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ABSTRACT

The multimessenger combination of gravitational waves (GWs) from merging massive black hole binaries (MBHBs) and the
electromagnetic (EM) counterpart from the surrounding circumbinary disc (CBD) will open avenues to new scientific pursuits.
In order to realize this science, we need to correctly localize the host galaxy of the merging MBHB. Multiwavelength, time-
dependent EM signatures can greatly facilitate the identification of the unique EM counterpart among many sources in LISA’s
localization volume. To this end, we studied merging unequal-mass MBHBs embedded in a CBD using high-resolution 2D
simulations, with a I'-law equation of state, incorporating viscous heating, shock heating, and radiative cooling. We simulate
each binary starting from before it decouples from the CBD until just after the merger. We compute EM signatures and identify
distinct features before, during, and after the merger. We corroborate previous findings of a several orders of magnitude drop
in the thermal X-ray luminosity near the time of merger, but with delayed timing compared to an equal-mass system. The
source remains X-ray dark for hours post-merger. Our main results are a potential new signature of a sharp spike in the thermal
X-ray emission just before the tell-tale steep drop occurs. This feature may further help to identify EM counterparts of LISA’s
unequal MBHBs before merger without the need for extensive pre-merger monitoring. Additionally, we find a role-reversal in
which the primary out-accretes the secondary during late inspiral, which may diminish signatures originating from Doppler
modulation.

Key words: accretion, accretion discs —black hole physics —hydrodynamics.

is expected for the gas that surrounds an MBHB after a galaxy

1 INTRODUCTION . .o . . .
merger, with the gas forming into what is known as a circumbinary

Stemming from the fundamental work of quasar observations in
the 1960s (Schmidt 1963), astronomers theorized that most galaxies
likely host a massive black hole (MBH) at their cores (Lynden-Bell
1969). On the other hand, galaxies merge regularly over cosmic
time. Thus, it is expected that the MBHs hosted by two merged
galaxies eventually find each other and form a massive black hole
binary (MBHB; Begelman, Blandford & Rees 1980). For MBHs, gas
surrounding the central mass is expected to radiate efficiently and
collapse along its rotation axis, supported by angular momentum,
and therefore turn into a thin disc (Prendergast & Burbidge 1968;
Pringle & Rees 1972; Shakura & Sunyaev 1973). A similar outcome
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disc (CBD).

In the effort to detect these MBHBs, the Laser Interferometer
Space Antenna (LISA; Amaro-Seoane et al. 2023; Colpi et al. 2024)
will be launched next decade. LISA is aimed to measure gravitational
waves (GWs) in the range of ~0.1 mHz and ~1 Hz, residing in the
current gap in detectable frequencies by the LIGO-Virgo—-KAGRA
collaboration (Aso et al. 2013; Acernese et al. 2015; LIGO Scientific
Collaboration 2015) and that of the International Pulsar Timing
Array collaboration (IPTA; The International Pulsar Timing Array
Collaboration 2024). LISA will be sensitive to GWs from MBHBs
with total masses of ~ 10°-10” M, probing the range of MBHBs
expected from galaxy mergers (Amaro-Seoane et al. 2023; Colpi
et al. 2024).

GW observations alone can provide detailed information about
the component masses, orbital parameters, spin characteristics, and
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luminosity distance of the MBHB (Bogdanovic, Miller & Blecha
2022). However, when combined with the information obtained from
the surrounding CBD via electromagnetic (EM) signatures, such as
the spectral energy distribution, periodic variability, jet orientation,
and also orbital parameters, significantly more can be achieved. By
timing the GW signal relative to the EM signal one can constrain
the speed of GWs (Haiman et al. 2009), thereby testing General
Relativity against alternative theories, such as those requiring extra
dimensions (de Rham, Melville & Tolley 2018), or massive gravity
(Hassan & Rosen 2012). Further, EM signals can allow for the unique
identification of the host galaxy in LISA’s error volume. Concrete
identification will provide a relation between merging MBHs and
their host galaxies as a function of redshift, luminosity, and other
properties, allowing us to better understand the co-evolution of
MBHs with their host galaxies (Kormendy & Ho 2013), as well as
gain insight into the primary mechanisms driving the mass growth of
SMBHs over cosmic epochs (see e.g. Baker et al. 2019; Bogdanovic
et al. 2022 for reviews and references). As such, understanding the
potential EM signatures originating from the circumbinary gas is
paramount for these scientific goals.

