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Accreting supermassive black hole binaries are powerful multimessenger sources emitting both
gravitational and electromagnetic (EM) radiation. Understanding the accretion dynamics of these systems
and predicting their distinctive EM signals is crucial to informing and guiding upcoming efforts aimed at
detecting gravitational waves produced by these binaries. To this end, accurate numerical modeling is
required to describe both the spacetime and the magnetized gas around the black holes. In this paper, we
present two key advances in this field of research. First, we have developed a novel 3D general relativistic
magnetohydrodynamics (GRMHD) framework that combines multiple numerical codes to simulate the
inspiral and merger of supermassive black hole binaries starting from realistic initial data and running all
the way through merger. Throughout the evolution, we adopt a simple but functional prescription to
account for gas cooling through photon emission. Next, we have applied our new computational method to
follow the time evolution of a circular, equal-mass, nonspinning black hole binary for ~200 orbits, starting
from a separation of 20r, and reaching the postmerger evolutionary stage of the system. We have shown
how mass continues to flow toward the binary even after the binary “decouples” from its surrounding disk,
but the accretion rate onto the black holes diminishes. We have identified how the minidisks orbiting each
black hole are slowly drained and eventually dissolve as the binary compresses. We confirm previous
findings that the system’s luminosity decreases by a factor of a few during inspiral; however, we observe an
abrupt increase by ~50% in this quantity at the time of merger, likely accompanied by an equally abrupt
change in spectrum. Finally, we have demonstrated that during the inspiral, fluid ram pressure regulates the
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fraction of the magnetic flux transported to the binary that attaches to the black holes’ horizons.
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I. INTRODUCTION

The ACDM cosmological model predicts that present-
day galaxies have formed through hierarchical mergers of
smaller galaxies [1,2]. Since galaxies often host super-
massive black holes (SMBH) at their centers [3,4], these
mergers typically result in the central objects gradually
moving closer together. Various mechanisms, such as
dynamical friction, asymmetries in the stellar distribution,
and gas accretion, can drive these black holes to form a
bound binary system. Once bound, interactions with both
stars and gas can potentially reduce the orbital separation to
the point where the emission of gravitational radiation
becomes the dominant channel of energy and angular
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momentum loss [5]. The end-result is black hole
coalescence, producing a burst of detectable gravitational
radiation, and, if in a gas-rich environment, potentially
detectable electromagnetic (EM) radiation as well.
Therefore, SMBH mergers play a crucial role in astro-
physics and cosmology in terms of the development of the
SMBH population, their effects on the growth of their host
galaxies, and their observability as transients [6].

At the time of merger, the gravitational wave (GW)
luminosity can potentially outshine the entire observable
photon universe [7]. Consequently, supermassive binary
black hole (SMBBH) systems will be key targets for future
GW detection campaigns involving pulsar timing arrays
(PTA) [8] and the space-based interferometer LISA [9,10].
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Any photons radiated greatly augment the scientific value
of GW detections. If the spectrum or lightcurve of the EM
radiation from a binary can be distinguished from that of a
single accreting SMBH, observations in the EM sector
could more accurately localize GW emission events in the
sky [11]. EM observations could also identify SMBBHs
before their GW radiation is detectable, potentially ena-
bling studies defining their population or identifying
sources that should merge in the near future.

The current understanding of the dynamics of matter and
EM fields surrounding SMBH binaries has largely been
shaped by many numerical studies conducted over the past
two decades. In particular, a large number of hydrodynam-
ical (HD) simulations of SMBBH systems have been
conducted that reduced the 3D problem to 2D by vertical
integration; these studies also assumed Newtonian gravity
with internal stresses described by the phenomenological
“a” model [12]. However, the physical outcome of 2D HD
simulations with unphysical internal stresses can be sub-
stantially different from those employing 3D magnetohy-
drodynamics (MHD), the physical mechanism actually
producing the stress (see, e.g., [13,14]).

Nonetheless, there are some findings so robust that
all numerical studies produce them—whether employing
HD or MHD, conducted in 2D or 3D, or using general
relativistic or Newtonian dynamics. If the orbiting gas
rotates in the same sense as the binary and the binary’s mass
ratio is not too far from 1, the gravitational torque exerted
by the binary transfers angular momentum to the surround-
ing accretion disk, clearing a gap whose radius approx-
imately equals twice the orbital separation [15-19]. Under
the same conditions, in the circumbinary disk (CBD) just
outside the gap, a “lump” can develop that modulates mass
transfer to the binary at a frequency comparable to the
binary’s orbital frequency [18,19]. Mass accretion onto the
binary flows through a pair of streams at a time-averaged
rate matching the inflow rate through the CBD [20-23].
The streams feed individual “minidisks” around each
black hole [24], which exchange mass between each other
in a process known as “sloshing” [22,23,25,26]. Finally,
the bulk of the CBD, the minidisks, and possibly the
accretion streams produce a roughly thermal EM spectrum
[23,27-31], and inverse Compton scattering of photons
generates hard X-rays in the minidisks’ corone, similar to
what is described in [32].

To treat the late inspiral and merger in the presence of
gas, one must certainly use general relativistic dynamics; in
addition, because the “a”’-model for internal stresses rests
on the assumption of time-steady conditions distant from
disk edges, genuine MHD is also essential. However, such
calculations face a practical difficulty: genuine numerical
relativity, essential to describing binaries with semimajor
axes a < 10 — 15r, is exceedingly computationally expen-
sive at larger separations because the timescale for orbital
evolution is « a*; on the other hand, to trace both the way

the inner edge of the circumbinary disk creeps inward as the
binary shrinks and how the minidisks evolve from genuine
miniature accretion disks to stray gas parcels subjected to a
dynamical spacetime requires starting from larger separa-
tions, where previous work has given a general idea of the
gas’s initial state.

As a result of this difficulty, previous work employing
3D general relativistic MHD has chosen one of two
approaches. One of these [33—42] begins with the gas
and/or the binary already close. For example, in [33-35] the
initial semimajor axis ay = 10M and the inner edge of
surrounding gasis atry, = 18 M, whilein [38-41]ay = 12M
and the binary is immersed in gas whose initial density in the
equatorial plane (and sometimes the entire volume) is uni-
form. Although ay = 20M in [36,37], r;, = 18M.

Simulations with full numerical relativity are then
feasible, but there is little in the way of independent
guidance about the initial state of the gas. Some of these
efforts [33-35] have tried to mitigate this problem by
relaxing the dynamical state of gas close to the binary while
fixing the orbital separation, but because the orbital
evolution when the separation is this small can be faster
than the gas’s radial distribution evolution, the result
remains sensitive to the initial guess. The time to merger
is ~1000M (see Fig. 7), which is only ~2 orbits at the inner
edge of the CBD, and therefore a very small fraction of the
timescale over which internal stresses can rearrange the
CBD’s radial mass profile, generically orders of magnitude
larger than the orbital period. Nonetheless, work using this
general approach has explored what happens to gas going
through the late inspiral and merger for a variety of cooling
prescriptions [including no cooling, as in [33,34,38,39,41] ],
binary mass ratios [34,35] and spin configurations [36—41].
This approach has also been employed to study the earlier
stages of inspiral without cooling [36,37], but assuming an
initial gas density distribution identical to that used for
simulations beginning at half the separation. In addition, a
first exploration of jet-launching was conducted in [35].

The other approach [19,22,23,25,43-45] begins at a
larger binary separation (frequently 20M), places the initial
riy at 3ag (.e., ry, = 60M if ay = 20M), and uses one of
several different sorts of approximate, but high-order,
binary spacetimes [46—50]. Using this method it is possible
to equilibrate the circumbinary disk while holding the
binary orbit fixed and then follow the evolution of both the
CBD and the minidisks using well-understood dynamics.
All the work to date using this approach has employed a
cooling rate fast enough to radiate nearly all the heat
produced by dissipation in the MHD flow. Unfortunately,
without solving the full Einstein equations, it cannot treat
the final stage of inspiral or the merger.

This work aims to combine the best aspects of these two
approaches to support studies of black hole long-term
inspiral and merger with surrounding gas that seamlessly
cover the entire span of regimes, from inspiral to merger to
post-merger relaxation. Here we provide a first example:
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a circular, equal-mass, nonspinning SMBBH surrounded by
aCBD. In order to overcome the limitations described above,
we use a novel technique involving three main steps. First, we
run a CBD simulation with the GRMHD code SphericalNR
[51-53] adopting curvilinear coordinates and an approxi-
mate spacetime metric until the gas becomes turbulent and
steadily accretes onto the binary. The second step, and the
core of our method, is the “hand-off”: once the CBD has
reached the desired regime, the fluid and EM fields are
interpolated onto a Cartesian grid with box-in-box mesh
refinement, and an appropriate numerical binary black hole
spacetime is set up.1 As a third and final step, we evolve the
system through the inspiral and merger stages using the full-
NR Cartesian GRMHD code 1llinoisGRMHD [54,55].

This paper is organized as follows. In Sec. I, we briefly
outline the evolution equations solved by SphericalNR and
TlinoisGRMHD (Sec. IT A); describe the initial data, evolution
methods, and radiation cooling prescriptions for both the
CBD (Sec. IIB) and NR (Sec. IID) portions of our
simulation; and detail all the steps involved in performing
the hand-off (Sec. I C). In Sec. III, we present the results
from the CBD run (Sec. IIT A), provide solid evidence of
the quality of our hand-off method (Sec. III B), and give a
thorough account of the matter and EM field dynamics
during the inspiral, merger, and post-merger phases of the
binary evolution (Secs. IIIC and IIID). In Sec. IV, we
discuss and comment on the results presented in Sec. III,
with particular attention to the motion of the gas during the
late inspiral to merger (Sec. IV A), the predicted lightcurve
(Sec. IV B) and EM spectrum (Sec. IV C), and the character
of the relativistic jet launched from the merger remnant and
the individual spiraling black holes if they had significant
spin (Sec. IV D). Finally, in Sec. V, we draw our conclusion
and discuss some ways our work can be improved and
extended.

We adopt Einstein’s summation convention throughout
the text and, unless otherwise stated, we label the compo-
nents of 4(3)-dimensional objects (e.g., tensors) with Greek
(Latin) indices. We present all results in geometric units,
whereby G = ¢ = 1.

II. METHODS

A. Evolution equations

This work focuses on highly conductive magnetized
fluids on a curved spacetime under the assumption that
fluids do not self-gravitate, thereby leaving the spacetime
dynamics unaltered. This assumption is a very good one for
gas distributions surrounding SMBH binaries because in
any reasonable astrophysical scenario the mass of the gas is
tiny compared to the mass of the black holes. The evolution
of such a system is described by Einstein’s equations in
vacuum,

'An analogous method was used in [33-35].

R/w =0, (1)

coupled to the local conservation of baryon number density,
the evolution of matter energy momentum, and the EM
induction equation,

V. (pu) =0, (2)
vyTﬂy = —Lego ", (3)
Vv, Fr =0, 4)

Maxwell’s equations with sources are excluded, as the ideal
MHD limit F*u, = 0 (i.e., an observer comoving with the
fluid measures no electric field) is assumed. In Egs. (1)-(4),
R, is the Ricci tensor, T, is the stress-energy tensor, p and
u are the fluid’s mass density and 4-velocity, and *F,, is
the Hodge dual of the Faraday 2-form

F,=V,A -V,A =0,A -0,A, (5)

where A, is the EM 4-potential. We account for energy and
momentum lost by the fluid in the form of photons via the
sink term —L.,,#* in the RHS of (3), where L, is the
fluid-frame cooling rate; more on this in Secs. I B 3 and
IID2. In the ideal MHD limit, the MHD stress-energy
tensor can be written as

pr = (ph + meag)uuuv + (p + pmag)g/w - bﬂbw (6)
where g, is the spacetime metric, h =1 + ¢ + p/p is the
specific enthalpy of the fluid, e its specific internal energy,
and p its pressure; pp,, = b?/2 is the magnetic pressure,
where b% = b"b, and b = —"F"u, is the magnetic field
measured by a Lagrangian observer, i.e., an observer
comoving with the fluid.

Numerical solutions of the coupled FEinstein and
GRMHD equations are typically found by a 3 + 1 split-
ting of spacetime (see, e.g., [56-59]). The spacetime is
foliated with a set of nonintersecting spacelike hyper-
surfaces {Z,},c, coordinates x' = (x!, x?, x*) are chosen
on each slice X, and, assuming the spatial coordinates x’
vary smoothly between neighboring hypersurfaces, x* =
(t,x") is a well-behaved coordinate system on the space-
time. The coordinate time derivative operator d, can then be
decomposed as

(0,) = an* + p, (7)

where n# is the timelike unit 4-vector orthogonal to the
foliation, « is the lapse function, and ' (note that it is
spacelike) is the shift vector. Because it is timelike and has
unit norm, the 4-vector n* can be regarded as the 4-velocity
of the observer aligned with the foliation, also called the
Eulerian observer. In terms of lapse and shift, n* is
expressed as
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S I

= (—a,0). 9)

Projecting g,, onto the foliation yields the spatial metric
(or 3-metric),

n

Yuww = 9w + n,ny; (10)

with this, the spacetime metric can be expressed as

-’ + it B
g,w=< ">, (11)
pi Vij
I
e 1

and the relation between the metric determinants g =
det(g,,) and y = det(y;;) is \/=g = a,/7.

