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Abstract

Binary black hole (BBH) mergers, particularly those with component masses in the pair-instability gap, may be
produced by hierarchical mergers in the disks surrounding Active Galactic Nuclei (AGNs). While the interaction of
an embedded BBH with an AGN disk is typically assumed to facilitate a merger, recent high-resolution
hydrodynamical simulations challenge this assumption. However, these simulations often have simplified
treatments for gas thermodynamics. In this work, we model the possible consequence of various feedback from an
embedded BBH with a simple model that maintains an enhanced temperature profile around each binary
component. We show that when the minidisks around each BH become hotter than the background by a factor of
three, the BBH orbital evolution switches from expansion to contraction. By analyzing the gravitational torque
profile, we find that this change in direction is driven by a weakening of the minidisk spirals and their positive
torque on the binary. Our results highlight the important role of thermodynamics around BBHs and its effect on
their orbital evolution, suggesting that AGN disks could be efficient factories for BBH mergers.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Black holes (162); Black hole physics (159);
Gravitational wave sources (677); Hydrodynamical simulations (767); Orbital evolution (1178)

1. Introduction

Active galactic nucleus (AGN) disks have been proposed as
one of the most promising locations for producing some of the
detected stellar-mass binary black hole (BBH) and neutron star
mergers (e.g., McKernan et al. 2012; Bartos et al. 2017; Stone
et al. 2017; Leigh et al. 2018; Grobner et al. 2020; Kimura et al.
2021; Wang et al. 2021; Zhu et al. 2021), especially for the
recent detection of the heaviest BBH merger event GW 190521
with a possible electromagnetic counterpart (Abbott et al. 2020;
Graham et al. 2020). This “AGN channel” could be an
intriguing alternative to other traditional formation channels,
including isolated binary evolution (e.g., Belczynski et al.
2016; Mandel & de Mink 2016), triple and quadruple systems
(e.g., Fernandez & Kobayashi 2019; Fragione & Kocsis 2019;
Liu & Lai 2021), globular clusters (e.g., Benacquista &
Downing 2013; Rodriguez et al. 2016), and nuclear star
clusters (e.g., O’Leary et al. 2009; Fragione et al. 2021).

Most studies for binary mergers in AGN disks are based on
N-body (e.g., Secunda et al. 2019), Monte Carlo (e.g., Yang
et al. 2019; Tagawa et al. 2020; McKernan et al. 2021),
semianalytical estimates (Samsing et al. 2020), or hydrodyna-
mical simulations (Baruteau et al. 2011; Kaaz et al. 2021; Li &
Lai 2022). Most of these works assume that BBHs contract in
AGN disks. However, this is not a certainty, as we have shown
in our previous paper (Li et al. 2021, hereafter L21) that
prograde BBHs can expand their orbit when the circumsingle
disks (CSD) around each BH are adequately resolved. Past
studies, such as Baruteau et al. (2011), used excessively large
gravitational softenings that effectively removed the important
CSD spiral arms. These spirals have been shown to be the key
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component in driving binary expansion, and so resolving them
is crucial (e.g., Tang et al. 2017; Moody et al. 2019; Muiioz
et al. 2019; Duffell et al. 2020; Heath & Nixon 2020; Tiede
et al. 2020; Dittmann & Ryan 2021; D’Orazio & Duffell 2021;
Zrake et al. 2021; L21).

However, L21 assumed a smooth temperature over the
whole disk, which may be unrealistic, especially for the regions
within the Bondi/Hill radius of each BH. In particular, more
realistic treatments of thermodynamics and viscosity are
needed to take into account the feedback from the BH.
Feedback may be driven by super-Eddington accretion onto
stellar-mass BHs. Since luminous AGNs are known to accrete
at a few percent of the Eddington rate for supermassive BHs
(SMBH) (e.g., Netzer 2015), if an embedded stellar-mass BH
accretes at just a fraction of that rate, the resulting accretion rate
will be orders of magnitude greater than its Eddington rate.

Numerical MHD simulations for super-Eddington accretion
flows show that the midplane disk temperatures around stellar-
mass BHs are usually around ~10" K (e.g., Jiang et al. 2014),
which are expected to be much higher than those of the global
disk due to higher mass BHs having lower disk temperatures
(e.g., Shakura & Sunyaev 1973; Abramowicz et al. 1980).

