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Abstract

We present fully relativistic predictions for the electromagnetic emission produced by accretion disks surrounding
spinning and nonspinning supermassive binary black holes on the verge of merging. We use the code Bothros to
post-process data from 3D general relativistic magnetohydrodynamic simulations via ray-tracing calculations.
These simulations model the dynamics of a circumbinary disk and the mini-disks that form around two equal-mass
black holes orbiting each other at an initial separation of 20 gravitational radii, and evolve the system for more than
10 orbits in the inspiral regime. We model the emission as the sum of thermal blackbody radiation emitted by an
optically thick accretion disk and a power-law spectrum extending to hard X-rays emitted by a hot optically thin
corona. We generate time-dependent spectra, images, and light curves at various frequencies to investigate intrinsic
periodic signals in the emission, as well as the effects of the black hole spin. We find that prograde black hole spin
makes mini-disks brighter since the smaller innermost stable circular orbit angular momentum demands more
dissipation before matter plunges to the horizon. However, compared to mini-disks in larger separation binaries
with spinning black holes, our mini-disks are less luminous: unlike those systems, their mass accretion rate is lower
than in the circumbinary disk, and they radiate with lower efficiency because their inflow times are shorter.
Compared to a single black hole system matched in mass and accretion rate, these binaries have spectra noticeably
weaker and softer in the UV. Finally, we discuss the implications of our findings for the potential observability of
these systems.

Unified Astronomy Thesaurus concepts: General relativity (641); Spacetime metric (1550); Active galactic nuclei
(16); High energy astrophysics (739); Accretion (14); Compact objects (288); Astrophysical black holes (98)

1. Introduction a disk if the matter has enough angular momentum. SMBBHs
may thus emit EM waves and GWs, as they inspiral and finally
coalesce (Bogdanovic et al. 2021).

GWs from SMBBHs have frequencies ranging from
nanohertz to millihertz frequencies. At the lower end of this
frequency range, they are targets of current Pulsar Timing
Array experiments (Babak et al. 2016; Reardon et al. 2016;
Alam et al. 2021); at the higher-end, they are targets for future
space-based observatories such as the Laser Interferometer
Space Antenna (LISA; Amaro-Seoane et al. 2017).° Although
direct detection of GWs from SMBBHs is still a decade away,
EM emission may aid in the discovery of SMBBHSs using

In the past few years, the LIGO-Virgo Collaboration has
detected ~90 gravitational wave (GW) signals produced by the
merger of stellar-mass compact objects (Abbott et al.
2016, 2021). Among these, a collision of two neutron stars
was accompanied by the detection of electromagnetic (EM)
radiation across the entire EM spectrum, marking the most
significant multimessenger astrophysical event to date (Abbott
et al. 2017). Although the majority of GW detections have been
associated with binary black hole (BBH) mergers, no reliable
EM signal has been detected from these events so far. This is

unsurprising for stellar-mass BBHs, as most of them would
merge in a low-density environment (Perna et al. 2018). On the
other hand, and according to our current understanding of
galaxy evolution, supermassive binary black holes (SMBBHs)
would form and evolve in gas-rich environments, specifically at
the centers of merged galaxies (Begelman et al. 1980; Escala
et al. 2004, 2005; Merritt 2004, 2006; Springel et al. 2005;
Dotti et al. 2007; Mayer et al. 2007; Volonteri 2010; Dotti et al.
2009; Shi et al. 2012; Sesana & Khan 2015; Mirza et al. 2017;
Khan et al. 2019; Tiede et al. 2020; Chapon et al. 2013).
Additionally, since accretion at the Bondi radius scales as M*
for fixed conditions in the neighboring interstellar medium,
SMBBH systems may accrete copious amounts of gas, forming
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current large-scale surveys such as SDSS-V, eROSITA, and
upcoming facilities like the Vera Rubin Observatory. Identify-
ing these systems via their EM emission will also assist GW
missions in constraining population estimates to find real-time
counterparts. Since SMBBHs are expected to have a sufficient
amount of available gas for accretion, their luminosity should
be, a priori, comparable to that of normal active galactic nuclei
(AGNs). The major difficulty is differentiating SMBBHs from
conventional AGNs powered by single black holes. A small
portion of the total AGN population should correspond to
SMBBHs (Kelley et al. 2019; Krolik et al. 2019), but at
present, although there are several candidates (Valtonen et al.
2008; D’Orazio et al. 2015; Graham et al. 2015; Hu et al. 2020;
O’Neill et al. 2022), there are no confirmed detections.

3 https: //www.elisascience.org/
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To accurately predict distinct EM signatures from SMBBHs,
we must first understand how they behave. This is a difficult
problem that requires solving the nonlinear dynamics of the
plasma, magnetic fields, and radiation, coupled with a
dynamical spacetime. To accomplish this, we must rely on
numerical simulations that can handle all of these physical
ingredients.

Nonetheless, some results are well established. For example,
according to 2D-viscous simulations (MacFadyen & Milosavljevié
2008; D’Orazio et al. 2013; Farris et al. 2014a, 2014b; D’Orazio
et al. 2016; Muiioz and Lai 2016; Miranda et al. 2017; Derdzinski
et al. 2019; Muiioz et al. 2019; Moody et al. 2019; Mosta et al.
2019; Duffell et al. 2020; Zrake et al. 2021; Mufioz et al. 2020;
Muiioz & Lithwick 2020; Tiede et al. 2020; Derdzinski et al.
2021), Newtonian 3D-MHD simulations (Shi et al. 2012), and 3D
general relativistic magnetohydrodynamic (3D-GRMHD) simula-
tions (Noble et al. 2012; Zilhdo et al. 2015; Armengol et al. 2021;
Noble et al. 2021; Bowen et al. 2018, 2019; Gold et al.
2014, 2014; Farris et al. 2011; Paschalidis et al. 2021; Cattorini
et al. 2021; Giacomazzo et al. 2012), binaries with a mass ratio
q:=m;/m, > 0.04 carve an eccentric cavity around their center of
mass, whose mean radius is roughly two times the binary
separation. More importantly, simulations of this sort revealed that
contrary to previous expectations (Pringle 1991; Milosavljevié¢ &
Phinney 2005; Kocsis et al. 2011), binary torques do not
completely halt mass accretion (MacFadyen & Milosavljevi¢ 2008;
Shi et al. 2012; Farris et al. 2014; Shi & Krolik 2015). For mass
ratios of g > 0.1, the circumbinary disk (CBD) develops an m = 1
density mode on its inner edge, known as the lump, that modulates
the mass accretion onto the binary (Noble et al. 2012; Shi et al.
2012; Farris et al. 2014; Noble et al. 2021).

The gas enters the cavity as a thin ballistic stream (Shi &
Krolik 2015) and forms mini-disks around the black holes. The
mini-disks’ properties depend on the ratio risco/Fuunc, Where
risco is the radius of the innermost stable circular orbit (ISCO)
and Ry, 1S the mini-disk’s tidal truncation radius, which is
roughly ~0.35-0.4 r;, (Bowen et al. 2017); here, r, is the
binary separation. At short separations, the inflow time in the
mini-disks can be shorter than the beat frequency between the
orbital frequencies of the lump and the binary, and thus their
mass and accretion rate go through a filling-depletion cycle
(Bowen et al. 2018, 2019). At separations large enough for the
mini-disk’s inflow time to be longer than the beat frequency,
however, any modulation of thermal disk radiation due to
supply rate modulation is strongly suppressed. In this regime,
the lump-driven accretion rate periodicity can be seen only
when the associated radiation is created when the stream strikes
a mini-disk (Sesana et al. 2012; Roedig et al. 2014).

