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A B S T R A C T 

We investigate the thermodynamics of close encounters between stellar mass black holes (BHs) in the gaseous discs of active 
galactic nuclei (AGNs), during which binary black holes (BBHs) may form. We consider a suite of 2D viscous hydrodynamical 
simulations within a shearing box prescription using the Eulerian grid code ATHENA ++ . We study formation scenarios where 
the fluid is either an isothermal gas or an adiabatic mixture of gas and radiation in local thermal equilibrium. We include the 
effects of viscous and shock heating, as well as optically thick cooling. We co-evolve the embedded BHs with the gas, keeping 

track of the energetic dissipation and torquing of the BBH by gas and inertial forces. We find that compared to the isothermal 
case, the minidiscs formed around each BH are significantly hotter and more diffuse, though BBH formation is still efficient. We 
observ e massiv e blast wav es arising from collisions between the radiativ e minidiscs during both the initial close encounter and 

subsequent periapsis periods for successfully bound BBHs. These ‘disc no vae’ hav e a profound effect, depleting the BBH Hill 
sphere of gas and injecting energy into the surrounding medium. In analysing the thermal emission from these events, we observe 
periodic peaks in local luminosity associated with close encounters/periapses, with emission peaking in the optical/near-infrared 

(IR). In the AGN outskirts, these outbursts can reach 4 per cent of the AGN luminosity in the IR band, with flares rising o v er 
0.5–1 yr. Collisions in different disc regions, or when treated in 3D with magnetism, may produce more prominent flares. 

Key w ords: gravitational w aves – hydrodynamics – binaries: general – galaxies: nuclei – black hole mergers. 

1

B  

i  

r  

t  

b  

m  

2  

t  

a  

H  

2  

f  

o  

G  

h  

a  

t  

2  

i  

u  

�

g  

r  

e
 

G  

r  

E  

b  

M  

R  

j  

w  

f
 

l  

F  

&  

2  

w  

(  

s  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/2/1766/7727813 by D
eutsches Elektronen Synchrotron D

ESY user on 20 Septem
ber 2024
 I N T RO D U C T I O N  

inary black holes (BBHs) are the dominant source of grav-
tational waves (GWs) as detected by terrestrial observato-
ies LIGO (Laser Interferometer Gra vitational-Wa ve Observa-
ory)/Virgo/KAGRA (Kamioka Gravitational Wave Detector) (Ab-
ott et al. 2016 , 2019 , 2020a , b , c , d , 2022 ).The origin of these binary
ergers remains an open question (see Tagawa, Haiman & Kocsis

020a and references therein). Recently, BBHs embedded within
he discs of active galactic nuclei (AGNs) hav e receiv ed significant
ttention (McKernan et al. 2012 , 2014 , 2020 ; Stone, Metzger &
aiman 2017 ; Secunda et al. 2019 ; Yang et al. 2019 ; Gr ̈obner et al.
020 ; Tagawa et al. 2020a , b , 2021a , b ). AGNs provide fertile ground
or BBH formation due to the expected high density of compact
bjects in the galactic core (Bahcall & Wolf 1976 ; Miralda-Escud ́e &
ould 2000 ) and the ability for gas dynamical friction to align black
oles (BHs) with the disc (Bartos et al. 2017 ; Panamarev et al. 2018 )
nd for gas torques within the disc to form migration traps, leading
o o v erdensities of approximately co-planar BHs (McKernan et al.
012 ; Bellovary et al. 2016 ). Most importantly, the presence of gas
n the AGN disc provides a dissipative medium to capture initially
nbound BHs into binaries, either by dynamical drag through gas
 E-mail: henry.whitehead@physics.ox.ac.uk 
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ravitation (Ostriker 1999 ) or by accretion of gas momentum. This
esults in a capture cross-section significantly larger than that by GW
mission alone (O’Leary, Kocsis & Loeb 2009 ). 

AGN embedded binaries have promise as a potential source of
W-EM (electromagnetic) multimessenger detections due to the gas-

ich environment surrounding the binary. The mechanism producing
M emission coincident with the merger of these binaries varies
etween models (McKernan et al. 2019 ; Graham et al. 2020 ; Kimura,
urase & Bartos 2021 ; Wang et al. 2021 ; Tagawa et al. 2023b ).
ecently, Tagawa et al. ( 2023a ) considered the EM signature from a

et generated by a single embedded BH. We are unaware of previous
ork considering an EM counterpart to binary formation itself, the

ocus of this work. 
Much work has been done in understanding the behaviour and

ong-term evolution of BBHs with circumbinary discs (Tang, Mac-
adyen & Haiman 2017 ; Moody, Shi & Stone 2019 ; Mu ̃ noz, Miranda
 Lai 2019 ; Duffell et al. 2020 ; Heath & Nixon 2020 ; Tiede et al.

020 ; Westernacher-Schneider et al. 2022 ; Valli et al. 2024 ), as
ell as the more specific pre-existing AGN-embedded BBH system

Baruteau, Cuadra & Lin 2011 ; Li & Lai 2022 , 2023 , 2024 ). These
tudies are key to improving our understanding of how an initially
oft binary can harden sufficiently to reach the separations where
W emission can drive inspiral to merger. 
This work follows many recent studies into the formation of

BHs embedded in gaseous systems. These studies have spanned a
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Schematic layout for the shearing box prescription. Only a Cartesian patch of the global AGN disc is simulated, in a frame that co-rotates with the 
local disc at the Keplerian rate �2 = GM SMBH /R 

3 . The BHs are initialized at t = 0 on circular Keplerian orbits with a radial separation of b; they will undergo 
an encounter within the shearing frame and will form an eccentric binary if sufficient orbital energy is dissipated during their encounter at t = t enc . 
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ariety of different numerical methods, including semi-analytical gas 
ynamical friction (DeLaurentiis, Epstein-Martin & Haiman 2023 ; 
ian, Li & Lai 2024 ; Rozner, Generozov & Perets 2023 ), smoothed-
article hydrodynamics (Rowan et al. 2023 , 2024 , henceforth CR1
nd CR2, respecti vely), and adapti ve mesh Eulerian grid codes (Li
t al. 2023 ; Whitehead et al. 2024 ). Our previous study (Whitehead
t al. 2024 , henceforth HW1) analysed a series of different BH
rajectories and ambient disc densities in an isothermal shearing box 
rescription. 
We expect the choice of equation of state to be important for

BH capture, as it may affect the formation and morphology of BH
inidiscs and change the flow structure during and after the BH close

ncounters. Previous studies of embedded binary formation have 
sed an isothermal equation of state (in part to reduce computational 
xpense), but this choice may not faithfully represent a realistic 
apture environment. Studies considering the effect of utilizing a 
on-isothermal barotropic fluid with a pre-existing binary system (Li 
 Lai 2022 , 2023 , 2024 ) found significant morphological differences
hen the adiabatic exponent γ was varied: the circumsingle discs 

ended to be hotter and less massive for systems with larger γ . This
aper impro v es on previous binary formation models in isothermal 
iscs and pre-existing binary evolution studies in barotropic gas 
nvironments by considering binary formation with a more realistic 
quation of state. 

In this paper, we study the interactions between two initially 
nbound BHs embedded within an AGN disc. These interactions are 
tudied using 2D viscous hydrodynamical simulations, with either 
n isothermal equation of state or an adiabatic mixture of gas and
adiation in local thermal equilibrium. We analyse a suite of 38 sim-
lations, examining how different BH trajectories and changes to the 
hermodynamics influence the fluid evolution and subsequently affect 
he likelihood of successful BBH formation. Section 2 presents our 
omputational methodology, and the initial conditions are described 
n Section 3 . In Section 4 , we present the results and discuss no v el
henomena that arise in simulations with a radiative equation of state 
nd their possible detectability. In Sections 5 and 6 , we discuss our
ndings and summarize our conclusions. 

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

his work builds directly on HW1, with much of the computational 
et-up maintained; we give a brief o v erview here for clarity. We
se the Eulerian GRMHD (General Relativistic Magnetohydro- 
ynamics) code ATHENA ++ (Stone et al. 2020 ) to perform our
ydrodynamical simulations, but ne glect an y effects associated with 
as self-gravity , relativity , and magnetism. We utilize a second-order
ccurate van Leer predictor–corrector integrator with a piecewise 
inear method spatial reconstruction and Roe’s linearized Riemann 
olver. Our simulation tracks a 2D rectangular patch of disc (shearing
ox) co-rotating around the SMBH (Supermassive Black Hole) with 
eplerian angular frequency � (see Fig. 1 ). Within this box, our
Hs function as point masses that are self-consistently propagated 

hrough the flow. The natural length-scales in the shearing box are
he Hill radii of a single BH or BBH ( r H , s and r H , respectively): 

 H , s = R 

(
m BH 

3 M SMBH 

)1 / 3 

, (1) 

 H = R 

(
M bin 

3 M SMBH 

)1 / 3 

, (2) 

here m BH , M bin , and M SMBH are the mass of a single BH, the BBH,
nd the central SMBH, respectively, and R is the separation between
he shearing frame centre and the SMBH. 