In the BSSN formalism [60,61], the spatial metric is
conformally rescaled according to

7ij= e Yy, (13)
e = (y/7)', (14)

where e? is the conformal factor and 7 is the determinant of
the conformally related spatial metric. In the full-NR
portion of the simulation presented in this work, we track
the evolution of the binary black hole spacetime using the
BSSN approach coupled to the “moving-puncture” gauge
(i.e., slicing) choice [62,63].

Within the 3 4 1 formulation of general relativity, the
matter-field equations (2) and (3) can be written in
conservative form according to the “Valencia” formulation
[64], i.e., as a system of the type

0,C+0F =S8, (15)

where C, F, and S are the vectors of conserved variables
and the associated flux and source terms, respectively.
In TlinoisGRMHD, the vectors C, F!, and S are defined
as [54]

pW
C=y| TV —pW |, (16)
oT?,
pWi!
Fi=.y|?T% - pWi' |, (17)
aT"

0
S= aﬁ s = ‘CcoolW ’ (18)
%Tﬂyaig/,w - ‘Ccoolwvj
where
s = (TP + 2T + T) Ky — (T + T%) 0,
(19)
Here,
v =dx'/dt = u'Ju’ = av' — (20)

is the fluid’s coordinate velocity, where v’ is the fluid’s
velocity in the Eulerian frame;

W=-nu" = au’ = (1 - vivi)_l/z (21)

is the Lorentz factor relating the Eulerian and fluid’s
frames; and K;; = —(1/2).Z,y;; is the extrinsic curvature,
where .Z,y;; is the Lie derivative of the 3-metric along n*.
Because TllinoisGRMHD ~ originally —evolves V,T# =0
instead of (3), the source contributions containing L,
are not originally accounted for in the code; further details
in Sec. IID 2.

In the ideal MHD limit, the electric field E* = F*n, in
the Eulerian frame is related to the magnetic field B* =
—*F"y, in the same frame by

E' = —€'*y;By, (22)

(note that both E’ and B’ are spacelike), where e/ =
—[ijk]/\/¥ or €;; = \/7[ijk| is the Levi-Civita pseudoten-
sor on each spacetime slice and [ijk] equals 1 (—1) if
{i, j,k} is an even (odd) permutation of {1,2,3} and is 0
otherwise. Thus, we only need to solve for B’ via (4), which
can be recast as the system

9(v7B) +0;(\y(¥'B/ - ¥/B")) =0, (23)

9;(v/rB') = 0. (24)
However, in order to ensure the solenoidal constraint (24) is

satisfied, both SphericalNR and llinoisGRMHD decompose the
EM 4-potential as

A, =on, +A,, (25)

with ¢ = -n*A, and A, = y,,A” and express the magnetic
field in the Eulerian frame as

B = ¢'*9,A,; (26)

063009-4



RELATIVISTIC GAS ACCRETION ONTO SUPERMASSIVE ...

PHYS. REV. D 112, 063009 (2025)

then, Eq. (23) can be recast using (22) as an evolution
equation for the vector potential A;,

atAl' + €ijkl~)jBk = al(ﬂ]Aj - an) (27)

Using the invariance of the Faraday 2-form under a trans-
formation A, — A, + 9,y for any (reasonably behaved)
scalar function y on the spacetime, we may fix an EM
gauge by choosing A,. In this work, we pick an EM
potential belonging to the generalized Lorenz gauge, where

VA = Cn, A (28)

and ¢ is a damping term (possibly equal to zero) in the
advection of A* [33]. The Lorenz condition (28) can be
shown to give rise to an evolution equation for the scalar
potential ¢,

0,(Vre) + 0i(\/7(aA" = fip)) = =Lar/rp.  (29)

In SphericalNR, the GRMHD equations are also solved in
the Valencia formulation, but using a reference metric
formalism [59,65-68] and evolving all tensorial fields in an
orthonormal basis with respect to the spherical background
reference metric [51-53,69-72]. See [52,53] for the full
details of SphericalNR’s GRMHD implementation.

B. Circumbinary disk evolution

The EM appearance of the system depends significantly
on the amount and distribution of mass, so it is important to
start the merger calculation with reasonable initial con-
ditions. Since the binary has likely evolved over a period
longer than we can afford to simulate, we assume that
the merger takes place in an accretion flow that has reached
a relatively steady state as described in [19]. To achieve
this quasi-steady state in the CBD region in a computa-
tionally affordable manner, we first evolve the flow with
the binary excised from the domain for 165 binary orbits
using SphericalNR. We have found that this many orbits is
sufficient to achieve a quasi-steady state from our initial
conditions [19,33,43,44].

1. Initial data

The initial setup for the CBD simulation features a weakly
magnetized Keplerian gas torus in quasi-hydrostatic equi-
librium, following the model described in Sec. 3.2 and
Appendix A of [19]. However, unlike in [19], we do not
average the metric components of the spacetime at t =0
over the azimuthal direction; instead, in order to set up the
initial gas configuration, we approximate the binary space-
time by a single black hole spacetime in Boyer-Lindquist
coordinates with dimensionless spin y = 1.25 [73]. The
single black hole spacetime is used only for this initial set up;
the subsequent evolution of the system is tracked using a
binary black hole spacetime (see Sec. II B 2).

The torus surrounds a circular, equal-mass, nonspinning
SMBBH system of total mass M and is supported against
the gravitational pull exerted by the latter (actually, by a
point source having the same mass as the binary) via fluid
pressure and bulk rotational motion. The binary separation
a is artificially kept fixed in time at the value 20r, =
20GM/c?* = 20M in coordinate distance; this is a well-
justified approximation, since at this separation the inspiral
would be much slower than the orbital thermal timescales,
and comparable to the binary orbital evolution timescale
[19,25,43]. In fact, the ratio of the GW-driven orbital
evolution timescale to the nominal inflow timescale at
the CBD inner edge is

~ 1(a/0.1)[(H/r)/0.1]*[(d log(X)/d log(r)) /6]

X (rin/2a)_%(a/20rg)%. (30)
For simplicity, the gas is assumed to not self-gravitate,
i.e., the stress-energy tensor is set to zero when solving
Einstein’s equations, so that both the back-reaction of the
torus on the binary and the accumulation of mass and
angular momentum on the black holes resulting from gas
accretion are neglected.

The torus initially extends from a minimum radius
rin = 3a to a maximum radius r,, ~ 12a. This choice
of inner radius for the torus, coupled with the initial binary
separation of 20M, ensures that the gap region around the
binary forms dynamically as the system evolves in time.
The maximum gas pressure is located at a radius r, = 5a,
where the aspect ratio of the torus is 0.1.

At each point in the computational domain, we close
the system of GRMHD equations (15) by relating the gas
pressure P to the mass density p and specific internal
energy € via the ideal-fluid equation of state (EOS)

p

P=(T-1)pe (31)

with adiabatic index I" = 5/3, consistent with a plasma that
is not relativistically hot (i.e., its specific thermal energy is
smaller than the electron’s mass). The specific entropy of

the gas,
P
S = T

p

(32)

is constant everywhere in the torus and has the initial
value sy = 0.01.

A purely poloidal magnetic field is added on top of the
equilibrium configuration as a set of dipolar loops that
follow density contours in the disk’s interior. Specifically,
the initial magnetic field distribution is obtained from an
EM vector potential A with azimuthal component

1
A(/) = Ad),O max [<p - meax) 5 0:| s (33)
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where p.. 1s the initial maximum mass density [see
Eq. (20) in [19]]; the constant A, is chosen in such a
way that the ratio of the fluid’s total internal energy to total
magnetic energy equals 100.

A tenuous, unmagnetized, radially dependent atmosphere
is added outside the torus in order to keep the fluid’s mass
density and pressure positive, which is required by the
numerical evolution scheme in use. The two latter quantities
scale with the radial distance r from the binary’s center of
mass as 72 and (I — 1)r2" = (2/3)r73, respectively; the
maximum floor values (reached at the inner edge of the
computational domain) for the mass density, energy density
u = pe, and pressure are pPpoo; = 2 X 1071°M2, ug., =
2x 10_12M_2’ and Pﬂoor - (F_ 1)Mﬂoor - (2/3)uﬂoor~

2. Evolution methods

The initial gas configuration is evolved using the
SphericalNR code [51-53] on a spherical-like mesh, which
conforms to the approximate symmetries of the CBD
scenario. This code is built as a module—or “thorn”—
for the Cactus/Einstein Toolkit framework [74-76], which
provides the basic parallelization and utility tools (e.g.,
parallel I/O and checkpointing), and uses Carpet [77-80]
as the driver code delivering fixed (or “box-in-box’’) mesh
refinement capabilities, although SphericalNR grids are uni-
form and unchanging.

SphericalNR  solves the GRMHD equations (15) via
a finite-volume scheme whereby the MHD primitive
variables—i.e., the fluid’s mass density, pressure, and
3-velocity and the EM scalar and vector potentials—are
reconstructed at cell faces using the corresponding values at
cell centers via the custom-built ninth-order WENO-Z9
reconstruction scheme described in [53], which uses
building blocks from [81-83]. The main reason for using
a higher order reconstruction is reduced numerical dis-
sipation in the evolution (see, e.g., [84-86]). The recon-
structed quantities are then used to compute the fluxes of
the conserved fields across neighboring cells via the
Harten-Lax-Van Leer (HLLE) method [87]. After taking
one timestep, the primitive variables are recovered from
the evolved ones via the robust prescription extensively
described in Sec. II of [53] and are thus made available for
the next evolution timestep. Maxwell’s equations are
tackled in the ideal MHD approximation using a vector
potential-based approach coupled to the generalized
Lorenz prescription (28); we choose the damping factor
in Eq. (28) as { = 1.5/At, where At is the evolution
timestep (see below) [33]. Kreiss-Oliger dissipation [88,89]
is applied to the time evolution equations of the EM
potentials in order to maintain numerical stability. All
equations are solved via the method of lines using the
Method of Lines (MoL) thorn [90,91] adopting a strong-
stability-preserving, five-stage, fourth-order accurate
Runge-Kutta time integrator [92]. See [53] for details
about recent updates to SphericalNR.

In the setup presented here, SphericalNR adopts “exponential
fisheye” coordinates, i.e., spherical coordinates with loga-
rithmic spacing along the radial direction; explicitly, the code
uses coordinates x! = log(r), 6, ¢ which are related to the
Cartesian coordinates x, y, z by the transformations

r=exp(x') =/x* +y* + 2%, (34)

x = rsin(0) cos(¢p), (35)
y = rsin(@) sin(¢), (36)
z = rcos(0). (37)

This way, the cell size along r increases linearly with the
radial distance of the cell from the origin, thus alleviating the
computational burden of the simulation by progressively
reducing the spatial resolution away from the binary. The
numerical mesh is composed by 724, 140, and 280 points
along r, 6, and ¢, respectively. The computational domain
extends up to a maximum radius of 20000M, which is far
larger than the initial radius of the torus to allow the latter to
expand over time and completely embed the Cartesian
domain used for the inspiral and merger part of the simulation
(see Sec. 11 C).

In order to handle the singularities intrinsic to spherical-
like coordinates, SphericalNR evolves all tensorial quantities
in a frame that is orthonormal with respect to a chosen
reference 3-metric 7;; and expresses the conformal 3-metric
as y;; = 7;; + €;j, where the correction terms ¢;; need not
be “small” compared to 7;; [see [51,52] and references
therein]. In the present work, the reference 3-metric is set to
the flat 3-metric in “exponential fisheye” coordinates:

7:; = diag(r?, r%, r* sin*(0)). (38)

As a result of using the reference-metric approach, both the
BSSN evolution equations and the MHD equations (16)—
(18), (23), (24), and (27) are different from their original
form; however, all of these equations reduce to their original
counterparts when employing Cartesian coordinates [51,52].
For the present CBD evolution, we do not evolve the
BSSN system of equations; instead, the binary is evolved
via a post-Newtonian (PN), time-dependent approximation
to a nonspinning, equal-mass binary black hole spacetime
using the in-house developed PNSpacetime thorn. The
approximation is based on the asymptotically matched
perturbative spacetime described in [46—48,73,93,94].2

’Future work may use a more general approximate binary
black hole spacetime provided by PNSpacetime, one created
by superimposing two Kerr-Schild black holes that inspiral
according to 3.5PN theory [44,49,50]. This approach is accurate
for a 2 10M and can accommodate arbitrary mass ratios and
eccentricities as well as spins up to 0.99 in dimensionless units.
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Since the SphericalNR simulation is aimed at achieving a
quasi-steady state in the CBD for the subsequent NR
evolution, we remove a spherical region of coordinate
radius r = 15M around the binary from the computational
domain. This improves computational efficiency by avoid-
ing prohibitively small timesteps due to the Courant-
Friedrich-Lewy (CFL) condition [in 3D spherical coordi-
nates, the timestep At~ rsin (A8/2)A¢] and is anyway
required by the PNSpacetime metric being inaccurate
close to the binary.

While the central cutout in the domain helps to alleviate
the CFL restriction to some extent, the sin(A0/2)A¢p
part still results in prohibitively small timesteps with
high angular resolutions. To overcome this CFL restriction,
SphericalNR adopts a fully MPI/OpenMP parallel Fast Fourier
Transform (FFT) filtering algorithm capable of damping
CFL-unstable modes in the evolved fields along the angular
directions while maintaining numerical accuracy [53].
However, since the central part of our numerical grid is
excised from the computational domain, the minimum cell
size along 6 is large enough that we only need to apply the
filter along ¢. In addition, the FFT algorithm automatically
switches from an exponential to a Gaussian filter over steep
gradients in the filtered fields. By applying this filtering
technique to our CBD simulation, we can increase the
timestep At by a factor of a few tens compared to an
analogous no-filter scenario while keeping the evolution
stable: thus, we set Ar = 0.15M.