The heat released by the embedded luminous objects may
impact how the binary orbit evolves over time (Szulagyi et al.
2016; Masset 2017; Hankla et al. 2020). Additionally, strong
outflows and radiation from accretion disks around BHs could
impose significant mechanical and radiative feedback effects on
the surrounding environment (Proga & Kallman 2002; Jiang
et al. 2014; Yuan et al. 2018). Numerous observational
evidence for disk winds has also been accumulated both for
cold and hot accretion flows around BHs (e.g., Tombesi et al.
2015; Shi et al. 2021). Those feedback effects could possibly
change the thermodynamics around CSDs and thus modify the
BBH evolution (Souza Lima et al. 2017; del Valle &
Volonteri 2018).
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In this work, we extend L21 to study the effect of CSD
temperature structure on the BBH orbital evolution in AGN
disks using 2D hydrodynamical simulations. To approximate
the effect of feedback from each BH, we model the CSD
temperature structure with a simple phenomenological model.

This Letter is organized as follows. In Section 2 we
introduce the method and models presented in this work. In
Section 3 we explore the binary evolution for different CSD
temperature profiles. Finally, we summarize the main results of
this work and briefly discuss the implications for gravitational
wave observations in Section 4.

2. Method

Most of the model setup and numerical methods are the same
as L21. Here we only briefly introduce the key features and
defer a more detailed discussion to Appendix A.

We place an equal mass BBH on a prograde, circular orbit
around a central SMBH. The orbital radius and orbital frequency
of the BBH’s center of mass are denoted r and €, respectively.
The BBH is initialized to a circular orbit with semimajor axis
Apin = 0.23Ry, where Ry = [Mbin/(3MSMBH)]1/3rO is the Hill
radius of the BBH, and we set My;, = 0.002MsnmpH-

The AGN disk is modeled as an isothermal, 2D viscous
Shakura & Sunyaev (1973) accretion disk that we initialize to a
vertically averaged surface density profile >(r) o /% and a
constant a-viscosity with v = 0.004. We work in a cylindrical,
(r, ¢), coordinate system centered on the SMBH with radial
extent [0.4,2.0] roy and uniform resolution equaling ~110 cells
within Ry. The disk feels the gravitational force of the SMBH
and BBH, the latter of which is softened with a cubic-spline
potential (Kley et al. 2009). Unless otherwise stated, we set the
gravitational softening length to €y, = 0.15ay;,. In contrast, the
BBH does not feel the gravity of the disk. Our results thus
apply to the limit where the disk is low enough in mass that the
timescale for the BBH orbit to change is slow compared to the
time it takes for the disk to re-equilibrate.

The disk boundary conditions are set to the initial conditions,
and we apply wave-killing regions near both boundaries to
prevent wave reflections (de Val-Borro et al. 2006). Since we
are only interested in the evolution of the BBH separation and
not the center of mass motion, the large-scale flow near the
boundaries is relatively unimportant. More sophisticated
boundary conditions designed to obtain the correct gravita-
tional torque on the center of mass of the BBH (e.g., Dempsey
et al. 2020) are thus not required.

To model the effect of the heating from the BBH, we
suppose that the gas cooling timescale is fast enough to
maintain a temperature profile described by,

2
L4+ f(r — rbh,il)]a (1)

i=1

RT(r) = HXQ?

where R is the specific gas constant (which we set to unity) and

P
for) = To(l + ‘5%) , @

€bh

is a function that specifies the local temperature enhancement
around each BH. Far from the BBH, RT (r) — H*Q?, where
H=0.05r¢(r/rp) is the vertical disk scale height and €2 is the
Keplerian frequency around the SMBH. The gas in the vicinity
of each BH heats up to an axisymmetric profile following
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RT(r) ~ (1 + To)H3 Q3 /610, where 6r;= |r — ryn,|. To
maintain a finite temperature, we smooth the temperature
enhancement to T as the distance to the BH becomes less than
the gravitational softening length. We additionally force
f(6r)) =0 when 6r; > Ry to maintain the background AGN
disk temperature on large scales.

In Section 3, we use the hydrodynamical code LA-COMPASS
(Li et al. 2005, 2009) to determine how the two-parameter
temperature profile of Equation (1) modifies the torque of the
disk on the BBH and the corresponding orbital evolution rate
dpin. Previous studies have found that ~csp around accreting
BHs is usually in the range of ~0.75—1.0 (Frank et al. 2002;
Yuan & Narayan 2014; Jiang et al. 2014). But, an even
shallower profile could be attributed to a disk wind (Li et al.
2019; Sun et al. 2019). To cover a wide range of plausible values
for ycsp, we simulate disks with ycsp ranging from O to 2.