.1 Gas dynamics 

as within the shearing box evolves according to the extended 
avier–Stokes equations, which include contributions from BH 

ravitation and inertial forces from the box’s acceleration. 

∂ ρ

∂ t 
+ ∇ · ( ρu ) = 0 , (3) 

∂ ( ρu ) 

∂ t 
+ ∇ · ( ρu u + P I + � ) = ρ ( a SMBH + a BH ) , (4) 

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

 ij = ρν

(
∂ u i 

∂ x j 
+ 

∂ u j 

∂ x i 
− 2 

3 
δij ∇ · u 

)
(5) 

or a given kinematic viscosity ν (see Section 2.1.4 ). 

.1.1 Shearing forces and gravity 

e add to the Navier–Stokes equations a term a SMBH to account 
or acceleration of gas due to the central SMBH inducing a rotating
MNRAS 533, 1766–1781 (2024) 
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rame. This acceleration can be represented in terms of the angular
elocity of the frame � and background shear parameter q = 

dln �
dln R =

3 
2 for Keplerian rotation: 

a SMBH = 2 u × �ˆ z + 2 q�2 x . (6) 

n this frame, there exist equilibrium trajectories u eq for which
a SMBH = 0, with radial and azimuthal components 

u eq = 

(
0 

−q�x 

)
. (7) 

hese trajectories describe particles on circular Keplerian orbits
round the SMBH at different orbital radii relative to the centre
f the frame, and so form the basis trajectories for BHs launched into
he simulation. BH gravitation is included in the simulation as 

a BH = −∇φBH ( r ) = 

n BH ∑ 

n = 1 

m BH ,n g 

(
r − r n 

h 

)
, (8) 

here h is the softening length for the gravitational spline kernel
( δ) (Price & Monaghan 2007 , Appendix A). 

( δ) = − G 

h 2 
ˆ δ

⎧ ⎨ 

⎩ 

32 
3 δ − 192 

5 δ3 + 32 δ4 0 < δ ≤ 1 
2 

− 1 
15 δ2 + 

64 
3 δ − 48 δ2 + 

192 
5 δ3 − 32 

3 δ
4 1 

2 < δ ≤ 1 1 
δ2 

δ > 1 

(9) 

oftening is only applied to the BH–gas interactions: the BH–BH
ravitation is unsoftened. 

.1.2 Equation of state 

or non-isothermal equations of state, we must solve the energy
quation 

∂ E 

∂ t 
+ ∇ · [ ( E + P ) u + � · u ] = ρu · ( a SMBH − a BH ) − Q. (10) 

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

 = U + K = U + 

1 

2 
ρu · u . (11) 

The internal energy density U is dependent on the choice of
quation of state (EoS). In this study, we consider an adiabatic,
adiative EoS where gas and radiation contribute to the local pressure
nd energy density. We compute the total pressure and internal energy
ensity as 

 = P g + P r = 

k B 

μp m u 

ρT + 

1 

3 
a r T 

4 , (12) 

 = U g + U r = 

3 

2 

k B 

μp m u 

ρT + a r T 
4 , (13) 

here k B , μp , m u , and a r are the Boltzmann constant, average
olecular weight, atomic mass constant, and radiation constant,

espectively. Assuming for simplicity that gas is dominated by fully
onized hydrogen, we set μp = 0 . 5. For a gas-radiation mixture, the
diabatic sound speed a s can be calculated via 
 1 , the first adiabatic
xponent (Chandrasekhar 1939 ) as follows. 

 

2 
s = 
 1 

P 

ρ
, where 
 1 = 

32 − 24 β − 3 β2 

24 − 21 β
. (14) 

ere, β is the gas pressure fraction β = 

P g 

P 
. In the gas dominated

 β → 1) and radiation dominated ( β → 0) limits, 
 1 e v aluates to 5 
3 

nd 4 
3 , respectively. 
NRAS 533, 1766–1781 (2024) 
ATHENA ++ supports the use of a general equation of state provided
appings between conserved and primitive variables are defined

Coleman 2020 ): 

 = f 1 ( ρ, E) (15) 

 = f 2 ( ρ, P ) (16) 

 s = f 3 ( ρ, P ) (17) 

nlike for the trivial case of an isothermal or adiabatic gas, for the
adiation-gas mixture this requires inverting quartics in temperature.
his can be achieved numerically, or analytically (Fathi, Mobader-
an y & F athi 2012 ), though these methods pro v e to be inef fecti vely
lo w gi v en that multiple inv ersions are required per cell per time-
tep. We instead implement a lookup table (LUT) of pre-calculated
hermodynamic values that ATHENA ++ then interpolates o v er. As
ookup time does not scale with table size, we are able to load
arge LUTs (here, 500 × 500) into memory; under this treatment
alculating thermal quantities can be performed with approximately
–8 decimal places of precision without major slo wdo wn. We do
ot expect these minor deviations from the analytical values to have
ignificant effect on the hydro evolution. 

.1.3 Heating and cooling 

iscous dissipation is already included in the energy conserving
quation ( 10 ), heating the gas in shear. The other important contrib-
tor to heating is shock heating during both minidisc formation and
ollision. 

Heating is counteracted by radiative cooling in the disc, quantified
y C , the cooling rate per unit area 

 = 2 σT 4 eff = 

a r cT 
4 

eff 

2 
, (18) 

here σ = 

a r c 
4 is the Stephan–Boltzmann constant, where c is the

peed of light. We rework this into a cooling rate per unit volume Q ,
o fit our equations of fluid motion which use an energy density, 

 = 

a r cT 
4 

eff 

4 H 

. (19) 

ere, H is the disc scale height and T eff is the ef fecti ve disc
emperature, related to the mid-plane temperature T by the ef fecti ve
ptical depth τeff (Hubeny 1990 ) 

 

4 = τeff T 
4 

eff . (20) 

he ef fecti ve optical depth is obtained from the optical depth τ

eff = 

3 τ

8 
+ 

√ 

3 

4 
+ 

1 

4 τ
, (21) 

here 

= κρH . (22) 

or simplicity, we assume an optically thick disc τ � 1 with opacity
dominated by electron scattering κ = 0 . 4 cm 

2 g −1 , for which 

 = 

2 a r cT 4 

3 κρH 

2 
. (23) 

n addition to the radiation + gas simulations mixture, we run
sothermal simulations for comparison where we do not follow
eating and cooling but assume instantaneous thermal restoration
o a fixed temperature. 
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Table 1. Gas properties for the global AGN disc. Defining each of the quantities, M SMBH is the central 
SMBH mass, R is the radial distance separating the SMBH and the shearing frame centre, κ is the gas 
opacity (set by electron scattering), α is the viscosity coefficient, l E is the ratio of the disc luminosity to 
the Eddington limit, and ε is the radiative efficiency of accretion. 

M SMBH R κ α l E ε

4 × 10 6 M � 0 . 0075 pc 0 . 4 cm 

2 g −1 0.1 0.05 0.1 

Table 2. Gas properties local to, and homogeneous across, the ambient simulation domain. Defining each 
of these initial quantities, ρ0 is the gas density, � 0 is the gas surface density, T 0 is the temperature (for both 
radiation and gas), c s , 0 is the isothermal sound speed, β0 is the gas pressure fraction, and H 

R 
is the ratio of 

disc scale height to distance from the SMBH. 