3. Radiative cooling

During the CBD evolution, gas cooling through the
emission of EM radiation is accounted for as done in [19]
and other subsequent works [e.g., [22,23,25,33,44,45]].
The cooling timescale 7., of a fluid element at a distance r
from the center of mass of the binary, whose gravitational
mass is M, is approximated by the Keplerian period of the
circular orbit of radius r around a point mass M,

r3
leool = 270 M (39)

We define the cooling rate as
q
E—C

Leool = pe (S S0+
Leool So

where ¢ is set to 1/2 and sy = 0.01 is both the initial
specific entropy of the torus and the target specific entropy
for cooling, meaning that £.,,; = 0 when s = s;; in other
words, our cooling prescription keeps the specific entropy
fixed at the value s,. The cooling rate (40) is then used to
build the sink term —L_,,;u* on the RHS of (3) [see also
(18)]. However, we only cool fluid elements that are bound
according to Bernoulli’s criterion [19,95,96],

s — S0

So

(ph +b)ug < —p; (41)

this prescription avoids cooling material that has been
injected in order to maintain the density and pressure
floors [19].

C. Hand-off to the inspiral stage

As anticipated at the end of Sec. I, a snapshot of the CBD
evolution taken at the beginning of the quasi-steady
accretion stage is used as the initial condition for an
inspiral and merger simulation in full NR performed with
the Cartesian GRMHD code linoisGRMHD. This section
describes the software tools we developed in order to
transfer—or hand-off”—all the relevant information about
the CBD evolution to the inspiral stage and thus be able to
successfully continue the simulation. The hand-off process
involves two steps:

(1) A new spacetime must be set up that is suitable for
the full numerical-relativistic solution of Einstein’s
equation through the inspiral and merger phases.

(2) All the MHD primitive fields, i.e., the fluid’s density,
pressure, and velocity and the EM scalar and vector
potential, must be interpolated from the spherical-
like grid into a Cartesian grid with a box-in-box
mesh refinement structure adapted to the geometry
of the problem.

The following three sections detail each of the above two

steps and the criteria used to set up the destination grid.

1. Spacetime setup

The PN approximation to the circular, equal-mass,
nonspinning binary black hole spacetime adopted for the
CBD evolution breaks down close to the black holes and is
therefore unsuitable for the subsequent numerical relativity
evolution; instead, equal-mass, low-eccentricity initial data
are generated via the Bowen-York / puncture [97-99]
approach using a private version of the publicly available
TwoPunctures  solver [100] that can handle punctures at
arbitrary locations on the numerical grid.

The PN trajectories from the CBD simulation cannot be
used to feed TwoPunctures appropriate initial conditions, as
the PN spacetime evolution routine used to equilibrate
the CBD only returns the locations and orbital frequency
of the black holes, but not their momenta. Therefore, the
black hole locations, momenta, and spins are provided to
TwoPunctures Via a separate code that (again) computes a
PN approximation of a circular, equal-mass, nonspinning
binary black hole spacetime given either the orbital
separation or the frequency resulting from the previous
PN evolution; this code is currently not public. We choose
to keep the same orbital frequency (a gauge-independent
quantity) in the two PN codes rather than fix the orbital
separation at the value 20M, and we keep the angle the
binary forms with the x axis of the computational domain
unchanged. Because the two PN codes adopt slightly
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different spacetime gauges, the binary separation calculated
from the second code is lower than 20M by ~0.25%; since
this work is focused on studying the dynamics of matter
and EM fields around the binary, rather than evolving the
binary orbit with very high accuracy, we deem this differ-
ence acceptable for our purposes.

2. Interpolation of the MHD primitives

In order to interpolate the MHD primitives from the
spherical-like mesh onto the Cartesian grid with box-in-
box mesh refinement, the capabilities of the publicly
available ReadInterpolate [ 101,102] Cactus thorn were extended
as follows. Readnterpolate was originally designed to read
Cactus output files in HDFS5 format [103], representing data
on a Cartesian grid with box-in-box mesh refinement, and
interpolate those data onto a new grid of the same type.
After all, though, the spherical-like mesh used by
SphericalNR is logically Cartesian (due to the absence of
grid-points on the polar axis), meaning that the (logarith-
mic) radial coordinate x! =log(r) and the two angular
coordinates # and ¢ span a box-like domain in the
computer’s memory. Therefore, expressing the Cartesian
coordinates of a given point in the destination grid in terms
of the curvilinear coordinates x', 6, ¢ of the source grid
effectively results in interpolations between two logically
Cartesian meshes, which ReadInterpolate can handle.

The excised cavity of coordinate radius r = 15M where
the two black holes lie during the CBD evolution is part of
the computational domain during the inspiral and merger
stages and must therefore be filled with MHD data that do
not exist in the previous simulation. The prescription we
adopt here to do so aims at filling the cavity with a tenuous
atmosphere consistent with the SphericalNR evolution, while
at the same time avoiding the formation of strong shock
waves at the boundary of the excised region as a result of
steep gradients in the mass density, pressure, velocity, and
magnetic field. To that end, the field values f(x, y, z) for the
fluid’s density, pressure, and velocity are copied from the
boundary of the cavity along radial paths terminating at
the grid’s origin and are then multiplied by a third-order
polynomial P(r) that ensures a “smooth” (technically, C?)
transition between some constant, field-dependent floor
value f| reached at a distance r; = 13M from the domain’s
origin and the value f,(x,y,z) of the field at the radial
boundary of the SphericalNR grid, r, = 15M:

_2r=r—n

rr_—rz_rl s
0 r<r
P<r)5{£+irr( —%) r<r<r,
O, y.2) = P(r)[f(x,y,2) = fil + f1
= P(r)[f2(x,y.2) = f1] + f1. (42)

The equality f(x,y,z) = f2(x,y,z) in the last equation
stems from the radial copy described above. Consistent
with the CBD evolution, the floor values for the mass
density, energy density u = pe, and pressure are ppgo =
2x 1079M72, ooy =2 x 1072M72,  and  Ppy =
(T = D ttgoor = (2/3)utg100r [see (31)], and the velocity floor
is zero. The density floor is about 1078x smaller than the
maximum density in the CBD at the time of hand-off.
Handling the components of the EM vector potential A;
(i =x,y,z) inside the cavity requires special care. In
principle, A; (and thus the magnetic field B' = £'%9;A;)
should be constant in the excised region, as we would like
the magnetic field to “naturally” flow towards the black
holes from outside the cavity. On the other hand, an abrupt
jump in the values of A; at the boundary of the cavity would
produce a thin layer of extremely high magnetic field there,
which in turn would generate a very strong shock wave
propagating both towards the black holes and the CBD,
unphysically perturbing the former two and destroying
the latter. Additionally, the ‘“copy-and-smooth” strategy
adopted for the hydrodynamic fields would eliminate the
radial gradient from each vector potential component inside
the cavity, thus introducing Cartesian gradients and, again,
generating unphysical contributions to the magnetic field.
Therefore, instead of copying the values of A; from the
boundary of the cavity radially inwards, the vector potential
is set to zero inside the cavity and the prescription (42) is
applied using r| = 15M, r, = 35M, and f; = 0, so that

Ai(x,y,2) B P(r)A(x,y,z) (43)

in the spherical shell bounded by r; and r,. This approach
aims at preserving the topology of the magnetic field just
outside the cavity as much as possible, while ensuring a
sufficiently smooth transition from zero to nonzero field
values when moving radially from inside to outside the
cavity. We choose r4, = 35M as a tradeoff value between
having a wide transition region, which mitigates the
artificial magnetic field introduced by setting A; = 0 inside
the cavity, and avoiding unphysical modifications to the
magnetic field in the bulk of the CBD.

The MHD variables are interpolated using a third-order
Lagrange stencil, which is accurate where the fields are
smooth, but occasionally produces unphysical results in
the proximity of steep gradients. Unphysical values for
the interpolated fields include mass density or fluid
pressure lower than the respective floor values and nega-
tive or luminal/superluminal fluid velocity. We modified
ReadInterpolate SO that, in numerical cells where any of these
conditions occur, the mass density and fluid pressure are set
to the corresponding floor values, while the fluid velocity is
set to zero; subsequently, the specific internal energy e is
initialized via the ideal-fluid EOS (31) with adiabatic index
I' = 5/3. The floor prescription enforced by ReadInterpolate 1S
the same in use during the CBD evolution, namely, the
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mass density and fluid pressure respectively decrease with
increasing radial distance » from the origin of the computa-

tional domain as r% and (I' = 1)r " = (2/3)r73,

3. Destination grid setup

The extent and mesh refinement structure of the
Cartesian grid used in the inspiral and merger portions
of the simulation are the outcome of a few considerations,
which are discussed below.

First, even if this work does not aim to produce accurate
gravitational waveforms, the apparent horizon of each
black hole must still be resolved with a sufficient number
of grid cells so that numerical errors leading to imperfect
conservation of black hole mass and spin and inaccuracies
in the orbital evolution do not significantly affect the
dynamics of matter and EM fields in the CBD, minidisks,
and jet regions. We choose to cover each black hole with a
cubical grid of half-edge length 0.7M and resolution M /64,
so that each apparent horizon lies well inside the finest
refinement level and is covered by ~59 — 60 (~55 — 57)
points along its largest (smallest) dimension; the larger
numbers refer to the early inspiral, while the smaller ones
refer to ~1000M in time before merger. Note that, even
though the black holes are not spinning, tidal interactions
can distort the horizons, which are therefore not perfectly
spherical in this context [104,105]. Our resolution choice
allows us to conserve the black holes’ irreducible mass and
spin (zero) to approximately one part in 103 during the
inspiral and one part in 10* after the merger.

We also conducted a preliminary numerical relativity
simulation in which the black holes were enclosed within a
refinement level with a half-edge length 0.5M, which is too
close to the surface of the apparent horizon to yield
meaningful physical results. Nonetheless, although the
time to merger in the preliminary simulation is ~2000M
shorter than in the production run, the merger dynamics do
not change significantly; for instance, the total mass of the
gas near the merging binary is essentially unchanged.

Second, consistency of the hand-off process requires that
the grid resolution at the inner edge of the computational
domain in the CBD simulation—located at a radial distance
15M from the origin—is matched in the Cartesian grid. In
the CBD simulation, the grid resolution at that location is
approximately 0.15M along r and 0.33M along both 0 and
¢ (in the equatorial plane). On the other hand, on the
Cartesian domain, the resolution differs by a factor of 2
across refinement levels. Given that, and the fact that the
finest resolution on the Cartesian grid is M/64, the
resolution in a cubical box centered at the origin with
half-edge length 20M is set to M /8 = 0.125M. This means
that two additional, nested refinement levels must be set up
that are fully contained by the latter and that, in turn, fully
contain the one covering the two black holes. We then set
up two cubical refinement levels with half-edge length 3M
and 6M, respectively, tracking the black holes; this also

ensures that the expected radial extent of the minidisks and
a large part of the accretion streams are fully covered by
grids with a minimum resolution of M/16.

Third, the CBD is by far more extended along the orbital
plane of the binary than it is along the polar axis, so the
refinement levels are compressed to adapt to the shape of
the CBD in order to save computational time and memory.
At the same time, there should be enough room for
relativistic jets to propagate along the polar direction
without hitting the domain boundary. Additionally, the
outer boundary must be located sufficiently far away from
the black holes to be causally disconnected from them for
the majority of the simulation runtime in order to prevent
potential reflected waves (in particular, gravitational and
EM gauge waves) from affecting the evolution of the matter
and EM fields. However, the outer boundary must also be
limited in size in order to be fully contained in the source
spherical domain, which extends to a maximum radius
of 20000M.

Taking all of the above factors into account, the Cartesian
domain of choice is a cubical box with half-edge length
8192M and resolution 64M, inside of which eight refinement
levels are placed with half-edge lengths 4096M, 2048M,
1024M, 512M, 256M, 128 M, 64M, 32M on the equatorial
plane of the binary and 960M, 512M, 304M, 144M, 120M,
72M, 48M, 24M along the polar direction.

Figure 1 shows the mass density distribution before and
after the hand-off, along with the apparent horizons of the
two black holes and the boundaries of the innermost
refinement levels on the Cartesian grid.

D. Inspiral and merger evolution

1. Evolution methods

As done for the equilibration of the CBD, during the
inspiral and merger stages the gas is assumed to not self-
gravitate. We implemented the same floor prescription used
in the SphericalNR simulation and imposed by ReadInterpolate
into TlinoisGRMHD starting from the code base available
within the Einstein Toolkit release “Karl Schwarzschild”
(label: ET 2023 05). The (vacuum) Einstein equations
describing the binary black hole dynamical spacetime are
solved in their BSSN formulation [60,61] by the Cactus
thorn ML_BSSN [106—-108] adopting the moving puncture
gauge [62,63] along with a fourth-order accurate finite
difference stencil and Kreiss-Oliger dissipation applied to
the evolved fields. The location of the apparent horizons is
tracked via the Cactus thorn AHFinderDirect [109-111] and
horizon diagnostics are provided by the QuasiLocalMeasures
thorn [112-116].

