implement a
elatively restricted range to allow for better resolution in b. The BH
rajectories at close encounter are very sensitive to the initial impact
arameter, as the presence of the SMBH makes all encounters three-
ody interactions. 

.1 Simulation dimensions 

hen simulating potential binary formation events, the BHs are
nitialized on circular orbits about the central SMBH separated by
n impact parameter b. The centre of mass for the BHs is positioned
t the centre of the shearing frame. Each of our interactions are
imulated in a box with dimensions x ∈ [ −4 rH , 4 rH ] , with a y 

xtent sufficient to allow for a pre-encounter flight time equal to
SMBH = 2 π�−1 

0 , the period of frame about the SMBH. Adopting
his normalization results in a y extent ranging from y ∈ [ −10 , 10]
o y ∈ [ −17 , 17] , depending on the distance from the SMBH. The
NRAS 542, 1033–1055 (2025)
ox has a vertical extent of z ∈ [ −10 H0 , 10 H0 ] ; such a large vertical
xtent ( zmax ∼ 0 . 05 R0 ) is required to document the large outflows
enerated, but the additional cost associated with this extension can
e mitigated using AMR (see Section 3.3 ). 

.2 Vertical structure 

or simplicity, we initialize our system as homogeneous in the
 − y plane (i.e. neglecting the small change in temperature with
hanging radius), but with vertical stratification. To better justify this
omogeneous temperature we consider the quantity 

 ( L ) ≡ L
dln T 

d r 
(20) 

s a measure for the radial temperature variation across a distance
 . As the radial extent of our simulation is consistent 8 rH , we
alculate Q (8 rH ) for all the AGN environments, finding that for
lmost all systems Q (8 rH ) << 1, supporting a homogeneous radial
emperature profile. For a single system, we find Q (8 rH ) ∼ 1 . 5,
uggesting significant variation in temperature across the domain.
s such, while for some models the assertion of a homogeneous

adial profile is inaccurate, for the majority of systems the local
emperature variation is reasonably small. Vertical hydrostatic equi-
ibrium requires a pressure gradient to balance against the SMBH
ravity, such that 

 z P + ρ�2 
0 z = 0 . (21) 

e adopt an isothermal atmosphere, such that the initial density
rofile is given by the standard Gaussian, 

( z) = ρ0 exp 

( −z2 

2 H 2 
0 

)
, (22) 

here H0 = cs /�0 and c2 
s ≡ P /ρ. As the existence of large-scale

utflows motivates the use of a box with significant vertical extent,
e are forced to include regions where the AGN disc density would
e vanishingly small. This is numerically problematic and density
alues can approach machine precision; to combat this we impose
 density floor in the initial conditions of all simulations, such that
≥ ρb = 10−7 ρ0 . This leads to a violation of hydrostatic equilibrium

t large z, but as this takes place in regions of negligible density, we do
ot find it to have significant effect on the large-scale hydrodynamics.
o floors are dynamically applied to the hydrodynamic quantities
nce the simulation starts; the density floor is present only for the
nitial conditions. 

.3 Resolution 

he base resolution of each simulation is set such that there are
ight cells per Hill radius, with the base cell size 
xn = 0 = rH 

8 .
he domain is then scaled to accommodate this resolution, do-
ain sizes range from [ nx , ny , nz ] = [64 , 192 , 48] to [ nx , ny , nz ] =

64 , 256 , 80], where nx , ny , and nz are the number of cells along
he ˆ x , ˆ y , and ˆ z axes, respectively. The domain size is dependent on
he disc scale height and time to encounter. On top of the base, we
pply six levels of mesh refinement (for seven levels total), such
hat the minimum cell size close to BHs is 
xn = 6 = rH 

512 . Under
his treatment, each simulation hosts 3 × 107 cells, with ∼ 107 

ells within rH , s of each BH. See Section 2.3 for a full description
f the refinement routine. Such a fine resolution is required to
esolve the complex pressure/gravitational gradients in the minidiscs.

hen compared to an exploratory simulation with eight levels of
esh refinement and half the softening length ( h = 0 . 0125 rH , s ),
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Table 2. Gas properties for all nine AGN environments discussed in this paper. From left to right the quantities are the 
distance from the SMBH, the SMBH Eddington fraction, mid-plane density, surface density, mid-plane temperature, 
sound speed, and disc aspect ratio. These states are generated by feeding the values from Table 1 to the pAGN pipeline 
(Gangardt et al. 2024 ). 

R0 [ Rg ] lE ρ [gcm 

−3 ] � [gcm 

−2 ] T [K] cs [cms −1 ] H 
R 

5 × 103 0.05 1 . 81 × 10−10 9 . 55 × 103 1 . 15 × 104 1 . 34 × 106 4 . 48 × 10−3 

5 × 103 0.16 3 . 22 × 10−10 2 . 07 × 104 1 . 60 × 104 1 . 63 × 106 5 . 44 × 10−3 

5 × 103 0.50 4 . 92 × 10−10 4 . 02 × 104 2 . 23 × 104 2 . 08 × 106 6 . 91 × 10−3 

1 × 104 0.05 4 . 67 × 10−10 2 . 55 × 104 1 . 78 × 103 4 . 90 × 105 2 . 31 × 10−3 

1 × 104 0.16 9 , 96 × 10−11 1 . 34 × 104 9 . 37 × 103 1 . 21 × 106 5 . 70 × 10−3 

1 × 104 0.50 1 . 57 × 10−10 2 . 66 × 104 1 . 33 × 104 1 . 52 × 106 7 . 16 × 10−3 

2 × 104 0.05 9 . 58 × 10−11 1 . 26 × 104 1 . 28 × 103 4 . 16 × 105 2 . 78 × 10−3 

2 × 104 0.16 9 . 58 × 10−11 1 . 85 × 104 2 . 78 × 103 6 . 13 × 105 4 . 09 × 10−3 

2 × 104 0.50 6 . 90 × 10−11 2 . 18 × 104 8 . 82 × 103 1 . 00 × 106 6 . 67 × 10−3 

Figure 1. Ambient Hill masses mH , 0 (equation 19 ) for a range of AGN 

environments: varying position in the disc R0 , and Eddington fraction lE . All 
other AGN properties are held fixed as in Table 1 . Superimposed as crosses 
are the nine AGN environments considered in this paper. We expect binary 
formation to be biased towards regions of higher ambient Hill mass, hence 
our focus is on regions in the outer AGN disc where the Hill radius is larger. 
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e observe identical flow morphology. It is likely that increasing 
he resolution further would more accurately reproduce the fluid 
ehaviour deep within the minidiscs, but we expect the resolution 
sed here to be sufficient for binary formation studies. Studies 
ocusing on the evolution of binary elements post formation may 
ish to implement a finer resolution; Rowan et al. ( 2025 ) found that
igher resolutions were required to accurately model binary-single 
catterings in 2D. 

 F I D U C I A L  R ESULTS  

efore considering the full suite of simulations we focus on a specific
ase study featuring successful binary formation, the system with 
 lE , R0 , b) = (

0 . 16 , 104 Rg , 2 . 30 rH 

)
. We begin with a discussion of 

he circum-BH structure in isolation, before moving to the close 
ncounter between BHs and resultant binary formation. In Section 5 
e expand our analysis to the rest of the simulation suite and compare

cross the parameter space. 

.1 Gas morphology in isolation 

s the simulation evolves, the BHs draw gas from the ambient AGN
isc into their Hill sphere, constructing a minidisc. In HW2, we 
ound the mass of the minidisc to be dependent on the equation of
tate; isothermal systems were able to grow ∼ 10–15 per cent more 
assive minidiscs due to the reduced fluid pressure. In 3D we observe
hermal winds emanating vertically away from the disc mid-plane. 
hese winds result in mass being stripped from the Hill sphere and
jected to heights significantly greater than the ambient AGN disc 
eight H0 . In discussion of the circum-BH flow, we adopt cylindrical
oordinates { R, φ, z} centred on each BH, with velocities u in the
rame of the BH. 

.1.1 Wind growth and mass evolution 

e describe the formation of a minidisc wind while the BHs are
n isolation, with aid of Fig. 2 . Once the simulation starts, gas
ravitates towards the BH where it is shock heated, resulting in a
ot bubble of gas in the Hill sphere. Thermal pressure drives this
as outwards, with the preferential direction vertically upwards due 
o the fall-off of gas density and pressure with height. This thermal
ind breaks out from the AGN disc and is cast high into the disc

tmosphere, with significant density ( ρ ∼ 0 . 2 ρ0 ) reaching z > 3 H0 .
ost-breakout, the wind widens, developing a pseudo-conical region 
irectly above/below the minidisc. We observe a fall-back flow from 

arge z following the initial breakout, compressing the conical wind 
nto an X-shaped outflow. Self-collision in the wind drives a vertical
utflow component from directly above/below the BH at late times. 
The presence of a thermal wind has a significant effect on the
inidisc, stripping mass and ejecting it from the Hill sphere. As

hown in Fig. 2 this results in a plateau in the Hill mass when the
ass inflow and outflow balances. In the fiducial case the Hill mass

tabilizes around mH ,s = 0 . 06 mBH . Compared to the 2D results of
W2, our 3D minidiscs are about half as massive (when scaled by the

mbient Hill mass). While in principle this could result in ineffective
issipation by gas gravity during binary interactions, the plateau 
ass is sufficiently high for many of the systems studied here. It is

ot obvious how the inclusion of cooling or radiation effects should
ffect the height, or indeed existence, of this plateau mass. Cooling
ill likely act to increase this mass by decreasing the gas temperature, 
ut including forces from radiation pressure may result in stronger 
inds driving more mass from the Hill sphere. See Section 5.2.1

or more details on the relationship between the ambient Hill mass
nd the resultant Hill mass at close encounter. When considering the
orphology of the minidiscs we introduce a parameter η to describe 

he compactness of the gas within the Hill sphere. 