If the black holes have prograde spin, the smaller angular
momentum of an ISCO means that accreting matter must lose
more angular momentum. The greater time needed to do so
increases the mass resident in the mini-disks for a fixed
accretion rate (Paschalidis et al. 2021; Combi et al. 2021b).
Spin can also affect the streams from the CBD via frame-
dragging (Armengol et al. 2021). It can also power jets through
the Blandford—Znajek mechanism as seen in both force-free
(Palenzuela et al. 2010; Moesta et al. 2012) and ideal GRMHD
(Kelly et al. 2017; Cattorini et al. 2021; Combi et al. 2021b;
Paschalidis et al. 2021) mini-disk simulations.

Finally, when the SMBBH coalesces due to GW emission
(Campanelli et al. 2006), other EM signatures might appear,
although these predictions are much less robust than those
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listed above. Possibilities include: jet emission interruption
(Schoenmakers et al. 2000; Liu et al. 2003), prompt Eddington-
limited thermal radiation (Krolik 2010), and a variety of
imprints due to black hole recoil (Campanelli et al. 2007;
Schnittman & Krolik 2008; Volonteri & Madau 2008; O’Neill
et al. 2009; Rossi et al. 2010; Blecha et al. 2016).

Although much work remains to be done to fully understand
key aspects of the system, these findings clearly show that (a)
SMBBHSs can accrete significantly, and (b) at close separation,
the accretion process has several quasiperiodicities associated
with the binary motion. This variability will then be reflected in
the EM emission, which may uniquely indicate the presence of
a binary system (d’Ascoli et al. 2018). Aside from the accretion
flow’s intrinsic variability, relativistic effects such as Doppler
shifting (D’Orazio et al. 2015; Charisi et al. 2018) and self-
lensing (D’Orazio & Di Stefano 2018; Kelly et al. 2021;
Ingram et al. 2021; Davelaar & Haiman 2021a, 2021b) may
provide additional signatures for detecting SMBBHs when the
binary separation is small.

The EM emission from SMBBHs depends on how photons
move and interact with the plasma. This is difficult to model
self-consistently and has thus far been addressed only for single
black holes in specific regimes (Davis et al. 2005; Zhu et al.
2012; Kinch et al. 2021). An intermediate step consists of
implementing some prescription for how the gas radiates, such
as a cooling function (Noble et al. 2009), and then tracking the
photons as they travel through the highly dynamical spacetime.
d’Ascoli et al. (2018) used GRMHD simulations from Bowen
et al. (2019) that simulate mini-disk accretion onto nonspinning
SMBBHEs, using the metric approach in Mundim et al. (2014),
and implemented a fully relativistic ray-tracing calculation
using the code Bothros (Noble et al. 2007).

In this paper, we extend the work done by d’Ascoli et al.
(2018) to a much longer simulation and include a new
simulation with spinning black holes performed by Combi et al.
(2021b), which uses a new metric approach introduced in
Combi et al. (2021a). The longer duration of the runs allows the
system to reach a relaxed state, which enables us to calculate
the first detailed fully relativistic light curves of an SMBBH
system approaching merger. We seek to answer questions such
as: what type of spectra do SMBBHs produce and how do they
differ from those of single AGNs? How do mini-disks radiate
and how closely do they resemble standard disks around single
black holes? Are there unique features in the time variability of
the emission? What are the prospects for observing these
systems?

The remainder of the article is organized as follows: in
Section 2, we describe the GRMHD simulations we used and
the methodology we adopted to obtain the scientific products of
the work, which we present in Section 3. These consist of
images, spectra, and light curves. In Section 4, we discuss the
main implications of our findings and address the above-
mentioned questions. Finally, we present our conclusions in
Section 5.

2. Methodology

We compute images, spectra, and light curves by performing
ray-tracing calculations with data from GRMHD simulations.
Throughout the work, we use geometrized units, G=c =1, to
describe simulation data and CGS units to present EM
observables.
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Figure 1. Equatorial slice of the rest-mass density p (left panel) and the cooling
function L. (right panel) for S06 at r = 3290M.

2.1. GRMHD Simulations

We use data from two GRMHD simulations: one with
aligned spins, hereafter S06, performed in Combi et al.
(2021b), and the other with zero spins, hereafter S0, performed
in Bowen et al. (2018, 2019). In both simulations, the GRMHD
equations for the plasma are evolved using the finite-volume
code Harm3d with the same initial data and numerical setup,
with the only difference being the metric spacetime.

In SO, the plasma evolves on top of a binary black hole
spacetime represented by a semi-analytical approximate metric
constructed using a matching technique (Mundim et al. 2014),
and in which the black holes have zero spins. In S06, the
spacetime is represented by a different approximate metric,
built through a superposition, in which black holes have
aligned spins of x; = ],-/mi2 = 0.6, where J; and m; are the
angular momentum and mass of the ith black hole. Combi et al.
(2021a) demonstrated that these two spacetime metrics—in
both of which the binary separation is a =20M in the initial
state—are physically equivalent, and the only meaningful
difference in the simulations is the spin of the black holes.

The initial data for the CBD are taken from a snapshot in
Noble et al. (2012) in which the system evolved for 50,000M,
reaching a relaxed state in which an m = 1 overdensity, known
as the lump, orbits around the inner edge of the circumbinary
cavity. Computing the time-average of the accretion rate, we
found that the CBD is in excellent inflow equilibrium up to a
distance r ~ 50M, a little bit outside its inner edge. From there
to ~100M = 5a, the mean accretion rate increases slowly,
rising by ~50%. For this reason, the lowest-frequency portions
of the CBD disk spectrum contribution are somewhat stronger
than they would be if we had a genuine inflow equilibrium.
However, because these low frequencies are not in a part of the
spectrum we use (see Section 3), this inconsistency does not
affect any of our conclusions.

The black holes are separated by a distance of ri, =20M,
where M = m; + my, is the total mass of the system. This data is
interpolated into a new grid that includes the black holes and
two mini-disks on quasi-equilibrium and then cleaned of
magnetic divergences; see Bowen et al. (2018) for more details.
The simulations use outflow boundary conditions on the radial
boundaries, reflective, axisymmetric boundary conditions at the
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polar axis cutout, and periodic boundary conditions on the
azimuthal coordinates, and follows the black hole inspiral using
post-Newtonian trajectories.

After a transient of ~3 orbits, the mini-disks settle into a
slowly-evolving limit cycle: they fill and drain, but with
slowly-changing maximum and minimum masses. This cycle is
quasi-steady after the transient, as can be seen in Figure 3 of
Bowen et al. (2019) and Figure 4 of Combi et al. (2021b). In
Figure 1 we show an equatorial view of the density and cooling
function of the GRMHD simulation. Simulation S06 (S0) lasts
for a total of 15 (12) orbits, ending with the black holes at a
separation of ~16.7M (17.3M).

In Harm3d, the energy-momentum conservation equations
have a loss-term that radiates away orbital energy dissipated
into heat:

VI = Lo, )

), 2

where p is the rest-mass density, € is the specific internal
energy, AS =S — Sy, S is the specific entropy, Sop = 0.01 is the
initial specific entropy, and the cooling timescale 7., is defined
as

The cooling function is

Eczp_f(£+’§

So So

Tcool

2w (r + M2 /M, ifr > 15a,
feool () = 27”'131{2,/\/%, if r; < 0.45a, 3)
27(1.5a + M)3/? /M, otherwise.

In the equation above, rgp; is the Boyer-Lindquist radial
coordinate in the co-moving frame of the ith black hole, and m;
is the black hole’s mass. Fixing the target entropy S, we
control the temperature of the fluid and thus its height-radius
aspect to h/r=0.1.