The mass and energy-momentum conservation equa-
tions (15) are solved by TllinoisGRMHD via a finite-
volume scheme that implements the third-order accurate
piecewise-parabolic (PPM) reconstruction technique des-
cribed in [117] coupled to the HLLE approximate Riemann
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Mass density distribution before (a) and after (b) the hand-off step from SphericalNR to TllinoisGRMHD. (b) Show the innermost

mesh refinement boundaries. A few points, especially in the low-density polar region and in the disk’s magnetized corona, have been set
to atmosphere. (a) Before hand-off (SphericalNR). (b) After hand-off (1llinoisGRMHD).

solver and to a conservatives-to-primitives inversion
method very similar to the ‘“2D scheme” presented in
[118]. Similarly to SphericalNR, TllinoisGRMHD solves the ideal
MHD approximation to Maxwell’s equations in a vector-
potential based approach adopting the generalized Lorenz
gauge prescription. However, for improved stability and
accuracy, all EM variables in IllinoisGRMHD are staggered
with respect to the center of the numerical cell: the vector
potential sits at the edges, the scalar potential at the vertices,
and the magnetic field at the faces [54]. With this, applying
Kreiss-Oliger dissipation to the EM evolved fields is
typically not needed.

As in the CBD simulation, the time evolution of
the spacetime and MHD fields is left to the MoL thorn.

The CFL factor on the coarsest grid level is set to
Atcoarse/ Axcoarse - 1/ 32, where Atcoarse and Axcoarse are
the timestep and spatial resolution on the same level;
recalling (see Sec. II C 3) that Ax ... = 64M, that means
Atoarse = 2M. The same timestep is imposed on the first
five refinement levels (including the coarsest one) and
drops by a factor of 2 across all other refinement levels.
Having a maximum timestep of At,,,, = 2M allows us to
set the Lorenz gauge damping factor to the value
1.5/ Aty = 0.75, thus preventing EM gauge waves from
reaching the outer boundary and being reflected back into
the computational domain, harming the stability of the
evolution. We note that setting the Lorenz gauge damping
factor to 0.75 without limiting the timestep to 2M also leads
to severe evolution instabilities.
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2. Radiative cooling

The radiative cooling prescription is similar to the one
used in [22,23], which in turn extends the method of [19]
[see Egs. (40) and (41)] from the CBD to the cavity and the
minidisks; however, cooling in proximity of the black holes
is handled differently here. First, two “minidisk regions”
are defined as the spheres centered on each puncture with
coordinate radius 0.45a. Then, as done in [22,23], the
cooling timescale computed via (39) at the inner edge of
the CBD, defined as the sphere of coordinate radius 1.5a
centered at the origin of the computational domain, is used
everywhere inside the inner edge itself, except in the
minidisk regions. Following once again [22,23], the cool-
ing timescale of a fluid element lying inside either of the
two minidisk regions at a distance r from the puncture is set
to the Keplerian period of the circular orbit of radius r
around the latter [i.e., (39), where now M is the mass of the
puncture and not the total mass of the binary].

However, in this work, the regions closest to the black
holes are handled differently from [22,23]. Let i € {1,2}
label the two punctures and let r; be the distance of a given
grid point from puncture i. Then, for each i€ {1,2}:

(i) r; < 0.35M: the cooling rate is set to zero.

(i) 0.35M < r; < 1M: the cooling rate is built using the
cooling timescale t}:gf)l’i computed at r; = 1M and is

multiplied by the linear damping factor

ri — 035M

fi= 1M —o3sm

€0, 1]. (44)
(iii) If, however, the two spheres centered at the punc-
tures with radii 1M overlap (i.e., the binary is close
to merging), the cooling timescale 7., and the
damping factor f in the overlap region are set to
the averages of the respective quantities in the two
spheres, weighted by the inverse distances from the

punctures:
o011 + o012 M M
_n o r2tcool,1 + rltcool.Z 45
e T . (45)
-+ r+r
r r 1 2
fi4 /o
f_r|+72_r2f1+rlf2 (46)
Tl 1 :
) + r ry + ry

The above prescription avoids cooling of material well
inside the apparent horizons, whose minimum radius is
~0.45M, and linearly damps the cooling rate to within the

innermost stable circular orbit (ISCO), which is located at

rau®) ~ 1.4M from each puncture. Because the analytical

form of the coordinates on the numerical spacetime is
unknown, we estimate the numerical ISCO radius rggg via

the simple proportionality relation

, r(num

(num) _ "ISCO’ AH

Nsco = B (47)
Thor

where r%ﬁm) ~0.47M is the maximum apparent horizon
radius and ry,,, and rigco denote, respectively, the maxi-
mum radius of the event horizon and the ISCO radius in
Boyer-Lindquist coordinates.

The method just described applies so long as the distance
between the punctures is larger than a user-defined thresh-
old, here set to 0.9M and corresponding to roughly twice
the maximum radius of each apparent horizon. We then
calculate the distance rcy; of a given grid point from the
center of mass of the binary (which is the remnant black
hole after merger) and apply a prescription suitable for
handling the merger:

(i) r; £0.5M or ry, <0.5M or rcy < 0.5M: the cool-

ing rate is set to zero.

(i) 0O5SM <r <12M or 05M <r, <12M or
0.5M < rey £ 1.2M: the cooling rate is built using
the cooling timescale computed at a distance 1.2M
from the center of mass of the system and is
multiplied by the linear damping factor

) rem — 0.5M
(iii) Farther away from the merging binary or remnant
black hole, the cooling timescale and rate are com-
puted using the standard prescription of [ 19], with the
center of mass of the system being the center of the
circular Keplerian orbit of the fluid element at hand.
Again, the above prescription produces no cooling in a
region well inside the apparent horizon of the merger
remnant (minimum radius ~0.68M) and linearly damps the
cooling rate to within the ISCO radius, which we estimate
as ~1.54M.

III. RESULTS

A. Circumbinary disk equilibration

Defining the characteristic gravitational timescale of the
system as t, = GM/ ¢® = M, the CBD simulation is carried
out for a time span ¢ ~ 1.5 x 10°M, or ~250 binary orbits.
Similar to what was found in [44], the magnetorotational
instability (MRI) grows quickly up to # ~ 30000M, creating
Maxwell stress as orbital shear correlates the turbulent
magnetic field; this stress boosts gas accretion onto the
binary through outward angular momentum transport. As a
result, gravitational potential energy is released, and the
torus heats up and expands along both the equatorial and
polar directions (Fig. 2). Over time, angular momentum is
transferred from the binary to the torus via gravitational
torques exerted on the accretion streams, causing a portion
of them to move outward, return to the CBD, and deposit
their angular momentum; as a result, mass piles up at the
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FIG. 2. Face-on (top panels) and edge-on (bottom panels) views of the mass density distribution in the CBD at different stages of its
evolution with SphericalNR. The snapshots only show the central part of the computational domain, which extends to a maximum
coordinate radius » = 20000M. (a) Initial configuration. (b) MRI growth. (c) Quasi-steady-accretion phase.

CBD’s inner edge. Eventually, a quasi-steady accretion

regime is reached.

These statements are quantified in Figs. 3 and 4. The
mass accretion rate onto the binary is defined by

where S is the spherical surface centered at the origin of the

computational domain with coordinate radius r = 15M,

corresponding to the inner radial grid boundary. The onset
of the quasi-steady accretion stage, which occurs around

t ~93000M, is signaled by the formation of a density

concentration [the “lump’

*: see [18,19] ] which modulates

; _ 2 . . .
M(t) = /s d°o\/—gpu’, (49) the accretion onto the binary (Fig. 3).
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FIG. 3. Mass accretion rate onto the inner edge of the computational domain during the whole CBD evolution with SphericalNR. A solid

vertical blue line at  ~ 99200M marks the time of hand-off to the inspiral and merger part of the simulation.
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and dashed curves are the initial and time-averaged profiles,
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The primary goal of the CBD simulation is to establish
appropriate initial conditions for the gas feeding the binary
within the gap region during the inspiral and merger phases of
the evolution. Therefore, a detailed analysis of the dynamics
of the system at this stage is not included here; for more in-
depth information, readers can refer to, e.g., [33,43,44].
Nonetheless, in order to get a sense of how well our CBD
evolution compares to the one in [19], we calculate the
surface density

_ Jgdoy=a 0

Hrd) 9pp(0 =3)

and plot its azimuthal average

1

2(r) =5, [ dvzirg) (51)

from the beginning of the quasi-steady accretion phase
(t =93000 M) up to the end of the SphericalNR simulation
(t = 150120 M). In passing, we remark that we hand-off the
CBD data to the numerical relativity portion of the simulation
att~ 99200 M, i.e., not too long after the onset of the quasi-
stationary stage of the CBD evolution (see also Sec. III B);
however, we continue to evolve the CBD with SphericalNR until
well after the time of hand-off to make sure the CBD has really
reached a quasi-steady accretion regime. This means that the
radial surface density profiles (51) are calculated at a fixed
binary separation a = 20M at all times.

In Fig. 4 we show X(r) at a number of times along with
its time average and initial profile; for ease of comparison
with [19], we actually plot X(r)/%,, where X;=0.126
(code units) is the initial maximum of (50). Consistent with
[19], we observe a pile-up of material between r ~50 M

and r~60M. The overall small variation in the radial
surface density profiles over the time span covered by
Fig. 4 provides further evidence that a quasi-stationary
regime is reached around ¢ ~ 93000 M.

B. Hand-off consistency

To ensure that the hand-off step (taken at 99200 M) does
not introduce any unphysical features into the system’s
evolution, we performed several consistency checks.
Figure 5 shows that in the equatorial plane, the distributions
of the Lorentz factor (upper panels) and the squared
magnitude of the fluid-frame magnetic field »*> (lower
panels) remain unchanged up to interpolation errors after
the hand-off process, as expected for spacetime scalars. The
Lorentz factoris reset to its floor value of 1 at very few points,
where the interpolation produces nonphysical or nonaccept-
able results (see Sec. II C2). Square-shaped features are
visible in the post-hand-off »? distribution at the boundaries
of the refinement levels, but they dissolve very quickly once
the evolution starts. The same panel shows that the smooth-
ing procedure applied to the magnetic vector potential
outside the inner cavity (see again Sec. II C 2) results in a
radially smoothed distribution of b? that partially preserves
the magnetic field topology, albeit introducing some artificial
field between r = 15 M and r = 35 M.

Next, we turn to comparing the CBD and numerical
relativity simulations in a more quantitative way. For the sake
of conciseness and readability, in the remainder of this
section we label the former runCBD and the Ilatter
runBBH. We compare the mass accretion rate (49) in the
two runs over a spherical surface with coordinate radius
20 M, as well as the mass contained within a sphere
extending to » = 30 M, i.e.,

M(I)E[/dv\/—_gpu’, (52)

where V is the spherical volume bounded by r = 30 M. In
Fig. 6, both quantities for both runs are displayed as functions
of time for the first ~2300 M of evolution after the hand-off.
The curves agree with each other very well at the time of
hand-off, confirming the accuracy of the interpolation of the
MHD primitives and the spacetime setup; at later times,
though, both the accretion rate and the mass of runBBH are
lower than their equivalents in runCBD by a few tens of
percent, as also reported by [25].

A small part of the discrepancy is due to the slightly
different spacetimes used in the two simulations, which
enter the accretion rate and mass measurements through the
volume element ,/—g; however, the observed differences
early after the hand-off can be mainly ascribed to inter-
actions between the accretion streams and the minidisks to
which its cut-out makes runCBD blind, but are described
well by runBBH (at later times, these differences grow
even larger, but that is mostly because the binary of
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Equatorial distributions of the Lorentz factor (top panels) and squared-magnitude of the magnetic field in the fluid’s frame

(bottom panels) in the CBD (a) and inspiral 4+ merger (b) simulations at the time of hand-off. The magnetic field map after the hand-off
looks blurrier than the corresponding distribution before the hand-off around the cavity region as a result of the radial smoothing of the

magnetic vector potential components described in Sec. II C 2.

runBBH progressively accelerates its inspiral). As a result
of these interactions, the distribution of gas density in the
gap is altered, substantially changing the radial density of
gravitational torque

dr
()= L oG, (53)

In Fig. 6, we demonstrate this contrast by calculating (53)
on the same spherical surface where the accretion rate was
computed. The torque density is nearly always negative in
runCBD, which means fluid elements in the spherical shell
around r = 20 M overall lose angular momentum to the
neighboring shells at larger radii, thereby gaining an inward

radial velocity component and causing the accretion rate at
r =20 M to increase. By contrast, (53) is nearly always
positive in runBBH, leading to the opposite result and
invalidating the assumption that fluid flow is exclusively
inward at r =15 M. The reader is referred to, e.g.,
Appendix C of [19] for an in-depth analysis of the relation
between (53) and the fluid’s angular momentum budget.
Given these remarks, we conclude that excising a
relatively small portion of the computational domain during
the CBD evolution and imposing purely inflow boundary
conditions at the inner radial grid boundary (r = 15 M, just
outside the black holes’ Hills spheres) does not fully
capture the complexity of the gas dynamics in the vicinity
of the binary. However, for the purposes of this paper, this
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FIG. 6. Evolution of various quantities during the first ~2300 M of evolution after the hand-off for the CBD (teal) and inspiral (red)
simulations. [Top panel] Accretion rate on a spherical surface centered of coordinate radius r = 20 M centered around the binary’s
center of mass. [Central panel] Mass within a spherical volume of coordinate radius » = 30 M centered at the same location. [Bottom
panel] Radial density of gravitational torque on the same spherical surface where the accretion rate is calculated.

limitation is not a concern because the main goal of our
CBD simulation is to construct a realistic circumbinary disk
whose evolved state provides the initial data for our
subsequent numerical relativity simulation.