= 1 −
∫ 

r<rH 
ρrd V 

rH 

∫ 
r<rH 

ρd V 

(23) 

he compactness η ranges from 0 (minimal compactness, all gas in 
 shell at r = rH ), to 1 (maximal compactness, all gas in a point
MNRAS 542, 1033–1055 (2025)
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Figure 2. Growth of a minidisc wind in the fiducial simulation depicting slices in the y- z plane off the logarithmic gas density, the radial mass flux, gas pressure. 
In the lower panel, we document the evolution of the Hill mass. The wind initially develops as a hot bubble, which breaks out vertically from the disc and 
then expands laterally to form a wide conical opening in the disc. By t = 5 yr, the inflow and outflow of gas into the Hill sphere has stabilized, resulting in an 
approximately constant Hill mass around mH ,s 	 0 . 06 mBH . As the strength of the wind dies, the conical wind collapses into an X-shaped outflow with inflow 

directly above and below the BH. At late times, this collapse can rebound, resulting in a new outflow component directly above/below the BH. After around 10 
yr, the BHs are close enough for their winds to begin interacting, deforming the circum-BH gas morphology. 
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t r = 0). In Fig. 3 we apply this metric to the fiducial minidisc
nd to 2D minidiscs drawn from HW2, plotting the cumulative mass
istributions. In the 2D models, compactness is slightly reduced when
oving from isothermal to adiabatic to radiative equations of state,

s extra pressure support is provided. A more dramatic change is
een when moving to 3D, with η ∼ 0 . 5 compared to η ∼ 0 . 7–0 . 8 in
D. The 3D system is substantially less compact than the 2D system,
ith a density profile closer to a spherically symmetric distribution

han a disc (see Section 4.1.2 ). 

.1.2 BH stars in AGNs 

ur fiducial simulation shows that the BHs quickly build a spherical
aseous envelope of mass 0 . 06 mBH within a radius rH , s . After
 yr, the compact 25M� BH core is surrounded by a 10 au radius
aseous sphere of mass 1 . 5M�. Fig. 4 shows radial profiles for
he gas properties within the Hill sphere, averaging over all angles
nd volume weighting each property. We find that outside of the
NRAS 542, 1033–1055 (2025)
moothing radius h = 0 . 025 rH , s , the radial profiles evolve to steady
ower-law solutions by t ∼ 5 yr. 

∗( x) = ρH x
−2 , ρH = mH , s 

4 πr3 
H , s 

, (24) 

T ∗( x) = TH x
−1 , TH = GmBH μmp 

3 krH , s 
, (25) 

∗( x) = PH x
−3 , PH = GmBH mH , s 

12 πr4 
H , s 

. (26) 

ere x = r/rH , s and ρH , TH , and PH are the characteristic density,
emperature, and pressure for the Hill sphere, respectively. These
orms can be derived analytically by considering spherically sym-
etric solutions to the equation for hydrostatic equilibrium about
 point mass mBH , neglecting gas self-gravity and frame forces
see Appendix A ). This solution is unstable to convection; the
chwarzschild criterion for convective stability requires 

 r K ( r ) < 0 , (27) 
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Figure 3. Cumulative minidisc mass distributions m ( < r) and compact- 
nesses η, comparing between the 3D fiducial system and three 2D systems 
from HW2. While all 2D systems exhibit comparably compactnesses of 
η ∼ 0 . 7–0 . 8, the 3D system is substantially less compact. For the 2D systems, 
the half-mass-radius for the minidisc is around 0 . 2 rH , s , for the 3D system it 
is around 0 . 6 rH , s . 
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here K ( r ) describes the entropy of the system (Schwarzschild
015 ). However for the temperature and density profile represented 
n equations ( 24 ) and ( 25 ), 

 ( r ) ≡ P ( r ) ρ( r )−γ ∝ r2 γ−3 ∝ r
1 
3 (28) 

⇒ ∂ r K ( r ) > 0 (29) 

he Hill sphere’s convective instability allows for an outflow struc- 
ure despite satisfying hydrostatic equilibrium. As such, the gas 
ithin the Hill sphere behaves like a star composed of a massive
5 M� BH core and a low-mass 1 . 5 M� convective envelope. The
tudy of stars within AGN discs is an active field of research
Goodman & Tan 2004 ; Cantiello, Jermyn & Lin 2021 ; Dittmann,
antiello & Jermyn 2021 ; Jermyn et al. 2021 , 2022 ; Chen & Lin
024 ; Chen et al. 2024 ; Fabj et al. 2025 ). These AGN stars are com-
only modelled as self-gravitating n = 3 polytropes and can grow to
∗ = 100 M� (Cantiello et al. 2021 ). In this study our stellar mass is

ominated by the compact BH core, resulting in an envelope whose 
ressure-density profile mimics an n = 2 polytrope, though caution 
s warranted when comparing to polytrope forms, as those equa- 
ions assume that the gas is self-gravitating. Small-scale BH physics 
uch as accretion and feedback are neglected in our simulation, which 
ave the potential to change the radial profiles. Given that we neglect
ccretion in the simulation the inflow and outflow rates in and out of
he Hill sphere ultimately cancel. We note that the rate of accumula-
ion of mass into the Hill sphere, ṁH , s ∼ 0 . 2 M� yr −1 > 105 ṀEdd , 
ver the first 5 yr of evolution in the simulation, is in significant
xcess of the Eddington mass accretion rate on to the BH ṀEdd . 
ith an Eddington luminosity LEdd = 4 πGmBH c/κes = 9 × 105 L�

or the 25 M� BH, ṀEdd = LEdd / ( ηc2 ) = 4 πGmBH c / ( ηκes ) ∼ 6 ×
0−7 M�yr −1 , where we have assumed an electron-scattering opacity 
f κes = 0 . 2(1 + X) cm2 g−1 for a fully ionized medium with hydro-
en mass fraction X = 0 . 7 and accretion efficiency of η = 0 . 1. As
uch, the BH accretion feedback is unlikely to have a significant 
ffect on the total mass in the Hill sphere. However, the feedback
ay be energetically significant. For the power laws represented as 

quations ( 24 )–( 26 ), the thermal energy of the system is bound only
f some inner radius is specified. 

H =
∫ rH , s 

rmin 

P 

γ − 1 
4 πr2 d r = GmBH mH , s 

2 rH , s 
ln 

(
rH , s 

rmin 

)
(30) 

ne can consider τEdd , the time-scale for Eddington-limited feedback 
o alter the thermal energy in the Hill sphere 

Edd = KH 

LEdd 
= σT ( 1 + X) mH , s 

16 πcmp rH , s 
ln 

(
rH , s 

rmin 

)
(31) 

n the hydrodynamic simulations, this inner radius is the smoothing 
ength h = 0 . 025 rH , s and τEdd ∼ 1yr, implying that Eddington-
imited energetic feedback could be significant. However, if the inner 
adius is much smaller, this time-scale will increase and the feedback
ay become negligible. More significant changes may be expected 

rom the inclusion of radiation pressure, which is neglected here for
oth the analytic modelling and the hydrodynamic simulation, or 
ffects associated with stellar evolution such as nuclear fusion. 

.1.3 Cyclonic wind morphology 

ig. 5 depicts the flow morphology about the BH at t ∼ 5 yr, with
lices in the x–y plane taken in and above/below the mid-plane. In
he AGN mid-plane ( z = 0), the flow structure looks similar to that
f 2D simulations. Gas is fed into the minidisc from the NE-SW
uadrants (on horse-shoe orbits) resulting in a minidisc that spins 
n prograde ( uφ > 0), despite the general sense of the flow in the
hearing frame being retrograde ( uφ < 0). The flow morphology 
hanges when our view shifts to above the mid-plane at z = 3 H0 .
ere the wind dominates the flow, with gas radially outflowing 

n all directions. The prograde rotation of the inner minidisc has
een lost and the wind rotates in retrograde. Wind originating from
he minidisc experiences Coriolis torque, which drives it towards 
etrograde rotation. The effect of this force is most obvious when
onsidering its action on the azimuthal component of the flow about
he BH. It is straightforward to show from equation ( 3 ) that (

D uφ

D t 

)
Coriolis 

= −2 �0 uR . (32) 

his is cyclonic acceleration; inflowing components are driven 
owards prograde rotation ( uR < 0 ⇒ Dt uφ > 0), whereas outflow-
ng components are driven towards retrograde rotation ( uR > 0 ⇒
t uφ < 0). This phenomena is identical to terrestrial cyclones in the
orthern hemisphere: cyclones form around low-pressure (inflow) 

egions and rotate anticlockwise (prograde), whereas anticyclones 
orm around high-pressure (outflow) regions and rotate clockwise 
retrograde). The minidisc behaves as a cyclone, whereas the 
ind behaves as an anticyclone. At intermediate heights between 

he minidisc-dominated and wind-dominated regimes lies a mixed 
egion. In the central column of Fig. 5 we can see that at z = 1 . 5 H0 

he streamlines near the BH are prograde, but moving away from
he BH they invert to retrograde. As the height above the minidisc
ncreases, all prograde components are lost and the outflow is 
ominantly retrograde. A wind that counter-rotates with respect to 
ts minidisc has interesting implications for the circum-BH magnetic 
eld structure, a point which is explored further in Section 6.2 . 

.2 Binary interactions 

e now consider the evolution of the BHs as they pass through a
lose encounter. During this close encounter, the fiducial binary loses 
ufficient orbital energy through gas gravity dissipation to form a 
MNRAS 542, 1033–1055 (2025)
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Figure 4. Radial distributions of gas properties within the Hill sphere for the fiducial system, averaging over all angles and volume weighting. In the top panel, 
the evolution of the Hill mass with time is shown. In the lower panels, the time evolution of the gas density ρ, temperature T , and pressure P is shown. Increasing 
line opacity indicates a later time, marked by the vertical lines in the top panel. By t ∼ 5 yr, the system has reached the steady-state solution described by 
equations ( 24 )–( 26 ). 
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table binary. When discussing binary energies, we define Ebin in the
inary centre-of-mass frame as 

bin = 1 

2 
μ| v1 − v2 |2 − GMbin μ

| r1 − r2 | , (33) 

here Mbin = m1 + m2 and μ = m1 m2 
Mbin 

are the total and reduced
inary mass, respectively. If Ebin < 0, this gives a form for the
emimajor axis a as 

bin = −GMbin μ

2 a 
. (34) 

he exact boundary for stability in hierarchical triple systems is
ependent on a variety of different orbital parameters (Mardling &
arseth 2001 ; Tory, Grishin & Mandel 2022 ; Vynatheya et al.
022 ). In this study we adopt a homogeneous threshold for all
inaries, where a binary is considered stable to ionization by the
MBH if Ebin < −χEH , where χ = 2 is a stability parameter derived
mpirically from simulations in Tory et al. ( 2022 ) and EH is the Hill
nergy, the characteristic energy scale of binaries in the shearing box 

H = GMbin μ

2 rH 
. (35) 

his energy is equivalent to the (absolute) energy of a binary with
 semimajor axis a = rH . With χ = 2, this criterion is equivalent to
ssigning stability to all binaries (with e < 1) that have instantaneous
poapsides ra = a(1 + e) < rH . 