In recent years, numerical simulations have converged on some
aspects of these MBHB + CBD systems. The orbiting MBHB carves
out a surrounding, low density, elongated central cavity in the CBD
(Artymowicz & Lubow 1996; MacFadyen & Milosavljevic 2008;
Shi et al. 2012; Ragusa, Lodato & Price 2016). This cavity shape is
self-reinforcing. As the binary orbits, it tidally strips material from
the closest edge of the cavity wall, forming streams to feed the BHs.
Some of this material encircles each BH and forms what are known
as ‘minidiscs.” Some of the stream is flung back out into the cavity,
repetitively impinging on the cavity wall, most notably at the far
edge of the cavity, contributing to the elongation of the cavity’s shape.
Additionally, a non-axisymmetric density build-up, commonly called
the ‘lump,’ can be produced. There are flow patterns in the cavity wall
that are associated with the lump, which propagate around the binary
once every several binary orbits (Shi et al. 2012; D’Orazio, Haiman &
MacFadyen 2013; Noble et al. 2021). Any of these regions — streams,
CBD, lump, minidiscs — as well as their interplay — stream—stream
interactions, stream-—cavity interaction, lump migration, minidiscs
trading mass — can lead to observable signatures (Westernacher-
Schneider et al. 2022). By modelling these systems and interactions,
we can predict what those signatures should be.

A promising recent EM signature found by Krauth et al. (2023)
is the disappearing thermal X-ray emission that occurs in many
MBHB systems just before merger. Using high-resolution, 2D hydro-
dynamical simulations, Krauth et al. (2023) found that the minidiscs
surrounding each BH were responsible for the most energetic photon
emissions in the system, namely falling in the X-ray band. As
the binary inspirals due to GWs in late stages, the minidiscs are
tidally truncated. This leads to a reduction in their surface area, and,
correspondingly, losses in their accretion rates and luminosity. As the
system approaches merger, in the last hours/days, this reduction is so
great that there is a several orders of magnitude drop in the thermal
X-ray luminosity. The accretion rate drop responsible for the X-rays’
disappearance was also found in isothermal gas models (Dittmann,
Ryan & Miller 2023). Franchini et al. (2024) also confirmed this
X-ray drop using 3D hyper-Lagrangian resolution simulations with
up to 2.5th-order post-Newtonian (PN) corrections. Clyburn & Zrake
(2025), studying more intermediate mass ratio inspirals (IMRIs) with
mass ratios of ¢ = 1073 to 10~! (where ¢ = M, /M, of the system,
where M, and M, are the masses of the primary and secondary BHs,
respectively) found similar thermal X-ray results in both light curves
and spectra. Additionally, Zrake, Clyburn & Feyan (2025) confirmed
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this X-ray drop for certain models which depended on binary torque.
Observing this distinct signature, which in principle only can be
detected with as few as two data points (one before the drop and
one after), could help LISA identify host galaxies of MBHB mergers
without the need for extensive pre-merger monitoring that seeks to
identify quasi-periodic oscillations.

In their study, Krauth et al. (2023) varied the disc temperature,
viscosity, and the total mass of the MBHB. However, one key param-
eter they did not vary was the mass ratio. This can be observationally
important, as, while many MBHBs may be near equal mass, different
q-values are to be expected. Cosmological simulations, such as the
Illustris project (Genel et al. 2014; Vogelsberger et al. 2014), have
shown that many (~ 50 per cent) of MBHB mergers should occur
between 0.1 < g < 1 (Katz et al. 2020). While prior studies have
considered unequal-mass ratios (Clyburn & Zrake 2025; Zrake et al.
2025), they have examined the IMRI regime and used an isothermal
equation of state (EOS).

In this paper, we extend the work of Krauth et al. (2023) and
others to include comparable mass cases with ¢ = 0.1,0.3 and
0.5, including a more realistic gamma-law EOS. We use the same
setup and code as Krauth et al. (2023). Namely, we model the
MBHB + CBD system with the 2D GPU-accelerated hydrodynamics
code, SAILFISH.'We incorporate physical viscosity, directly solve
the energy equation using a I'-law EOS for the gas, incorporate
viscous heating, shock heating, and a physically motivated cooling
prescription. Late into inspiral the GW-driven inspiral time (7, o a*)
decreases more rapidly than the viscous inflow time (e.g. tyisc o< a’/>;
Pringle 1991). As such, it was initially thought that the binary would
outrun the CBD (Liu, Wu & Cao 2003; Milosavljevi¢ & Phinney
2005), starving and dimming the binary. This limit is known as the
‘decoupling limit.” Long-term 2D hydrodynamical simulations have
shown that the circumbinary gas can follow the inspiralling binary
and feed the individual BHs all the way until the merger (Farris et al.
2015; Tang, Haiman & MacFadyen 2018). Franchini et al. (2024),
however, using 3D simulations of equal-mass black hole binaries
found the accretion rate to drop by orders of magnitude a few days
before merger. On the other hand, using 3D-GRMHD simulations
Ennoggi et al. (2025) showed it is possible for the accretion rate
to survive through merger in certain parts of the parameter space.
In this paper, in order to account for the potential impact of disc
decoupling, we initialize inspiral from before the decoupling limit
and run through post-merger. We calculate multiwavelength light
curves for the last hundreds of orbits through merger.