C. Inspiral and merger accretion dynamics

1. Overview of structural evolution

As briefly mentioned in the introduction, all previous
efforts studying gas inflow in the inspiral to merger had
serious limitations. Some focused on a relatively limited
number of binary orbits early in the inspiral without
exploring the physics of the system close to and at merger
[22,23,36,37,45]. Others evolved the system through the
merger, but with an initial configuration of the matter and
EM fields having little connection to prior evolutionary
stages [33-35,38-41]. Another made drastic simplifica-
tions, considering Newtonian 2D hydro with phenomeno-
logical internal stress, introducing GR only for the binary’s
orbital evolution [119]. A notable exception is [25], which
employed a novel multi-patch code infrastructure in order

to evolve an equal-mass, circular, nonspinning SMBBH
system from an initial coordinate separation 20 M down to
a coordinate separation of 9 M, thus lacking only the last
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FIG. 7. Binary separation in coordinate distance as a function
of time.
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~1000M in time before merger. The simulation in [25]
could not reach merger due to its use of a post-Newtonian
approximation to the actual spacetime metric; in the work
we report here, this limitation is overcome by employing
full NR.

Throughout the period we simulate, the binary separa-
tion diminishes due to the emission of gravitational
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radiation; the relation between the coordinate separation
and coordinate time is shown in Fig. 7. As shown in this
plot, the merger takes place at t ~ 113600 M.

Figure 8 shows face-on views of the mass density
distribution around the binary for three times during the
inspiral and once during the post-merger stage. Early in the
evolution, each minidisk oscillates between a “disk-like”
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FIG. 8. Equatorial slices of the mass density distribution from the early inspiral to the post-merger stages of the NR evolution. Time
advances from left to right and from top to bottom. Black circular lines mark the 15 M, 20 M, 30 M, and 50 M radii. Note the
progressive spreading of the CBD’s inner edge into the gap region during the inspiral and the almost-relaxed disk structure post-merger.
(a) Early inspiral: the minidisk on the left (right) is in the “disk-like” (“stream-like”) state. (b) Half-way through the inspiral: the
minidisk on the left is still in the “disk-like” state, but contains relatively little mass. The inner edge of the CBD has drifted inward and a
few irregular gas structures detach from it. (c) Late inspiral: the CBD’s inner edge is now hard to define sharply, more irregular gas
structures detach from it and wander through the cavity, and disk-like minidisks cease to exist, thereby stopping sloshing from operating.
(d) ~4200 M in time after merger, the gas hasn’t yet fully repopulated the innermost region. Low-density “bubbles” of highly-

magnetized gas are clearly visible close to the remnant.
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FIG. 9. Polar slices of the distributions of the Lorentz factor (top panels) and magnetization b?/2p during the early inspiral (left), late
inspiral (center), and post-merger (right) stages. Note that we extended the colorbar limits in the plot of the post-merger distribution of

the Lorentz factor (top-right panel).

regime, with maximum disk mass and minimum accretion
rate on its black hole, and a “stream-like” regime, with
only a thin thread of matter streaming toward its black hole,
supplying a maximum accretion rate and supporting a
minimum mass.” The first panel in this figure shows a
moment in which the minidisk on the left is in the former
regime and the one on the right is in the latter. This panel
also shows how mass is exchanged through the center-of-
mass region, a phenomenon called “sloshing” (Sec. I). The
second and third panels illustrate how, as the inspiral
proceeds, coherent minidisks are dissolved and the density
profile of the CBD’s inner edge, rather than forming a sharp
boundary, evolves into an irregular but steadily more
gradual decline that reaches closer and closer to the center
of mass. At~ 4200 M after merger (the time illustrated in
the fourth panel), gas has partially refilled the gap region,
but still exhibits strong irregularities as far out as r ~ 30 M.

As matter arrives at the black holes, it carries magnetic
flux that becomes attached to the black holes’ horizons. In
the funnel regions above and below the binary, each black
hole generates a mildly relativistic outflow (top-left panel
of Fig. 9); although magnetically dominated (bottom-left
panel of Fig. 9), these outflows carry little Poynting flux, as
they are generated by nonspinning black holes (see
Sec. III D 2 for the origin of the Poynting flux seen at this

3For further details about disk structure in these two regimes,
see [25].

time). Throughout the cavity region, the magnetic field
quickly grows strong enough to be dynamically significant;
as shown in Fig. 10, in much of the cavity’s volume, the
inverse plasma B~' = b?/2P < O(1). The low-density
regions within the cavity easily visible in Fig. 8 are carved
out by magnetic pressure.

After merger, a single, rotating black hole with dimen-
sionless spin parameter ~0.68 forms. Although the accre-
tion rate remains close to the sum of the accretion rates onto
the two black holes, the cooling luminosity increases
sharply immediately after merger. Almost simultaneously,
the newly acquired spin of the black hole combines with the
magnetic flux it inherited from the pair of nonspinning
black holes to launch a relativistic, Poynting flux-domi-
nated jet (right panels of Fig. 9).

2. Mass motions

After this overview of the structural changes in the
accretion flow induced by the inspiral and merger, we
now turn to a more detailed account of how the flow of
mass from the CBD to the black hole(s) changes during this
period.

There are several noteworthy long-term trends. At the
beginning of the simulation, the accretion rate onto the black
holes oscillates in the range ~2-3 x 1073, but beginning at
t ~ 101500 M it begins to decrease. From ¢ ~ 106000 M to
t~ 111500 M, the range of variation is again roughly
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FIG. 10. Equatorial slices of inverse plasma beta #~' = b%/2P during the early inspiral (left), late inspiral (center), and post-merger
(right) stages.

constant, at 2—4 x 107*, but then drops a factor ~2 at  r=~20 M by ¢~ 112000 M; by this time, it is difficult to
t ~ 112000 M, where it remains for at least ~5000 M past  define this edge. Outside what remains of the very low
the merger. density region, there are irregular gas structures of inter-

As the binary shrinks, the outer edge of the very low  mediate density (Fig. 8). Rather than the earlier pattern
density portion of the cavity drifts inward from r ~ 50 M to ~ comprising a pair of well-defined accretion streams,
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FIG. 11. [Top panel] Mass accretion rate on the black holes’ apparent horizons. [Middle panel] Minidisk masses, with minidisk
regions being defined as spherical volumes around each puncture with radius r = 0.45a, where a is the coordinate orbital separation.
The apparent horizons are excluded from the calculation. [Bottom panel] Mass sloshing flux through a flat, square surface with edge
length 0.8a and orthogonal to the line connecting the two punctures. Positive flux means the flow is mainly directed from “minidisk 2”
(red curve in the middle panel) to “minidisk 1” (blue curve in the middle panel).
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FIG. 12. Masses in a spherical volume of coordinate radius r = 15 M (blue) and in spherical shells 15 M < r <30 M (orange) and

30 M < r <40 M (green) around the binary’s center of mass.

multiple streams break off from these irregular gas struc-
tures and spiral toward one or the other of the black holes,
in some cases interacting with each other. It is at this point,
i.e., ~2000 M before merger, that regular minidisks dis-
appear altogether, replaced by chaotic infalling streams; in
fact, the middle panel of Fig. 11 that the minidisk masses
decrease by a factor ~100 from the beginning of the
inspiral evolution to merger. However, the total mass within
a distance 40 M of the binary (Fig. 12), even while
oscillating across a factor of ~2, remains roughly constant.
In other words, the amount of mass within the gap region
hardly changes during the inspiral, but begins this phase
mostly concentrated in the minidisks and becomes pro-
gressively more diffuse as merger approaches.

The dynamics of minidisk destruction are complex. As
we will describe in greater detail shortly, sloshing streams
can begin the process by keeping the minidisks in the
stream-like state. In addition, as the inner edge of the CBD
stretches inward, the cavity density rises and reaches levels
at which it can exert significant forces on the depleted
minidisks [see panels (b) and (c) of Fig. 8]. Plus, as the
binary contracts, the tidal truncation radii of the minidisks,
which are always « a, shrink until they are not much larger
than their black holes’ ISCOs. The upshot of all three of
these mechanisms is that when ¢ = 1 and the black holes
do not spin, the minidisks disappear ~2000 M before the
merger.

Due to the changes in accretion rate and the decay of the
minidisks, the mass of matter close to the binary (a region
we define as r < 15 M) declines by roughly a factor of 10
over the first ~10500 M of the inspiral (i.e., from ¢~
99200 M to ¢t~ 109700 M), but in the ~4000 M from the
end of that period to the merger recovers about half of that
decline (see again Fig. 12). That the mass of this innermost
region changes so greatly demonstrates that the accretion

rate onto the black holes is significantly different from the
accretion rate through a spherical surface 15 M from the
binary center of mass; the black hole accretion rate is
considerably greater than the mass inflow rate during the
first part of the inspiral and consistently smaller during the
second part.

As shown by the swing in mass within 30 M (Fig. 12),
there is an even larger difference in the accretion rates
through surfaces at r = 30 M and r = 40M. In fact, in the
late inspiral, the accretion rate at r = 30 M is ~3x the rate
at both r =40 M and r = 20 M. Thus, during the inspiral
period the cavity region is far from a state of inflow
equilibrium, and the sense of d|M|/dr in the cavity
switches from negative to positive in the middle of the
inspiral.

The long-term trends in accretion rate and minidisk mass
are subject to strong periodic modulation. During the early
to mid-inspiral stage of the evolution, peaks in the accretion
rate M4y, onto one black hole coincide with dips in the
accretion rate My, onto the other black hole, and vice
versa (top panel of Fig. 11); similarly, peaks in the mass M
of one minidisk are simultaneous with dips in the mass M,
of the other minidisk (middle panel of the same figure), and
vice versa. Moreover, in the first ~8000 M of the evolution,
M 4y, is largest (smallest) when M, is smallest (largest),
and the same goes for M 4, and M,: this behavior confirms
the alternating ‘“‘stream-like” and “disk-like” nature of
the minidisks during their early inspiral evolution [25].
However, later in the inspiral and up to # ~ 112500 M, the
masses of the minidisks vary consistently with opposite
phases, whereas the accretion rates onto the black holes
occasionally synchronize.

Both the average binary orbital frequency f,4 and the
lump’s orbital frequency fiymp = 0.3fo are imprinted on

the time-dependence of Mz, Mapys, My, and M, during
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Power spectra of the quantities shown in Fig. 11. [Top panel] Power spectra of the mass accretion rates onto the individual

horizons (blue and red lines) and their sum (yellow line). [Middle panel] Power spectra of the individual minidisk masses (blue and red
lines) and their sum (yellow line). [Bottom panel] Power spectrum of the mass sloshing flux between the minidisks. All of the spectra are
computed via Welch’s method [120] as implemented by the scipy.signal .welch routine from the Python package Scipy, splitting
the time series into three overlapping segments and applying a Hamming window to each of them. The analysis only considers the first
10500 M of inspiral evolution (i.e., from ¢ ~ 99200 M to t ~ 109700 M), where regular modulations in most of the signals occur. The
frequency unit is the average orbital frequency f,,, which is calculated as the peak frequency in the [ = 2, m = 2 mode of the ¥* Weyl
scalar from 7 = 200 M to t = 4200 M (i.e., early) into the inspiral stage of the evolution. Vertical dashed lines located at 0.2 f o, < fiump»
0.72f ot = freat» and 1.5f o = 2f1ear mark the strongest peaks in the spectra.

the inspiral stage. All four of these quantities are modulated
at the beat frequency fuea = forb = fiump and at 2fjey, as
expected for equal mass black hole binaries [22,23] and
confirmed by Fig. 13; in addition, we find a modulation at a
frequency slightly lower than fy,,,. Because My, and
M 4y, as well as M, and M, vary with opposite phases and
their amplitudes are comparable, the modulation at the
frequency fiea is suppressed in My, + M ap, and M, +
M, (see again Fig. 13); on the other hand, the periodic
feature at the frequency f < fiymp in both Mz + My
and M; + M, is more pronounced than in the power
spectra of the individual quantities.

As already outlined in Sec. III C 1, during the inspiral
stage matter is transferred (“sloshes”) from one minidisk to
the other when the former is in the disklike state: some of
the gas from the more massive minidisk is able to escape

the gravitational potential of the black hole it is orbiting and
travels towards the other hole, where it contributes to filling
the corresponding minidisk. The rate at which sloshing
carries mass from one minidisk to the other varies at the
beat frequency (bottom panel of Fig. 13). Although sub-
stantial amounts of matter are transferred by sloshing in the
early inspiral, this phenomenon weakens dramatically
~5000 M into the simulation and is negligible thereafter
(see bottom panel of Fig. 11).

While it is still active, sloshing can disrupt the structure
of the mass-receiving disk. Because the mass available
for sloshing scales with the donor minidisk’s mass, when
the tidal truncation radius diminishes with the binary
separation, such disruptions grow in importance as the
binary shrinks. In fact, the disk-like state disappears after
~10500 M into the inspiral (when the binary separation is
<14.5 M) due to sloshing streams expelling mass from the
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FIG. 14. [Top panel] Total accretion rate onto the binary (i.e., sum of the blue and red curves in the top panel of Fig. 11). [Bottom

panel] EM luminosity: total for » < 100 M (cyan); in a r < 15 M spherical volume (dark blue); and in spherical shells between

15M < r <50 M (green) and 50 M < r < 100 M (brown).

receiving minidisk; from then on, the minidisks can exist
only in the stream-like state. Sloshing ends at this stage
because these states have asymmetric density distributions
in which the side toward the L1 point is relatively depleted.