When discussing work done on the binary by either the SMBH or
y the gravity of the gas, we report dissipation as the time derivative
f the specific binary energy 

= d 

d t 

(
Ebin 

μ

)
= ( v1 − v2 ) · ( a1 − a2 ) , (36) 
NRAS 542, 1033–1055 (2025)
here a1 and a2 are the accelerations acting on each binary com-
onent. When cumulative energy changes are reported, we integrate
ver the dissipation from specific sources e.g. 

Egas = μ

∫ 
εgas d t = μ

∫ 
( v1 − v2 ) ·

(
agas , 1 − agas , 2 

)
d t, (37) 

nd similarly for SMBH forces replacing the ‘gas’ label with
SMBH’. Here agas ,i is the gravitational acceleration on a BH summed
ver all Nc gas cells in the simulation 

gas ,i =
Nc ∑ 

n = 1 

mcell g

(
ri − rn 

h 

)
, (38) 

here mcell is the gas mass within an individual cell. 

.2.1 Dissipation and binary formation 

ig. 6 depicts the orbital evolution of the fiducial binary before
nd after the BHs pass through first close encounter, with panels
or the binary separation, energy, trajectory, and Hill mass. As
he BHs approach each other, centrifugal forces steadily remove
nergy from the binary but the most important dissipation occurs
mmediately after first periapsis where the binary energy suddenly
rops. The collision of the two minidiscs results in an excess
f gas mass trailing the BH trajectories, exerting a drag by gas
ravitation, which removes energy from the binary. After a single
lose encounter, the binary is stable against the SMBH, but relatively
eakly bound. During the subsequent binary periapsis passages,

here are further dissipative episodes that harden the binary. The
hronology of the binary energetic evolution is identical to that
bserved in previous 2D hydrodynamical studies, with the binary
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Figure 5. Slices in the x–y disc plane for the fiducial model, cut at z = [0 , 1 . 5 H0 , 3 H0 ]. From the top, each row depicts the azimuthal gas velocity, radial gas 
velocity, gas density, and gas pressure, respectively. All velocities are in the BH frame. The minidisc at z = 0 is limited to r � 0 . 5 rH , s : it hosts the hottest densest 
gas and spins in prograde ( uφ > 0). The minidisc drives a wind that expands to around r 	 2 rH , s by z = 3 H0 . This wind is less dense than the minidisc, but 
substantially denser than the ambient density at this height. By z = 3 H0 the wind rotates in retrograde ( uφ < 0) despite originating from a prograde minidisc; 
this is due to the cyclonic action of Coriolis force (see equation 32 ). At intermediate altitude, the central wind is still prograde, but the outer wind has been 
torqued to retrograde. In the leftmost panel the separations between planes have been increased by a factor 3 for illustrative purposes. 
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nergy dropping impulsively during each periapsis passage (Li et al. 
023 ; Rowan et al. 2023 , 2024b ; Whitehead et al. 2024a , b ). Each
eriapsis passage is associated with a drop in the gas mass within the
inary Hill sphere, mH , as the novae generated at periapsis liberate 
ass from the Hill sphere (see Section 4.2.2 ). However the mass

eduction in 3D is not as dramatic as observed previously in 2D
HW2). This is because in 3D, the novae blasts are able to propagate
way from the mid-plane, resulting in lesser disruption to the mid-
lane where the majority of the gas mass lies. The first blast is the
trongest, removing around a third of the gas from the Hill sphere, but
ubsequent blasts remove significantly less mass: after six periapsis 
assages, the Hill sphere has retained about half of its mass at first
eriapsis. We also document a decrease in hardening efficiency as 
he Hill mass drops: cumulatively, as much hardening occurs during 
he first two binary periods as during latter five. At the end of the
imulation after 21.5 yr, the final result is a binary with a semimajor
xis of a = 0 . 23 rH ∼ 107 rg and eccentricity e ∼ 0 . 93. While this
inary is stable, its merger time as predicted by Peters ( 1964 ) is still

103 Gyr. Further hardening by gas will be required if the binary
s to merge in a Hubble time, such evolution is not considered in
his work. The long-term evolution of embedded binaries remains an 
ctive field of research (Baruteau et al. 2011 ; Li & Lai 2022 , 2023 ,
024 ; Calcino et al. 2024 ; Dittmann et al. 2024 ; Mishra & Calcino
024 ). 
MNRAS 542, 1033–1055 (2025)
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Figure 6. Formation of the fiducial binary, with panels on the left for the binary separation r , energy Ebin , cumulative dissipation 
E, and gas mass within the 
mutual Hill sphere mH . In the right panel is shown the trajectory of the outer BH centred on the inner BH coloured by the instantaneous binary energy. During 
each periapsis passage (marked by vertical grey lines) the binary loses energy to gas gravity dissipation. Dissipation during the first periapsis is sufficient to 
form a stable binary, with further dissipation during subsequent periapsides continuing to harden the binary. Each periapsis is followed by a reduction in the Hill 
mass as detonations generated from minidisc collisions drive gas from the Hill sphere. 
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.2.2 Disc novae 

 key motivation for this study was to follow up the 2D results of
W2, which observed strong blast waves generated during BH–BH

lose encounters due to minidisc collisions termed ‘disc novae’. We
bserve these same blast waves being generated here in the fiducial
imulation during first periapsis, with a hot fireball of gas generated
round t = 12 . 5 yr from the inner minidiscs colliding. This can be
een in the lower panels of Fig. 7 : at t = 12 . 7 yr the nova is visible as
n expanding hot column of gas. The blast preferentially propagates
n the vertical direction: due to the reduced gas mass away from the
id-plane this is the path of least resistance. The novae propagate

ast enough to escape the Hill sphere before the next close encounter
ccurs. Each following periapsis passage ignites a new nova; by
 = 20 yr the novae are more regular and propagate outwards as
blate ellipsoids. The novae are kinked in the mid-plane due to
he increased gas density there restricting propagation. While the
pper AGN atmosphere has already been significantly heated by the
ndividual minidisc winds, the periapsis novae are able to eject hotter
as multiple scale heights above the mid-plane and so are likely to
ake significant contributions to the local thermal emission. The

bility for the periapsis generated disc novae to escape away from
he mid-plane instead of being forced to propagation only radially
as was the case in the 2D simulations of HW2) means that the mass
tripping action of the novae is suppressed. While each periapsis
assages features a reduction in the Hill mass, the effect is less severe
han in 2D and the resulting circum-binary environment is more

assive. For comparison, in the fiducial binary of HW2, disc novae
ere able to eject > 80 per cent of the Hill mass within 2 yr. Greater
ill mass retention has the potential to allow for more significant
NRAS 542, 1033–1055 (2025)

d  
as hardening post binary-formation, but this later evolution is not
tudied in this work. 

 PA RAMETER  STUDY  

ere we consider the full suite of 135 simulations across the nine dif-
erent AGN environments generated from varying the radial location
n the AGN disc R0 ∈

[
5 × 103 , 104 , 2 × 104 

]
Rg and Eddington

raction of the AGN disc lE ∈ [ 0 . 05 , 0 . 16 , 0 . 50] . In each environ-
ent we simulate 15 binary encounters with impact parameters
 ∈ [1 . 7 , 2 . 4] rH . We begin with a short discussion of the gas-free
rajectories and then present the results from the full hydrodynamic
imulations. 

.1 Gas-free interactions 

o better understand the spectrum of behaviours with gas, we briefly
ummarize the variety of encounters possible in gas-free interactions.
f specific interest are the Jacobi regions where the SMBH can
rive multiple encounters between the BHs even when gas is not
resent (Boekholt et al. 2023 ). Fig. 8 gives a spectrum of close-
ncounter depths versus impact parameter for a gas-less system with
he same initial conditions as our study. In the upper panel, we
ote the twin dips at b 	 2 . 0 , 2 . 3 rH ; these are the impact parameters
ssociated with the deepest first periapsides. In these dips, the SMBH
xtracts the exact amount of angular momentum from the binary
re-encounter such that the binary angular momentum at periapsis
s close to zero (resulting in a very small periapsis). These dips are
rime regions for binary formation due to their significant periapsis
epth, which our previous studies HW1 and Rowan et al. ( 2024b )
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Figure 7. Logarithmic pressure profiles for the fiducial simulation sliced in the y–z plane, with each row depicting a different epoch and each column centred 
on either binary component (in cyan and magenta) or the binary COM. First row: the gas structure before close encounter, showing isolated minidisc winds. 
Second row: as the BHs approach periapsis, their winds collide, forming a hot column of gas between the two. Third row: minidisc collision at periapsis drives 
strong shock heating. The shock escapes preferentially away from the mid-plane. Fourth row: following second periapsis, a new shock is generated. This shock 
is more regular due to the ejection of mass from the Hill sphere by the first shock. Fifth row: at late times the reduced binary period results in frequent shock 
generation. The shocks tend not to propagate in the mid-plane and are vertically compressed by the SMBH gravity leading to an spheroidal shape. 
MNRAS 542, 1033–1055 (2025)
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Figure 8. Spectrum of periapsis depths and number of encounters for gas-free interactions as the impact parameter b is varied, generated from 1000 n -body 
simulations. Binaries with b ∼ 2 . 0 , 2 . 3 rH will have very deep first close encounters driven by the SMBH torquing the binary angular momentum very close 
to zero before first periapsis. Binaries with impact parameters in the Jacobi Regions A, B, and C will undergo multiple encounters before separating. Initial 
encounters can either be prograde or retrograde w.r.t the global AGN disc, separated by the zero angular momentum trajectories at b ∼ 2 . 0 , 2 . 3 rH . 
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ound to be a key determinant for dissipation efficiency. In the
ottom panel, we record the number of encounters nenc (defined as
umber of periapsides with rp < rH ). There exist three regions where
enc > 1 without an external dissipation mechanism, labelled A , B,
nd C. 1 These are Jacobi regions, which are also ideal for binary
ormation as multiple encounters allow for multiple dissipation
vents, which cumulatively may drive stable binary formation.

hen gas is introduced, gas gravity acting on the BHs results in
eflections from these gas-free trajectories, but this plot acts as a
ood introduction to the regions of interest in b space. 