ρ0 � 0 T 0 c s, 0 β0 
H 
R 

2 . 65 × 10 −11 g cm 

−3 5 . 15 × 10 3 g cm 

−2 2448 K 6260 m s −1 0.992 0.0042 
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.1.4 Viscous prescription 

n the ambient disc, we adopt the local kinematic viscosity of the
hakura–Sunyaev alpha prescription 

= αc s H , (24) 

here α is a dimensionless coefficient and c s = 

√ 

k B 
μp m u 

T is the 

sothermal sound speed. These quantities are readily available within 
he undisturbed disc by assuming isothermal vertical hydrostatic 
quilibrium such that H = c s /� and a given disc opening ratio H /R 

where c s is set by thermal equilibrium between viscous heating and 
adiative cooling). The inclusion of a BH within the disc complicates 
his viscosity prescription significantly. The gravity well introduced 
y the BH will suppress the local disc thickness, decreasing the 
ertical length scale available for turbulent vortices and so reducing 
he kinematic viscosity. The formation of a hot minidisc due to an
ncreased viscosity for a larger velocity shear, and the additional 
eating caused by shocks and tidal forcing will act in the other
irection, increasing the local temperature and puffing up the disc. 
xactly how turbulence and viscosity should develop in this dynamic 
ystem remains an open question. Previous studies of barotropic 
ows around pre-formed embedded binaries have utilized an adaptive 
ersion of equation ( 24 ) that consider contributions from the BH to
he SMBH potential (Li & Lai 2024 , equation 6). While this may be
easonable for the comparatively stable case of a preexisting binary 
mbedded in gas, the gas temperature can rise more rapidly and 
everely during binary formation in the highly energetic minidisc 
ollisions which may increase the local viscosity well abo v e the
mbient level. It is not clear that turbulence should be able to
row on such short time-scales, or how the presence of large-scale 
hocks (see Section 4.2.2 ) should interact with this turbulence (and 
ubsequently influence viscosity). The evolution of viscosity in these 
ystems warrants further study, ideally within a 3D context so that 
he v ertical e xtent of each minidisc can be analysed without the need
or assumptions of hydrostatic equilibrium. As such, we opt to keep 
iscosity within the simulation domain homogeneous and fixed to 
he ambient value. 

 INITIAL  C O N D I T I O N S  

e simulate our BH encounters within a global AGN disc described 
y a steady Shakura–Sunyaev alpha disc prescription (Shakura & 

unyaev 1973 ). In our previous study HW1, local disc density was
reated as a free parameter, here the requirement for thermal stability 
equires the use of a more standard disc model which we adopt from
oodman & Tan ( 2004 ). In this model, the local disc parameters can
e derived from global properties of the AGN disc. We repeat the
quations here, assuming viscosity scales with total pressure. 

β
2 
5 

1 − β
� 0 . 311 α

− 1 
10 

0 . 3 ˆ κ− 9 
10 μ

− 2 
5 

p 

(
ε0 . 1 

l E 

) 4 
5 

M 

− 1 
10 

8 r 
21 
20 

3 , (25) 

 � 5 . 27 × 10 4 
(

l 2 E ̂  κμp β

ε0 . 1 α0 . 3 

) 1 
5 

M 

− 1 
5 

8 r 
− 9 

10 
3 K, (26) 

 � 2 . 56 × 10 5 
(

α0 . 3 

β

)− 4 
5 

l 
3 
5 

E ε
− 3 

5 
0 . 1 ˆ κ− 1 

5 μ
4 
5 
p M 

1 
5 

8 r 
− 3 

5 
3 g cm 

−2 . (27) 

he newly introduced symbol definitions are listed below: 
 . 4 cm 

2 g −1 ˆ κ is the gas opacity, 0.3 α0 . 3 is the alpha disc viscosity
arameter, 0.1 ε0 . 1 is the radiative efficiency of the disc, l E is the ratio
f the disc luminosity to the Eddington limit, 10 8 M 8 M � = M SMBH 

nd 10 3 R s r 3 = R, where R s = 

2 GM 

c 2 
is the Schwarzschild radius. We

ist our global AGN properties in Table 1 . We initialize our shearing
ox as a patch of this AGN disc, drawing gas properties from the
lobal disc structure and homogenizing them across the simulation 
omain, 
This ambient system is gas dominated; under the assumption of 

sothermal vertical hydrostatic equilibrium we predict the local scale 
eight H = 

c s 
�

, which in turn sets the kinematic viscosity ν = αc s H .
hese local properties are recorded in Table 2 . Our shearing box

s positioned at R = 0 . 0075 pc, moti v ated by the semi-analytical
tudies (Tagawa et al. 2020a ), which reported frequent binary mergers 
ear this radius. We expect binary formation to behave differently at
ifferent positions within the disc, and also for discs with different
lobal parameters e.g. different accretion rates or α. We leave the
tudy of binary formation as a function of disc position and global
isc properties for future work. 
The resulting patch of AGN disc is gas pressure dominated ( β ∼

), and stable against gas self-gravity ( Q > 1; Toomre 1964 ). Within
he simulation, we inject two stellar-mass BHs with m BH = 25 M �.

e limit our study to a single choice of equal mass interactors,
hough in principle we expect binary formation to behave differently 
or interactors of unequal mass. For this BH-SMBH mass ratio, 
e derive single and binary Hill radii of r H , s = 10 −4 pc and
 H = 1 . 2 × 10 −4 pc. The disc is more dense than those studied in
W1, which considered a range of ambient disc densities with 
 H,0 = 

[
1 . 3 × 10 −4 , 1 . 3 × 10 −2 

]
m BH , where m H,0 is the ambient 

ill mass: the total gas mass within r H of each BH. In this study,
 H,0 � 0 . 05 m BH though by the time the BHs reach close encounter

heir minidiscs grow considerably denser such that m H � 0 . 2 m BH .
MNRAS 533, 1766–1781 (2024) 
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ere, the effect of gas self-gravity may become significant. Each BH
s given sufficient time to grow a morphologically stable minidisc,
 ut in principle, ev olving the system for longer can allow for more
assive minidiscs; we are limited here by the size of the shearing

ox. Due to computational expense, gas self-gravity is neglected
rom this work, but merits caution in future studies, especially for
igher ambient densities. 
A detailed description of the computation domain can be found in

W1, we utilize the same base resolution and number of adaptive
esh refinement levels. We use a larger BH-gas smoothing length
 = 0 . 05 r H , s , which was found to impro v e thermal stability at early

imes (see Appendix A for a discussion of this choice). The BHs are
aunched on Keplerian trajectories, such that their relative velocity
s a function of their initial radial separation b that is varied between
imulations. In order to preserve a similar flight time to encounter
etween simulations, the initial BH azimuthal separation �φ is a
unction of b, normalized to a standard radial separation b 0 = 2 . 5 r H 
uch that �φ( b 0 ) = 22 ◦ (a procedure developed in CR2) 

φ( b) = 

b 

b 0 
× 22 ◦. (28) 

hese varying azimuthal separations correspond to different linear
eparations in the y-direction of the shearing frame. Varying the
zimuthal separation in this way sets the approximate time to
ncounter to be 35 –40 yr. This normalization allows for better
omparison between impact parameters, as each system has a roughly
qui v alent time to accumulate minidisc mass before close encounter.

 RESU LTS  

e discuss a suite of simulations within a single AGN disc prescrip-
ion (as detailed in Section 3 ), but vary the BH initial conditions and
uid equation of state. We vary the initial radial separations of the
Hs across b ∈ [ 1 . 7 , 2 . 6 ] r H with 19 linear spaces and consider the
uid to evolve either as an isothermal pure gas or as an adiabatic
ixture of radiation and gas. This ensemble allows us to scrutinize

he effects of the EoS on gas-assisted BBH capture, but also reveals
he new phenomenon of periodic disc novae, as we will describe
n this Section. We do not consider interactions within different
GN discs, or at different positions within said discs. While the
ffects of such variations certainly warrants study, we leave this for
uture investigations. After a brief overview of the definitions the
esults are split into two sections each considering a key question.
n Section 4.2 , how does changing the equation of state affect the
inidisc structure and hydrodynamic evolution during BH close

ncounters? In Section 4.3 , how does changing the equation of state
nfluence the likelihood of successfully BBH formation? 

.1 Definitions 

n discussing the evolution and outcome of these simulations, we
se much of the language implemented in HW1. We consider a
otal binary mass M bin = m 1 + m 2 and reduced binary mass μ =
 1 m 2 /M bin , along with binary angular momentum L bin , centre-of-
ass energy E bin and eccentricity e, 

 bin = μ | ( r 1 − r 2 ) × ( v 1 − v 2 ) | , (29) 

 bin = 

1 

2 
μ| v 1 − v 2 | 2 − GM bin μ

| r 1 − r 2 | , (30) 

 = 

√ 

1 + 

2 E bin L 

2 
bin 

G 

2 M 

2 
bin μ

3 
, (31) 
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ere, r i and v i are the positions and velocities of BH i and G is
he gravitational constant. For systems with E bin < 0 (bound in the
onventional, isolated sense), we can define a semimajor axis a 

 bin = −GM bin μ

2 a 
(32) 

allowing us to further define a standard energy scale E H , the Hill

nergy. This is the absolute binary energy of a system with semimajor
xis a = r H , such that E H = 

GM bin μ

2 r H 
. 