The most remarkable feature of time-dependence in the
mass motion is that the accretion rate is (modulo factor of 2
fluctuations) essentially constant from ~1000 M before
merger to ~4000 M after (top panel of Fig. 14). Despite the
dramatic change in the spacetime’s geometric symmetry
and the large-amplitude gravitational waves generated, the
change in spacetime from that of a rapidly orbiting black
hole binary to a single black hole has no effect at all on the
accretion rate.

3. Luminosity

In this section, we report on the time evolution of the
EM luminosity in the inner parts of the system. In the
literature, the term “EM luminosity” (or simply “luminos-
ity”’) sometimes refers to the volume-integrated cooling
rate and at other times to the Poynting luminosity; in this
work we follow the former convention and define the EM
luminosity as

LEME[/dV\/ _g'ccool' (54)

Over the same time span in which M, falls by a factor
~10, the EM luminosity of all the inner portions of the

system also drops, but by a smaller factor. To illustrate this,
we calculate the EM luminosity (54) in three different
subregions centered at the binary’s center of mass: one is
a sphere with coordinate radius r = 15 M, and the other two
are spherical shells, one with a radial span of 15 M — 50 M,
the other with a span of 50 M — 100 M. The lightcurves for
all three are shown in the bottom panel of Fig. 14 along with
their sum, i.e., the total luminosity within r = 100 M.
During the inspiral, the total luminosity generated within r =
100 M falls steadily from the beginning of the simulation to
immediately before the merger, reaching a level ~4 smaller
than at the start. The luminosities of the inner CBD
(50 M < r <100 M), outer cavity (15M < r <50M),
and the binary region (r < 15 M) follow almost in parallel,
each accounting for ~1/3 of the total. Strikingly, however,
during a time of only ~100 M surrounding the merger, the
luminosity associated directly with the binary (and the
merger remnant) rises by a factor ~4, driving up the total
luminosity by ~50%; both luminosities show no further trend
for the ~4200 M past merger that we studied. In sharp
contrast, the luminosities of the (former) outer cavity and
CBD hardly change at and after merger.

The sudden increase in the luminosity of the innermost
region despite an almost constant accretion rate means that
the radiative efficiency of accretion onto the black hole(s)
increases by a factor ~4. Both because the radiative
efficiency can change by a large factor and because the
accretion rate can vary within the cavity, the mass accretion
rate onto the binary is a poor proxy for the EM luminosity

063009-21



LORENZO ENNOGG I et al.

PHYS. REV. D 112, 063009 (2025)

around the time of merger; instead, it is the rate of gas
heating that drives the luminosity.

Because our cooling rate is entirely driven by increases
in specific entropy, gas heating that leads to increased
radiation must be dissipative, not adiabatic. Prior to the
merger, accreting matter is pulled along by the orbiting
black holes, so that the gas has relatively small angular
momentum with respect to the nearest black hole and its
flow lines are comparatively laminar; by this means, the gas
can plunge into the black holes rising in temperature by
adiabatic compression, but gaining little entropy. By con-
trast, as a result of the merger, the time-dependent quadru-
pole moment of the gravitational potential disappears,
leaving only its monopolar component, which is slightly
weaker due to the loss of mass associated with the energy
radiated in gravitational waves [~3% of the total for equal-
mass, nonspinning binaries [62] ]. The sudden change in
the shape of the potential causes a concomitant swerve in
the gas orbits, driving shocks in which dissipation rapidly
raises the gas’s entropy.

This stronger heating is illustrated in Fig. 16, which
contrasts a measure of the gas temperature P/p ~
2kT /m p62 just prior to merger with the gas temperature
shortly after merger. Before merger, regions with temper-
atures k7T ~25-250 MeV are spread over distances as
much as ~10 M from the center of mass; after merger,
high temperatures are confined to within a few M around
the merged black hole, but the temperature of the hottest
regions is ~5 GeV.

These events are illustrated more quantitatively in
Fig. 17: again considering a sphere of radius r = 15 M
around the center of mass and starting from a time
~2500 M before merger, the mass grows from ~0.02 M
to ~0.1 M in ~5000 M of time, and the volume-integrated
internal energy U grows from ~3 x 107 M to <5x
10™* M in ~3000 M of time. Some of the growth in U
is due to inflow, but more is the result of heating within this
volume. Denoting the internal energy density of the fluid as
1 = pe and its 4-velocity as u, the heating rate dQ/dt
(including both compressive and dissipative heating) can be
inferred from the internal energy budget in the cavity,

au d
/ d*c;\/—quut’ —/dV,/—gﬁcoomL—Q;
dt F1% v dt

(55)

note that dV includes both the spherical surface with radius
r = 15 M and the apparent horizons. As shown in Fig. 17,
the growth in U is a small fraction of dQ/dr integrated
across merger; on the other hand, Ly, follows dQ/dt very
closely (Fig. 14). In other words, nearly all the heating at
this time is radiated promptly, which in our model means
the heating is nearly all dissipative.

Lastly, as vividly portrayed in Fig. 14 and demonstrated
by Fig. 15, all the luminosity radiated from the binary and
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FIG. 15. Power spectrum of Lgy in a sphere of coordinate

radius r = 100 M around the center of mass of the binary. The
spectrum is computed using the same numerical techniques
described in the caption of Fig. 13.

cavity regions during the first half of the inspiral is
modulated at the same frequencies as M,,. However,
its behavior contrasts with the accretion rate in several
ways. The luminosity modulation persists until merger
only in the region immediately surrounding the binary (i.e.,
r < 15 M). It is noticeably more irregular than the accre-
tion rate modulation; and, compared to the accretion rate
power spectrum, the relative strength of the two peaks in
the luminosity power spectrum is reversed.

D. Electromagnetic phenomena

1. Character of the magnetic field

We now direct our attention to the dynamics of the EM
field. The magnetic field changes in a number of ways
during inspiral and does so especially dramatically at the
time of merger. For example, the relative sizes of the
magnetic field’s components near the black hole horizons
shift sharply toward a greater contribution from toroidal
field as the merger takes place; this is visually evident in the
upper panels of Fig. 18. To demonstrate this quantitatively,
in Fig. 19 we plot the total magnetic field energy,

/ dv./—gB?, (56)

and the contributions to that energy from the poloidal and
toroidal components,

[ avy=ae - pys) (57)

and / dv/=gB,B?. (58)
14
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FIG. 16. Equatorial slices showing the increase in temperature 7 = P/p in the vicinity of the black holes from ~1000 M before

merger (left panel) to ~1000 M after (right panel).
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r =15 M centered around the binary.
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Projection of the magnetic field lines on the equatorial (left panels) and meridional (right panels) planes shortly before merger

(upper panels) and after merger (lower panels) superimposed onto the mass density distribution. The merger remnant forces the magnetic
field lines into rotation around the black hole’s spin axis and deflects them so as to reduce the magnetic flux through the equatorial plane

(see also Fig. 21).

in spheres of radius 1 M around the black holes from which
we excise the horizons; note that “poloidal” and “toroidal”
refer to the coordinate frames centered on the punctures,
not the one centered in the binary’s center of mass.
Although the field before merger is almost purely poloidal
(in fact, mostly radial within a few M of the black holes),
the toroidal contribution makes up ~25% of the total field
fluid-frame energy density around the post-merger rem-
nant. We attribute this sudden growth in the toroidal
component to rotational shear acting on the radial compo-
nent of the magnetic field, where the rotation is a
combination of orbital motion around the merged black
hole and frame dragging.

To describe other field properties, we study the behavior
of the magnetic flux through various open surfaces S

(the no-monopole constraint makes the total magnetic flux
through a closed surface identically zero) during the
inspiral and merger stages of the simulation:

(I)BE/SdQGi\/__gBi' (59)

The evolution of the magnetic flux in the inner portion of
the cavity is portrayed in Fig. 20. The light blue curve
shows the flux through a disk of coordinate radius R =
20 M centered around the binary’s center of mass and lying
on the equatorial plane; we remove the intersection of the
disk with the black hole horizons from the integration
region. The flux through this surface grows steadily from
the beginning of the inspiral until ~1000 M before the
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FIG. 19. Total magnetic field energy (dark teal) and the poloidal (gold) and toroidal (magenta) contributions to the magnetic field
energy in spherical volumes of coordinate radius r = 1 M centered on the inspiraling punctures or on the merger remnant. The choice
r =1 M ensures the ergosphere of the merged black hole is fully contained inside the integration volume.

merger, presumably as a result of continued accretion
bringing additional vertical magnetic flux into the region;
Fig. 21 appears to support this hypothesis. At the merger,
this flux drops abruptly by ~35%, consistent with the
observation that magnetic field lines are deflected from the

vertical direction by the merger remnant (bottom panels
of Fig. 18).

The total flux inside 20 M (combining flux on and
outside the black hole horizons) rises from a minimum
~0.3 at the beginning of inspiral to a maximum ~0.6

No. orbits

185 190 195 200

10—1 4

O5(t) [M]

1072 4

| Merger

—— R =20M disk, no horizons
5M = R < 20M annulus
BH1, upper half

BH2, upper half
Post-merger BH, upper half
r=>5M, upper hemisphere

100000 102500 105000

107500

110000 112500 115000 117500

t[M]

FIG. 20. Magnetic flux through several different surfaces in the inner portion of the cavity region around the binary as a function of
time: a disk of coordinate radius R = 20 M in the equatorial plane where we excise the intersection with the black hole horizons (light
blue); an annulus with 5 M < R <20 M in the equatorial plane (orange); the upper halves of the two horizons during the inspiral (blue
and red); the upper half of the merged black hole (violet); and the upper half of a sphere of coordinate radius r = 5 M centered on
binary’s center of mass, which becomes the remnant black hole after merger (green).
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Equatorial (top panels) and polar (bottom panels) slices of the vertical magnetic field component |B?| in the early inspiral (left

panels), shortly (~620 M) before merger (central panels), and ~4200 M after merger (right panels). Note the progressive accretion of
vertical magnetic flux during the inspiral stage and its decrease through the equatorial plane after merger, indicating deflection of

magnetic field lines towards the merger remnant (see also Fig. 18).

immediately before merger. During this span of time, the
location of the flux changes systematically. In the early
inspiral, roughly half this flux threads the event horizons of
the black holes, but this fraction decreases to ~10% at the
time of maximum total flux shortly before merger. This
drop in the horizons’ flux-share comes about because
the horizons of the two black holes lose ~65% of their
total magnetic flux during this time period. However,
nearly all the lost flux is given to the remaining black
hole’s horizon at the moment of merger, as roughly twice
this amount of flux moves from the annulus 5 M < R <
20 M to inside 5 M.

These results prompt two questions. First, why does so
much flux move suddenly to the merged black hole’s
horizon at the moment of merger, even though the total
mass accretion rate onto the system’s black hole(s) hardly
changes? Second, what happens to the half of the magnetic
flux taken from the 5 M < R < 20 M annulus that doesn’t
go to the new black hole’s horizon? A partial answer to the
second question may be seen from the data of Fig. 20: all
the flux lost from the annulus moves inward, but only about
half of it goes all the way to the horizon. We propose
that both questions may be completely answered by
considering the role of accretion ram pressure in confining
magnetic flux onto black hole horizons. The ram pressure
of accreting matter just outside the horizon of a black
hole is phu”u,, where h is the enthalpy of the gas. At the

order-of-magnitude level, this is ~Mc/Agy because the
radial component of the accreting matter’s 4-velocity must
be relativistic at that location; here, Ay denotes the
horizon’s surface area. If the magnetic pressure balances
the ram pressure, the flux on each black hole is
~f geom(McApp)'/? With fgeom a factor giving the ratio
between the field component normal to the horizon and the
field magnitude. As a result of the merger, M per black hole
doubles and Agy per black hole increases by a factor ~2.8,
from ~2.47 to ~6.86. The result is that the flux capable of
balancing ram pressure is ~1.2x the total horizon flux pre-
merger; in fact, the flux on the merged horizon is about
2.5x the total pre-merger. This level of agreement is
consistent with the fact that our argument is fundamentally
order-of-magnitude. The geometric factor might contribute
to the change in flux, but not through the relative increase in
toroidal field we have already noted because the toroidal
direction is always normal to the horizon’s normal. We
might also speculate that only half the flux brought within
5 M at merger reaches the horizon because the accretion
ram pressure is insufficient to confine it closer.

Ram pressure may also play a role in the decline of
magnetic flux on the horizons during nearly the entire span
of the inspiral. Over this time period, the accretion rate also
falls, dropping roughly a factor ~10 (Figs. 11 and 14); the
ram pressure of accreting gas would then fall by essentially
the same factor. As a result, the flux that the ram pressure
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FIG. 22. [Upper panel] Accretion-rate-normalized magnetic flux [see Eq. (62)] on the horizons. [Lower panel] Poynting flux on a

spherical surface with coordinate radius » = 100 M around the binary’s center of mass. Note the sharp increase of both quantities

at mer, ger.

can hold on the horizon falls by a factor ~3; Fig. 20 shows
the actual fall is also a factor ~3.