Our main new result is a potential new signature presenting in
the lower range of unequal-mass binaries we study, in which there
is a significant increase in the thermal X-ray luminosity just before
merger. This feature appears appreciably in our ¢ = 0.3 model and
is even more prominent in our ¢ = 0.1 model. Regardless of the
pre-merger flare, there is the same characteristic, several orders of
magnitude drop in the thermal X-ray luminosity when traversing
from pre- to post-merger, previously reported for equal-mass mergers
(Krauth et al. 2023; Franchini et al. 2024). However, the timing of
this drop is delayed compared to equal-mass models. Additionally,
we find a role-reversal occurs in late inspiral, in which the primary
BH becomes the dominant accretor and outshines the secondary.
This could have important implications for binary searches that
expect Doppler modulation, as these typically rely on the fast-moving
secondary to outshine the primary. If this role-reversal occurs,
Doppler modulation may instead diminish as merger is approached.

Uhttps://github.com/clemson-cal/sailfish
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The remainder of this paper is organized as follows. In Section 2,
we discuss our hydrodynamics code, our initial setups, and post-
processing procedures. In Section 3, we present our main results on
cavity morphologies, accretion rates, light curves, and periodicities,
comparing systems with different mass ratios. Finally, in Section 4
we summarize our main conclusions, and discuss the consequences
of our results, and observational prospects.

2 HYDRODYNAMICAL SETUP,
POST-PROCESSING, AND MODELS

2.1 Hydrodynamical setup

In this section, we provide a brief overview of the technical details of
SAILFISH (for full details, see Westernacher-Schneider et al. 2022).

We solve the vertically integrated Newtonian fluid equations,
keeping the lowest non-trivial order in powers of z/r under the
conditions of a thin disc (4 /r <« 1) and mirror symmetry aboutz = 0.
These equations read

HT +V; (Zv/) = Ss, (1)
8 (Zv) + V; (zva,- +a{73) =g+ V1) + S, @)

BE +V; [(E+P)vi] =vig +V; (vir,.f)
— 0+ Sg, 3)

where ¥ is the surface density, P is the vertically integrated pressure,
v’ is the mid-plane horizontal fluid velocity, E = Ze + (1/2)Xv?
is the vertically integrated energy density, € is the specific internal
energy at the mid-plane of the disc, g; is the vertically integrated grav-
itational force density, and 7/ = Tv (V,-vf + Vi — (2/3)8! Vkv")
is the viscous stress tensor (in a form that is trace-free in a three-
dimensional sense) with zero bulk viscosity, v is the kinematic shear
viscosity, and Sy, S, ;, and Sg are mass, momentum, and energy
sinks, respectively. Q is the local blackbody cooling prescription,
assuming that hydrogen dominates the gas density (see e.g. Frank,
King & Raine 2002), given as

4
Q=§i(%P), )
3k% kB b))

where o is the Stefan-Boltzmann constant, ¥k = 0.4 cm? g~! is the
opacity due to electron scattering, m, is the proton mass, and kg is
the Boltzmann constant. This equation contains an additional factor
of 2, which comes from the fact that the disc cools through two faces
(top and bottom). Thermal conductivity is neglected.

We initialize the disc to the conditions described in Goodman
(2003):

— —3/5
T =3 (7’”’50") : )

ao

. -3/2
P=n(ﬂi@) , ©

ao

12

= G Myin n

V= | e é, @)
( vV r~+r30ﬂ)

where G is the gravitational constant, My, is the total mass of the
binary, aj is the initial binary separation, and ryq is the gravitational
softening length, which mimics the softening of the horizontal
gravitational force that occurs due to vertical integration. This value
is set equal to rgpy (Where 7 pn = 2G My /c? is the Schwarzschild
radius of each BH, My, is the mass of an individual black hole,
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and c is the speed of light). We also initialize a cavity at r = 2ay
by multiplying both ¥ and P by a window function f(r), given
by

f)=10"" 4 (1 -10"*) exp (—2a0/ (F+rdn) 1/2)30 .®

We use a Shakura—Sunyaev viscosity prescription v = acih
(Shakura & Sunyaev 1973) with ¢ = 0.1, and a I'-law EOS P =
Ye(I' — 1), where I' = 5/3. Both are consistent with the choices
made in the fiducial model of Krauth et al. (2023). The sound speed
is given by ¢, = /T P/%. The disc mass is small enough compared
to the mass of the binary that its self-gravity can be ignored.