.2 Morphology and encounter chronology 

ere, we discuss the hydrodynamic distinctions between the minidisc
tructures arising from each equation of state and analyse the
volution of the binary system as the components pass through
lose encounter. We calculate the luminosities and spectra of the
imulations as they develop. 

.2.1 Pre-encounter minidiscs 

e consider the structure of the minidiscs before BH–BH close
ncounter occurs. Fig. 2 depicts spatial maps of standard minidiscs
rom an isothermal and radiative adiabatic system at around t = 30
r (here, the BHs are ∼ 2 r H apart). We measure m H and L H as the
otal gas mass and luminosity within the Hill sphere r = r H (the
ill mass and Hill luminosity, respectively). We further define R m 

nd R L 

as the bounding radii within which 75 per cent of the Hill
ass or Hill luminosity can be found. These statistics are recorded

n T able 3 . W e see that the Hill masses are roughly identical for
he isothermal gas runs and runs with gas + radiation mixture, with
 H ∼ 0 . 2 m BH . The substructures within each minidisc system are

ery different however. The isothermal system is much denser, with
hinner spiral streamers and a less extended disc: using the R m 

metric
he radiative disc is ∼60 per cent larger. This is not unexpected,
he isothermal system is cooler and so lacks the pressure support
o maintain the larger, diffuse minidiscs of the radiative EoS. The
adiativ e minidisc co v ers a wide range of thermal re gimes, from the
entre of the streamers which are strongly gas dominated ( β ∼ 0), to
he streamer edges that are shock heated to an intermediate regime
here gas and radiation support equally ( β ∼ 0 . 5), to the hot minidisc

ore where radiation dominates ( β ∼ 1). The radiative system lacks
he relatively well defined spiral arms of the isothermal minidisc and
eatures an extended turbulent core. 

We are unable to estimate the luminosity of the isothermal system
ue to the assumptions implicit to its hydrodynamic evolution
namely instantaneous cooling), but we include the luminosity
rofile for the radiative system. The radiative minidisc is much
otter and brighter than the ambient gas, with L H ∼ 2 L 0 where
 0 is the total emission of the ambient domain, equi v alent to
 × 10 38 erg s −1 . Alternatively, L H ∼ 0 . 3 L edd,BH . Care should be
aken when considering hydrodynamic data near the minidisc centre.

hile the simulations presented are high resolution and feature a
easonably small smoothing length h , the inability to resolve the
nner accretion disc down to its inner edge is a non-convergent
ssue. For comparison, h = 0 . 05 r H , s , equi v alent to 10 6 r s where r s 
s the Schwarzschild radius of the BHs. We do not expect such sub-
esolution physics to have a major effect on the binary dynamics, but
esolving the inner minidisc should result in an increase in minidisc
uminosity due to the higher temperatures predicted there. Thus, we
nclude these minidiscs statistics here, but with an understanding that
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Figure 2. Spatial maps of a variety of hydrodynamic quantities for standard pre-encounter minidiscs featuring both equations of state. Here, ρ, T , F , and β are 
the gas density, fluid temperature, thermal emission, and gas pressure fraction. The cyan ring marks the smoothing radius h = 0 . 05 r H , s about the BH. We note 
clear morphological differences between the minidiscs under different thermal prescriptions: the radiative disc is larger, more diffuse, and considerably hotter. 
The central minidisc is hot enough to feature substantial contributions from radiation, emphasizing the importance of including radiation in the equation of state. 
Data are not plotted for those quantities fixed by the equation-of-state assumptions. 

Table 3. Total gas mass and luminosity integrated over the Hill sphere 
for minidiscs of varying equations of state at t = 30 yr, when the BHs 
are approximately 2 r H apart. R m and R L 

are the radii within which 75 
per cent of the Hill mass ( m H ) and Hill luminosity ( L H ) can be found. 
The principal difference between discs of varying EoS is that the radiative 
minidiscs are considerably more diffuse, e x emplified by the larger R m value 
for the same m H , see Fig. 2 . Gas masses are compared to the single BH mass 
m BH = 25 M �, luminosities to the total output of the ambient simulation 
L 0 = 5 × 10 38 erg s −1 . 

EoS Isothermal Radiative 

m H [ m BH ] 0.21 0.185 
L H [ L 0 ] N/A 2.13 
R m [ r H ] 0.28 0.45 
R L 

[ r H ] N/A 0.23 
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hese are the best reco v erable quantities rather than a truly accurate
epiction of the small-scale system. 1 

.2.2 Disc novae 

he most significant discrepancy between the behaviour of models 
ith varying equations of state can be found during and after the
rst close encounter between the BHs. In the isothermal systems of
 Note that for a Shakura–Sunyaev disc the flux scales with r −3 and the 
otal luminosity may be dominated by the unresolved minidisc possibly up 
o L tot ∼ d/r s L sym 

, where L sym 

is the luminosity obtained with an inner 
oundary of d, although the actual luminosity may be limited by radiation 
ressure to around L edd,BH . 

s  

w  

t
h
d
f
t  
W1, CR1 and CR2, disc collisions featured mass stripping from the
inidiscs in the form of long streamers, with gas mass torn kinetically

rom around the BHs (see HW1, Fig. 4 ). This system is modified once
he assumption of instantaneous cooling is relaxed; when two BHs 
ndergo severe close encounter and their inner minidiscs collide a 
assive central overpressure is generated, driving a strong blast wave 
hich propagates o v er man y Hill radii. These e xplosions are ‘disc
o vae’, quasi-circular blast wav es that propagate radially outwards 
nder the support of a central thermal energy ejection. The shock
ront advance is analogous to the Sedov–Taylor blast wave solution 
Taylor 1950 ; Sedov 1959 ) with some complications, primarily due
o the inhomogeneous background that the shock must propagate 
hrough in this case. Furthermore, the energy injection, while strongly 
ocalized to the periapsis, is not truly instantaneous, though the shock
eating period is brief enough to drive a similar morphology. 
The general chronology of a close encounter with blast wave 

roduction is depicted in Fig. 3 . When the two BH minidiscs
ollide around t = 35 yr, the shocking of minidisc gas drives a
trong o v erpressure which forces a blast wav e outwards. The blast
s quite asymmetric, the shock propagates fastest in the y direction,
erpendicular to the radial direction to the SMBH, as there are no
piral o v erdensities in this direction. The shock continues to expand,
weeping mass from the mutual Hill sphere. At around t = 36 yr,
he young binary passes through periapsis again, generating a new 

hock wave. Each periapsis features the generation of a new shock
ave: these shocks tend to be more circular than the original as