The cooling term assures that all of the energy dissipated is
radiated, and the distribution in space and time of this radiation
is very close to the dissipation distribution. In codes modeling
ideal MHD, dissipation is a numerical grid-scale effect, but
because physical dissipation tends to be enhanced by sharp
gradients, whether of velocity or magnetic field, grid-scale
dissipation mimics physical dissipation.

2.2. Radiative Transfer

We use the code Bothros (Noble et al. 2007; d’Ascoli
et al. 2018) to calculate the EM emission from our GRMHD
simulations. Our methodology follows the one used in d’Ascoli
et al. (2018). We use a camera-to-source approach, in which
photons are launched from the camera going backward in time
toward the source. We also perform the integration using the
fast-light approximation, which assumes that photons move
much faster than the plasma and the spacetime itself.®

In Figure 2, we show the paths of a sample of geodesics
launched from a camera located on the equatorial plane of the
binary system at (x=0, y=—1000M). We distinguish the
geodesics that arise from the event horizon of the holes with

 The validity of this approximation for SMBBHs at the separations involved

in this work (~20 M) was discussed in detail in d’Ascoli et al. (2018; see also
Section 4.4).
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dark solid lines; at infinity, these define the black hole
shadows.”

After calculating the full sample of geodesic paths for a
given time (once per pixel), we integrate the radiative transfer
equation along the geodesics to produce maps of specific
intensity 1, at the camera for a given observed frequency v
From these intensity maps, we then calculate flux spectra and
light curves. To faithfully recover the flux spectrum for each
snapshot, we use a resolution of 800 x 800 pixels (~7 pixels/
M) for the region r < 60M and 500 x 500 pixels (~2 pixels /M)
for the region 60M < r < 150M. This resolution is sufficient to
compute the flux to a precision of ~1%.

To obtain [, at each pixel, we first calculate the optical
depth along the geodesic and determine whether the disk’s
photosphere, defined as the loci of points where 7=1, is
reached or not. If 7 < 1 along the geodesic, then we start the
radiative transfer integration from the last point in the geodesic
(either at the end of the simulation domain or at the event
horizon of one of the black holes) with the initial condition
Io=0. On the other hand, if the photosphere is reached, we
start the integration from the photosphere with the initial
condition Iy = Lhotosphere = By (Tegr). Here, B,(T) is the Planck
function, and T is the photosphere’s effective temperature at
the point where the given geodesic intersected it. Placing this
initial condition is equivalent to assuming that the photosphere
radiates a blackbody spectrum at the local value of the effective
temperature.

The effective temperature is calculated using the Stefan—
Boltzmann law from the radiative cooling flux F:

Tur = (F/o)'/4, 4)

where o is the Stefan—-Boltzmann constant. In turn, the radiative
flux is calculated by integrating vertically the cooling function

7 In emission models of single black holes with very low accretion rate, there
is typically a flux depression present in the apparent image. The size of this
“hole” is model-dependent, but, in general, it coincides with the apparent
position of the event horizon. (see, e.g., Bronzwaer & Falcke 2021;
Gralla 2021).
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inside the photosphere:
1
F=o [ Lo ©)
2 Jr>1

where the factor 1/2 comes from the fact that the disk has two
surfaces through which to cool.

Regardless of the initial point, the radiative transfer equation
is solved only in the flow’s optically thin region, referred to as
the corona. To perform the integration, we must assume an
emission and absorption model. Electrons in AGN coronae
reach relativistic temperatures and cool primarily through
inverse Compton scattering of low-energy photons from the
optically thick disk. This is a nonlocal process in which a
photon may suffer many scatterings before escaping the
system. It produces a nonthermal spectrum (power law) with
a high energy cutoff, regardless of whether particles follow a
thermal energy distribution, which is usually the case. A
detailed treatment of this process is very complex and
computationally costly (see, however, Kinch et al. 2020,
2021). For simplicity, we follow d’Ascoli et al. (2018) and
model the multiple nonlocal Compton scatterings using a local
effective emissivity coefficient of the form

—1/2
jo= e () s ©)
47'1'3/2 kBT kBT

that mimics the actual output from the Comptonization. The
normalization is such that 4x f J,dv = L., namely that the
bolometric emissivity matches the cooling function at every
point, and we fix the dimensionless temperature and spectral
index of the corona to typical values observed in luminous
single AGNs: © = kgT/mec> =0.2 and p = 0.5.

At the temperatures and densities of interest in our scenario,
the dominant source of opacity is electron scattering. We
assume a gray (frequency-independent) Thomson opacity,

o, = const. = ornHe, 7

where n. = p/my is the electron number density, and oy is the
Thomson cross section.

Finally, after calculating the specific intensity at every pixel
for a given time 7, we integrate over all pixels to obtain the flux:

Fo. = [L.(& ndgan, ®)

where (&, n) is the pair of angular coordinates at the camera,
and we have assumed that this is located sufficiently far from
the system so that the rays arrive approximately parallel
to each other.® Then, the spectral luminosity is simply
L, = 4rr’ F

cam” Usxo*

2.3. Units Choice

Our GRMHD simulations ignore the fluid self-gravity,
which is not important in this scenario. Thus, there is scale
freedom for both the total mass of the binary system and the
physical mass density scale of the gas. The latter can be set
indirectly using a more easily interpretable quantity such as the
accretion rate. This means that for each of the two sets of
simulation data (spinning and nonspinning), we can investigate

8 A distance of ream = 10°M is enough for this approximation to be

reasonable: we have checked that the flux changes less than 1% when choosing
= 10°M, 10*M, or 10°M.

Feam
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various scenarios in which either the total mass M, the accretion
rate M, or both change.

The accretion rate is calculated in the simulation in code
units (CU) as

M, 1) = — fs , PR, )

where p is the fluid mass density, u" is the radial component of
the fluid 4-velocity, g is the determinant of the metric, and
S2%(r) is a spherical surface of fixed radius r at time ¢ in the
harmonic (center of mass) coordinate system. We average M
over the range 2a <r<4a for the initial snapshot; this

calculation gives a code-unit value of (M) = 0.015. Compar-
ing this to a given assumed physical accretion rate M, we
obtain the mass density scale.”

In both S06 and SO simulations, the flow cools efficiently
enough to maintain an average height-to-radius ratio of
h/r~0.1. This aspect ratio is what is usually expected in
quasars, where typical estimates of the accretion rate are
~107"*! x the Eddington rate. For rough consistency, we
compute the radiative output assuming M = 0.25Mgqq, Where
Mggq = 1.39 x 10'8(M /M) g s !is the Eddington accretion
rate with an assumed efficiency of 10%. We also set the total
mass of the binary to M=10°M. as a fiducial value. In
Section 4, we explore other values for the black hole mass.

We choose a face-on view (i=0°) to investigate general
features in the emission of these systems that are independent
of inclination.'” At higher viewing angles, the detected
radiation would be strongly modulated by relativistic effects
such as gravitational lensing and Doppler boosting. These

°  For more details on the conversion from code units to physical units, see
Appendix B in d’Ascoli et al. (2018). Note, however, that this paper mistakenly
describes the code-unit accretion rate for the Noble et al. (2012) CBD data we
both use as ~0.03. This correction does not invalidate their results; rather, they
correspond to a physical accretion rate half the value assumed there.

19 oyr photospheric boundary condition assumes an isotropic intensity, so that
the total luminosity is 47 x the observed luminosity per solid angle.
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modulations may be a useful tool for identifying SMBBHs
through timing analysis, and they will be fully investigated in
future work. Note, however, that the emission in the face-on
case is still affected by gravitational redshift and transverse
Doppler effects.