Yo and P, are chosen in such a way to adjust the characteristic
disc aspect ratio 2/r to that which would be found in discs that
include radiation pressure. But since radiation pressure is omitted
in our thermodynamic models, if one interprets such disc aspect
ratios literally, this implies extremely super-Eddington accretion
rates (D’Orazio et al. 2013). This super-Eddington accretion rate
should be viewed as an artificial aspect, whose only purpose is to
yield characteristic aspect ratios consistent with those expected in the
‘target’ radiation-dominated models. The correspondingly extreme
luminosities are adjusted back down to the realistic range in post-
processing (described more below). In the simulations, heating and
cooling balance, and the disc aspect ratio develops self-consistently
and locally. The effective temperature of the disc, Ty, is related to
mid-plane temperature 7' by

. 4Tt

3y
Note that since we work at lowest order in z/r, there is no distinction
between mid-plane and vertically averaged temperature; with mirror
symmetry about the mid-plane, mid-plane and vertically averaged
even quantities differ at second order in z/r. The accretion rate is
approximately related to the kinematic shear viscosity and density
by M = 37 v (Frank et al. 2002).

The combined mass of the binary remains consistent with Krauth
et al. (2023) at My;, = 10° M, matching approximately the range
at which LISA is most sensitive (Amaro-Seoane et al. 2017). We
simulate three different mass ratios of ¢ = 0.1, 0.3, and 0.5.

The binary separation during inspiral follows the quadrupole
approximation of Peters (1964)

®

a(t) = ap(1 —t/7)'/%, (10)

where T =ag/48 is the total GW inspiral time and B =
(64/5)(G?/c>)m my(m, + m>). The initial separation of the system
is informed by the GW inspiral time and our desire to traverse the
decoupling limit. While the viscous time (defined by #, = 2/3 r2/v)
of about 200 orbits at r = a, remains comparable in each simulation,
the GW inspiral time increases with decreasing g. As such, this
enables us to reduce the initial separation of the binary as we decrease
q. Specifically, we chose an initial separation of 14, 18, and 20 r; v,
(where 7 pin = 2G Myin /c? is the Schwarzschild radius for the total
mass of the binary) for ¢ = 0.1, 0.3, and 0.5, respectively. This will
roughly cover the last 226, 218, and 250 orbits of each system. Once
the BH’s event horizons make contact, the BHs are instantly merged,
with a new position at their centre of mass (the origin) with a new
sink radius equal to the additive sink radii of the component masses.
The BHs studied have zero spin and follow circular orbits.

Consistent with Krauth et al. (2023), the gravitational field of each
individual BH is modelled by a Plummer potential,

M,
q>n=_L (11)

s
2 2
\/ Ty +rsoft
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where M, is the mass of the nth BH, r, is the distance from a field
point to the nth black hole, and rs is the gravitational softening
length scale introduced above.

We use a torque-free sink prescription (Dempsey, Mufloz &
Lithwick 2020; Dittmann & Ryan 2021) to model the removal of
gas by each point mass. The sink radius is set to 7, py for each black
hole. We explore the consequences of these choices in Appendix A.
We use the secondary sink radius to set the spatial resolution for each
simulation. We chose the resolution of each simulation to have the
same number of cells across the sink radius of the smaller, secondary
BH as for the equal-mass BHs in Krauth et al. (2023). This ensures
that we have consistent resolution near the BHs where it is needed
most. We use a uniform Cartesian grid with a square domain of side
length 16 ay. Because the radius of the secondary BH decreases with
q., we need higher resolutions for lower mass ratios. Specifically, we
use grid sizes of 49282, 24962, and 19207 cells, and resolutions of
Ax = Ay ~ 0.003 ap, 0.006 ay, and 0.008 a, for ¢ = 0.1, 0.3, and
0.5, respectively.

As the realistic state of the disc, including the lopsided cavity and
lump in the cavity wall, takes time to develop from our idealized
axisymmetric initial conditions, we first run our simulations at lower
resolution and without an inspiralling binary orbit. This allows a
relaxed state of the gas to be established. We subsequently double
the grid resolution multiple times. In practice, our first resolution in
each case is about 1/3 of the final Ax = Ay resolution, which we
run for approximately 5 viscous times (650 initial orbits). We then
double the resolution, and run for another full viscous time (130
initial orbits). Finally, we double the resolution and allow the fully
evolved system to settle for an additional ~third of a viscous time
(40 initial orbits) before initializing inspiral.