To keep our simulations relatively simple so as to isolate the
effect of the temperature profile, we limit ourselves to studying
2D, locally isothermal, nonaccreting BBHs. Our choice of BBH
mass and disk scale height results in a value of Ry = 1.74H.
Because of this, 3D effects may be subdominant and our 2D
approximation is more realistic than a simulation with Ry < H.
Additionally, we neglect accretion onto the BHs to remove an
additional parameter from our simulations (the mass removal
rate). Finally, our simple temperature model is meant to be a
numerically clean approximation to BH feedback. In particular,
we are implicitly assuming that any BH feedback is both
localized to the BBH Hill sphere and is only in the form of a
temperature enhancement around the binary. This simplification
is a natural extension of our previous work, and it serves as a
first step toward understanding more sophisticated radiation
hydrodynamical simulations.

Each simulation is run until dy;, reaches a quasi-steady state.
We discuss the convergence of our simulations in Appendix B
(see Figures 4 and 5). Our choice of My;,, H/r, and o maintains
the same gap profile as the more realistic parameters
Myin =5 x 10 °Mgypy, H/r=0.01, and a=0.01 (Lin &
Papaloizou 1993; Baruteau et al. 2011; L21).

3. Results
3.1. Contracting Binaries Have Hot CSDs

Our main conclusion is shown in the first panel of Figure 1
which plots the sign of dy;, in the parameter space of (T, Ycsp)
for all of our simulations. For each ycsp, we identify the value
of T, at which the BBH switches from expansion to
contraction. We find that “cold” CSDs result in binary
expansion, whereas “hot” CSDs result in binary contraction.
The second panel of Figure 1 displays the actual steady-state
values of dy, for each vcsp set as a function of their Ty values.
Noticeably, the magnitude of day,, saturates as Ty increases for
each value of ycsp. There is a clear boundary separating the
hot, contracting binaries from the cold, expanding binaries that
lie along the relation Ty ~ 2.4 exp(gp) (shown as the gray
line in the first panel).

In the third panel of Figure 1, we show that this critical Ty
neatly corresponds to a minimum CSD temperature. We plot the
radial CSD temperature profiles from Equation (1) for all of our
models and color each line blue for expansion and red for
contraction. The radial extent of the CSD is =~0.4ap,
(Artymowicz & Lubow 1994), and we see that at that distance,
all of the contracting binaries have a CSD temperature greater
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Figure 1. Upper panel: scatter plot of dy;, /api, for different 7y and ycsp. Symbols with plus (€) and minus (©) signs correspond to expanding and contracting BBHs.
The gray line is the boundary between expansion and contraction, where 7. = 2.4 exp(7gp)- The narrow green shaded region indicates the parameter space covered
by isolated binary simulations (ycsp = 1), for which all models show that the BBHs are expanding (Tang et al. 2017; Moody et al. 2019; Muiioz et al. 2019, 2020;
Duffell et al. 2020; Heath & Nixon 2020; Tiede et al. 2020; Dittmann & Ryan 2021; D’Orazio & Duffell 2021; Zrake et al. 2021). Lower left panel: dy;, /apin as a
function of T, for different ycsp. The dpiy /apin of the control run with Ty = 0 is shown as the black solid line. Lower right panel: the radial temperature profile around
the CSD for all models. The blue dashed (red solid) lines correspond to expanding (contracting) BBHs. The vertical dotted line shows the size of CSD (6r ~ 0.4apy,),
and the horizontal dotted line illustrates the boundary between a “hot” and “cold” CSD where T (0.4ay;,)/ H0292 ~ 3.3.

than a factor of ~3 above the background. Thus, when we refer
to a “hot” CSD, we are referring to the entire CSD being hotter
than the background AGN disk by a factor of ~3. “Cold” CSDs
can still have hot cores, but a steep temperature profile keeps the
outer CSD below this threshold and the binary expanding.

Most importantly, we find that even a temperature enhance-
ment as low as Ty =5 for a shallow temperature profile (i.e.,
~Yesp S 0.75) can alter the BBHs from expansion to contrac-
tion. Such a small T, could be easily satisfied in a realistic
accretion disk environment as discussed in Section 1. This
indicates the inspiral of BBHs in AGN disks may be quite
common after considering the hot CSD structures. This also
suggests the importance of correct thermodynamics of CSDs
around the BBH to account for the specific role of AGN disks
in BBH merger events.