3. Results

The dynamics of the CBD and mini-disk accretion onto the
relativistic binary black hole system were thoroughly analyzed
in Combi et al. (2021b) and Bowen et al. (2018, 2019). The
most notable feature of these systems is that the lump
modulates both the accretion rate and mass of the mini-disks
over time. When one black hole passes close to the lump, it
pulls some of the lump mass into a thin stream that falls almost
ballistically into the cavity. This occurs periodically
with the beat frequency, fie =/fz — flump = 0.72f3, where
Jump = 0.28f5 is the orbital frequency of the lump (Noble et al.
2012; Shi et al. 2012; Armengol et al. 2021), and fy is the
orbital frequency of the binary. Matter can fall onto the binary,
rather than being torqued up and thrown back at the disk, if its
angular momentum with respect to the binary center of mass is
10%—-15% less than the orbital angular momentum at the inner
edge of the CBD (Shi & Krolik 2015; Tiede et al. 2021). This
happens when the thrown-back matter shocks against the CBD,
and some material is deflected strongly enough to lose this
much in angular momentum.

The infalling fluid has a distribution of specific angular
momentum with respect to the black hole. A portion of the fluid
has enough angular momentum to orbit the black hole, while
the rest plunges almost directly into the hole (Combi et al.
2021b). The critical angular momentum distinguishing these
two fates, /.., depends on the location of the ISCO, which is a
strong function of spin, but is independent of the binary
separation r;,. The maximum size of the mini-disk, on the other
hand, is determined by the binary’s truncation radius
Pune = 0.35 — 0.4r5(¢). For our close-separation binary, .
is always less than the / required for a circular orbit at 7y, but
only by a factor ~O(1). Consequently, even for matter with
1 > .., the inflow time is relatively short because only a small
diminution in / brings it below /., while the inflow time for
matter arriving with [ <l is only slightly larger than the
radial freefall time. The principal distinction we find between
the spinning and nonspinning cases is that /. is smaller for
(prograde) spinning black holes, so that a larger fraction of the
accreted mass must orbit for a while in the mini-disk before
plunging.

3.1. Overview of the Emission

The spectrum of the system can be analyzed in terms of its
three main contributors: the CBD, the streams, and the mini-
disks. In each case, the emission is the sum of two components:
a multitemperature blackbody, effectively emitted by the
accretion flow’s photosphere, and a Comptonized power law,
extending up to hard X-rays, that reflects the energy dissipation
in the corona. We assumed that this emission is produced by
the Compton up-scattering of low-energy photons in the
optically thin hot corona. Figure 3 shows an example of a
spectrum for S06 at a specific time, t =3290M. The CBD is
defined as the region r > 2r,, the streams as the region
rip < r<2rp,, and the mini-disks as the regions r; < 0.45r1,,
where r; denotes the radial coordinate in the reference frame of
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the ith black hole. The remaining region is almost devoid of
matter and has a negligible contribution; however, it is included
in the total emission. The CBD spectrum is depicted by the
blue solid line. Its thermal component peaks in the UV band
because its inner boundary reaches an effective temperature of
~0.9 x 10°K; this component dominates the bolometric
luminosity of the system. The plasma in the mini-disks reaches
higher effective temperatures (>>3.2 x 10° K), and its spectrum
peaks in the far-UV. A typical spectrum from SO shows the
same features described above.

In accretion disks onto single black holes, one would expect
the density and temperature to follow a continuous trend down
to <1.5r5co. On the contrary, the region between the CBD and
the mini-disks in SMBBHs is usually rather empty and cold.
This could result in a notch in the spectrum between the two
thermal peaks (Roedig et al. 2014). However, this effect is
missing in our spectrum because the mini-disks’ luminosity is
too low to create the expected rise at short frequencies (as we
will show, this condition is specific to very close binaries). An
additional minor effect is that the streams’ emission lies in the
middle of the two thermal peaks, though it always lies below
the sum of the CBD’s and mini-disk’s emission.

In contrast to typical single black hole thin disks, the global
peak in our spectrum does not correspond to the highest
temperatures, reached here in the mini-disks. The mini-disk’s
low luminosity is caused by a combination of two effects. On
one hand, the accretion rate is lower than in the CBD; on the
other hand, a portion of the plasma in the mini-disks has low
angular momentum; not requiring much angular momentum
loss to fall into the black hole, less dissipation takes place
within it. Indeed, as shown in Combi et al. (2021b), while
some of the material in the mini-disk can orbit the black hole,
another component plunges directly into the hole (see also
Beloborodov & Illarionov 2001 for a similar situation
potentially occurring in X-ray black hole binaries). In
Section 4.2, we investigate the relative importance of these
two effects in depth.

3.2. Brightness Maps

To compare the emission of SO6 and SO simulations, we first
show in Figure 4 brightness maps at three different frequencies,
time-averaged over the fifth binary orbit and displayed in the
binary’s co-rotating frame. The choice of the fifth orbit is
arbitrary, but it secures that both simulations have passed the
initial transient. The upper panel corresponds to SO06 and the
lower panel to SO. Both simulations share several emission
characteristics. The UV map (first panel, v = 6.6 x 10" Hz or
A=22.0nm) shows a surface brightness that is nearly constant
from the CBD down to the mini-disks, except for the low-
density cavity. As a result, the CBD dominates the total flux due
to its much larger area (see Figure 3). The far-UV emission
(second panel, v = 2.8 x 10'®Hz or A = 99.3 nm) reveals higher
temperature regions, and mini-disks and streams now dominate.
The thermal emission from the CBD is lower, indicating that this
frequency has passed its thermal maximum. In X-rays (third
panel, v= 10'*Hz or hv=4.1 keV), the emission is from the
optically thin regions and is dominated by the mini-disks,
showing that a significant fraction of their emission occurs in the
corona rather than in the optically thick disk.

The main difference between the S06 and SO panels is in the
mini-disks’ thermal emission. While the X-ray map is fairly
similar in both scenarios, the first two panels show that the
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thermal emission from the mini-disks and streams is ~3 times
higher in S06. This happens because the smaller value of I
when the black holes spin channels a larger fraction of the
accretion rate into orbits within the mini-disks rather than
plunging orbits. In order to move inward, the matter held
within the mini-disks must lose angular momentum, and the
processes that transfer angular momentum are accompanied by
dissipation whether they are magnetic stresses associated with
MHD turbulence or shocks. Furthermore, the streams in S06
are brighter than in SO both where they strike the CBD and as
they fall toward the mini-disks.

To investigate the radial distribution of luminosity, we
integrate the intensity maps in the azimuthal coordinate of the
image. Figure 5 depicts d(vL,)/dlogr in the radial range
4-60 M for the three frequencies considered in Figure 4 (here r
is the radius from the center of mass). The upper panel shows
the luminosity in the UV band, where the CBD dominates the
emission. The mini-disks and streams in S06 are brighter than
in S0, but the difference fades and becomes insignificant in the
CBD region. In the far-UV band (middle panel), the mini-disks
surrounding the spinning black holes are a factor of two to five
times brighter than in the nonspinning simulation. The relative
variance in the emission is also higher than at lower
frequencies, particularly at the boundary between the mini-
disk and stream regions. This could be a result of our different
prescriptions for the cooling function in the mini-disks and
CBD. On the contrary, the optically thin emission (lower panel)
from the mini-disks is nearly indistinguishable in the two cases.
The optical depth to Compton scattering in the corona is always
unity, and hence the coronal surface density is 1/kt, where st
is the Thomson opacity. Since the area of the mini-disks
changes very little with spin, so does the total mass in the
corona. Therefore, the near-constancy of the coronal luminosity
with respect to spin suggests that the dissipation rate per unit
mass in the corona is also spin-insensitive. For the same reason,
the coronal luminosity should also not be overly affected by a
change in accretion rate provided the mini-disks’ surface
density remains >1/kt over most of their area.