2. Poynting flux

The EM field also generates Poynting flux, whose total
amount can be found by a surface integral analogous to that
used for magnetic flux:

}'sz/dzo-i,/—gSi. (60)
S

Here, S’ denotes the Poynting vector which, in the ideal
MHD limit, is given by
St = B2 — (v;B))v'. (61)
Note that surfaces appropriate to describing total Poynting
flux may be closed, unlike the surfaces used for magnetic
flux integrals. The Poynting flux (60) calculated on a
spherical surface of coordinate radius r = 100 M around
the binary is shown in the bottom panel of Fig. 22. This
quantity remains approximately constant and relatively
small (~1-2 x 10~ in code units) throughout the inspiral
phase, but undergoes a sharp increase by a factor ~5 at the
time of merger.
The observed behavior is not surprising: as already
mentioned in Sec. III C 1, the polar outflows generated
by a binary comprising nonspinning black holes, albeit

magnetically dominated, are able to carry Poynting flux
only as a result of their orbital motion. Summing the
Poynting flux within the upper and lower cones gives a total
(in code-units) that begins at ~3—4 x 10~ and gradually
rises to double that by ~1000 M before merger. The
remainder of the Poynting flux during the inspiral
(~0.6-1.5 x 107™*) is associated with the work done by
magnetic accretion stresses inside the CBD. The jump in
Poynting flux after the merger is, of course, associated with
the now-spinning black hole merger remnant.

The balance between ram pressure and magnetic field
pressure leads to a convenient nondimensional form in
which to measure the magnetic flux relevant to the
Poynting flux created by a magnetized and rotating black
hole:

Dp
\/4rMric

Here, @ is calculated on the upper half of the black hole
horizon, while M is integrated over the full horizon’s
surface. This form differs from the ram pressure criterion
only in using 4z in place of the horizon area; when it is
adopted, the solid angle-integrated Poynting flux is a
dimensionless number times Mc?, which can be thought
of as a jet efficiency. For example, if the magnetic field on
the horizon of the black hole is a split monopole, one may
use the analytic solution of [121] to find that

b5

(62)
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2
Loz = e (0) (2 ot =0, (63)

Agn 'y

where ry is the radius of the horizon, ' is the ratio of the
field-line rotation rate to the rotation rate of the horizon
(typically, @’ ~ 0.4 [122]), and y is the dimensionless spin
parameter; note that the field geometry can depend on the
intrinsic field topology, the accreting material’s equation of
state, and y.

In the upper panel of Fig. 22, we show that ¢pg ~ 1 — 2
on the two individual black holes early in the inspiral,
dwindling to values <1 in the last ~5000 M before merger.
At merger, ¢ jumps to 2 — 3 on the single remaining black
hole. These values of the normalized flux are small enough
that the ram pressure of the accretion flow can confine the
magnetic field, and the field is too weak to interrupt
accretion.

IV. DISCUSSION

Our results have a number of implications for under-
standing the principal features of the final inspiral and
merger of a pair of supermassive black holes.

A. Gas dynamics unique to late inspiral and merger

1. New features

A very large literature now exists regarding the fluid
dynamics of binary accretion. Features such as the cavity
within ~2a of the center of mass and the minidisks around
each of the partners in the binary have been extensively
discussed. Our simulation has demonstrated that essentially
all these features change dramatically when two black holes
approach to <20 M of one another:

(i) When the separation is less than an order of
magnitude larger than the individual holes’ ISCO
radii, the masses of the minidisks rise and fall by
large factors on timescales comparable to the binary
orbital period. Near a minidisk’s mass minimum, its
density structure is better represented by a loosely-
wound spiral than an axisymmetric disk.

(i1) Once the separation shrinks to being only several
times the ISCO radii, the minidisks never return to
an axisymmetric structure.

(iii) While the binary loses another factor of ~2 in
separation, the inner edge of the CBD, formerly quite
sharply defined, spreads irregularly inward. As a
result, rather than a pair of accretion streams feeding
the minidisks, the flow breaks up into many irregular
interacting streams. During this stage, distinct mini-
disks disappear. Atthe same time, magnetic “bubbles”
form within the disorganized accretion flow.

(iv) Immediately after the merger, when the pair of
rapidly orbiting black holes is replaced by a single
black hole, the gas heating rate jumps as shocks

triggered by the abrupt change in the gravitational
potential due to the black hole’s sudden mass-loss
run through nearby gas.

(v) Unlike most accreting black hole systems, the
heating rate has little to do with the instantaneous
accretion rate into the black hole(s) [the only other
example in which this happens is tidal disruption
events [123-127]].

(vi) Although inflow equilibrium is generally well-es-
tablished from the inner portion of the CBD down to
the black holes of the binary well after “decoupling”
(i.e., when the binary’s orbital evolution rate be-
comes faster than the CBD’s inflow rate), in the
latter inspiral it breaks down even in the cavity
region surrounding the binary. In fact, as evidenced
by both the strong nonmonotonicity in the cavity
mass’s time dependence and its uneven distribution
in radius (see Figs. 12 and 17), “decoupling” does
not lead to a progressive mass-starving of the gap
region. Instead, it is better described as a decline in
the accretion rate onto the black holes that is
stabilized well before merger. Because the accretion
rate declines even while mass continues to be
injected from the CBD into the cavity, the gas mass
in the inner portion of the cavity begins to grow
~4000 M before the merger.

(vii) The accretion rate onto the merged black hole is
essentially identical to the sum of the accretion rates
onto the binary black holes immediately before
merger.

2. Contrast with previous work

The chaotic gas dynamics in the gap region that we
observe close to merger contrasts sharply with some
cognate previous work. The most dramatic contrast is
with the work of [119], who used 2D Newtonian hydro-
dynamics combined with orbital evolution given by the
quadrupole gravitational wave radiation rate. In their
calculation, very tightly confined streams spiral down to
the black holes, where previously well-defined minidisks
disappear ~6000 M before merger without ever passing
through the stream-like state. The regularity they observe in
the accretion streams is likely due to the purely laminar
flow in their CBD, very much unlike the MHD turbulence
in disks with physical internal stresses. [22] showed that
relativistic effects strengthen sloshing; use of Newtonian
dynamics may therefore be the reason for extended main-
tenance of the disk-like state, as well as the early total
dissolution of the minidisks.

There are also contrasts with other work utilizing
numerical relativity and 3D MHD. For example, [33,35]
study a binary whose initial state contains a binary with a
separation of 10 M and a surrounding gas torus whose
inner edge is, even after ~10000 M of dynamical relaxation
(with radiative cooling) in a nonevolving binary spacetime,

063009-28



RELATIVISTIC GAS ACCRETION ONTO SUPERMASSIVE ...

PHYS. REV. D 112, 063009 (2025)

~15-20 M from the center of mass [see Figs. 1(b) and 2 of
[33]]. In their work, two well-defined accretion streams
spiral onto the black holes’ horizons until only ~400 M
before merger. These results differ qualitatively from ours,
in which the gas moves much more chaotically even when
the separation is larger than 10M. Well before our binary
shrinks to this separation, irregular gas structures in the
inner portion of the CBD defy definition of a sharp edge,
while low-density gas streams break off from these struc-
tures, occasionally interacting with each other before a
fraction of their mass is captured by a black hole.

These qualitative differences can be appreciated by
contrasting the bottom-left panel of Fig. 8—which shows
the mass density distribution within the cavity when the
binary separation is ~10 M—with the top panels of Fig. 2
in [35]. Comparing these figures also shows that the
contrast between the regions of highest and lowest densities
is at most 2 — 3 orders of magnitude in [35], versus 6 — 7
orders of magnitude in our case, even though the low-
density (i.e., purple-ish) regions of Fig. 8 have densities that
are typically ~3 orders of magnitude above the floor value.
These differences in the gas dynamics within the cavity
translate into differences in the mass accretion rate onto the
binary. Whereas in [33,35] this quantity drops only shortly
before merger, in our simulation it settles to an approx-
imately constant value (albeit with factor of 2 oscillations) a
full ~4000 M before merger.

We believe the differences between the work of [33,35]
and ours can be most likely ascribed to the small binary
separation at the initial state. At such a small separation,
when orbital evolution is initiated, the timescale for binary
orbital evolution is much shorter than the time for radial
mass flow within the CBD; in other words, the system is
already well past the start of decoupling. Consequently, the
gas’s spatial distribution primarily reflects the imposed
initial state more than the dynamics that would have taken
place if decoupling had been followed from a moment
closer to its start. As we have shown, longer-term dynami-
cal evolution places the gas in a rather different location
from the one in which it is found in this earlier work.

A different comparison with previous work has to do
with the total mass of gas in the cavity. [128] suggested
that the total mass within ~100 M might be as much as
~1M3M, where My is the black hole mass in units of
103M . Because the code-unit of density in our simulation
is arbitrary, to translate the simulation results into physical-
unit numbers, it is necessary to choose specific values for
both the binary black hole mass and its accretion rate at a
fiducial location. Following [129], we have

4 m/n

Pphys = Pcode -
KTrg Mcode

~2.14 x 1072p g M3! IZ/” gem™,  (64)

code

where k7 is the Thomson opacity, 7 is the accretion rate in
Eddington units, and # is a nominal radiative efficiency. In
our particular case, we take as our fiducial value for the
accretion rate M 4. = 0.002, the rate crossing the cavity at
the beginning of the inspiral, and suppose it corresponds to
m/n =1, so that pyys = 1.1 X 10%p0qeMg" gem™. The
denser regions of the flow (the accretion streams during
the early part of the inspiral, the midplane of the
CBD afterwards) therefore have p~10""'Mg! gem™
(see Fig. 8). At t ~5000 M before merger, the code-unit
mass within r < 15 M is ~0.03 (Fig. 12), so the physical
mass within that zone is ~1 x 10¥”M3 g~5x 10 M,
However, the mass in this zone begins growing ~4000 M
before merger and is Sx larger by ~4000 M after merger.
The mass within 40 M is ~6 x 1072M3M, throughout the
inspiral and immediate post-merger period. Thus, the mass
near the merging binary at the time of merger is likely to be
less than a solar mass, but perhaps by only 1 — 3 orders of
magnitude. Note also that the ratio between the nearby gas
mass and the black hole mass increases o« Mri1/7.

B. Bolometric lightcurve

Although our cooling rate prescription is ad hoc and
does not account for the detailed mechanisms of EM
radiation, the fact that it closely matches the heating rate
suggests that it faithfully represents the bolometric cooling
rate if the cooling time is short compared to the dynamical
time. There may, however, be departures between our
predicted lightcurve and the actual lightcurve when this
assumption breaks down, as may happen when the gas is
especially optically thick. In this case, the variations we
predict can be sharper than would occur in reality.
However, at very high temperatures (and these are often
found in the cavity gas during inspiral, as in Fig. 16), the
dominant cooling rate is almost certainly inverse Compton
scattering, which is generically rapid® and often faster than
the dynamical time. As one would expect physically and is
shown in the lower panel of Fig. 14, the timescales of
variation rise outward. Because the radiation variability
timescale at all radii is longer than the local dynamical
timescale (i.e., the timescale at which our cooling rate vents
heat), we expect that these variations are reasonably
accurately portrayed.

Our most striking prediction about the bolometric light-
curve is that during the inspiral there should be a gradual
downward trend, but at the time of merger there should be a
sharp rise by ~50%. Because this change in luminosity is
associated with an even more dramatic change in the
locations from which the light is radiated, it is very likely
that the spectrum changes dramatically at merger; detailed

4 .. . . . .

Its characteristic timescale in an accretion context is
~(m,/ue)in™" (r/r,)*r,/c, where p, is the plasma’s mean mass
per electron, so m,/u, ~5 x 107 is common.
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calculations will be required to identify the nature of
the spectral shift. The duration of the inspiral decline is
~10* M ~2Mg months; the jump and spectral change at
merger may be accomplished in as little as ~100M ~
0.5My days.

In physical units, the power radiated is

m/n

L= LoyLp. (65)
where Lgy is the luminosity in code-units and Lg is the
Eddington luminosity. Thus, when the luminosity is ~107*
in code-units, we would expect a physical luminosity
~0.05(ri/n)Lg. The actual total luminosity produced
within 7 = 100 M is ~3 x 107 at the beginning of our
simulation, drops to ~0.5 x 107 shortly before merger,
and jumps back to ~0.8 x 10~* at merger. In other words, if
the accreting binary, when widely separated, produced a
luminosity Ly by conventional accretion onto the mini-
disks with a radiative efficiency # = 0.1, its luminosity due
to entirely unconventional radiation processes during its
final inspiral would have gone from ~1.571(5/0.1)~' L to
~0.2511(5/0.1)~' L g to ~0.471(17/0.1)~' L over the course
of the inspiral and the immediate aftermath of merger.
Thus, despite the diminution of the accretion rate onto the
black holes by a factor ~10, the actual luminosity derived
from gas heating during the inspiral is depressed by no
more than a factor ~4 and, early in the inspiral, is actually
tens of percent greater than what might be expected from
the nominal accretion rate.

The smoothness of the lightcurve is itself a new result.
Many have speculated that when the system “decouples,”
i.e., when the binary evolves on a timescale shorter than the
inflow time in the inner CBD, matter flow into the cavity
ceases, leaving the immediate vicinity of the binary almost
bereft of gas and suppressing photon emission from the
entire cavity region until after the merger [130]. Others
[e.g., [128] ] have speculated that gas can still occupy the
region around the binary during the final stages of the
inspiral. In this case, it was suggested that when the GW
luminosity is near its peak, the spacetime near the merging
black holes is so violently distorted that, for a short time, it
pushes gas streams against each other with equal violence,
causing a sudden deposition of extra heat into the gas.