It should be noted that the softened regions around each BH,
which are not modeled accurately, could modify the dy;, values
in Figure 1. We have checked that if we remove the

contribution to dy;, from within O.Sebh,4 the resulting dpiy
values are approximately the same as those shown in Figure 1.
More importantly, the boundary between expansion and
contraction remains the same. In fact, the thickness of the
gray line in the first panel reflects the change in the boundary
when we include or exclude the softening region from the
calculation of dp,.

3.2. Hot CSDs Have Weaker Torques

To understand why a BBH with a hot CSD contracts, we
analyze the BH-disk torque’ distribution in this section. We

* We only exclude the torque within 0.5¢y,;, regions since our spline softening

does not significantly modify the rotation velocity around each BH until within
the region 0.5€py,.

Technically it is the change in the orbital energy of the binary, not the
torque, which determines ayi, (see Appendix B and Equation (B1)). But, for
circular, nonaccreting binaries, the two can be interchanged with a small error
of order 8,(9,,2).
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Figure 2. Azimuthally and time-averaged gravitational torques exerted on the binary component, which are calculated by centering on each BH for three simulations

with ycsp = 1 and Ty = 0, 10, and 20. The upper panels display the torque density, #.,, while the lower panels show the cumulative torque 7, = ‘](; i tex (r)dr. Red and

green lines correspond to the torques on each individual BH, while the black lines are their sum and correspond to the total torque on the BBH. The vertical dashed
lines mark the three torquing regions discussed in the text. Gas outside of 6r ~ 3 ay;, provides little to no torque on the BBH. Thus, the sign of 7, at that location

determines whether the BBH contracts (T, < 0) or expands (T > 0).

focus on three typical models with ycsp = 1 and T}, values of 0,
10, and 20.

To derive the torque profiles, consider the specific angular
momentum of the binary &y, = Fyin X Foin, Where ryin = rFpn 1 —
rpn> is the BBH separation vector. The binary acceleration is
made up of three terms,

ibin = *%rbin + 6f;mbh + éfﬁsk- (3)
These are the Keplerian, SMBH, and disk accelerations,
respectively. The first two are taken into account in our LA-
COMPASS simulations, whereas the disk acceleration, &fg;q =
Soravy —farav2 is measured from the simulation output. A
nonzero disk force torques the binary, changing its ¢, at the
rate by = Hyp X fis- This expression can be rewritten as,

boin = (0 = ron2) = O = Fon) X (St = farmvn)s (4

and because fyrayv,; OC(F — Fpn), boin simplifies to only two
terms,

boin = (r = ron2) X fyayy + @ = Fond) X frrayn- (%)

The first term can be thought of as the torque on BH 1
measured in a coordinate system centered on BH 2, and vice-
versa for the second term. In other words, Equation (5) can be
written in the more familiar form,

. 2 0P
boin = )Y
5o

o,/ oridéridey; (6)
Pi
where 6r; = |r —ryn;| and ¢; define a cylindrical coordinate
system centered on BH i, and ®,; is the potential of the

companion BH j. As such, we define two torque densities,
dTy1/dA = 350Duh 1/ 0, @)
and
dTyo/dA = X10%pn2/ 0, ®)

where ! are the nonaxisymmetric surface densities around
each BH and dA is the area element for the appropriate
cylindrical coordinate system. The total torque density for the
BBH is then lyy = [(dTy1/dA + dT,,/dA)dA.

Figure 2 shows the azimuthally and time-averaged specific
tOrques fex ; = 0r; deg,,A/dAdgoj (upper panels), and cumulative
torques Ty ; = fo K tex.i(r)dr (lower panels), acting on BH i
centered on BH j. These are time-averaged over 600 BBH
orbits once the simulation has reached a steady state. Each
column focus on one value of T, and for each panel we show
both the total (black lines), as well as the individual torques on
each BH (green and red lines). The total torque on the binary is
the constant value of T, + Ty, at 6r>> 3ay,. This value is
positive for T, =0 (indicating expansion), and negative for
To=10 and 20 (indicating contraction). Note that all of the
radial profiles are symmetric with respect to each BH. We thus
focus only on the torque distribution acting on one of the BHs.