3.3. Time Dependence of the Emission

Due to the complex dynamics associated with orbital motion,
accretion flows onto SMBBHs are intrinsically variable. It is
worthwhile to investigate how much of this variability is
inherited by the EM emission. In Figure 6, we show the time-
average of the spectral energy distributions (SEDs) over each
binary orbit. The first orbits correspond to the transient phase,
during which the mini-disk emission unphysically increases
rapidly and then gradually decreases and stabilizes, becoming
quasi-steady after the ~4th orbit. After the ~8th orbit, the
mini-disks in the SO simulation barely contribute to the thermal
spectrum. In S06, on the other hand, their contribution in the
far-UV band is nonnegligible until the last (15th) orbit, owing
to the persistence of a disk-like structure (Combi et al. 2021b).

In Figure 7, we compare the SEDs of the two simulations for
the averaged fifth and 10th orbits. Though the bolometric
luminosity, which is dominated by CBD emission, is compar-
able for both simulations, the mini-disk’s thermal peak (shown
in thicker lines) is ~3-5 times brighter for the spinning black
holes. Once again, this difference is explained by the fact that,
in the spinning case, the Keplerian angular momentum at the
ISCO is smaller, so that a greater amount of mass must lose
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Figure 4. Surface brightness map for the inner ~50M of the accretion flow for three different frequencies, averaged during the fifth orbit. The inner and outer white
circumferences represent the outer boundary of the mini-disk zone and the inner boundary of the CBD, respectively. Upper panel: S06 simulation. Lower panel: SO

simulation. The total mass of the system is 10°M.,.

more angular momentum, dissipating more energy in the
process.

We then use the spectral flux at each time to calculate light
curves for S06 and SO simulations. The light curves at
different frequencies illustrate the variability in the properties
of the various contributors to the emission. The lump
modulates the accretion rate and mass in the mini-disks, which
is inherited by the luminosity (see Figure 8). Nonetheless,
because we would, in principle, observe the joint emission
from the two mini-disks, we also look at the variability in the
total emission from the system. Figure 9 displays light curves
in the UV band (upper panel), where the CBD emission peaks,
far-UV (middle panel), where the mini-disk emission peaks,
and soft X-rays (lower panel), where the optically thin coronal
emission dominates (see also Figure 4).

To further investigate the putative periodicities, we calculate
the power spectral density (PSD) of the three light curves for
each simulation, using a time sampling of 10M. The spinning
case is depicted in the upper panel of Figure 10, where the PSD
has been normalized to its maximum value, and the frequency

~

is shown in units of the mean orbital frequency. The mean
period for S06 is (P) =~ 505M, and for SO it is (P) ~ 530M.
The three curves peak at f ~ 0.2fz, which approximately
corresponds to the frequency of the lump’s radial oscillation,
since the lump follows a slightly eccentric path around the
cavity (Armengol et al. 2021; Noble et al. 2021); at the point of
closest approach, the rate of matter falling into the cavity
increases and so does the mini-disk luminosity. A second,
smaller peak at f ~ 1.4fg is visible primarily in X-rays. This is
twice the beat frequency and corresponds to the accretion event
that happens when one of the two mini-disks passes near the
lump. In the lower panel of Figure 10, we show the PSD for
one mini-disk alone. The peak at the beat frequency is quite
visible here, and it is even greater than the one associated with
the lump’s radial oscillation.

In Figure 11, we show the PSD for SO. The three curves in
the upper panel, which represent the total emission at different
frequencies, have some differences with respect to the spinning
case. The low-frequency variability is less predominant since
S0 runs for a shorter period of time, not long enough to resolve
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Figure 5. Luminosity per unit logarithmic interval of radius averaged in time.
The average for S06 (S0) was done from ¢ = 2000M until the end of the SO
simulation: t = 6430M. The three panels show the three different frequencies
displayed in Figure 4. The shadowed areas represent one standard deviation
from the mean value. The black dashed and green dotted—dashed vertical lines
indicate the mean position of the black holes (r = r|,/2) and the inner radius of
the CBD (r = 2ry,), respectively.

this periodicity well. The peak at ~2f;.,., on the other hand, is
more intense than in S06 because the mini-disks are less
massive and deplete completely during a beat period. Another
distinct feature of this peak is that it is shifted to higher
frequencies in the X-ray curve. This appears to be an effect of
the binary frequency increasing during the inspiral. If we
account for this time-dependent orbital frequency in the light-
curve data by redefining the unit of time to be the instantaneous
binary orbital frequency, the peak in the PSD shifts back to
f~ 2fpear (see the green dashed curve in the upper panel of
Figure 11). This periodic signal is likely stronger at later times
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when the orbital period is shorter than (P). The lower panel,
which depicts the PSD for a single mini-disk, shows no
significant differences from the spinning case.

4. Discussion

We have described in Section 3 the primary characteristics of
the emitted light in our simulations by producing brightness
maps, spectra, and light curves. We have also analyzed the
distinctions between spinning and nonspinning cases. A key
question to address is whether there are discernible spectral or
temporal signatures that could be used to distinguish SMBBHs
from single AGNSs. In this work, we investigate a limited subset
of the garameter space: SMBBHs with equal masses of
0.5 x 10°M,, (but see Section 4.4) at separations of the order
of ~20M, and for a period of 10—15 orbits. Additionally, we
assumed a moderately high accretion rate and made some
simplified, though reasonable, assumptions about how the
plasma cools and radiates. Nonetheless, our calculations are the
most realistic made to date for this type of scenario, and it is
worthwhile to investigate how much our analysis contributes to
answering this question.

4.1. Comparison with Single-disk Analytical Models

Single supermassive black holes accreting at moderately
high rates are thought to consist of a geometrically thin,
optically thick, and radiatively efficient disk that emits a
multitemperature blackbody spectrum peaking in the UV band,
and an optically thin hot corona that emits a power-law
spectrum at higher energies. The simplest and most used model
for the thermal component is the Novikov—Thorne (NT) disk
model (Novikov & Thorne 1973), defined by the assumptions
of nearly-circular orbits, time-steadiness, azimuthal symmetry,
local radiation of dissipated energy, and no stress inside
the ISCO.

To determine whether NT models provide a good approx-
imation to the emission from an accreting binary black hole
system approaching merger, we compare the ray-traced SED
from simulation S06, averaged during the fifth orbit, to the
face-on SED of various NT models and show the results in the
left panel of Figure 12. We calculate the NT flux as

27 (R

= Y drr 23(r) By, (Tuge (1)), (10)
d Rin

FE =

Vobs

where Vops = gVem and

L (kp,)obs u(ﬁJS

o (ku)emue];n

- \/|—g” — 2Qg,, — Pgy4l. (11)

is the redshift factor for face-on emission. Here, g,, are the
components of the Kerr metric in Boyer—Lindquist coordinates
and (2 is the orbital velocity of a Keplerian circular orbit in the
Kerr spacetime. Equation (10) neglects light bending, but this
phenomenon has little effect on the spectrum for face-on
emission.

SMBBH emission comes from both the CBD and the mini-
disks. Not surprisingly, given the CBD’s state of quasi-inflow
equilibrium and its distance from the nominal ISCO (corresp-
onding to the total mass of the binary), its emission averaged
over the fifth orbit is well reproduced by an NT disk extending
from Rip, cire = 2(r12) ~ 38M t0 Rouicire = 150M, accreting at a
rate of 0.25Mgqq, which are the same values used in our
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Figure 6. Time-averaged SEDs for each completed orbits. Left panel: S06. Right panel: S0.

simulations. Quantities enclosed in brackets are averaged
during the fifth orbit. Even though we integrate from the inner
edge to the outer part of the disk, for this NT disk model, we
have set the stress to zero at Risco cire = 6M, which corresponds
to the system’s fictitious ISCO.