he background through which the shock propagates is now more 
omogeneous. As the binary hardens impulsively by gas gravitation 
uring each periapsis passage, the binary period shortens and the 
requency of shock generation increases. The strength of the blasts 
end to decrease with time as more mass is ejected from the system.
MNRAS 533, 1766–1781 (2024) 
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Figure 3. Spatial flux density maps for the radiative model with b = 2 . 2 r H , featuring strong shock generation during the first close encounter. Here, F is the 
thermal emission per unit area as given by the cooling rate (see equation 18 ). The cyan and green circles represent the smoothing radii h = 0 . 05 r H , s about each 
BH. The lower panel depicts the evolution of the binary energy E bin and BH separation r , along with the times of the flux snapshots. In the first row, the BHs 
approach each other, generating bright shocks as the edges of their minidiscs collide. At t = 34 . 9yr the binary passes through periapsis, generating a strong 
central o v erpressure as the high density/temperature minidisc cores collide at high speed. The blast wave generated by this pressure propagates radially outwards 
(shown in the middle row), generating a luminous, elliptical fireball. Dissipation during the first encounter is sufficient to form a binary; as the binary undergoes 
further periapsis passages it generates more blast waves (shown in the lower panels). As the binary continues to harden, its period decreases, resulting in blasts 
of increasing frequency. Hardening efficiency decreases with time as the blast waves deplete the Hill sphere of gas mass, generating a hot underdense region 
around the binary. While the rise and fall of energy during each encounter is real, the extreme energy peak during the very deep third periapsis at t = 36 . 7 yr is 
due to round-off errors, addressed in Appendix B . See the solid orange line in Fig. C1 for the BH trajectories. 
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Figure 4. Spatial gas density maps for the radiative model with b = 2 . 2 r H (as in Fig. 3 ), showing both the initial explosion and late time evolution. The cyan 
and green circles represent the smoothing radii h = 0 . 05 r H , s about each BH. Each of the shock fronts are visible as edge-dense rings in the gas density. Once 
the shock strength has fallen off, the binary is left in a hot, underdense vacuum. Shocks are still generated during each periapsis, but the intensity has dropped 
significantly as there is less mass left in the minidiscs to collide with. See the solid orange line in Fig. C1 for the BH trajectories. 
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he continual injection of thermal energy into the circumbinary 
nvironment generates a hot, underdense region which prevents 
xternal AGN disc mass from joining the system. Fig. 4 depicts 
he same system as Fig. 3 , but this time shading by gas density
t late times. We see that at later times, the binary hardening has
lowed, the outbursts are weaker and the binary is surrounded by
ot, low density gas. The binary centre-of-mass initially rests in a
osition of unstable equilibrium and at late times asymmetric gas 
ravitation tends to knock the binary from its original position: 
rom here inertial forces will perturb it further away. As such the
MNRAS 533, 1766–1781 (2024) 
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Figure 5. Luminosity evolution for a radiative model with b = 2 . 2 r H , 
showing the strong increase in thermal emission ( ×10) immediately after 
first periapsis due to the fireball generated by severe minidisc collision. The 
upper panel depicts the binary separation r and the lower the luminosity and 
Hill mass. Three times are marked by vertical lines: when the BHs first enter 
their mutual Hill sphere, when the BHs pass through first periapsis and when 
the luminosity first peaks ( t entry , t p , and t peak , respectively). The luminosity 
rises rapidly o v er a period of around t peak − t p = 0 . 7 yr, after which it begins 
to fall. Subsequent periapsis passages are associated with further bumps in 
luminosity, though once the binary period shortens sufficiently these peaks 
become impossible to distinguish. The blast waves generated during outbursts 
reduces m H , the mass in the Hill sphere. The luminosity begins to decrease 
consistently around 37.5 yr, likely due to the weakening outburst strength. 
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inary will eventually encounter undisturbed, colder gas in regions
istant to the original formation location. We focus primarily on the
ncounter, and early post-encounter evolution in this study. Once a
inary reaches E bin = −20 E H , the binary semimajor axis is the same
ize as the gravitational smoothing length d . The use of a finite, fixed
moothing length for gas gravitation means that at late times when
he binary is very hard, the circumsingle/circumbinary gas flows are
nlikely to be faithfully represented. 
The generation of large-scale blast waves during minidisc close

ncounters is no v el to the radiativ e minidisc-collision system, as yet
nderexplored in the literature. Similar outburst systems have been
onsidered in AGNs, such as embedded supernovae (Grishin et al.
021 ) and star–disc collisions ((Jane) Dai, Fuerst & Blandford 2010 ;
agawa & Haiman 2023 ). We note that while the generation of an
utflow is likely to be a natural consequence of realistic minidisc
ollisions, the exact form of this outflow is unlikely to be consistent
etween this 2D study and a full 3D simulation. We do not expect
he blast wave to remain confined without the plane of the AGN disc;
ndeed it seems likely that the blast should preferentially escape
ertically from the disc as the path of least resistance, as observed in
rishin et al. ( 2021 ) (figs 9 and 10). This could lead to the generation
f wind-like phenomena with substantial high-temperature gas mass
eing ejected out of the disc plane. 
Nonetheless, while it seems likely that a lot of the 3D physics

ertinent to these collisions will be misrepresented within a 2D
imulation, we still observe phenomena that we expect to be
eneric to the disc novae scenario. Irrespective of dimensionality,
igh-velocity collisions between gas minidiscs during deep close
ncounters will drive strong shock heating. This heating will be
riven back into the surrounding gas, and while the form of this
eedback is potentially ambiguous, this injection of heat is likely
o have a profound effect on the binary/circumbinary environment.
erhaps most importantly, such shock heating is expected to re-
ult in significant thermal emission, discussed in greater detail in
ection 4.2.3 . 
The existence of blast waves within the simulation complicates

redictions as to local viscosities, and is the principle reason why
e do not attempt to implement an adaptive viscosity prescription. It

s not clear how such strong shocks should interact with turbulence
n the steady disc, making predictions of viscosity impossible. This
ystem clearly warrants further study in 3D, where estimations of
ertical scales may allow for better descriptions of turbulence. Such
tudies would also provide a clearer picture of how the thermal energy
enerated in the disc collisions are fed back into the local AGN
isc. 

.2.3 Outburst luminosity 

ptically thick cooling included explicitly in the code allows us to
nalyse the thermal emission of the minidisc systems and present
otentially observable phenomena. In discussing the luminosity of
hese systems, we can compare both to the ambient local emission
 0 and the total AGN emission L AGN . The former can be calculated

rom the homogeneous, ambient disc conditions: inte grating o v er the
imulation surface area A produces L 0 = C A ∼ 5 × 10 38 erg s −1 . 

Our disc model is parametrized with respect to its Eddington
uminosity L E such that L AGN = l E L E . For this study, using the data
rom Table 1 , we derive 

 E = 

4 πGM SMBH m p c 

σT 
� 5 × 10 44 erg s −1 , (33) 

 AGN � 2 . 5 × 10 43 erg s −1 . (34) 
NRAS 533, 1766–1781 (2024) 
e see that the ambient luminosity of the simulation represents only
 tiny contribution to the total AGN luminosity, around five orders
f magnitude beneath the total output. 
Each BH, in drawing gas mass into a minidisc, acts as a source of

eat in the simulation, generating shocks and shears that thermalize
as kinetic energy. As such, even pre-close-encounter the embedded
ystems is around 10 times brighter than the ambient shearing box.
ig. 5 depicts the luminosity evolution of the radiative system with
 = 2 . 2 r H , as well as the Hill mass. There are three times of interest,
 entry when the BHs first penetrate the mutual Hill sphere, t p when
he binary passes through first periapsis and t peak when luminosity
eaks in the first outburst. At t entry there is an increase in m H due
o the minidiscs beginning to coalesce. At t p the rapid collision of
he inner minidiscs generates strong shock heating and an expanding
reball. The luminosity of the system rises as the fireball expands,
eaching a local maximum at t peak . At this point, the shearing box is
00 times brighter than its ambient state. After the first peak, there
re further fluctuations in luminosity associated with subsequent
utbursts generated in later periapsis passages; these fluctuations
re relatively minor. After a few orbits these fluctuations occur
apidly enough to be indistinguishable from each other, and o v er time
he luminosity begins to fade as the outbursts weaken in intensity.
his is perhaps due to the depletion of gas mass from the Hill
phere, resulting in weaker shock generation during circumsingle
isc collisions. 
As the luminosity of the system rises, the Hill mass m H decreases.
ass is blown out of the Hill sphere by the strong blast waves,

esulting in periodic dips in m H as the binary goes through periapsis.
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Figure 6. Peak luminosity for all radiative models. These peak luminosities 
are achieved immediately after the first close encounter, with emission 
dominated by the hot fireball generated by the minidisc collisions. The L –r p 
relation is well approximated by a step function at r = 0 . 1 r H , equi v alent to 
the size of the hotter inner minidisc. For encounters with r < 0 . 1 r H , deeper 
encounters are not associated with greater peak luminosities. Bound systems 
are those that achieve E bin < −2 E H and so are considered to be stable against 
SMBH ionization, all other systems are unbound and fail to form stable 
binaries. 
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Figure 7. Rest-frame spectral power evolution for the radiative system with 
b = 2 . 2 r H . The top panel includes spectra for 30 evenly spaced intervals in 
time, coloured by the luminosity for that snapshot (see colourbar in bottom 

panel). In the bottom panel we o v erplot the BH separation on top of the 
total luminosity, both as a function of time. The moment the BHs enter their 
mutual Hill sphere is indicated by the vertical line at about 31.5 yr. The 
domain spectrum after the BHs have formed their minidiscs (by t ∼ 20 yr) is 
much hotter and bluer than ambient, with the minidisc component dominating 
the spectrum. After the first close encounter the luminosity spikes, with the 
emission peaking in the optical and near IR. Once the outburst intensity dies 
down, the spectrum cools somewhat, but remains substantially brighter than 
ambient. 
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fter only a few periods, m H has dropped beneath ambient levels 
nd the binary is left within a hot underdense pocket. This is not
n equilibrium state: the rate of heat generation by the periapsis
ollisions decreases as m H falls and eventually the vacuum will cool 
ufficiently to allow gas to flow back on to the binary system. The
inary, existing at a point of unstable equilibrium within the shearing 
ox, tends to be ejected from the box before this cooling phase
s reached, encountering new gas mass as it travels through more 
istant, undisturbed regions of the disc. 
While this luminosity chronology is very similar across strongly 