2.2 Post-processing

In post-processing, the effective temperature is obtained by combin-
ing equations (4) and (9), leading to

0 =20T%4. (12)
The effective temperature relates to the accretion rate via
T o< M. (13)

The artificially high accretion rates discussed above also result
in artificially high effective temperatures, which affect the EM
luminosity and spectrum. Therefore, we correct for this in post-
processing by re-scaling the effective temperature back down to our
target system via the map T — T/ Myoost, Where Migoy is the
dimensionless ratio of the accretion rate of the gas pressure model
to that of the ‘target’ model for which radiation pressure would be
accounted for.

We assume blackbody emission from each cell of our domain,
which enables us to compute the luminosity in different bands. We
neglect Doppler effects, so our light curves are valid for observers
who are viewing the disc sufficiently close to face-on. We calculate
the luminosity of an area element dA in the frequency band between
vy and v, via

vy 3,2
dL = ndA/ 2hv7/c
v exp

h
(kT:ft' ) -1

To obtain the total luminosity of the disc, we sum over the spatial
domain. Both Krauth et al. (2023) and Franchini et al. (2024) showed
that the luminosity in the optical band originates from the CBD and
remains approximately unchanged through merger. In this work,

dv. (14)
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we saw the same behaviour, and as such we chose to focus on
luminosities in the two fixed bands of Eyy : 3.1-124.0 eV and
Ex.ray : 0.124-124.0 keV.

3 RESULTS

In this section, we describe the results from our suite of simulations
and compare them to the fiducial equal-mass model of Krauth et al.
(2023). We begin by comparing the disc morphologies between the
models. We then present the accretion rates, followed by light curves
in order of decreasing mass ratio, to discuss what changes occur
as the binary mass ratio decreases. We discuss what implications
our findings may have on searches involving Doppler modulations.
Finally, we examine the pre-merger periodicities of these systems.
The relevant figures from Krauth et al. (2023) have been included
for convenience.

3.1 Cavity morphologies

Fig. 1 shows zoomed-in snapshots of the logarithmic surface density
for all mass ratio models. The first column is adapted from Krauth
et al. (2023) for their ¢ = 1 runs. The second, third, and fourth
columns correspond to our ¢ = 0.5, ¢ = 0.3, and ¢ = 0.1 runs,
respectively. Moving from top to bottom in each column, we show
snapshots at the beginning of inspiral, 1 d before merger, and at
merger.

Itis important to first point out that because these simulations were
initiated at different binary separations, the plots shown here vary in
scale in order to facilitate visual inspection (see the x- and y-axes).
Thus, we caution the reader about visually comparing sizes across
models in this figure. None the less, several distinguishing trends are
evident with decreasing q. First, we see the overall eccentricity of the
cavity decreases with lower g, the most obvious change being visible
in the g = 0.1 case. Although the cavity is offset from the centre of
mass of the system, it is more circular than the other models. The
cavity also decreases in size with smaller g. To somewhat remove
the dependence on the initial separation, if we state the semimajor
axis of the cavity in units of the initial semimajor axis of the binary,
we find it decreases with g as 3.6 ag 41, 3.2 a9 405, 3.0 ao4=03,
2.9 ao,q=0.1-

Next, we also notice a fairly significant change in the ratio of the
primary minidisc radius to that of the secondary with decreasing g.
For circular binaries, this can be summarized by the fitting formulas
for tidal truncation radii for unequal-mass binaries in the range of
0.01 < g < 1 (Eggleton 1983; Roedig, Krolik & Miller 2014):

Rprim =~ 0.27¢7%3q, (15)

Reee = 0.27¢%3a. (16)

Not only will the secondary minidisc have a much smaller radius, but
as we decrease ¢, this ratio will grow according to the power laws
described by these equations. As we progress in time, on an absolute
basis, the decrease in radius of the primary minidisc is hastened for
lower g, whereas the decrease in the radius of the secondary will be
slowed down.

The amount of material in accretion streams flung back into the
cavity wall decreases with g, likely because the primary at some point
becomes massive enough that is effectively stationary. Although it
can still partially create streams, the streams are slow-moving and
have low density. The secondary becomes the main component to
tidally strip material from the close edge of the cavity wall. It
flings material with enough velocity to overtake the more minor
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Figure 1. Zoomed-in snapshots of the logarithmic surface density. From left to right, we show models g = 1 (from Krauth et al. 2023), ¢ = 0.5, ¢ = 0.3, and
g = 0.1 (from this work). The total mass of the binary M| + M> is the same in all cases. From top to bottom, we show snapshots at different times: at the

initiation of inspiral, 1 d before merger, and at merger.

streams created by the primary. This effectively halves the frequency
of stream creation. As we progress in time, to the row 1 d before
merger, this effect begins to also present at higher ¢g. As the binary
contraction hastens, the distance between the binary and the cavity
wall increases. This further reduces the primary’s ability to create
streams.