We divide the domain into three important regions indicated
by the vertical lines. The inner region (IR; ér < 0.5 ap;,) is the
torque on the BH from the companion BH’s CSD. This region
tends to torque the binary up (f.x > 0), but is weak overall.
Conversely, the outer region (OR; 6r > 1.5 ay,;,) tries to torque
the binary down (f.x < 0) and is an important contribution to
the overall torque. Lastly, there is the CSD region
(0.5 api, < 6r < 1.5 apyy). Gas in this region experiences the
strongest torque from the BH, and the total torque from the
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Figure 3. Stacked gas surface density (first column) and specific gravitational torque density d7, ;/dA on one component of the binary (second and third columns) for
the simulations shown in Figure 2. The coordinate system (x, y) is the frame corotating with BH 2. The summation of dT, ;/dA (second column) over the symmetric
center gives the symmetric component of the torque density (see Equation (9); third column). The fourth column shows the cumulative radial torques for four different
regions shown in the third column. Cold CSDs have stronger positive torques that can overcome the negative torques from the cavity and outer spiral arms.

CSD depends on how asymmetric the torque from the inner
CSD region (where t,, < 0) compares to the torque from the
outer CSD region (where f., > 0). We see that in most cases,
the outer CSD contributes slightly more torque leading to a net
positive torque coming from the BH’s CSD. The magnitude of
the CSD torque, however, becomes weaker overall as the CSD
temperature increases. In fact, at 7, = 10, the positive CSD
torque is so weak that the negative OR torque results in binary
contracting.

Quantitatively, the torque from the CSD region, normalized
to Yordal, V%, goes from 5.0x 1072 when To=0 to
5.0 x 10~ when T, = 10, and even to negative —2.5 x 10>
when T, =20. On the other hand, the torque from the OR
region only falls from —42x10"2 when T,=0 to
—1.8 x 107" when T3 =20. As the CSDs get hotter, the
magnitude of #., decreases overall.

We provide more context for the three regions we have just
described in Figure 3 where we show the 2D, time-averaged
distributions of surface density and torque density. These
profiles are calculated from stacking a large number of
snapshots in the rotating frame of the binary (Mufoz et al.
2019; L21), centered on one of the BHs and plotted in
Cartesian (x, y) coordinates. From the surface density in the
first column and the torque density in the second column we
divide the space up into four regions shown by the contours.
There are the IR and CSD region defined by the cyan and

orange circles, respectively, with radii 0.5a, centered on each
BH. Additionally, there is the new cavity region (denoted
CAV) that lies within the red contours. This is meant to
approximate the location of the low-density regions between
the BHs” CSDs and the outer spiral arms. Finally, everything
not enclosed by a contour we place into the OR region. The
fourth column shows the cumulative torque profiles for each of
these four regions.

From the second column, we see that the torque density for
each region has a large antisymmetric component about y =0
and x = x., where x, = 0 for the IR region, x. = 0.5ay,, for the
CAV and OR regions, and x. = ay,, for the CSD region. The
antisymmetric component does not contribute to the total
torque (i.e., the green subregions mostly cancel the purple
subregions), and so in the third column we show only the
symmetric component of the torque for each region. To do this
we define the two symmetric torque densities (one about each
axis),

Moi " _ i oy + D55 e~ xl, ),

dA dA dA
Mos 7 _ et oy + D [y, ©)
dA dA dA

and then plot the dT, ;/dA|™™ for each region in one of the four
quadrants in the third column.
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Using the symmetric torque and 7, profiles, we come to the
following picture of the disk torque on the binary and its
dependence on temperature. There is a competition between the
positive torques from the IR 4+ CSD regions and the negative
torques from the CAV + OR regions. At low temperature
enhancements (e.g., Ty =0), there is generally more positive
torque coming from each BH’s CSD that can overcome the
CAV and OR torques. When this happens, the relative
contribution between the IR and CSD is typically in favor of
the CSD. In the T =0 example, the CSD contributes roughly
three times as much positive torque as the IR region.

As T, increases, two things happen. First, the spiral arms in
the CSDs weaken and their corresponding positive torque
decreases. There is roughly a factor of two drop in the IR +
CSD torque going from Ty =0 to T = 10. Second, the torque
from the OR region increases dramatically—almost by a factor
of 10 across the same 7, jump. The torque from the CAV
region also increases, but less dramatically (a factor of ~6
increase). These two effects combined result in a net negative
torque on the BBH in the T, =10 case. Going to Ty =20
almost completely removes the torque from the BHs’ CSDs
and only slightly decreases the total torque from the
CAV + OR regions.