To analyze the SED of the mini-disks, we compare them to
three different NT models with varying accretion rates. None is
a good match to the spectrum we calculate. In all cases, we set
the outer radius equal to the truncation radius, Rouimg~
0.4(ry5) ~ 8M = 16m;, the inner radius equal to the individual
ISCOs, Riscomd(a=0.6)=3.8m;=1.9M, and the mass and
spin equal to those of the black holes in the simulation:
(m;=0.5x 10°M_, x;=0.6). At a fixed accretion rate in
Eddington units, the frequencies of features are o M4

In Figure 12, MD Model A (red curve) represents the case in
which the accretion rate onto both mini-disks is equal to that in
the CBD region, 0.25Mpqq. For simplicity, we assume that it
divides evenly between the two mini-disks.'' The spectrum
obtained is ~3.7 times brighter than the one obtained from
S06. One source of this large discrepancy is a breakdown in
the NT model assumption of inflow equilibrium: the accretion
rate in the mini-disks is approximately half that in the CBD
region. More precisely, the averaged accretion rates onto the
black holes during the fifth orbit are ~6.8 x 10~2Mgyq and
6 x 1072Mpgqq when the CBD accretion rate is 0.25Mpgqq.

However, this accretion rate contrast does not completely
explain the shortfall. Model B shows the combined spectrum of
two NT mini-disk models with the actual accretion rates. They
are still ~1.7 times brighter than the numerical spectrum,
indicating that the mini-disks have a lower radiative efficiency
than the NT disk. At least part of this diminished radiative
efficiency is due to some of the accreting matter at each radius
having less angular momentum than the value required for a
circular orbit at that radius, i.e., I(r) < Ilg(r). This material,
which follows a decidedly noncircular orbit, is able to reach the
event horizon with higher orbital energy (lower binding
energy) than matter following stable circular orbits. To
distinguish the luminosity from the fluid that follows quasi-

"'n the real scenario, however, one mini-disk is typically brighter than the
other at any given time; this effect is periodic (see Figure 8), and the variation
during an orbit likely averages out this difference.
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Figure 7. Time-averaged SEDs during the fifth and 10th orbit for both
simulations. The thick lines correspond to the mini-disk spectrum, and the thin
lines correspond to the total one. Shaded regions following the curves

associated with the mini-disks cover one standard deviation of variation during
the orbit.

circular orbits from that radiated by the fluid on noncircular
orbits, we define the “circularized” accretion rate as the rate
delivered by matter with I(r) > Ix(r), and averaging from rigco
t0 Fyune. The “circularized” accretion rates are 2.3 X 10~2Mpqq
and 2.6 x 1072Mgyq for the two black holes, respectively.

Model C shows the spectrum for two NT disks with the
circularized accretion rates of the real mini-disks, but this
model still departs from the simulation spectrum in significant
ways; its luminosity is a factor ~1.5 lower than the simulated
SED, and it is significantly “softer” at frequencies above
the peak.

In fact, the three analytical models all produce softer thermal
spectra, which could be an effect of the higher temperatures
achieved by the shocked plasma in the mini-disks. Another
difference is that in the simulation, part of the cooling occurs
above the thermalized photosphere producing a different
spectrum: a power law up to hard X-rays. In fact, the absence
of hard X-rays with significant luminosity is one of the
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Figure 8. Normalized luminosity of the mini-disks for both simulations. The dashed lines correspond to SO and solid lines to S06. The gray dashed vertical line

shows the end of the transient phase.
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Figure 9. Luminosity as a function of time for SO6 at three different
frequencies: UV (upper panel, v =6.5 x 10'> Hz), far-UV (middle panel,
v =129 x 10'® Hz), and soft X-rays (lower panel, v = 10'® Hz). The gray
dashed vertical lines show the end of the transient phase. Note the different
dynamic ranges in each panel: ~50% in the top panel, a multiplicative factor
~8 in the middle panel, and a multiplicative factor of ~2 in the bottom panel.
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principal failings of the NT model prediction for ordin-
ary AGNs.

The analysis above shows that a typical mini-disk behaves
differently than an NT disk onto a single black hole for the
separations considered. Moreover, analytical models designed
for larger separation binaries, in which the mini-disk accretion
rate matches the CBD accretion rate and the angular
momentum of all material delivered to the mini-disks is large
enough that it cannot plunge, predict a clear “notch” in the
thermal spectrum (see, e.g., Roedig et al. 2014) due to the
absence of emission from the region 0.4r, <r<2rp. In
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Figure 10. Power spectral density (PSD) of the light curves for S06 at the three
frequencies indicated using a Welch algorithm with Hamming window size of
10M. The confidence intervals at 3¢ are shown as shadowed areas. The upper
panel corresponds to the total luminosity whereas the lower panel takes into
account only the emission coming from one of the mini-disks. The mean orbital
frequency is (f3) = 1/505M.
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Figure 11. The same plot as in Figure 10 but for S0. The dashed curve in the
upper panel corresponds to the light curve at E = 4 keV with the time corrected
for the decreasing period of the system. The mean orbital frequency
is (fg) = 1/530M.
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Figure 12. Comparison between the time-averaged SED during the fifth orbit of SO6 simulation and single black hole disk models. Left panel: comparison of the
numerical spectrum of the CBD (solid red line) and the mini-disks (dashed red line) with the following Novikov—Thorne (NT) disk models. The curve denoted as
“CBD Model” shows the spectrum of an NT disk for a black hole mass of IOGM@, and normalized spin y = 0.6, an accretion rate of 0.25Mgqq, an inner radius at
2(r12) ~ 38M, and an outer radius at 150M. Each of the curves denoted as MD “Models A,” “B,” and “C” show the added spectrum of two NT disks onto equal black
holes with a mass of 0.5 x 10°M_, and a normalized spin of y = 0.6. The NT disks have the inner radius at the individual ISCOs, ~3.8m, » = 1.9M, the outer radius at
0.4(ry) ~ 7.6M = 15.2m, 5, and an accretion rate of (Model A: sty = rity = 0.125Mgqq; Model B: 7y = 6 x 1072 Mgqg, 1it2 = 6.8 x 1072Mgqq; Model C:
iy = 2.3 x 107 2Mgaq, 1y = 2.7 X 10"2Mgqq). These values correspond to the accretion rate measured in the CBD region, and the total and circularized accretion
rates measured onto each black hole, respectively. Right panel: comparison between the total SED derived from the simulation and one for a single black hole of mass
M= 106M(., in which we use Schnittman et al.”s (2016) radial luminosity profile. The disk has an accretion rate of 0.25Mgg4, an inner radius at ~1.2r ~ 2.16M, and
an outer radius at 150M. Ten percent of the luminosity arises from an optically thin corona.

contrast, the low radiative efficiency of the mini-disks at these
separations completely overcomes this effect in our simulation.
This is likely to change with increasing spins or at larger black
hole separations.

It is also worthwhile to compare the predicted emission from
an accreting binary black hole system with that of an accreting
single black hole system, given the same global parameters: the
total mass, outer radius, and accretion rate. Detailed GRMHD
simulations of single black hole accretion disks show that the
stresses in the disk do not completely vanish at the ISCO, and
the dissipation profile deviates from NT. Schnittman et al.
(2016) derived a very good analytical fit for the radial
luminosity profile of single black hole disks in a steady state,
using ray-tracing of GRMHD simulations with cooling similar
to that used here (see Equation (3) in the Appendix of that
paper). They found that ~10% of the emission arises from an
optically thin corona rather than from the optically thick disk.
Based on these results, we show in the right panel of Figure 12
a comparison between the SED from our simulation data and
the SED from a single black hole disk model that mimics the
results from the GRMHD-postprocessing simulations by
Schnittman et al. (2016). Here, we use their analytical fitting
function for the radial luminosity profile and assume that 10%
of the luminosity is in the form of a power law with an
exponential cutoff, with the same shape as in our simulation.
The mass of the black hole is M = 106M@, the accretion rate is
0.25Mpgqq, the inner radius is Ry, = 1.2ry~2.16M, and the
outer radius is Ry, = 150M.