olliding systems, not all flyby configurations undergo severe mini- 
isc collisions. Fig. 6 records the peak luminosities achieved in 
he radiative simulations and compares it to the depth of first
eriapsis. We note a step-up in peak luminosity for systems with 
 suitably deep first encounter, of around an order of magnitude. 
he threshold depth for outbursts is around 0 . 1 r H , comparable to

he size of the hot, radiation dominated minidisc core. The size 
f this core may depend on the smoothing length d = 0 . 05 r H , as
or r < d the local field strength diverges from the Newtonian
olution, or on the resolution. Better resolving the flow near the 
Hs may change the degree of shock/viscous heating in pre-collision 
inidiscs, and so affect the inner minidisc properties. Systems with 

ollisions deeper than the r ∼ 0 . 1 r H threshold feature strong minidisc
ore collisions, generating high temperatures via shock heating. 
ithout a suitably violent close encounter, the peak luminosity is 

imilar to the sum of the two isolated minidisc luminosities. Strong 
uminous outbursts are well correlated with binary formation, as 
oth require deep first close encounters. Of the 12 models exhibiting 
ajor rapid increases in luminosity, 9 result in successful binary 

ormation. 
We find the post-periapsis luminosity peaks around 10 2 L 0 , equiv- 

lent to around 2 × 10 −3 L AGN , with a rise time of around 0 . 5 –1
r (see Fig. 5 ). These outbursts are likely to be subdominant
o other sources of variation within the AGN disc; applying the 
ariability modelling of Kelly, Bechtold & Siemiginowska ( 2009 ) 
o our system, we might expect R-band variability of a similar
agnitude o v er a period of only a month. These events may be more

rominent within specific spectroscopic bands that we address in 
ection 4.2.4 . 
.2.4 Outburst spectra and prominence 

s presented in Section 4.2.3 , the post-periapsis disc novae, while
00 times brighter than the local ambient disc, are too dim to be
iscerned from other sources of variation in the bolometric AGN 

uminosity. We consider whether these outbursts might be identifiable 
pectroscopically by predicting the spectral energy density associated 
ith the thermal emission. These spectra are generated by integrating 
 series of Planck functions o v er the entire simulation domain. 

 λ = 

2 hc 2 

λ5 

∫ 

A 

dA 

exp 
(

hc 
λk B T eff 

)
− 1 

� 

2 hc 2 

λ5 

N c ∑ 

i= 1 

A i 

exp 
(

hc 
λk B T eff ,i 

)
− 1 

. 

(35)

ere, λ is the wavelength, h is Planck’s constant, and k B is the
oltzmann constant, with A i and T eff ,i the surface area and ef fecti ve

emperature for cell i of N c cells total. We first note that the
pectrum of the system with embedded black holes (before close 
ncounter) is substantially different from the local ambient disc: the 
pectrum is brighter and significantly bluer, peaking in the rest-frame 
ptical/near-IR (see Fig. 7 ). At early times as the disc is forming, the
pectrum is well described by a large cool component, and a smaller
ot component; this is visible in the twin peaks of the early spectrum.
fter around t = 20 yr, ho we ver, the spectrum of the simulated region

s ef fecti v ely dominated by the minidiscs at all wav elengths. 
When the BHs undergo first close encounter a major blast wave is

enerated, and the emission peaks in the optical/near IR. In Fig. 8 we
ompare the outburst spectra to the background AGN emission by 
onsidering the ef fecti ve temperature of a disc heated only by viscous
issipation (see equation 3 from Goodman 2003 ). While the outbursts 
MNRAS 533, 1766–1781 (2024) 



1776 H. Whitehead et al. 

M

Figure 8. Comparison of rest-frame spectral power between the global 
ambient AGN disc (dashed line) and the b = 2 . 2 r H simulation domain at 
peak luminosity (solid line). While the outbursts are still dimmer than the 
AGN at all frequencies, they peak at longer wavelengths and so are more 
prominent in the IR bands than they are bolometrically. Integrating over the 
IR wavelengths, this outburst peaks at L peak,IR ∼ 0 . 03 L AGN,IR . 
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re subdominant in the bolometric emission, the AGN spectrum
eaks in the UV, compared to the outbursts’ peak in the near IR.
imiting the integrated luminosity to the IR bands ( λ > 750nm), the
utbursts are significantly more prominent, with L peak,IR = 0 . 03 −
 . 04 L peak,IR . While still subdominant to the AGN IR emission, these
utbursts may be able to contribute to variability in the IR bands. 
We note that the exact morphology and evolution of these outbursts

re unlikely to be faithfully captured due to the restricted nature of
his study, see Section 5.2 for a discussion of these limitations 

.3 Capture likelihood 

ere, we consider how variations to the equation of state may affect
he likelihood of embedded binary black hole formation. We calculate
he orbital energy dissipated from each system during close encounter
nd compare systems with varying impact parameters. 

.3.1 Dissipation efficiency 

he distinguishing characteristic between systems that form binaries
nd those that do not is the amount of orbital energy that can be
issipated during the first close encounter. This dissipation can be
riven by the SMBH or by gas gravitation, with the latter tending to
ominate. Each of these quantities can be derived from integrating
he dissipation rates εSMBH and εgas , o v er the close encounter. 

≡ d 

d t 

(
E bin 

μ

)
= εgas + εSMBH , (36) 

SMBH = ( v 1 − v 2 ) · ( a 1 , SMBH − a 2 , SMBH ) , (37) 

gas = ( v 1 − v 2 ) · ( a 1 , gas − a 2 , gas ) , (38) 

here v i and a i are the velocity of and acceleration on BH i, here
cceleration is e x erted on the BHs by frame forces (SMBH) or by
as gravitation (gas). We then calculate net dissipation from each
ource as 

E SMBH = 

∫ r= r p 

r= r H 

μεSMBH d t, (39) 

E gas = 

∫ r= r a 

r= r H 

μεgas d t, (40) 
NRAS 533, 1766–1781 (2024) 
here integration is performed from first Hill intersection at r = r H ,
hrough to first periapsis r p or first apoapsis r a . If no binary forms (and
ence there is no first apoapsis) �E gas is integrated until the BHs
scape the Hill sphere. The integration limits in these definitions
re inherited from the predictive modelling of HW1, as they best
ecoupled the SMBH and gas gravity effects. The SMBH dissipation
s a function of the BH trajectory and post-periapsis the trajectory
s strongly dependent on the severity of gas dissipation at periapsis.
alting the SMBH integrating at periapsis prevents cross-interaction
etween the two effects and allows for the best measure of energy
oon after the periapsis ( εgas is strongest very close to periapsis,
hereas εSMBH → 0 at periapsis). 
HW1 found that the gas dissipation during first close encounter
E gas was dependent on the minidisc mass (and therefore the

mbient gas density ρ0 ) and the initial periapsis depth r p . Fitting
 v er a series of 345 simulations, HW1 derived �E gas ∼ r −0 . 43 ±0 . 03 

p ,
his was supported by CR2 which found �E gas ∝ r −0 . 42 ±0 . 16 

p .
ig. 9 compares the scaling of gas dissipation with periapsis depth
or the isothermal and radiative systems and includes fits in the form
E ∝ r m 

p . We reco v er the same general relationship, deeper first
lose encounters tend to dissipate more energy by gas gravitation.
he slopes m are within 1 σ of the HW1 fit, though we note the
ery shallow and very deep encounters appear to deviate from this
elationship. 