.2 Resultant binary outcome 

e now consider the resultant state for the full suite of hydrodynamic
imulations. We differentiate between outcomes by considering the
umber of orbits before binary formation can be determined as suc-
essful or unsuccessful. Binary formation is deemed successful if the
inary energy Ebin < −2 EH . Encounters are defined as periapsides
ithin the mutual Hill sphere. 

(i) Type 1a: unbound after single or no encounter. A single
nefficient dissipation period results in no binary formation, the
inary components separate without additional encounters. 
NRAS 542, 1033–1055 (2025)

 Each of these regions contains a further three distinct sub-regions and so on, 
esulting in a fractal structure (Boekholt et al. 2023 ) 

s  

t  

i  

s  
(ii) Type 1b: unbound after multiple encounters. Secondary en-
ounters may be driven by the SMBH or by perturbations by gas, but
umulatively dissipation is unable to stabilize the binary before the
MBH ionizes it. 
(iii) Type 2a: bound after single encounter. Following a single

eriapsis passage, the BHs are able to dissipate enough energy by
as gravity to form a stable binary. 

(iv) Type 2b: bound after multiple encounters. While unstable
fter the first encounter, further cumulative dissipation over later
eriapsides is sufficient to stabilize the binary. 

Fig. 9 depicts examples for the four outcome classes. The outcome
f each flyby is dependent on both the BH trajectory (which will
ictate the depth of encounter and the possibility for multiple
acobi encounters) and the system’s hydrodynamic state (as more
assive minidiscs exert stronger acceleration by gas gravity). The

elationship between the initial AGN environment and the resultant
ydrodynamic state at first periapsis is discussed further in Sec-
ion 5.2.1 . 

We document the final outcomes of all 135 hydro simulations
n Fig. 10 with the results of the gas-less simulations from Fig. 8
hown in the background. The periapsis depths are generally similar
o the gas-less trajectories, but show an inward skew for smaller
mpact parameters. We record also the gas mass in the mutual Hill
phere at first periapsis as mH ( rp ); this is an important determinant



Adiabatic simulations of BBH formation in 3D 1045

Figure 9. Four simulation runs depicting the range of outcome types (Type 
1 for failure, Type 2 for success), where the colours red, orange, and green 
represent unbound, quasi-bound, and stably bound energetic regimes. While 
most runs attain Ebin < 0 for some duration of their run, only runs with 
significant cumulative gas dissipation are able to cross the stability threshold 
of Ebin < −2 EH . For some runs, this threshold is only crossed after multiple 
periapsides; here the SMBH may assist binary formation by allowing for 
multiple encounters before ionization (Type b encounters). 
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n binary outcome as encounters with more local gas mass generally 
xperience greater dissipation and so are more likely to form a binary.

.2.1 Environmental effects 

ig. 10 makes it clear that binary formation efficiency varies 
reatly across the nine AGN environments analysed in this study. 
omparing across the models, we break down the outcomes by 

ype in Table 3 , including columns for the Hill masses in the
mbient system mH , 0 , and at first periapsis mH ( rp ). Fig. 11 com-
ares the number of successful binary formation events to mH ( rp ).
enerally we see that in environments with lower Hill masses, 
inary formation is more reliant on the Jacobi mechanism (Type 
 encounters), requiring multiple encounters to form stable binaries 
s each individual dissipation episode is too weak to ensure stability 
n its own. In very low Hill mass systems, such as documented
n ( lE , R) = (0 . 05 , 5 × 103 Rg ), we record no binary formation.
owever, as the fractal structure of the Jacobi regions allows for

n arbitrarily high number of encounters for suitably fine-tuned 
 (Boekholt et al. 2023 ), even seemingly insignificant gas masses
ould allow for stable binary formation over a suitably large number 
f encounters. However, as such interactions would only take place 
ithin such a narrow range of b-space, they are unlikely to contribute

ignificantly to the overall binary formation rates. Conversely, in 
igher Hill mass environments where dissipation is stronger, the 
acobi mechanism becomes less important, as stable binaries are 
ble to form from a single encounter. For the most massive systems
n this study, binary formation is possible over the entire b ∈
 1 . 7 , 2 . 4] rH range. To leading order, to expect a capture likelihood 
f (5 per cent , 20 per cent , 50 per cent , 100 per cent ), we require 
ill masses at periapsides of mH ( rp ) ∼ (0 . 05 , 0 . 1 , 0 . 25 , 0 . 8) mBH . 
Given the strong dependence of binary formation likelihood on 

he Hill mass at first periapsis presented in Fig. 10 , we consider
ow readily this periapsis mass can be predicted from the ambient
ill mass. Fig. 12 shows the relationship between the gas mass

n the ambient Hill sphere (see equation 19 ) and the Hill mass at
rst periapsis. We report a strong linear relationship between the 

wo, with the mass at periapsis around four times the ambient
ass for all of our simulations. As such, our findings support

he notion that binary formation is typically most likely to be
uccessful in regions where the ambient Hill mass is high, as this
eads to more massive Hill masses at first periapsis, which in turn
ncreases the efficiency of dissipation by gas and the likelihood of
inary formation. As a rough approximation, capture likelihoods of 
5 per cent , 20 per cent , 50 per cent , 100 per cent ) require ambient 
ill masses of mH , 0 ∼ (0 . 01 , 0 . 025 , 0 . 063 , 0 . 2) mBH . 

.2.2 Trajectory dependence 

n Section 5.2.1 , we showed that systems with higher Hill masses
xhibited a greater fraction of successful binary formations. How- 
ver, as seen in Fig. 10 , there is dependence also on b, the impact
arameter between interacting BHs. In the highest mass systems, this 
ependence is less significant, with binary formation successful for 
ll runs experiencing a suitable close first encounter. However for 
ntermediate and lower mass systems, the initial impact parameter is 
he determining factor between binary formation and ionization. We 
bserve a strong bias towards formation in the deep periapsis valley
round b ∼ 2 . 3 rH , most notable in the ( lE , R) = (0 . 16 , 104 Rg ) and
0 . 50 , 104 Rg ) systems, for which mH ( rp ) ∼ 0 . 12 mBH and 0 . 22 mBH ,
espectively. In these simulations, binary formation is only successful 
ear Jacobi region B, where the action of the SMBH induces not
nly a deep first periapsis, but allows for multiple encounters before
onization (see Section 5.1 ). These multiple encounters turn out to
e the deciding factor; deep first encounters can be achieved for
mpact parameters close to either valley at b = 2 . 0 , 2 . 3 rH , but it is
he presence of the Jacobi region at b = 2 . 3 rH that increases the
ikelihood of binary formation. In/near the Jacobi regions, even if a
inary is not stabilized during the first periapsis, dissipation during 
ubsequent close encounters can harden the binary and stabilize it 
ast the Ebin < −2 EH threshold. One might then enquire why these
acobi regions exist at these ranges in b space. The key factor turns
ut to be the orientation of the binary following first periapsis; for
ystems with inefficient dissipation, if the semimajor axis is aligned 
ith the ˆ x direction (i.e aligned with the radial direction to the 
MBH), ionization is favoured, but if the semimajor axis is aligned
ith the ˆ y direction (i.e. perpendicular to the radial direction to 

he SMBH), the system can undergo multiple encounters before 
onization. 

To better explain this dependence on the post-first-periapsis 
rientation (which in turn depends on the initial impact parameter), 
e introduce three energy changes pertinent to the binary outcome: 

(i) 
ESMBH , − = μ
∫ rp 

rH 
εSMBH d t is the work done by the SMBH 

s the binary approaches first periapsis from the Hill intersection. 
his work is most sensitive to the BH trajectory and independent of
inidisc mass. 
MNRAS 542, 1033–1055 (2025)
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Figure 10. Binary formation outcomes for all 135 simulations in the suite, showing the separation at first periapsis rp as a function of the initial impact 
parameter b. Each sub-figure represents a unique AGN environment, generated by varying global Eddington fraction lE and distance from the SMBH R0 by row 

and column, respectively. The grey curve and vertical shaded regions show the gas-free depth of first periapsis and Jacobi regions from Fig. 8 . Each environment 
is also labelled with the average Hill mass at first periapsis mH ( rp ): we note that generally, as mH ( rp ) increases, so does the number of successful formation 
events (see also Fig. 11 ). This results in a strong bias towards more distant regions of the AGN disc, where the Hill radius is larger. 

Table 3. Summary of outcome variation across AGN environments; here mH , 0 and mH ( rp ) are the gas masses in the 
mutual Hill sphere at t = 0 and at first periapsis, respectively. Outcomes types are as defined in Section 5.2 . As mH ( rp ) 
increases, we generally observe an increase in binaries formed, especially during the first encounter. For a clearer trend 
between formation likelihood and mH ( rp ), see Fig. 11 . 