The total SED from the binary looks significantly different
from that of the single black hole: the latter has a single broad
peak whose luminosity is ~3 times greater than the binary’s.
Moreover, the binary’s spectrum peaks at a frequency ~3.4

11

times smaller than the single black hole’s spectrum and has a
different slope between the frequency of the maximum and the
frequency where the corona starts to dominate. In this region,
the binary’s SED is a broken power law with a break at the
mini-disks’ peak. Above this frequency, the spectrum softens
but not so abruptly as in the case of a single black hole disk.

The coronal luminosity is also lower for the binary because
the bulk of the coronal emission comes from the mini-disks,
where the accretion rate is lower than in the CBD and the
overall radiative efficiency is lower than that of the single black
hole disk (See Section 4.2). These two facts also translate into
the fact that the ratio of the luminosity from the inner region
(r < 20M) to the total luminosity (up to r = 150M) is <0.2 for
the binary, whereas it is 20.5 for a single black hole
accretion disk.

4.2. Radiative Efficiency

We have assumed an accretion rate of 0.25Mgqq in the CBD,
which would correspond to a luminosity of 0.25Lgyq for a
typical AGN with a standard radiative efficiency of 10%. This
approximately coincides with the face-on value predicted by
the NT model for a radiatively efficient disk onto a black hole
with normalized spin ~0.5. The bolometric luminosity, which
is dominated by the CBD emission, is ~0.1Lgqq in our
simulations. Thus, the global radiative efficiency is ~4%.
According to the results discussed in Section 4.1, this contrast
is the result of a combination of two effects: the lower accretion
rate in the cavity and the mini-disks’ low radiative efficiency.

To examine the mini-disks’ radiative efficiency in greater
detail, we choose one black hole, BH;, and calculate the
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Figure 13. Mini-disk radiative efficiency, defined as 7,4 = L/Mc?, for both
simulations. Upper panel: total efficiency. Middle panel: efficiency of the
thermal emission. Lower panel: efficiency of the coronal emission. The
horizontal red line and shadow area show the mean value and the standard
deviation.

accretion rate onto it in CU as

Mag, (1) = 95 dA u'p, (12)

where the overbars denote harmonic coordinates centered at the
hole. We transform the accretion rate to physical units and
calculate the accretion power as a function of time:
Lo, (t) = Mgy, (t)c>. Then, we calculate the radiative
efficiency of the mini-disk as 7, = Lmp, /Lacc,BH,-

In Figure 13, we show the mini-disk radiative efficiency as a
function of time for both simulations. The upper, middle, and
lower Il)anels depict the total (v € (0, co) Hz), thermal (v € (0,
2 % 10'") Hz), and coronal (v € (2 x 10", 00) Hz) efficiencies,
respectively. The three plots show a quasiperiodic oscillatory
behavior of the efficiency, with the effect being more
pronounced for the S06 simulation. The spin of the black
holes has little effect on the CBD in terms of modifying the
bolometric emission, but it does have an effect on the emission
from the mini-disk. The mean values for the total, thermal, and
coronal radiative efficiency of the mini-disks are ~1.9%
(1.4%), ~1.5% (0.8%), and ~0.4% (0.7%), respectively, for
the S06 (SO) simulation. For an NT disk extending from the
ISCO to ~0.4(r»), where (ri2) ~ 18M = 36m;, the radiative
efficiency calculated in the same way as in our simulation
(face-on emission) is nnt(x =0.6) =~ 4% and nnt(x =0) =
1.7% for a spinning and a nonspinning black hole, respectively.
The thermal radiative efficiency of the mini-disks is ~40%-—
60% of that predicted by the NT model for the same spin and
disk extension in both S06 and SO. On the other hand, the total
radiative efficiency of the mini-disks relative to the NT
prediction is a fraction ~55% for S06 and ~90% for SO.

The greater fraction of NT efficiency generated in the SO
mini-disks is due to the persistence of a coronal region even
when the surface density in the mini-disk is relatively small. In
other words, for equal accretion rate, more matter is below the
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thermalized Thomson photosphere in S0 6, resulting in a lower
fraction in the corona, and vice versa for SO. These results
might drastically change during other stages of the inspiral. In
particular, at earlier stages and beyond some black hole
separation, the single disk’s predictions probably would be
recovered.

4.3. Comparison with Previous Works

Previous attempts to model EM observables from SMBBHs
have been based upon 2D-viscous Newtonian simulations
(Farris et al. 2015a, 2015b; Tang et al. 2018; Westernacher-
Schneider et al. 2021), 2D-inviscid GRHD simulations of
isolated mini-disks in a Kerr spacetime, i.e., without any tidal
gravity from the companion (Ryan & MacFadyen 2017), and
fully relativistic 3D-MHD simulations (d’Ascoli et al. 2018).

Our work agrees with the Newtonian 2D-viscous calcula-
tions in finding that the shock created when stream material is
propelled back out to the CBD can create strong enough
heating to influence the output spectrum. However, we disagree
in several respects. The thermal peaks of the spectra in Farris
et al. (2015a) and Tang et al. (2018) are shifted to higher
frequencies compared to our results (see, e.g., Figure 2 in Tang
et al. 2018) because the effective temperature in these works is
much higher than our estimates. The reason for this is that they
derive the effective temperature assuming the disk pressure is
dominated by gas pressure. If radiation pressure is significant,
as it likely is for near-Eddington accretion rates and separations
out to several hundred gravitational radii, this approach
overestimates the effective temperature. In our simulations,
the effective temperature is linked directly to the actual
dissipation rate (from shocks and turbulence). Note that
Westernacher-Schneider et al. (2021) made efforts to account
for this effect, but also assumed a very high accretion
rate, 10Mgyq.

In some of this work, a spectral notch appears (Tang et al.
2018) but not in others (Farris et al. 2015a). When it is absent,
it is because radiation from the shocked streams fills the gap
between the CBD and mini-disk peaks. In our simulations,
although the stream emission does fall in this gap, it is not
strong enough to fill it; the notch disappears because the mini-
disks are too faint. In the Newtonian calculations, the mini-
disks are much more luminous relative to the CBD because
they are able to maintain inflow equilibrium and do not permit
rapid inflow because their truncation radii are very large
compared to their ISCOs. A final point of contrast in predicted
spectra is that these papers considered only thermal emission,
whereas we included also coronal X-rays.

There are also points of both agreement and disagreement in
the predicted light curves. The equal-mass circular cases
considered by Westernacher-Schneider et al. (2021) exhibited a
modulation at the lump orbital frequency and at twice the beat
frequency between the lump orbital frequency and the binary
orbital frequency, just as in our work. However, when they
weakened the coupling between the mini-disks’ outer edges
and their sink regions by refining the grid and shrinking the
sink region, they found that the beat frequency feature shifted
to the binary orbital frequency. Thus, they implicitly confirm
the presence of this feature in the mass-delivery rate, a feature
found in many previous calculations (Noble et al. 2012; Shi
et al. 2012; Bowen et al. 2019), but the dynamics producing the
binary orbital frequency modulation in the light curve remain
undetermined.
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Figure 14. Spectra for various masses for SO6 simulation at a t = 3290M.

We extended the calculations made by d’Ascoli et al. (2018)
in two ways: adding a case with spinning black holes to the
Schwarzschild case examined in that paper and lengthening the
run from three orbits to more than 11. The greater duration
enabled us to identify truly periodic features in the emission
after the system had reached a quasi-steady state.