For lower g systems, the burgeoning new single minidisc around
the merger remnant is more prominent. It seems, as g is decreased, the
system is less proficient at tidally truncating the minidiscs approach-
ing merger, and there remains traces of the original minidiscs (most
notably the primary). That having been said, the merger remnant
is increasingly far away from a new source of replenishment from
the nearest side of the cavity wall, stranded without new accretion
material nearby.

3.2 Accretion rates

Here we compare the accretion rates from Krauth et al.’s (2023)
q = 1 fiducial model, and our ¢ = 0.5, 0.3, and 0.1 models. Starting
with the ¢ = 1 case in Fig. 2, we see that neither BH dominates the
accretion for all time, but they take turns doing so. The most striking
feature is the large drop found approaching merger. This several
orders of magnitude drop is due to the tidal truncation of the minidiscs
as inspiral progresses, effectively dismantling the minidiscs by the
time of merger.

MNRAS 543, 2670-2685 (2025)

It is interesting to examine the pre-merger behaviour for the g < 1
cases, since they contrast with the ¢ = 1 case in a few ways. For the
g = 0.5 accretion rates, seen in Fig. 3, we notice the secondary now
clearly out-accretes the primary, at least until the final moments. We
can see in the last ~tenth of a viscous time, the primary begins to
accrete more than the secondary. By looking at the zoomed-in inset
plot of this figure, we can actually see that the primary increases its
accretion rate very shortly before merger. None the less, in the final
moments, we see both the secondary and the primary accretion rates
plummet. Again, the post-merger accretion rates are several orders
of magnitude lower than prior to merger. Note, however, that the
drop is less dramatic than the ¢ = 1 case, indicating that while the
minidiscs are still dismantled, the process is less efficient with lower
g. We believe that these findings are explained by the following two
reasons. First, with decreasing ¢, the tidal influence of the secondary,
and its ability to affect gas near the primary, is diminished. Secondly,
in the later stages of inspiral, there appears to be a more preferential
transfer of mass from the secondary to the primary. The secondary
effectively ‘force-feeds’ the primary. That is, after scooping material
from the cavity wall, it appears to deliver a sizeable fraction of
this gas to the primary, thereby increasing the accretion rate of the
primary.

Moving to Fig. 4, we see that progressing lower to ¢ = 0.3 only
intensifies the features we saw for ¢ = 0.5. Again, earlier on during
inspiral, the secondary accretes more than the primary. However,
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Figure 2. Black hole accretion rates in the ¢ = 1 fiducial model before and after the time of merger, #,,, for the case with no post-merger recoil or mass-loss.
Accretion rates are normalized by the steady Shakura—Sunyaev value around a single BH (adapted from fig. 2 in Krauth et al. 2023).
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Figure 3. Model ¢ = 0.5: Black hole accretion rates ~ 1 viscous time before the time of merger, #,,, and a short while after. The inset is zoomed-in on the
time of merger. Accretion rates are normalized by the steady Shakura—Sunyaev value around a single BH. While we see the secondary initially out-accretes the
primary, as we approach merger that dominance switches as the secondary force-feeds the primary. We see the accretion for both BHs begins dropping before

merger occurs, and plummets several orders of magnitude into post-merger.

now the switch is more dramatic. Somewhere near ~ 0.4 viscous
times remaining, their roles switch and the primary becomes and
remains the dominant accretor. We also now see that the primary
steeply increases its accretion by a factor of a few shortly before
merger. Additionally, there is an order of magnitude spike in the
accretion of the secondary moments just before merger as well.
With even lower g, it seems both the lessened destruction, and the
replenishment of the secondary minidisc from the cavity wall leading
to a more pronounced force-feeding, not only sustains the accretion
of the primary, but substantially increases it shortly before merger.
Regardless, once again, the final moments of merger disperse the
minidiscs and cause both the primary and secondary accretion rates
to begin to plummet just before merger, as shown in the zoomed-in
inset. Additionally, post-merger, the recovery of the accretion rate

after its several orders of magnitude drop is not prompt. Note that
the post-merger accretion rate in this ¢ = 0.3 case is slightly higher
than in the ¢ = 0.5 case.