R0 /Rg lE mH , 0 mH ( rp ) /mBH Type 1a Type 1b Type 2a Type 2b Total bound per cent 

5 × 103 0.05 0.005 0 . 023 ± 0 . 001 14 3 0 0 0 per cent 
5 × 103 0.16 0.011 0 . 046 ± 0 . 001 11 3 0 1 7 per cent 
5 × 103 0.50 0.023 0 . 078 ± 0 . 002 11 3 0 1 7 per cent 
1 × 104 0.05 0.058 0 . 279 ± 0 . 004 6 0 9 0 60 per cent 
1 × 104 0.16 0.030 0 . 122 ± 0 . 003 9 3 1 2 20 per cent 
1 × 104 0.50 0.061 0 . 213 ± 0 . 004 7 3 3 2 33 per cent 
2 × 104 0.05 0.115 0 . 555 ± 0 . 007 2 1 12 0 80 per cent 
2 × 104 0.16 0.169 0 . 781 ± 0 . 013 0 0 15 0 100 per cent 
2 × 104 0.50 0.200 0 . 810 ± 0 . 010 1 0 14 0 93 per cent 
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(ii) 
Egas = μ
∫ r+ 

rH 
εgas d t is the work done by the gas between the

ill intersection and the first apoapsis (or exit of Hill sphere). This
ource of dissipation is generally stronger for deeper periapsides, but
ven more importantly is stronger for systems with more massive
inidiscs. 
NRAS 542, 1033–1055 (2025)

d

(iii) 
ESMBH , + 

= μ
∫ r+ 

rp 
εSMBH d t is the work done by the SMBH

s the binary orbits from periapsis to first apoapsis (or exit of Hill
phere). This work is a function of the post-periapsis trajectory, which
s dependent on both the incident trajectory and the strength of gas
issipation during periapsis. 
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Figure 11. Hill mass at first periapsis, averaged over impact parameter b for 
each of the nine AGN environments, plotted against the number of successful 
binary formations. Successful binary formations are separated by type ‘2a’ if 
a stable binary is formed in a single flyby, or ‘2b’ if stability is only achieved 
after multiple encounters. As mH ( rp ) increases, so does the number of 
successful formation events; by mH ( rp ) ∼ 0 . 6 mBH effectively all interactions 
in the simulated b ∈ [1 . 7 , 2 . 4] rH range result in binary formation. Conversely, 
below mH ( rp ) ∼ 0 . 1 mBH binary formation is rare and only possible via the 
Jacobi mechanism inducing multiple encounters. Below mH ( rp ) ∼ 0 . 03 mBH 

we do not record any binary formation, though in principle it should be 
possible for suitably fine-tuned b. 

Figure 12. Ambient Hill mass mH , 0 , against the Hill mass at first periapsis 
mH ( rp ) for all simulations in the suite. We observe a strong linear relationship 
(fit in log space): more massive ambient environments result in more gas mass 
at the time of encounter. The gravitational attraction of gas on to both BHs 
before the first close encounter results in an enrichment of Hill mass to around 
four times the initial value. 
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The energy of the binary after its first close encounter will depend
n the energy upon entering the Hill sphere, and the sum of these three
nergies. Fig. 13 displays the energetic evolution for two simulations 
ith disparate impact parameters and Hill masses. We can see that 

he key distinguishing feature between the two is the energy injected 
y the SMBH post-periapsis (shown in blue). While both systems 
ttain similar energies when considering only the gas dissipation and 
MBH dissipation on infall, system (A) features significant energy 

njection by the SMBH post-periapsis. This is due to the binary’s 
lignment with the ˆ x -axis; as the SMBH’s centrifugal acceleration 
lso acts in the radial ˆ x direction there is a positive alignment between 
he binary velocity and the acceleration, which results in energy 
jection (see equation 36 ). Conversely, in system (B) the binary
omponents are more closely aligned with the ˆ y -axis during the first 
eriod and so the action of the centrifugal acceleration is negligible.
ot only is the magnitude of the centrifugal action reduced when

he binary is aligned with the ˆ y -axis, the binary velocity is now
erpendicular to the centrifugal acceleration, resulting in minimal 
ork being done on the binary. As such, system (B) is able to
erform further encounters before ionization; when sufficient gas 
s present, dissipation during these periods then stabilizes the binary. 
ee Appendix B for further detail as to how the initial binary
rientation can be used to identify the locations of all three Jacobi
egions. 

.2.3 Resultant binary properties 

he 135 simulation suite features 60 successful binary formation 
vents; these young binaries exhibit a range of orbital properties. 
f most interest to studies of embedded binary evolution are the
rbital orientation and eccentricity. As all our simulations feature 
nitially coplanar BHs, we are restricted to two possible orientations, 
rograde or retrograde. Fig. 14 depicts the distribution of resultant 
rientations and eccentricities for the full simulation suite. We find 
hat the majority of systems are retrograde and highly eccentric. 
here is a noticeable dependence of the orbital properties on the
ill mass at close encounter. Lower mass systems generally result 

n more eccentric binaries and are dominantly retrograde. Higher 
ass systems feature a wider range of eccentricities, with a couple

f systems forming with eccentricities as low as e ∼ 0 . 1. They also
esult in more prograde systems forming, while only 10 per cent of
ow-mass systems formed a prograde binary, in high-mass systems 
his fraction rises to 34 per cent. 

It is worth noting that the binaries formed in these gas-capture
imulations continue to evolve post-capture as they are perturbed 
y the gas trapped within the mutual Hill sphere. As such, these
inary properties do not represent a true final steady state; they are
imply the properties of the binary at simulation end, generally after
(10) orbits. Hence, the orbital properties of these binaries are to

ave evolved significantly by the time they have hardened to the radii
here GW emission can drive them to merger. The evolution of pre-

xisting embedded binary BHs remains an active field of research 
Baruteau et al. 2011 ; Li et al. 2021 , 2022 ; Dempsey et al. 2022 ;
i & Lai 2022 , 2023 , 2024 ; Calcino et al. 2024 ; Dittmann et al.
024 ; Mishra & Calcino 2024 ). 

.2.4 Modelling approximations 

iven the high cost associated with hydrodynamic simulation, we put 
orward fitting formulae and methodology to allow for inexpensive 
redictions of binary formation likelihood. As established in Sec- 
ions 5.2.1 and 5.2.2 the outcome of a potential binary formation event
s sensitively dependent on both the ambient AGN conditions and 
he BH trajectories. While the ambient conditions should be readily 
vailable for a given disc prescription, the BH trajectories may not i.e.
n Monte Carlo simulations. To account for this potential restriction, 
e provide two formulae for modelling the strength of dissipation 
y gas during a binary close encounter. The parameters for these
ormulae are fit directly from the 135 hydrodynamic simulations 
MNRAS 542, 1033–1055 (2025)
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Figure 13. Comparison between simulations with different impact parameters and periapsis Hill masses. The central panels depict the trajectory of the outer 
BH in the inner BH frame; the outer panels show the energy evolution. Despite encounter (A) featuring a greater Hill mass and stronger dissipation at periapsis 
(seen in the larger red arrow), it fails to form a binary, whereas encounter (B) succeeds. While both systems reach similar energies considering only the work 
done by gas and the SMBH on infall (red and green arrows), post periapsis system (A) features a trajectory closely aligned with the ˆ x -axis (i.e. the direction of 
the SMBH), resulting in a strong injection of energy by centrifugal action (blue arrow). Conversely, system (B) features a relatively wide first period which is 
perpendicular to the ˆ x -axis and so the work done by the SMBH between periapsis and apoapsis is effectively zero. As a result, system (A) ionizes immediately 
but system (B) is able to stabilize over subsequent periods. In the centre panels, the blue arrows represent the integration periods for the post-periapsis SMBH 

dissipation 
ESMBH , + . 

Figure 14. Histograms for resultant binary eccentricity from the 60 simula- 
tions featuring successful binary formation, coloured by the binary orientation 
(prograde or retrograde). In the right panels, we separate low and high gas 
mass systems, showing that low-mass environments produce predominantly 
high eccentricity retrograde binaries. Higher mass systems feature a wider 
range of eccentricities and more prograde systems, though retrograde systems 
remain roughly twice as common. 
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Table 4. Best-fitting parameters v (with means μv and standard deviations 
σv ), reduced chi-squared χ2 

ν , and root mean square RMS for dissipation 
Models A and B (see equations ( 39 ) and 40 ). Despite Model B requiring 
more information, both models show similar performance in reproducing the 
magnitude of dissipation by gas during close encounters. 

Model Parameter v μv σv χ2 
ν RMS 

A CA −12.28 1.44 4.65 0.62 EH 

a 0.80 0.06 

B CB −7.92 0.84 5.26 0.50 EH 

b 0.77 0.04 
c −0.11 0.01 
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resented in this paper. 

odel A : 

Egas , A 

EH 
= CA ·

(
mH , 0 

mBH 

)b 

(39) 

his model allows for predictions of the gas dissipation using only
he ambient Hill mass mH , 0 : a single quantity easily accessible to a
ide variety of simulation types. 

odel B : 

Egas , B 

EH 
= CB ·

(
mH , 0 

mBH 

)b 

·
(

rp 

rH 

)c 

(40) 

his model allows for extra additional information to be used if
he depth of the close encounter rp is also known. Table 4 records
he best-fitting parameter values and dispersions for both of these

odels. HW1 performed a similar analysis for 2D isothermal close
NRAS 542, 1033–1055 (2025)
ncounters, finding that 
Egas ∝ ρα
0 r

β
p , with α = 1 . 01 ± 0 . 04 and

= −0 . 43 ± 0 . 03 (see table 1 of HW1), with a similar constraint
n β from Rowan et al. ( 2024b ). As HW1 investigated a single
istance R0 from the AGN, ρ0 in that study and mH , 0 here are
irectly proportional. For these 3D adiabatic encounters, we find the
ower law in gas mass to be slightly softened, with a = 0 . 80 ± 0 . 06
or Model A and b = 0 . 77 ± 0 . 04 for model B. The slope in rp 

s significantly reduced, with c = −0 . 11 ± 0 . 01 for model B. The
eduction in the dependence of dissipation on the periapsis depth is
onsistent with a reduction in compactness within the Hill sphere
see Fig. 3 ). A more extended distribution of gas mass around the
Hs means that even relatively shallow periapsides can encounter

ignificant gas mass. Fig. 15 compares the predicted dissipations of
oth models against the simulated dissipations for all simulations in
he suite. For both models, we use the reduced chi-squared metric