The model from HW1 tends to o v erestimate the dissipation of the
sothermal system. In that work, it was noted that the fit performed
est at lower ambient gas densities where the gas did not strongly
erturb the BH trajectories pre close encounter: here, the ambient
isc density is higher than even the most dense systems analysed in
hat work. We note that the isothermal models tend to dissipate more
nergy than their radiative counterparts. We reason this increased
fficiency may be due to the compactness of the isothermal systems:
n increase in gas mass closer to the BHs during close encounters
ill result in stronger gravitational attraction (see Table 2 ). The effect

s relatively minor for most of the models ho we ver, and we only have
 limited number of simulations to infer from. 
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Figure 10. Depth of first close encounter and outcome for models spanning 
b ∈ [ 1 . 7 , 2 . 6 ] r H for the isothermal (upper panel) and radiative (lower panel) 
runs. Successful binary formations are coloured in green, failures in orange. 
The orientation of the first encounter with respect to the motion in the large- 
scale AGN disc is designated by marker type; circular for prograde flybys 
and crosses for retrograde. The vertical grey lines correspond with the impact 
parameters leading to the deepest first periapses in the gasless case near b = 

1 . 9975 , 2 . 3225 r H . Most successful captures lie within a homogeneous band 
spanning b ∈ [1 . 85 , 2 . 4] r H , though there are some failed captures even for 
relatively deep periapsis near b ∼ 2 . 1 , 2 . 3 r H . These exceptions are discussed 
in the main text. 
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Figure 11. Binary formation without a severe close encounter for an 
isothermal simulation with b = 1 . 75 r H . The cyan and green circles represent 
the smoothing radius h = 0 . 05 r H , s about each BH. After dissipating a minor 
amount of energy in the first encounter, the binary undergoes a steady inspiral 
with relatively weak dissipation. The binary continues to harden without 
an y e xtreme close encounters, reaching a stable E bin = −8 E H without ever 
penetrating r < 0 . 1 r H . Hardening in this phase is likely to be driven more 
by large-scale gas geometries such as the trailing circumbinary streamers, 
as opposed to the impulsive BH-minidisc lag observed in strongly colliding 
systems. The resulting binary is much more circular ( e ∼ 0 . 1). See the solid 
black line in Fig. C1 for the BH trajectories. 
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.3.2 Varying impact parameter 

e now consider how varying the initial condition b, combined 
ith the choice of equation of state, dictates the outcome of
inary formation. The b parameter space, along with the effects 
f varying the ambient disc density, was studied e xtensiv ely for the
sothermal case in HW1. Fig. 10 depicts the dependence of the initial
eriapsis depth r p on the BH impact parameter b; as discussed in
ection 4.3.1 r p tends to be the defining characteristic that predicts 

he success or failure of a potential binary formation event. We first
ote the difference in shape of r p = f ( b) when the equation of state
s varied: changes in minidisc structure have perturbed the BHs on 
o slightly different trajectories pre-encounter, resulting in different 
eriapsis depths during first close encounter. While the double-valley 
tructure observed in the gasless case (Boekholt, Rowan & Kocsis 
023 ) is clear in the radiative case, in the isothermal case the system
as ef fecti vely merged into a single wide v alley. This is likely due to
he strength of gas gravitation on the BHs before close encounter, the
sothermal system being more dense (see Section 4.2.1 ) features a 
tronger pull on the BHs. The isothermal valley structure is roughly 
imilar to the highest density runs reported in HW1 (fig. 13 therein),
hough here the ambient density is four times greater and the BH
nitial conditions are modified (see equation 28 ). 

Generally, successful binary formations lie within the valley 
tructure; models with b values too small perform horseshoe orbits 
nd models with large b values exhibit wide flybys and in either case
he BHs do not penetrate deep enough through each other’s minidiscs
o drive significant dissipation. We note some exceptions to this rule: 

(i) a single run with b = 1 . 75 r H in the isothermal system which
uccessfully forms a binary during a relatively shallow encounter 
(ii) three runs with b = 2 . 05 , 2 . 1 , 2 . 35 r H in the radiative system
here binaries fail to form despite experiencing relatively deep 

ncounters 

The chronology of the former case is depicted in Fig. 11 . This
vent is similar to fig. 14 in HW1, where an extended dissipa-
ion event occurred during a relatively shallow first encounter. In 
ontrast, isothermal runs with slightly deeper first encounters at 
 = 1 . 8 , 1 . 85 r H did not form a binary. In these two cases, despite
 similar amount of energy being dissipated in the first flyby, there
as no second encounter; in the b = 1 . 75 r H case it appears to be

he SMBH which encourages a second encounter, during which gas 
issipation can successfully stabilize the binary. The ability for a third 
ody to drive multiple encounters between quasi-bound binaries is 
xplored thoroughly in Boekholt et al. ( 2023 ). As such we have a rare
ystem where the first close encounter is insufficient to form a stable
inary, but the post-encounter trajectory is such that a subsequent 
ncounter is able to harden the system sufficiently. It is possible that
here are other impact parameters where similar encounters could 
ccur, but they are not sampled in this work’s impact parameter
pace. The ability for binary formation to proceed without severe 
lose encounter implies the existence of radiative binary systems 
hat do not generate blast waves but still form binaries successfully:
uch a system was not sampled in this work’s b-space. 

In the three radiative systems that fail to form a binary, the BHs still
xperience strong gas gravitation during close encounter. Ho we ver, 
he BH trajectories and gas geometries are such that gas gravitation
MNRAS 533, 1766–1781 (2024) 
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M

Figure 12. Failed binary formation despite severe close encounter for a 
radiative simulation with b = 2 . 1 r H . The cyan and green circles represent 
the smoothing radii h = 0 . 05 r H , s about each BH. During the close encounter 
gas gravitation injects as much energy as it dissipates, resulting in almost 
zero net change. A single strong blast wave is generated during the close 
encounter, with the BHs flying apart afterwards: no stable binary is formed. 
The chronology is very similar to the radiative models with b = 2 . 05 , 2 . 35 r H 
that also fail to form a binary despite severe close encounter. See the dashed 
orange line in Fig. C1 for the BH trajectories. 
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njects similar amounts of energy on infall as it remo v es immediately
fter the first periapsis, resulting in inefficient net dissipation. It is
ot immediately clear what sets these trajectories apart from those
uns which do feature strong net dissipation. Fig. 12 depicts the
hronology of such an encounter. As the encounters feature relatively
eep periapses, they result in novae generation, but in this case
ithout associated binary formation. 

 DISCUSSION  

.1 Comparison to literature 

his study builds directly on the work of HW1 that features an
 xtensiv e comparison of the isothermal system to recent work in
he field of embedded binary black hole formation. The effects of
adiation on the formation scenario had yet to be considered prior to
his study, and so lacks a directly comparable counterpart. 

Grishin et al. ( 2021 ) considered a system in which a supernova
as generated within an AGN disc. While the blast in that study
as driven by a different progenitor with higher detonation energies,

hey offer an insight into the behaviour of a strong shock propagating
ertically through the AGN disc (Figs 9 and 10 ), which we are
nable to observe in our 2D study. That study predicted that much
f the detonation energy is lost vertically out of the disc (as the path
f least resistance), which may lead to decreased disruption of the
ircumbinary environment and brighter flares as energy is injected
nto regions of lower optical depth. Future studies into minidisc
NRAS 533, 1766–1781 (2024) 
ollisions in 3D may wish to compare to this supernovae system to
ee what morphological/energetic differences arise. 

.2 Caveats and limitations 

n our simulations, we adopt several assumptions that should be
onsidered when interpreting the results and may warrant further
tudy. 

.2.1 3D effects 

he arri v al of strong blast waves in the binary formation system
arks the introduction of likely non-planar effect in a 2D simu-

ation. While the pre-encounter system appears to be reasonable
ell described by evolving the vertically integrated Navier–Stoke’s

quations, we do not expect the strong shocks generated at periapsis
o remain confined to the disc plane. This system clearly requires a
D treatment if the propagation of these shocks is to be faithfully
aptured. Consideration of vertical scale heights may also allow for
etter predictions to the ef fecti ve local scale height, which in turn
an be used to predict the local viscosity. We expect that in 3D,
here hot gas material will be able to escape vertically out of the
isc to regions of lower optical depth, the flares may be considerably
righter. 

.2.2 Subgrid minidisc physics 

hile the simulations presented are of sufficiently high resolution
o resolve much of the small-scale gas dynamics around the BHs,
e are unable to simulate right the way down to the inner edge
f the minidiscs, at the innermost stable circular orbit (ISCO). We
o not expect this to have a significant effect on the qualitative
onclusions concerning the BH dynamics or shock generation, but
n failing to simulate down to such small radii we are potentially

issing a large section of the minidisc luminosity. If the minidiscs
an be modelled as α-discs down to arbitrarily small radii, we
ould expect to reach greater temperatures near the ISCO as
 eff ∼ r −

3 
4 . This small area, high-temperature region may dominate

he total thermal emission of the minidisc, resulting in a hotter, bluer
pectrum. We think it likely therefore, that the steady luminosities
alculated for the pre-encounter system are underestimates of the true
mission. 

While it is not immediately clear how the generation of blast
aves should change as more of the small-scale minidisc is included

n the simulation, we do find that blast waves are persistent in
he simulations when an extra level of maximal mesh refinement
s included. It seems likely that the amount of gas the minidiscs
re able to retain during such encounters, and the exact detonation
nergies of the blast waves generated, would depend not only on the
esolution of the simulation but also the smoothing length of the BH
ravitational potential. Regardless of the exact pressure/temperature
rofiles near the BHs, the generation of large o v erpressures (and
ubsequently blast wave propagation) during close encounters should
e ubiquitous across severely colliding systems, so we expect the
eneral phenomena documented in this study to be consistent with
igher resolution systems. 