As a final point, we note that it is not the relative
temperatures between the CSDs and circumbinary disks
(CBDs) that determine whether the binary expands or
contracts. Rather, it is the overall magnitude of the CSD and
CBD temperatures that matters. This can be seen by our results
at ycsp = 0, which raise the CSD and CBD temperatures by the
same uniform factor. The fact that these simulations also find
that BBHs contract when the CSD is hotter than the
background by a factor of ~3, indicates that the CSD torques
weaken enough for the negative CBD torque to set the overall
sign of the torque.

4. Conclusions and Discussion

We have performed a series of global 2D hydrodynamical
simulations of an equal mass, circular BBH embedded in an
accretion disk to study the effect of the CSD temperature on the
evolution of the binary separation. The CSD temperature
profile around each BH is approximated with a phenomen-
ological power-law model designed to mimic the feedback
from each BH. We find that when the entire CSD is a factor of
~3 hotter than the AGN disk, the positive CSD torques are
suppressed enough so that the negative outer torques drive the
binary to an eventual merger.

A hot CSD can likely arise from strong feedback fueled by
super-Eddington accretion onto the BH. This feedback could
take the form of jets, winds, and strong radiation (e.g., Jiang
et al. 2014; Wang et al. 2021). All of these can modify the flow
structures, e.g., whether the CSDs can exist or not, in addition
to their effect on the thermodynamics around BBHs. We should
point out that we do not consider the accretion onto the BBH in
the current work. Although L21 suggests that accretion has a
minor effect on the binary orbital evolution for cold CSDs, its
effect when coupled with the modified thermodynamics around
BBHs still needs to be addressed in the future with detailed
simulations.

It is worth noting that almost all simulations of isolated
binaries use a temperature profile equal to RT(r)~
h(fzi GM; / |[r — rohl, which is similar to Equation (1)
with ycsp =1 (e.g., Tang et al. 2017; Moody et al. 2019;
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Muiioz et al. 2019, 2020; Duffell et al. 2020; Heath &
Nixon 2020; Tiede et al. 2020; Dittmann & Ryan 2021;
D’Orazio & Duffell 2021; Zrake et al. 2021). The green shaded
region in Figure 1 shows the large range of T, values used in a
sample of those studies. The temperature enhancement in the
CSDs can get up to well over a factor of 40 in some cases.

Despite the fact that the CSDs found in isolated binary
simulations are “hot,” most of these studies still find binary
expansion.® We suspect that this discrepancy lies in the
strength of the cavity and outer spiral torques for an isolated
binary. In particular, simulations of isolated binaries find much
wider and deeper cavities than embedded binaries. This makes
the negative cavity and outer region torques on an embedded
binary much stronger compared to an isolated binary simply
because these regions are “closer” to the binary (i.e., the cavity
is shallower and filled in more). This means that in order for an
embedded binary to expand, it needs a much stronger CSD
torque compared to an isolated binary.

If this picture is correct, the transition point in T, for an
isolated binary should be at a much larger value than what we
find for an embedded binary. This also explains why
simulations of isolated binaries in colder disks find contraction
(Heath & Nixon 2020; Tiede et al. 2020; Dittmann &
Ryan 2022). These studies find that lowering the disk
temperature (at fixed viscosity) raises the density near the
edge of the cavity, i.e., the peak of the azimuthally averaged
surface density profile in the CBD moves closer to the binary
(see Figure 10 in Tiede et al. 2020 and Figure 7 in Dittmann &
Ryan 2022). Because the cavity wall is closer to the binary and
at a higher density, this strengthens the negative torques from
this region, making it harder for the binary’s CSD torques to
push it apart. Indeed, Figure 8 in Tiede et al. (2020) shows that
the “cavity” torque becomes more negative as the disk becomes
colder.