2 
ν to compare the quality of the fits, calculating χ2 

ν, A = 4 . 65 and
2 
ν, A = 5 . 26. Averaging over all models in the suite, we find root
ean square errors of RMSA = 0 . 62 EH and RMSB = 0 . 50 EH (cf.
Egas < −2 EH is necessary to definitively ensure capture). We

o not find that Model B significantly outperforms Model A, and
he quality of both fits are comparable, both providing reasonable
stimates as to the gas dissipation. For a fixed value of mH , 0 , Model
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Figure 15. Predicted gas dissipations from Models A and B (equations 39 
and 40 ), compared against the true simulated dissipations. In the top panel, 
Model A considers only the effects of the ambient Hill mass mH , 0 , giving 
one dissipation for each AGN environment. In the bottom two panels, Model 
B requires both mH , 0 and the depth of first periapsis rp , giving a dissipation 
for each individual simulation. Both models show a significant scatter from 

the true results, but are able to reproduce the general trends reasonably well. 
Full fitting parameters for both models can be found in Table 4 . 
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 should provide a more accurate model for 
Egas over a range of
p values. There are likely other factors that contribute to the gas 
issipation that we have not fit for here, such as the effects of disc
emperature and the orientation of the BH trajectories. We suggest 
hat models A and B are best used as statistical approximations for
inary likelihood on a population level, such as within large Monte 
arlo simulations. 
As established in Section 5.2.2 , the magnitude of dissipation by gas 

s not always sufficient to determine the success of binary formation. 
ig. 16 depicts the relationship between the gas dissipation and 

he binary outcome, as a function of both the Hill mass mH ( rp )
nd first periapsis depth rp . While it is generally the case that for-
ation is favoured for systems experiencing significant dissipation 

 
Egas < −2 EH ) and disfavoured for systems experiencing insuffi- 
ient dissipation ( 
Egas > −EH ), there are intermediate dissipation 
trengths where formation is determined by the BH trajectories and 
rientations. We can define three rough regions in the 
Egas space: 

(i) 
Ebin > −EH : ionization is very likely. A small fraction of 
ystems are able to form stable binaries via the Jacobi mechanism. 

(ii) −2 EH < 
Ebin ≤ −EH : ionization and formation are of sim- 
lar likelihood. The exact outcome is dependent on the BH trajectory
ost periapsis (see Section 5.2.2 ). 
(iii) 
Ebin ≤ −2 EH : all systems form stable binaries. Strong 

issipation by gas results in a stable binary after a single close
ncounter. 

Using these approximate boundaries and the dissipation modelling 
ormulae A and B, we propose a basic binary formation modelling
escription motivated by the statistics of our simulation suite. To 
etermine whether or not a binary will form, consider: 

(i) If the binary components are unable to reach a separation of
 < rH , no binary will be formed as no close encounter occurs. 

(ii) Given a close encounter occurs, use models A or B to predict
he strength of dissipation 
Egas , pred . 

(iii) Determine the likelihood of binary formation from the mag- 
itude of the gas dissipation: 

(a) If 
Egas , pred > −EH , assume that binary formation is 
unsuccessful. This results in a few rare Jacobi captures being 
discarded. 

(b) If −2 EH < 
Egas , pred < EH , assume a binary forms with 
50 per cent likelihood. 

(c) If 
Egas , pred < −2 EH , assume that binary formation is 
successful. 

Applying this predictive methodology to our simulations, we 
ompare the simulated and predicted formation rates in Table 5 .

hile Model B requires extra information in the form of the periapsis
epth, Model A is able to better reproduce the simulated formation
ates. Both models show deviation from the true rates, but are able to
rovide reasonable order-of-magnitude estimates as to the likelihood 
f binary formation. We hope that these models will aid Monte
arlo simulations of BH interactions in AGN (Tagawa et al. 2020 ;
elfavero et al. 2025 ; McKernan et al. 2024 ; Rowan et al. 2024a ). 

.3 Observable signatures 

nlike for our previous 2D study (HW2), we are unable to readily
resent observable signatures of embedded BHs in isolation or during 
lose encounter in this study. This comes from the inability to account
or gas cooling self-consistently in 3D without including radiative 
ransport, which would significantly increase the computational 
xpense. Previous approximations from the 2D system are no longer 
alid as vertical radiative equilibrium cannot be assumed (see equa- 
ions 18–23 from HW2). Luminosities might be approximated post- 
imulation from the frequency-integrated radiative transfer solution, 

 =
∫ τmax 

0 
σSB T

4 e−τ d τ =
∫ zmax 

0 
σSB T

4 κρe−τz d z, (41) 

here l is the thermal emission per unit area, σSB is the Stephan–
oltzmann constant, κ is the absorption opacity, and τz is the optical 
MNRAS 542, 1033–1055 (2025)
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Figure 16. Energy dissipated to gas during the first close encounter 
Egas for all simulations in the suite, plotted against the Hill mass at first periapsis mH ( rp ) 
and depth of first periapsis rp . All dissipations are coloured by the resultant binary outcome. Broadly, the outcome space can be separated into three regions: if 
Ebin < −2 EH binary formation is very likely, if Ebin > −EH it is very unlikely, and for intermediate dissipation strengths the outcome is dictated by the BH 

dynamics. The percentage of bound systems in each region is listed to the right of the plot. We see that while mH ( rp ) is generally a better indicator of Ebin than 
rp , there is significant spread in Ebin for simulations with similar mH ( rp ). 

Table 5. Rate predictions for each of the nine AGN environments, comparing 
between models A and B for gas dissipation (see equations 39 and 40 ). 
Despite the coarseness in its output (as the effect of BH trajectory is ignored), 
Model A provides a slightly better match to the simulated rates, with some 
overestimation in the R0 = 2 × 104 Rg systems. 

R0 /Rg lE Simulated rate Predicted rate A Predicted rate B 

5 × 103 0.05 0 per cent 0 per cent 3 per cent 
5 × 103 0.16 7 per cent 0 per cent 0 per cent 
5 × 103 0.50 7 per cent 0 per cent 0 per cent 
1 × 104 0.05 60 per cent 50 per cent 23 per cent 
1 × 104 0.16 20 per cent 0 per cent 7 per cent 
1 × 104 0.50 33 per cent 50 per cent 23 per cent 
2 × 104 0.05 80 per cent 100 per cent 93 per cent 
2 × 104 0.16 100 per cent 100 per cent 83 per cent 
2 × 104 0.50 93 per cent 100 per cent 60 per cent 
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Figure 17. Gas temperatures T and optical depths τ in the fiducial system, 
for a BH in isolation (left) and post binary formation (right). The mid-plane 
is very optically deep ( τ > 104 ), but the upper wind and hot novae shells 
are significantly less obscured ( τ ∼ 102 ). High above the mid-plane lies a 
layer of artificially hot underdense gas that would have cooled were radiative 
transfer included in the simulation. Overlayed in black is the τ > 10 limit 
imposed for luminosity estimations Lest . The system is an order of magnitude 
brighter post binary formation than during the wind phase. 

 

e  

t  

n  

o  

e  

c  
epth such that 

z =
∫ ∞ 

z 

κρd z′ . (42) 

he total luminosity could then be computed over the two disc
urfaces as 

 = 2

“
ld A . (43) 

owever, without live-cooling, we find that the regions that will
ominate the emission are layers of hot, low-density gas in the upper
tmosphere, which should also be actively cooling. Fig. 17 depicts
he gas temperature and optical depths for the fiducial simulation
t late times. We see that there is an artificially hot layer at large z
hat will dominate the emission, even though it should have rapidly
ooled due to its very low optical depth. 
NRAS 542, 1033–1055 (2025)
To provide a rough estimate of the luminosity Lest , we can use
quation ( 43 ), but limit the integration for l to τ > 10, so avoiding
he problematic regions in the upper disc atmosphere which are
ot faithfully modelled in our simulation. We model the absorption
pacity considering contributions from Kramers, H− opacity and
lectron scattering (see Appendix C ). Under this treatment we
alculate luminosities of lone BHs and of BHs undergoing close
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Figure 18. Exaggerated schematic description for how a combination of 
vertical differential rotation and advection may result in flux rope formation 
from a magnetic field initially aligned with the ˆ z -axis. In real systems, the 
flow velocity will be much more complicated, and magnetic pressure may 
have a significant back-reaction on the winds. Despite this, some degree of 
field winding should be expected from the counter-rotating cyclonic winds. 
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2 This previous study also included contributions from radiation, which we 
neglect here. 
ncounters of Lest ∼ 10−3 LAGN and Lest ∼ 10−4 LAGN , respectively. 
his is super-Eddington compared to the mass of the embedded 
bjects, equivalent to approximately 6 LEdd , BH and 70 LEdd , BH respec- 
ively. Super-Eddington emission is not necessarily unphysical as 
he heating is driven by shocks and the system is not in steady
tate. We note that these estimates are very sensitive to the threshold
mposed on the minimum optical depth; if integration is limited 
o τ < 5, the luminosities rise by a factor 100. Even if cooling
ould be accounted for, the true system luminosities remain highly 
ncertain, as if radiation pressure is included, we might observe 
educed gas temperatures at equivalent pressures, which could lead 
o a reduction in the observed luminosity. While precise calculations 
f the novae luminosities are beyond our reach, the existence of
inidisc collisions at periapsis and the associated injection of thermal 

nergy into the Hill sphere suggest the total luminosity should rise
eriodically with each periapsis passage. Without knowledge of 
he cooling times for the novae shells when they reach the upper
tmosphere, it is hard to predict how the luminosity should fall 
fter each peak, complicating the emission profile once the binary 
ardens and the frequency of novae generation increases. The results 
f our work here do not rule out potential electro-magnetic signatures
ssociated with binary formation in AGN discs. We leave a more 
recise analysis of the thermal emission to future studies, ideally 
hose including live radiative transfer in the simulation. 