Fig. 5 shows the accretion rates for our final case of ¢ = 0.1.
We again see comparable but exacerbated features from the prior
case. Once again we see a switch of the dominant accretor from
the secondary to the primary near ~ 0.4 viscous times remaining. It
appears that further lessened dismantling and increased force-feeding
from the secondary leads to an accretion rate that is even greater than
before. The primary jumps even more than the g = 0.3 case. The
secondary increases a similar amount to the prior case, but does so
even earlier on before merger. It should be noted that the final data
point for the secondary accretion was so low (~ 1078) that it is off
the y-axis range in Fig. 5. Accretion rates for both BHs still drop in

MNRAS 543, 2670-2685 (2025)
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Figure 4. As in Fig. 3, but for ¢ = 0.3: while we see the secondary initially out-accretes the primary, as we approach merger that dominance switches as
the secondary force-feeds the primary. With decreased g, we see this feeding is even stronger with a sharper rise in the primary accretion rate pre-merger.
Additionally, even the secondary has a brief but sharp spike before merger, showing increased accretion shortly before merger. However, we still see the accretion
for both BHs begins dropping before merger occurs. It still plummets several orders of magnitude into post-merger, but less so than in the ¢ = 0.5 case.
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Figure 5. As in Fig. 3, but for ¢ = 0.1: while we see the secondary initially out-accretes the primary, as we approach merger that dominance switches as the
secondary force-feeds the primary. With further decreased g, we see this force-feeding is even more dramatic, once again with the secondary spiking shortly
before merger. Still though, we see the accretion for both BHs begins dropping before merger occurs. Accretion again plummets several orders of magnitude

into post-merger, but even less so than even the g = 0.3 case now.

the final moments before merger. Again, the post-merger accretion
rate remains several orders of magnitude below the pre-merger total,
although now the rate is slightly higher than the post-merger rate
in the ¢ = 0.3 case. It seems with decreased ¢ there is a decreased
drop in total accretion from pre- to post-merger, but that it regardless
remains a several orders of magnitude drop for the g values we
considered.

The role-reversal here may help reconcile some previous findings.
For a system with unequal-mass ratio, many studies have shown that
in some binary systems, the secondary can accrete more efficiently
or have more energetic emission properties than the primary (Farris
et al. 2014; D’Orazio, Haiman & Schiminovich 2015). However,

MNRAS 543, 2670-2685 (2025)

other papers have reported the primary as the dominant accretor
at late inspiral (Gold et al. 2014). The findings here appear to
bridge the gap between these previous results, and show there is
a transition in the dominant accretor from the secondary to the
primary as inspiral progresses. Literature investigating primary- ver-
sus secondary-dominated accretion in binaries suggests that which
accretor dominates is dependent upon cooling rates, or simply how
hot the minidiscs are, and perhaps the strength of viscosity (see
e.g. Ochi, Sugimoto & Hanawa 2005; Hanawa, Ochi & Ando 2010;
Young, Baird & Clarke 2015; Bourne et al. 2024, and references
therein). Whether these mechanisms explain the transition we find
during inspiral is left to future work.
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Figure 6. Optical, UV, X-ray, and bolometric light curves from 5 d before merger to 5 d after merger ¢ = 1 fiducial model. The vertical line is centred at the
merger (¢ = 0), with a dot marking the X-ray luminosity at the moment of the merger. Shaded regions indicate 5 h before and after the merger. The inset shows
a zoom-in version around the merger. This run includes a recoil kick contributing to the post-merger recovery of the luminosity, but does not include mass-loss,

which inhibits recovery (adapted from fig. 4 in Krauth et al. 2023).

3.3 Light curves

We now compare the light curves for the equal-mass fiducial model
of Krauth et al. (2023) and our unequal-mass simulations in order of
decreasing g.

Beginning with the equal-mass case in Fig. 6, we notice defined
periodicity in the ultraviolet (UV) and X-ray light curves on the
time-scale of the orbital period for the lump days before merger.
Most notable is the several orders of magnitude drop in the X-ray
luminosity starting just a handful of hours before merger. Krauth
etal. (2023) studied in-plane kicks of various directions. Shown here,
post-merger includes a recoil of the binary remnant of 530 kms™!
antiparallel to the gas velocity at cavity pericentre. This was found to
be the most luminous post-merger in-plane direction, but regardless,
the system still stays X-ray dark for several days post-merger.
It should be noted that Franchini et al. (2024) studied how the
post-merger rise depends on the kick properties, including out-of-
plane kicks which can lead to enhanced accretion. The mechanism
responsible for this drop is the aforementioned tidal truncation of
the minidiscs by the binary potential. Since the minidiscs dominate
the X-ray emission and they survive up until hours before the
merger, their destruction leads to a corresponding sharp drop in
X-ray emission.