As Fig. 17 shows, the truth is in between. The gas mass
close to the binary falls by a factor ~10 during the first part
of the inspiral, but as the merger approaches, rises back to
~1/4 of its earlier mass. Although there is persistent
heating in both the binary region and the outer cavity
throughout the inspiral (Fig. 14), it does not climax
immediately before merger. The reason for this smoothness
is fundamentally the same as the reason the gravitational
waveform is also smooth: rather than a chaotically dynami-
cal spacetime, there is only a coherent propagating wave,
driven by the shrinking black hole binary. Heating during

the inspiral can be similarly thought of as driven by the
smoothly time-varying potential created by the binary. The
change in the location of heating at merger is due to
the fundamental change in the gravitational potential, from
that of an orbiting binary to that of a single stationary mass.

Here, too, there is contrast with previous work. Over the
period corresponding to the duration of our simulation,
[119] found that the associated bolometric luminosity drops
by a factor ~5, very similar to our factor ~4. However, their
(2D Newtonian hydro) simulation predicts that the bolo-
metric luminosity maintains the level reached at merger for
~10°M afterward, whereas we see a sharp upward step at
merger. They also predict that merger leads to a complete
shut-off of radiation in the band associated with the
innermost radii of accretion, whereas we find the innermost
region rises in luminosity by a factor ~5.

C. Spectrum

To predict the spectrum radiated, the first question
that must be answered is how much of the light is
thermalized. Equivalently, is the effective absorptive opac-
ity photons face large enough that the expectation value for
a photon’s absorption while diffusing out of the gas is at
least comparable to unity? Given the density scale we have
estimated [see Eq. (64)], the electron scattering optical
depth in the cavity region is

o1~ KppnyyH = 4(H /1) (r/r))(n/m) £ (66)

code

where H is the local vertical scale height at a distance r
from the center of mass of the system. The ratio peoge/M
ranges from ~10~* — 10, so if (H/r)(r/r,) ~ m/n ~ 1, the
Thomson optical depth ranges from ~10~3 — 102. The free-
free optical depth for photons at the peak of a Planck
spectrum is ~5 X 10‘2(pcode/10‘2)2T5_7/2M8‘2(H/rg), for
Ts the gas temperature in units of 103 K; the code density is
normalized to the highest density found in the cavity.
Because the temperature within tens of M of a black hole is
unlikely to be much less than 10° K and could be a good
deal higher, the effective thermalization optical depth
[(z7 + 74) 7] /% might at most be ~O(1), but is generally
below unity. Consequently, some fraction of the emitted
luminosity may be thermalized, but it could be a small
fraction. The remainder of the photon power is likely due to
inverse Compton scattering of photons created in the CBD.

In the inner cavity (r <15 M), the typical ratio
of internal energy to rest-mass is ~1072~10 MeV
(Fig. 17). This is hot enough to drive significant e*-pair
creation. If most of the internal energy is converted to pair
rest-mass, the optical depth could increase by a factor ~10
and the temperature would fall to ~500 keV. The majority
of the power from the inner region would then emerge in
hard X-rays.
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D. Jet-launching

Even if the individual black holes do not spin, their
orbital motion at the very end of the inspiral is rapid enough
to drive a weak jet along the orbital axis; the acceleration in
orbital motion as the binary nears merger (see also [34])
accounts for the increase in total Poynting flux in the last
~1000 M before merger (Fig. 22). Almost independent of
the pre-merger black holes’ spins, the merger product must
spin reasonably fast if the binary mass-ratio is ~1. Mergers
in general should therefore launch jets, part of whose
energy is emitted in photons beamed and boosted in the
jet’s direction. Sudden turn-on of jet emission would then
strongly indicate two slowly spinning black holes have
merged. If at least one of the merging black holes had a
high spin parameter, it should have driven a jet all along,
but in principle its direction might have been different from
the post-merger jet’s. If both black holes spun rapidly
enough to drive jets, the jets could interact. When the spins
are aligned with the orbit, the interaction takes place where
the jet cones have widened enough for the jets to touch
[131]. When the spins are misaligned, relativistic spin-orbit
and spin-spin interactions will cause them to precess,
producing a complicated time-dependence for distant
observers. We will discuss a few examples of these options
in a forthcoming paper.

V. CONCLUSIONS AND OUTLOOK

We have presented the first 3D GRMHD plus numerical
relativity simulation that, starting from an initial separation
of 20 M and prerelaxing the gas and magnetic field
distributions onto the binary’s spacetime, follows the inspi-
ral, merger, and early post-merger stages of the evolution of a
supermassive black hole binary (in this case, it is circular,
equal-mass, and nonspinning). Throughout our simulation,
we have modeled gas cooling through the emission of EM
radiation in a simple though effective way. Our methods
allowed us to unveil the highly chaotic nature of the gas’s
motion in the gap region in the late inspiral and the ultimate
dissolution of the minidisks, as well as a sharp increase in the
bolometric lightcurve tied to a predicted drastic change in
spectrum at the time of merger.

This work establishes a foundation for future explora-
tions of more complex SMBBH merger scenarios involv-
ing, for instance, different black hole mass ratios [e.g.,
[35] ], orbital eccentricities [e.g., [42] ], and spin configu-
rations [e.g., [36,37] ], as well as different thermodynamic
properties of accretion disks. By enhancing the physical
accuracy of these models, we can deepen our understanding
of the intricate processes involved in these astronomical
events, ultimately enabling more precise predictions and
interpretations of observational data. In particular, starting
the simulations from larger binary separations is essential in
order to gain deeper insight into the gas’s behavior in the
gap region in this regime.

EM observables during the late inspiral, merger, and
post-merger stages are likely sensitive to the binary’s mass
ratio and orbital eccentricity. Specifically, if the mass ratio
qg=m;/m, # 1, any asymmetry in the gas distribution
around the binary could potentially increase accretion onto
the less massive hole [20,35,132], thereby facilitating mass
sloshing between the minidisks. Because the black hole
orbits tend to circularize by radiating GWs, orbital eccen-
tricity should be small when the black holes are separated
by a distance <20 M [133-135]; however, eccentricity
could still impact the dynamics and observable features of
SMBBH systems in a significant way [42,136].

The binary’s spin configuration can have important
implications for the accretion dynamics and jet power
throughout the evolution of the system [30,36,37,44.,45].
For instance, the ISCO radius shrinks with greater pro-
grade spin; as a result, minidisks are likely more persistent
when the black hole they orbit spins in a prograde sense
[36,37]. The spins may often be aligned with the binary’s
angular momentum [137-139], but the arguments are far
from airtight. When the spins are oblique, gravitomagnetic
torques can deflect the accretion streams, causing the
minidisks to twist and leading to time-varying, nonplanar
gas orbits due to precession induced by spin-spin and
spin-orbit couplings. At close separations, in-plane spins
might induce “bobbing” of the orbital plane [140-143] and
possible gas shocks, along with significant interactions
between the jets [131,144] and recoil of the merger remnant
[141,145]. Under specific conditions, phenomena such
as spin flipping (“S-Flip”) or a total angular momentum
reversal (“L-Flop”) could occur [146—150]. Finally, depen-
ding on the configuration, spin-orbit interactions can either
increase or decrease the time to merger compared to the
zero-spin case [140,143].

Magnetic field strength and topology can also play a
crucial role in shaping accretion flows by providing
dynamical feedback that influences the behavior of infal-
ling matter. For example, in the case of single black holes,
magnetically arrested disks (MADs) have been proposed to
explain the observations of M87* and Sagittarius A* by the
Event Horizon Telescope (EHT) Collaboration [I51].
Although MADs have been extensively studied in the
context of isolated black holes [152-154], only initial
studies of their possible presence in SMBBH mergers have
been conducted [155]. Clearly, further exploration is
required to achieve a comprehensive understanding of
the effects of magnetic fields on such complex astrophysi-
cal phenomena.

Lastly, more accurate radiation transport models [see,
e.g., [32,156,157]] than the simple cooling prescription
used in this work are needed to effectively account for the
intricate interactions between radiation and matter in these
extreme environments. Radiation transport determines the
gas’s equation of state and the radiation forces on the fluid;
it may, for example, affect the duration of the “decoupled”
period. In addition, of course, a careful solution of the
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radiation transport problem is essential for predicting the
EM spectrum seen by observers.

These improvements, along with the availability of
advanced computational infrastructure, hold the potential
to yield groundbreaking insight into the astrophysical
processes at the heart of supermassive black hole mergers.
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APPENDIX: ANALYSIS TOOLS

The primary physical insights from the inspiral and
merger simulation presented in this work stem from
integrating the MHD quantities over appropriate surfaces
and volumes. Although some analysis was conducted
during the simulation, most of it had to be performed
post hoc, as identifying the key physical quantities in
advance was not entirely feasible. This Appendix provides
some detail about two codes—CactusSurfacelntegrals and
CactusVolumelIntegrals—that we developed in order to calculate
most of the surface and volume integrals presented here.
The codes are version-controlled in a private GitHub
repository, but we plan to make them available to the
public in the near future.

1. Surface integrals

We developed CactusSurfacelntegrals, an MPI—parallel C++
code capable of calculating the integrals of various quan-
tities of physical interest over planar, spherical, or cylin-
drical surfaces embedded in Cactus grids with Cartesian
topology and box-in-box mesh refinement. Since the main
application of the code is (for now) the analysis of binary
black hole simulations, the integration surface can be fixed
in time or centered around the location of either black hole
or centered in the center of mass of the binary system.
Furthermore, the extent of the surface can be made propor-
tional to the binary separation.

In a nutshell, the code’s workflow is the following:

(1) Each MPI task is assigned a chunk of the integration
surface.

(2) Each point on the surface chunk is assigned the Cactus
grid component with the finest available resolution
that overlaps that point.

(3) All the needed fields are interpolated on each point
of the surface chunk using the previously assigned
grid patch.

(4) The integral(s) is (are) computed by each MPI rank
on the corresponding surface chunk, then the local
contributions are summed and written to file.

A typical binary black hole simulation involves multiple
MPI processes, so that the GRMHD fields are scattered
across multiple files (possibly one file per process). Each of
those files—in HDF5 format [103]—typically contains
field data on multiple Cactus grid components. A given
Cactus grid component may overlap multiple chunks of the
integration surface, corresponding to as many MPI proc-
esses in CactusSurfacelntegrals, S0 that multiple MPI processes
may need to open each file at once. For this reason,
CactusSurfacelntegrals builds MPI communicators listing which
MPI processes should open any given file, and then opens
each file collectively across that communicator using the
appropriate routines from the HDF5 library.

Interpolations of the fields and their spatial deriva-
tives are carried out using a three-dimensional Newton
scheme (divided differences algorithm) which has been
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successfully tested against known linear and quadratic
functions. The user can choose the interpolation order,
which is set to 4 in this work. The interpolation may
occasionally fail to provide physically meaningful results:
for example, the interpolated fluid’s mass density and
pressure may be slightly below their floor values, or the
fluid’s velocity may be slightly superluminal. First, the
number of incorrect interpolations is typically reduced by
interpolating the fields’ logarithm, possibly adding a
constant to the field values in order to avoid negative
arguments in the logarithmic function. Second, if incorrect
interpolations occur at a given point, the user can choose
whether to abort execution or replace the interpolated value
at that point with the averaged field values interpolated at
the four nearest neighboring points; note that this may
require exchanging data among neighboring MPI proc-
esses. If that still fails, the interpolated value can be
replaced by a user-specified default value.

Finally, the code can calculate the coordinate area of the
integration surface and compare it with the corresponding
exact area to provide an upper bound to the quality of the
integration—measuring the surface area does not involve
any field interpolations, which naturally come with their
own truncation errors. We always set the number of points
on the integration surface in such a way that the surface
resolution at any given point is no coarser than resolution of
the Cactus grid around the same point. This way, we
typically find that CactusSurfacelntegrals underestimates the
integration area by at most a fraction 1073,

2. Volume integrals

We also developed CactusVolumelntegrals, an MPI-parallel
C++ code to compute spherical volume integrals over Cactus
grids with Cartesian topology and box-in-box mesh refine-
ment. As in CactusSurfacelntegrals, the center of the sphere can

either be fixed in time, coincide with the location of either
puncture, or be located at the center of mass of the binary;
also, its radius can be made proportional to the binary
separation. In addition to that, apparent horizons or
spherical volumes of arbitrary radii centered on the
punctures can be excluded from the integration domain.

The workflow of the code is essentially as follows:

(1) Each MPI process reads one and only one Cactus
HDFS file containing the information about how the
GRMHD fields are laid out in the simulation
domain. Note that the code must run as many
MPI processes as there are files to read.

(2) All grid components in each file are checked for
overlap against the integration sphere by means of
Arvo’s algorithm [159].

(3) All MPI processes must know which grid compo-
nents overlap the integration sphere (no matter
which files those components belong to), so that
only the components with the finest available
resolution are used in the integration. This step
involves collective MPI operations.

(4) Each MPI process calculates the integral(s) over all
grid components (or part of them) with the finest
available resolution that overlap the sphere and
belong to the corresponding HDF5 file. The con-
tribution from each grid point is weighed by a factor
1/2", where rl€{0,1,2,...} denotes the refine-
ment level the given grid point belongs to and r/ = 0
corresponds to the coarsest level.

Similar to CactusSurfacelntegrals, this code can calculate the
integration volume numerically and compare it to the exact
value to provide an estimate of the integration accuracy. In
the applications involved in the work presented here,
CactusVolumelIntegrals typically underestimates the volume of
the integration region by only 0.3% — 0.8%.
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