 DISCUSSION  

.1 Consequences for the AGN channel 

GNs offer an incredible range of different environments for binary 
nteractions to take place in, as such it is hard to make sweeping
tatements about the general likelihood of binary formation without 
etter knowledge of where exactly in each AGN disc these interac- 
ions take place, or even in what type of AGN disc they are likely to
e embedded in. That said, our results indicate that binary formation 
s still viable for a variety of environments, and should be very likely
n the outer regions of the AGN disc where the large Hill spheres
llow for significant mass accumulation about each BH. Recently, 
owan et al. ( 2024a ) used Monte Carlo simulations to explore how

he presence of gas would effect the merger rates of BHs embedded
n a variety of different AGNs. They found the bottleneck to be the
lignment time of BHs: the time taken for the AGN disc to embed
nitially inclined BHs within the disc mid-plane. This alignment 
ime-scale is generally shorter for BHs more distant from the SMBH.
aking our own result and the results of Rowan et al. ( 2024a ) in hand,
e might predict an increase in overall binary formation efficiency 

n AGNs due to BHs being more likely to interact in the outer AGN
isc, where formation is easier. Regardless, with the most realistic 
umerical treatment to date, we are able to reaffirm the ability of BHs
o form binaries in AGN discs without the need for extreme AGN disc
nvironments. We are unable to reliably comment on the likelihood of 
inary formation in the far outer reaches of the AGN discs, where star
ormation is required to maintain gravitational stability. Simulations 
f these environments will require a better understanding of the 
nitial conditions of such systems, and potentially the inclusion of 

ore advanced physical processes such as gas self-gravity. 

.2 Magnetic cyclones 

agnetic fields have been neglected from this study, primarily due 
o the considerable increase in computational complexity associated 
ith running magnetohydrodynamic simulations. However, with the 
ntroduction of counter-rotating cyclonic winds, consideration as to 
he potential effects on the local magnetic field structure is warranted.
pecifically, the differential rotation has the potential to twist up any
re-existing magnetic field structure resulting in the formation of a 
ux rope. When combined with the inwards advection of field lines

n the minidisc and the outwards advection in the wind, we might
xpect significant magnetic field deformation and concentration near 
he BHs. Fig. 18 represents a schematic description of how this
otation and advection might deform a pre-existing vertical magnetic 
eld. Such deformations may enhance the strength of the wind by

ntroducing a vertical magnetic pressure gradient, and may even 
ead to the formation of jet-like structures. If the field is well-
ntrained with the flow, the coalescence of the minidisc winds 
s the BHs approach close encounter will crush anti-aligned flux 
opes against each other, allowing for the potential reconnection. 
hese reconnection events may produce significant electromagnetic 
mission, giving a new signature associated with binary formation. 

It is clear that the prediction of counter-rotating winds presents 
 new environment for novel magnetohydrodynamic phenomena. 
owever, without live simulation with magnetic fields, we are unable 

o account for the feedback of magnetic forces on the gas or any
nefficiencies in advection of the field by the gas. Such work goes
eyond the scope of this study, but we are hopeful that future studies
nto this area may uncover new observable signatures of embedded 
Hs in AGNs either in isolation or during binary formation. 

.3 Comparison to literature 

his study is a continuation to the recent developments into the
imulation of compact objects embedded in AGN disc. It marks 
he first time that a non-isothermal equation of state has been used
o simulate embedded BHs in 3D. We compare the results of this
aper to similar studies in the field. The most direct comparison
an be made to HW2, which considered similar systems in 2D. 2 

ur findings generally support the results of this earlier paper, 
howing that the same disc novae are generated. When modelled 
n 3D, the blasts preferentially escape vertically away from the 
id-plane, resulting in a less severe disruption of the minidiscs. 
e also document thermal winds from the minidiscs in isolation, 
hich were not able to be modelled in 2D. As noted in HW2,

he hydrodynamics of our system bear some resemblance to the 
MNRAS 542, 1033–1055 (2025)
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mbedded supernovae simulations of Grishin et al. ( 2021 ) due to
he strong vertical outflows present in both. The outbreak of the
upernova shock from the disc shows morphological similarities to
he wind outbreak in our paper, but we note that the supernova shock
ropagates significantly further and on a much shorter time-scale.
ther studies have considered analytical models for electromagnetic

mission associated with compact objects in AGN, either post-merger
McKernan et al. 2019 ; Graham et al. 2020 ; Kimura et al. 2021 ;

ang et al. 2021 ; Tagawa et al. 2023b ) or for a single BH in isolation
Tagawa et al. 2023a ). We hope the confirmation of novel wind and
ovae phenomena associated with embedded compact objects helps
otivate further research into this area. 
We have shown that rather than a disc structure, the gas within the

ill sphere for embedded isolated BHs is approximately spherically
ymmetric. The density and temperature radial profiles are convective
nstable, resulting in a system akin to a star with a very compact
H core and a low-mass convective envelope. Many recent studies
ave considered the formation and evolution of massive stars within
he discs of AGN (Goodman & Tan 2004 ; Cantiello et al. 2021 ;
ittmann et al. 2021 ; Jermyn et al. 2021 , 2022 ; Chen & Lin 2024 ;
hen et al. 2024 ; Fabj et al. 2025 ). Such objects are of specific

nterest to the AGN channel for GW formation, as they can leave
ehind compact object remnants with high mass and spin (Jermyn
t al. 2021 ). Understanding exactly how the BH stars documented in
his study compare to these AGN stars will require more advanced
odelling of the ‘stellar’ evolution, such as accretion on to, and

eedback from, the central BH, nuclear fusion, radiative processes
nd mass loss by wind. 

When considering the likelihood on binary formation, we find
hat our previous isothermal 2D study (HW1) overestimates the
trength of gas dissipation. Direct comparison is harder to make as
he gas densities explored in that 2D study were substantially lower.
owever, if the 2D isothermal dissipation model (see equation 24 of
W1) is extrapolated to the systems explored in this paper, we find

he older model predicts dissipations around an order of magnitude
igher than documented here. Similar issues were noted in HW1 and
W2, which found both a weakening of the fit and overestimation of
issipation at higher densities. Other hydrodynamical studies have
ffered models for binary formation likelihood, considering the AGN
isc mass scale and energy before close encounter (Li et al. 2023 ) or
he Hill impact parameter and energy before close encounter (Rowan
t al. 2024b ). Given the wide variety of AGN environments and
H trajectories studied in this paper, along with the more advanced
ydrodynamical treatment, we expect the formation criteria proposed
n Section 5.2.4 to represent the most accurate modelling available
or BBH formation in AGNs. 

.4 Caveats and limitations 

n this study we have adopted various assumptions that should be
arefully considered when interpreting the results. 

.4.1 Gas physics 

his study marks the first attempt to study gas-assisted binary BH
ormation in AGNs using both a 3D hydrodynamic domain and a non-
sothermal equation of state. However, while the treatment adopted
ere is a marked improvement over an isothermal prescription, there
re many physical processes that effect the hydrodynamical evolution
hat we have not included. Foremost among these are: 
NRAS 542, 1033–1055 (2025)
(i) Radiation and cooling : we have neglected the effects of radia-
ion pressure in this study. Avoiding solving the radiation evolution
quations reduces the computational cost significantly, but results in
ess accurate simulation where density is low and temperature is high,
uch as far above the mid-plane. Most importantly, without radiation
ransport we are unable to include live cooling in our simulations and
annot make accurate predictions as to the luminosity of the system.

(ii) Viscosity, viscous heating, and viscous feedback : following
W2 we set the viscosity to its initial value in the ambient gas-
ressure dominated disc and neglect variability in space and time.
lose to the BH, the gas is much hotter than the ambient, leading to an
nderestimate of viscosity within our simulations. Higher viscosities
ould lead to more aggressive viscous heating close to the BHs,
esulting in stronger winds or a more diffuse gas distribution around
he BHs. In our fixed viscosity systems, shock heating dominates
ver viscous effects, but in principle, viscous heating could reduce
he likelihood for binary formation by weakening dissipation during
lose encounters. 

(iii) Magnetism : for reasons of computational cost, we have ne-
lected the effects of magnetic fields from this study. The introduction
f a counter-rotating wind to this system clearly motivates future
onsideration as to the potential magnetic field structure (see Fig.
8 ), but it is not yet clear how the introduction of magnetic feedback
n the gas will affect the minidisc or wind structure. 
(iv) Gas self-gravity : in the outer AGN disc gas masses in the Hill

phere during close encounter can become comparable to the mass
n the BH masses, potentially resulting in significant gas self-gravity
orces. 

.4.2 Limited parameter space 

he significant increase in cost associated with moving from 2D
o 3D prevents us from making as wide a parameter study as
e might like. We have been forced to select only nine different
isc environments in which to study formation events and while
ach environment was ran with 15 impact parameters, the fractal
ature of the hierarchical three-body system means that a very fine
pacing in b is required to study all encounter types. Moreover,
hese trajectories were limited to initially circular orbits in the mid-
lane of the AGN disc, meaning no investigation could be made as
o the effects of pre-encounter inclination, eccentricity, or velocity.
estricting the parameter space for initial conditions in this way was

equired to allow us to explore a wide range of AGN environments
ithout excessive computational cost. The dependence of the binary

ormation efficiency on each of these parameters warrants further
nvestigation. Regardless, given these restrictions we are unable to
raw quantitative conclusions as to the efficiency of binary BH
ormation for more general interactions in AGN discs. Caution is
arranted when propagating the conclusions of this study to a wider
opulation of AGN environments and encounter types. 