Our study highlights the important role of thermodynamics
around BBHs in their orbital evolution. Because our temper-
ature model is only phenomenological, further work is required
to self-consistently determine the CSD temperature profile. In
particular, this will require simulations with treatments for
radiation and possible feedback from the BH. Calculating the
correct feedback mechanism will require simulations near the
actual accretion region of the BH which can only be captured
by detailed general-relativistic radiative magnetohydrodynamic
(GRRMHD) simulations. Such results would then need to be
fed into the large-scale simulations presented here—possibly
with a subgrid-scale model. The effects of magnetic fields and
disk self-gravity may also be important for the structure of the
CSDs. Finally, these effects should be included in fully 3D
simulations to capture the full BBH—disk interaction problem.
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Appendix A
Numerical Method

We briefly describe the equations solved in our hydro-
dynamical simulations. We numerically solve the continuity
and momentum equation for the gaseous disk with an
embedded BBH,

8—2 +V-%v) =0, (A1)
ot
% + V- (Ew) = -XV® — VP + 3f,, (A2)

where v is the gas fluid velocity, f,, is the viscous force from the
Shakura & Sunyaev (1973) disk, and P is the gas pressure
determined from Equation (1) with an isothermal equation of
state. The total gravitational potential of the SMBH-BBH
system is
GMsyBu

Ir|

2. Mini [GMSMBH

b =—

2

+ Q% ron - r], (A3)
;= 1 MsmBH O

i

where (), is the orbital frequency of each BH with respect to
the SMBH, and

4 3
il(‘”") - 2(‘5"‘) NP lif 5r; < eon
D) = ori | \ €on €bh €bh

L
6!",',

if 6r; > epp

(A4)

determines the softened potential from each BH (Kley et al.
2009). The terms in the bracket of Equation (A3) describe the
potential from the BBH in Equation (6).

Appendix B
Convergence

In this section, we show that our simulations are in steady
state by verifying that dy;, is converged in time, and that the
radial mass accretion profile centered on the BBH is spatially
constant. The binary semimajor axis evolution rate dy;, /dpin
due to the gravitational force from the gaseous disk is

Abin _ 7ébin’ (B1)

Apin Ebin

where epin = —GMypin/(2api,) is the specific energy of the
binary. We measure the power delivered to the binary by the
disk as,

&bin = (Pon,1 — Foh2) * (Syrav1 — Sorav,2)- (B2)
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Figure 4. Binary semimajor axis evolution rate for four models with Ty = 0
(black lines), Ty = 10 (blue lines), To = 20 (red lines), and T, = 20 with a
smaller softening of 0.075ay,;, (magenta dashed lines). All of the models with
To > 0 adopt ycsp = 1.0. The time is measured in units of the BBH orbital
period. The upper panel shows the dy;, /api, without time-averaging, and the
lower panel is time-averaged over about two binary orbits. All simulations
converge in approximately ~4000 BBH orbits.

This is used to compute dpi, every time-step of the simulation.

The time evolution of dy;, /api, for four models is shown in
Figure 4. The black line is the model without any enhancement
of CSD temperature compared to the global disk (i.e., Ty = 0),
while the blue and red lines correspond to the case of To = 10
and Ty = 20, respectively. The magenta lines show the model
with Ty =20 but decreasing the softening scale to 0.075ay;,
and increasing the resolution by a factor of two both radially
and azimuthally (n, X n,=4096 x 16384). Although the raw
data without time-averaging in the upper panel shows strong
variabilities, the running window time-averaging plot in the
lower panel shows that all dy;, /api, values reach a steady state
after ~4000 BBH orbits.

As we decrease the softening scale by half, the dp;,/dpin
evolution does not change significantly compared with the two
To =20 models shown in Figure 4, except that the oscillation
becomes stronger for the smaller softening case. Our results are
thus converged in time, resolution, and softening length.

Figure 5 plots the azimuthally and time-averaged radial
profiles of the mass accretion rate in the disk, M (6r) =
271 (26v,), for two yesp = | simulations. We compute M by
stacking the 2D profiles of the radial momentum in the frame
centered on the BBH center of mass, >6v,, and take the time
and azimuthal average. We find that outside of or > ap;,, the
M profiles are both constant and equal to zero. For a
nonaccreting BBH, M (Ry) ~ 0 indicates that the mass in the
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Figure 5. Azimuthally and time-averaged accretion rates across the CBD for
model Ty = 10 (blue line) and T = 20 (red line) at the end of our simulations.
Both are with ycsp = 1.0. The accretion rates are calculated in the frame
comoving with the center of mass of the BBH (not relative to each BBH
component as defined previously.) A nearly constant zero rate far from the
BBH suggests a steady state for the nonaccreting BBH.

Hill sphere has reached a steady-state value, and together
with Figure 4 verifies that our simulations are converged
in time.
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