.2.3 Accretion 

H accretion is not modelled in this study. This decision arose from
n expectation that without a full model of the minidisc flow down
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o the ISCO, approximations made as to the accretion rate should 
onsider the viscous time-scale τ = 

r 2 

ν
. As discussed in Section 2.1.4 , 

etermining ν self-consistently within the simulation is non-obvious 
nd while reasonable prescriptions have been used in prior studies 
Li & Lai 2024 ), the underlying assumption that viscosity can be
redicted using the α-disc formula ν = αc s H breaks down when 
hysically realistic estimators for H are unavailable. This is the case 
hen the post-periapsis blast w aves destro y much of the minidisc

tructure, as the usual assumptions of vertical hydrostatic equilibrium 

re clearly in valid. W ithout a clear means to physically moti v ate a
ariable viscosity and therefore accretion rate, we opt to neglect it
rom this study. 

.2.4 Gas physics 

ore advanced gas effects yet to be considered in the field of
mbedded binary formation are also neglected from this study: 

(i) BH feedback : We might expect the BH minidiscs to feed mass,
nergy, and momentum back into the surrounding gas in the form of
ets or winds. These jets may have their own significant non-thermal 
mission. 

(ii) Gas self-gravity : While our initial conditions allow us to study
inary capture in an environment where the gas mass local to the
inary is less than the binary mass, gas self-gravity may still influence
he morphology and evolution of the minidiscs. This effect is likely 
o be more significant for lower mass BHs, or for denser ambient
iscs. 
(iii) Non-LTE physics : Our assumption of local thermal equilib- 

ium between the gas and radiation fields is reasonable considering 
he high optical depths present in the system. It is possible that
his may break down within the ultra-hot underdense vacuums 
riven by periapsis novae, though this was not observed in this
tudy. 

(iv) Magnetism : This study is purely hydrodynamic, with no 
onsideration of magnetic effects. The introduction of a background 
agnetic field, with potential strengthening during minidisc forma- 

ion, may collimate the outburst flow on to field lines. Such a system
s likely to fa v our outflow vertically out of the disc. It is not clear
ow the introduction of magnetic pressure support might affect the 
inidisc structure or collision environment. 

.2.5 Initial conditions 

f potential interest for future studies would be a consideration of
he effects of varying some of the initial conditions, as disc collisions
n different environments may result in different detonation energies, 
uminous chronologies, and spectral emission. 

(i) BH tr ajectories : We hav e launched BHs into the AGN flow
o-planar with the disc and with zero eccentricity. Variations in 
nitial inclinations and eccentricity are likely to impact the frequency 
nd depth of close encounters. Dittmann, Dempsey & Li ( 2024 )
onsider the effect of inclination in pre-existing binaries, but not 
uring formation. 
(ii) Encounter location : We have studied only a single position 

ithin the AGN disc; if estimates are to be made as to formation
requencies across an entire AGN disc, we must consider how 

apture likelihood changes as a function of position within the 
isc. 
(iii) AGN par ameters : We hav e fix ed man y global parameters that

ould vary between AGNs, such as the total luminosity, viscosity 
oefficient, and accretion efficiency. Variations in these quantities 
ould generate different shearing box environments and likely 

nfluence capture likelihood and outburst prominence. 

Consideration of all possible encounter geometries and environ- 
ents is key if predictions are to be made of the frequency of

mbedded BBH formation within cosmic volumes. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we have simulated potential binary formation events 
etween initially isolated black holes and compared the effect of 
hanging the equation of state from isothermal to a more realistic adi-
batic mixture of gas and radiation. We analysed the morphology of
he BH minidiscs prior to close encounter and the resulting likelihood
f binary formation. We unco v er no v el thermal effects introduced by
he radiative equation of state, and consider the potential observable 
onsequences of these phenomena. We summarize the key findings 
s follows: 

(i) The radiative minidisc morphology is very different from the 
sothermal case: larger, more diffuse, and substantially hotter. These 

inidiscs feature radiation support in their inner regions and are 
uch brighter than the local ambient background. Future studies into 
BH formation should definitely consider using a radiative equation 
f state to faithfully capture these differences. 
(ii) Despite their morphological differences, the radiative and 

sothermal systems dissipate similar amounts of orbital energy by 
as gravitation during close encounters (with isothermal systems 
eing slightly more efficient). Both systems conform to the general 
onclusions of HW1, where deeper close encounters dissipate more 
nergy, and successfully form binaries for a similar range of impact
arameters. 
(iii) During close encounters in radiative systems, severe colli- 

ions between minidiscs generate large o v erpressures that driv e hot,
right fireballs o v er man y Hill radii. These ‘disc novae’ are 10 times
ore luminous than their parent minidiscs (and 100 times more 

han the local ambient gas) but are likely too dim to be visible
n the bolometric AGN emission for this collision environment 
nd numerical treatment. Disc collisions in the outer AGN disc 
ay contribute to IR band variability, with L peak,IR ∼ 0 . 03 L AGN,IR .
ubsequent periapsis passages in newly formed binaries result in 
urther novae generation. These blasts strip mass from the bi- 
ary system, damping the effects of gas hardening in the young
inary. 
(iv) The generation of novae during close encounters represents 

 new form of BH feedback that may have important effects on
he global AGN disc, acting as a significant source of heat. The
xact geometry and intensity of this feedback remains ambiguous 
nd requires careful consideration in 3D for further study. It is
ossible that collisions in different A GN en vironments and with
ore realistic physics may be brighter and more prominent against 

he AGN background. 

In simulating BH close encounters within an AGN disc using a
adiative equation of state, we show the isothermal prescription to be
n inadequate description of local g as h ydrodynamics and unco v er
o v el BH feedback phenomena in the form of disc novae. 
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PPENDI X  A :  S M O OT H I N G  R A D I I  

hen using a non-isothermal equation of state, adopting the smooth-
ng length h = 0 . 01 r H , s as implemented in HW1 lead to rapid non-
hysical heating when the BHs were impulsive introduced to the
ystem at t = 0. We believe this to be due to exerting too steep a
orce gradient across cells close to the BHs resulting in errors in
nergy flux calculations. It is possible to achieve greater stability
ith smaller smoothing radii if the resolution near each BH is

ncreased, but doing so significantly increases the computational
ost. The adopted value of h = 0 . 05 r H , s in this work represents the
est available compromise between realistic physics and numerical
tability. 

PPENDI X  B:  RO U N D - O F F  E R RO R S  

uring very close periapsis passages, the inability to track the BH–
H system to arbitrary precision results in round-off errors. These
rrors manifest as random noisy perturbations from the true value,
isible as ‘spikes’ in the binary energy. Eliminating these errors
equires a significant increase in computational precision: the spikes
re ef fecti vely eliminated when tracking the system with 30 decimal
laces. After the BHs have passed through a deep periapsis passage,
he perturbations rapidly decrease. While the magnitude of the spikes
an be large, the randomness of the noise means that the net effect is
nsignificant. As such, we opt to continue to use double precision (15
ecimal places) throughout this study, as the errors have no effect on
ur analysis or conclusions. 
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Figure C1. The path of the outer BH in the frame of the inner BH, for three 
of the runs discussed in the paper. The outcome of each run is very different, 
with the initially unbound BHs forming either a high-eccentricity retrograde 
binary (solid orange), low-eccentricity prograde binary (solid black), or no 
binary at all (dashed orange). 
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PPENDI X  C :  BLACK  H O L E  T R A J E C TO R I E S  

o better visualize the BH trajectories during encounters, we include 
ig. C1 which displays the trajectories of three runs highlighted in

he paper. Each line traces the trajectory of the outer BH in the
rame of the inner BH. In solid orange, the fiducial radiative run
ith b = 2 . 2 r H , as presented in Figs 3 and 4 . In this run, the BHs
issipated sufficient energy during the first deep encounter to form 

 stable eccentric binary which rapidly hardens. In solid black, the
sothermal run with b = 1 . 75 r H , as presented in Fig. 11 . In this
un, despite the relatively shallow first encounter, the BHs are still
ble to form a stable (but relatively soft), low-eccentricity binary. In
ashed orange, the radiative run with b = 2 . 1 r H , as presented in Fig.
2 . While this run features a deep first close encounter, insufficient
issipation results in no binary formation. 
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