.4.3 BH physics 

ur simulations are scaled with respect to the Hill sphere and so vary
ith R0 , but even for our smallest systems with R0 = 5 × 103 Rg ,

he minimum cell size and smoothing length are approximately
 . 5 × 104 rg and 9 . 4 × 105 rg respectively (here rg is the Schwarzchild
adius for a 25 M� BH). As such, the physical accretion surface of
he BH always lies many orders of magnitude beneath the length-
cales resolvable by our simulation. Hence there exists a sub-grid
H minidisc whose effects are not accounted for in our system. We
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lso do not include any accretion or BH feedback effects such as
ets, which could change the gas morphology within the Hill sphere. 

e reason that the inclusion of accretion should not prevent large- 
cale outflows from forming. Foremost, as discussed in Section 4.1.2 , 
he Eddington-limited accretion rate on to the BH is much smaller 
han the mass influx into the Hill sphere; if the sink term is to have
 meaningful effect on the total gas mass within the Hill sphere,
he accretion must be significantly super-Eddington. Secondly, to 
ccurately capture this accretion, the sinking of mass must also be 
ombined with an injection of energy to simulate the affects of BH
eedback. We do not expect this to prevent an outflow from forming;
s BH accretion is highly efficient, removing a small amount of
ass from the system can result in a significant injection of energy.
owever it is possible that the morphology of the outflow may 

hange, as it will be dependent on the assumed geometry of the
H feedback; if the feedback is highly collimated then the outflow 

ill be shaped less like a wind and more like a jet. The decision
o neglect the effects of accretion in binary formation studies is
entatively supported by the results of Rowan et al. ( 2024b ), which
ound that the energy dissipated in accretion-less isothermal BH–BH 

ncounters was in agreement within a factor of 2–3 compared to those 
ystems with accreting BHs (when the softening length was equal 
o the sink radius). The accuracy of sub-grid accretion prescriptions 
emain an open question in this field and care is warranted when
onsidering the physical motivation for such routines. Further work 
s required in this field to determine fully the effects of accretion on
inary formation. 

 SU M M A RY  A N D  C O N C L U S I O N S  

n this work we have simulated 135 binary interactions between 
nitially isolated embedded BHs in 3D, using an adiabatic hydrody- 
amical treatment. We have analysed the circum-BH gas structure 
n isolation and during close encounters, affirming the existence 
f previously predicted disc novae and showing for the first time 
he thermal wind structure driven by the embedded minidisc. We 
ummarize the key findings below: 

(i) Shock heating by infalling gas leads to the generation of strong
hermal winds that emanate upwards and outwards from the minidisc. 
his results in a minidisc half as massive as observed in 2D studies

Fig. 2 ). 
(ii) The distribution of gas within the Hill sphere is approximately 

pherically symmetric, comparable to a star with a BH core and a
ow-mass convective envelope. The gas properties are well modelled 
y power laws in radius (equations 24 –26 ). 
(iii) The minidisc winds rotate in the opposite direction to the 
inidiscs, with interesting consequences for the local magnetic field 

tructure potentially resulting in the formation of flux ropes and 
riving reconnection during binary interactions (Fig. 18 ). 
(iv) We confirm the existence of disc novae in 3D, with large 

hermal blasts generated by the collision of minidiscs during BH 

lose encounters (Fig. 7 ). 
(v) We show that binary formation from single-single encounters 

s viable in 3D with a non-isothermal equation of state. Binary
ormation is most likely in regions of high Hill mass, generally 
ound in the outer regions of the AGN due to the increased size of
he Hill sphere (Fig. 10 ). 

(vi) We show that for our initial conditions, 
o achieve a binary formation likelihood of 
5 per cent , 20 per cent , 50 per cent , 100 per cent ), ambient 
ill masses of mH , 0 ∼ (0 . 01 , 0 . 025 , 0 . 063 , 0 . 2) mBH are required
Figs 11 and 12 ). 

(vii) We provide a comprehensive overview of the different factors 
ffecting the likelihood of binary formation, considering the effect 
f different trajectories and the involvement of the SMBH in each of
hese complex triple interactions (Fig. 13 ). 

(viii) We provide fitting formulae for the binary energy dissipated 
y gas during close encounters, and suggest a statistical methodology 
or predicting the likelihood of binary formation based on the ambient 
ill mass mH , 0 and depth of first periapsis rp (equations 39 and 40 ). 

In simulating a comprehensive suite of BBH encounters in a 
ariety of disc environments under the most realistic hydrodynamic 
reatment to date, we continue to advance our modelling and 
nderstanding of binary formation in AGNs. 
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PPENDI X  A :  A NA LY T I C A L  POWER  L AW S  

o derive the analytic power-law radial profiles given in equations
 24 )–( 26 ), we consider a spherically symmetric hydrostatic distri-
ution of gas about an isolated BH with mass mBH , neglecting gas
elf-gravity and any frame forces. Satisfying hydrostatic equilibrium
equires 

 r P + ρ( r)∂ r φ( r) = ∂ r P + GmBH ρ( r) 

r2 
= 0 (A1) 

f we model the gas as adiabatic and ideal such that ( γ − 1) P = U ,
here U is the internal energy, we can multiple equation ( A1 ) by

3 d r and integrate over the Hill sphere to derive the virial theorem 

( γ − 1) KH + VH = 0 , (A2) 

here KH and VH are the total thermal and potential energy within
he Hill sphere defined as 

H =
∫ rH , s 

0 
U ( r) · 4 πr2 d r (A3) 

H =
∫ rH , s 

0 
φ( r ) ρ( r )4 πr2 d r (A4) 

e now seek power-law solutions to equation ( A1 ), such that ρ( r) =
˜ ra and T ( r) = ˜ T rb . It is straightforward to show that hydrostatic
quilibrium requires 

 = −1 (A5) 

˜ 
 = GmBH μmp 

(1 −a) k (A6) 

o constrain a and ˜ ρ we substitute our power-law profiles for ρ and
 (and therefore also P and U ) into the expressions for the thermal
nd potential energy (equations A3 and A4 ) to find 

H = 4 πGmBH ̃  ρ

(1 − a)( γ − 1) 

∫ rH , s 

0 
ra+ 1 d r (A7) 

H = −4 πGmBH ̃  ρ

∫ rH , s 

0 
ra+ 1 d r (A8) 

or these forms to satisfy virial equilibrium (equation A2 ), we
equire a = −2. We can convert ˜ ρ into a more useful form using
he definition of the Hill mass mH , s . 

H , s ≡
∫ rH , s 

0 
ρ( r) · 4 πr2 d r = 4 π ˜ ρrH , s (A9) 

he analytic forms for the gas radial profiles are thus 

( r ) = mH , s 

4 πrH , s 
r−2 (A10) 

 ( r ) = GmBH μmp 

3 k 
r−1 (A11) 

 ( r ) = GmBH mH , s 

12 πrH , s 
r−3 (A12) 

( r ) = GmBH mH , s 

8 πrH , s 
r−3 (A13) 

hile it is not obvious that the assumptions made here (hydrostatic,
irialized, spherically symmetric) should apply to the full hydrody-
amic simulation, the analytic forms match the simulation profiles
xactly. It is worth noting that with a = −2, the energy integrals
n equations ( A7 ) and ( A8 ) diverge; this issue does not manifest
n the hydrodynamic simulations as the gravitational potential is
moothed for r < h = 0 . 025 rH , s , resulting in a break from the power-
aw profiles (see Fig. 4 ). Even for an unsmoothed gravitational
otential, the finite resolution of the simulation would also prevent
his divergence. 
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Figure B1. Variation in the argument of first exit from the Hill sphere φ ( r = rH ) , and the energy injected by the SMBH post-periapsis 
ESMBH , + =
∫ rH 

rp 
εSMBH d t 

as a function of impact parameter for 1000 gas-less flybys. The argument is the angle made between the binary separation vector and the ˆ x -axis. The right 
panel shows the three trajectories with apoapsides most-aligned with the y-axis. These trajectories are highlighted as vertical lines in the left panels. On these 
most-aligned trajectories, the SMBH does effectively no work; the minima in 
ESMBH , + are found where φ( r = rH ) ∼ π

2 or 3 π
2 . Argument of first exit is used 

instead of argument of apoapsis, as not all trajectories feature an apoapsis. This results in a shift in b between the minima of the SMBH work calculated for the 
left panel and the true maximally aligned trajectories depicted in the right panel. 
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PPEN D IX  B:  L O C AT I O N S  O F  JAC O BI  
E G I O N S  

t has been previously shown that in the absence of gas, hierarchical
riples can exhibit unusual behaviour where the most massive tertiary 
omponent forces the inner binary to perform multiple interactions 
efore separation (Goldreich, Lithwick & Sari 2002 ; Boekholt et al. 
023 ). These interactions are called Jacobi encounters, and occur for
pecific ranges of impact parameters b (see Fig. 8 ). What was not
reviously obvious is that trajectories in all three Jacobi regions share 
 common factor; post-periapsis they all feature trajectories closely 
ligned with the the positive and negative ˆ y -axis. This is because on 
hese trajectories, the ionizing work done by the SMBH is reduced, 
s the centrifugal action acts along the ˆ x -axis. If the apoapsis of the
rst trajectory is closely aligned with the ˆ y -axis, the SMBH does 
ffectively no work during the period and so the system can perform
ultiple encounters. To illustrate this, we include Fig. B1 , which 

epicts the three most- y-aligned trajectories and their membership 
ithin each of the Jacobi regions. 

PPEN D IX  C :  O PAC I T Y  M O D E L L I N G  

e detail briefly the methodology used to approximate the opacity 
f the gas when estimations as to the system luminosity are made.
The Author(s) 2025. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
he opacity due to free–free, bound–free, and bound–bound electron 
ransitions are modelled using Kramers formula 

K 

	 4 × 1025 ( 1 + X) ( Z + 0 . 001) ρT − 7 
2 cm 

2 g−1 , (C1) 

here we assume Z ∼ 0 . 01 and maintain X = 0 . 7 as the metal and
ydrogen mass fractions, respectively. We also consider opacity due 
o the negative hydrogen ion H−

H− 	 1 . 1 × 10−25 Z
1 
2 ρ

1 
2 T 7 . 7 cm 

2 g−1 . (C2) 
here is also a flat contribution from electron scattering 

es = 0 . 2 ( 1 + X) cm 

2 g−1 . (C3) 

e can crudely approximate the combinations of these opacities over 
 range of temperatures using 

	 1 
1 

κH− + 1 
κes + κK 

(C4) 

his is the opacity used to approximate the luminosities in Sec-
ion 5.3 . 

his paper has been typeset from a T X/LA T X file prepared by the author. 
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