4.4. Observational Prospects

We have explored various features of the spectrum and its
time variability for a binary black hole system with a total mass
of M= 106M@. We chose this value considering that mergers
of these systems are future LISA targets and thus candidates for
future multimessenger observations. However, because an
AGN’s luminosity is expected to scale with the black hole
mass, heavier SMBBHs may be detected via their EM emission
at greater distances. Additionally, as mass increases, the peak
of the thermal spectrum shifts to lower energies, allowing
optical /UV telescopes to observe them. As an illustration,
Figure 14 shows the SED from S06 at t=3290M for five
different the total masses: M = 10°, 10°, 107, 10%, and 10°M_...
The total luminosity scales as L o< M, whereas the thermal peak
scales as Vpeax X M%2>_ The orbital period is also oc M and, at
the separations considered, ranges from ~few minutes for
M=10" to >30 days for M=10°. This large range of
timescales implies the need for different observational
strategies to detect SMBBHs with different masses. On the
other hand, we must not only detect SMBBHs but also
distinguish them from the many more single AGNs in the
universe. The best way to accomplish this is to identify distinct
periodic modulations in the emission.

Using the results of the S06 simulation, we investigate two
scenarios: one with a total mass of 10°M, and another with a
mass of 10°M.. In the first case, the two periodic signals we
identified at ~0.2fz and ~1.4fz would have periods of ~150
days and ~20 days, respectively. If such a source is identified
as an SMBBH candidate, a follow-up observational campaign
with observations every <10 days may detect these variabilities
and help to confirm the nature of the source. This could be
accomplished using NICER'?; since the NICER X-ray
instrument is on board the International Space Station in a

12 https: / /heasarc.gsfc.nasa.gov/docs /nicer/
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Figure 15. Simulated light curve for a sample of NICER observations of 2 ks
every ~5 dag/s in the band (0.3-12 keV) for a putative SMBBH system with a
mass of 10°M, at a distance of 500 Mpc. We assume an absorption of
Ny = 107 cm 2. The data are taken from S06.

low Earth orbit, depending on the visibility, it can monitor
X-ray sources up to 16 times per day. In Figure 15, we show a
simulated light curve obtained by convolving our theoretical
prediction with response matrices from NICER using the
software XSPEC (Arnaud 1996). We simulate a scenario in
which recurrent observations of 2 ks are made every ~5 days.
We assume a distance of 500 Mpc from the source and a typical
Hydrogen column density of Ny=10**cm % To detect a
source of this type at a farther distance, longer exposure times
would be required.

On the other hand, if the total mass of the system is 10°M_,
the total duration of our simulation corresponds to 10 hr. This
period can be covered by a single observation, which should be
divided appropriatelBy to account for the light curve’s
variability. Athena,'> which will be launched in the next
decade, is the best future X-ray facility for studying this type of
source. Athena’s effective area will be orders of magnitude
larger than those of today’s X-ray observatories. Assuming
once more a hydrogen column density of Ny = 10** cm ™2, the
variabilities could be discerned up to a distance of d ~ 50 Mpc.

With regard to this timing analysis, the nonspinning situation
would be very similar, with the only difference being that the
signal at ~1.4f;z would be stronger than in the spinning case.

A further question concerns the prospects for observing EM
emission during the merger itself. The luminosity of this event
is proportional to the amount of gas that may be heated during
the merger. The total mass contained within the cavity at the
end of our simulations provides an upper bound on this
quantity. We estimate this by taking an average of the mini-
disks’ mass during the final 2000M of each simulation. For a
total black hole mass of 10°M. and an accretion rate of
0.25Mgqq, the average mass in the cavity is ~5.7 x 10* g and
3.6 x 10”° g for S06 and SO simulations, respectively. These
two values are well-fitted by the following phenomenological
expression:

2 .
Meay < 142 x 1026 Mo} M
106Mo MEdd

)(1 +xg  (13)

The mass and accretion rate dependency in Equation (13) are
directly derived from the unit conversion between the numerical
and the physical mass units, whereas the spin dependence is the
simplest linear fit for the two values considered (0 and 0.6) and
should not be extrapolated directly to other spin values. For an
optimistic scenario involving a 10°M. SMBBH system

13 https://sci.esa.int/web /athena
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accreting at a rate of ~Mgqa, Equation (13) yields a mass upper
bound of M_,, ~ 1.5 x 10*? g, which corresponds to a maximum
possible energy ~10°* erg, ~10* x the total radiated energy in a
supernova.

5. Conclusions

In this work, we have analyzed the EM emission from
spinning and nonspinning equal-mass SMBBHs approaching
merger. We post-processed data from GRMHD simulations
that evolved the system for more than 10 orbits, and calculated
images, spectra, and light curves. We have identified the
primary EM signatures that may help in distinguishing a
scenario involving two supermassive black holes of equal mass
at separations of <20 M from a scenario involving a single
AGN. With the SEDs at each time, we have produced light
curves at specific frequencies that reflect the behavior of the
various subcomponents of the system and may be of interest for
observations. Our analysis focused on face-on emission in
order to identify EM signatures that are directly related to the
system’s dynamics and would be present regardless of the
angle of view. The following are the primary outcomes of
our work:

1. Mini-disks just prior to the merger are, on average,
~3-5 times brighter for spinning black holes with
X1 =X2=0.6 than for nonspinning black holes. This
translates into an increased luminosity in the far-UV and
soft X-ray bands. Late in the inspiral, the contribution of
the mini-disks to the thermal spectrum in SO is almost
negligible, whereas in S06, it is still sustained. These
differences are due to the higher radiative efficiency of
the mini-disks in S06, which, in turn, is caused by a
greater proportion of accretion occurring via circular
orbits.

2. Mini-disks in these conditions differ from NT disks onto
single black holes. Normalized to the accretion rate
passing through them, the mini-disks’ average (face-on)
radiative efficiency ranges from ~1.4% for Schwarzs-
child black holes to 1.9% for Kerr black holes with
normalized spin y = 0.6. For the spinning (nonspinning)
case, this value is ~55% (~90%) of what the NT model
predicts for the same spin and disk extension. The main
reason for the mini-disks’ lower radiative efficiency
(especially the thermal one) is that the material brought to
them has so little angular momentum that it can fall into
the black hole without suffering very much stress; the
association of dissipation with stress implies that heating
is likewise relatively meager. The global efficiency, i.e.,
the ratio of total luminosity (CBD + streams 4 mini-
disks) to CBD accretion rate, is ~4% regardless of the
spin of the black holes.

3. The SED from an accretion disk onto an SMBBH of the
type analyzed in this work is different from that of a
single black hole disk under the same conditions. In the
binary scenario, the peak of the spectrum is shifted to
lower frequencies with respect to that of the single black
hole disk, and the shape of the spectrum at frequencies
above the peak is a broken power law rather than a single
decreasing exponential. In addition, the coronal lumin-
osity is lower due to the smaller accretion rate and
radiative efficiency in the inner cavity.
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4. The emission displays periodic signals associated with
the lump’s dynamics. The most significant ones are at
~0.2fz and ~1.44fs, which correspond to the radial
oscillations of the lump and twice the beat frequency,
respectively. The first signal is predicted to be present at
various wavelengths, whereas the second is more
pronounced in X-rays and for nonspinning black holes.

5. Depending on the total mass of the system, periodicity in
the emission during the approach to the merger may be
detected in the X-ray band using various observational
strategies. For high masses (~10°M..), short observations
every couple of days would be sufficient to identify the
variability, assuming the source is detectable. For low
masses (~10°M..), a single observation of >10*s would
detect the periodicities, but the source would need to be
closer.

In upcoming work, we will investigate the variability
features associated with relativistic effects by exploring low
accretion rates and different viewing angles.
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