Looking at Fig. 7, we can see the effect of decreased ¢. In addition
to the larger window displaying the UV (blue) and X-ray (green)
luminosities for the full inspiral, the smaller inset window zooms
in on the last ~half day of inspiral and post-merger. We see that
decreased ¢ values result in several notable modifications to the
light curves. There is a slight overall decline in the luminosity during
inspiral. Once again, the tell-tale feature found in Krauth et al. (2023)
of the several orders of magnitude drop in thermal X-ray luminosity
from pre- to post-merger is seen, but it has been modified; the drop
now occurs much later, in the final 10s of minutes, instead of the hours
before, as seen in the equal-mass case. Immediately after merger, the
X-ray luminosity continues to decline, reaching comparable values
to that of the equal-mass case. Again, the system stays X-ray dark
for hours after merger. The UV luminosity also decreased slightly,
but again less so than in the equal-mass case.

As we decrease g further, we actually see an entirely new,
distinguishing feature emerge. We show the light curves for the
g = 0.3 model in Fig. 8. There is again a small overall decline in
the luminosity throughout inspiral until near merger. Additionally,
before the X-ray drop, there is a steep increase, or flare. While the
system once again undergoes a drop by several orders of magnitude
in the thermal X-ray luminosity as it traverses merger, there is an
additional factor-of-several increase in the thermal X-ray luminosity
before this occurs. This increase appears to begin on the time-scale
of hours before merger. We see the X-ray luminosity then drops to
a comparable value to that before the spike, and continues falling
dramatically. This bump and dip can also be seen to a lesser degree
in the UV light curves as well. These jumps occur as the increase
in accretion rates, seen in Fig. 4 becomes most significant. The
decreased destruction and increased force feeding of the primary
from the secondary appears to not only increase the accretion rates
of (most notably) the primary shortly before merger, but also creates
amore excited system, leading to increased thermal X-ray luminosity
before the drop occurs.

Finally, we examine the light curves of the lowest mass ratio
case of ¢ = 0.1 in Fig. 9. The overall decline in luminosity during
inspiral has mostly vanished, now staying at nearly the same level
throughout inspiral until merger. Once again the system undergoes
a several orders of magnitude drop in the thermal X-ray luminosity
from pre- to post-merger. Now, however, the pre-merger silence is
interrupted with a larger, near order of magnitude spike in X-ray
luminosity before the drop occurs, once again of the order of hours
before merger. Post-merger, the system again remains X-ray dark.
This spike and dip is once again seen to a lesser degree in the UV
band. These spikes again correspond to the increased accretion rates
of the ¢ = 0.1 model seen in Fig. 5. Now we see the further lessened
destruction and enhanced forceful feeding from the secondary leads
to increased X-ray brightness of the system before the tell-tale drop
in X-ray luminosity ~hours before merger. A pre-merger flare like
this was previously suggested by Chang et al. (2010), but attributed
to a different mechanism known as ‘tidal squeezing’ of the primary
minidisc by the secondary. However, this explanation is disfavoured
by dynamical considerations and simulations, which indicate that
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Figure 7. Model ¢ = 0.5: UV and X-ray light curves for the inspiral before merger to several hours after merger with a zoomed-in inset for the final ~half a
day until after merger. The dashed vertical line marks the moment of merger, with a dot marking the X-ray luminosity at the moment of the merger. The dashed
lines in the inset mark 1 h intervals. We see a slight decline in both luminosity bands pre-merger, with a sharp drop in the X-ray luminosity (and a smaller drop
in UV luminosity) from pre- to post-merger. This can be seen most clearly in the inset, which shows this drop begins 10s of minutes before merger.
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Figure 8. As in Fig. 7, but for ¢ = 0.3: there is again a slight decline in both luminosity bands pre-merger, with a sharp drop in the X-ray luminosity (and a
smaller drop in UV luminosity) from pre- to post-merger. The drop again begins 10s of minutes before merger, but now there is also a sharp rise in the luminosity

just before the drop occurs.

the tidal torque from the secondary before the merger is too weak
to reduce the orbits of primary disc gas parcels faster than the
binary’s contraction (Clyburn & Zrake 2025). As this pre-merger
flare could potentially be used as a new identifying signature, we test
its robustness with sensitivity tests in Appendix A.

3.4 Implications for Doppler modulation

For a system with unequal-mass ratio, studies have shown that in
most binary systems, the secondary accretes more efficiently or has
more energetic emission properties (Farris et al. 2014; D’Orazio
et al. 2015; Shi & Krolik 2015; Duffell et al. 2020; Mufioz et al.
2020; Siwek, Kelley & Hernquist 2020; Siwek et al. 2023). Addi-

MNRAS 543, 2670-2685 (2025)

tionally, because the secondary’s velocity scales with 1/(1 + g), the
secondary moves faster for unequal masses, so it has a larger Doppler
amplitude (D’Orazio et al. 2015). As such, for standard spectral
slopes of o, =dIn F,/dInv < 3, previous studies have proposed
that the binary will appear brighter (dimmer), when the secondary
is approaching (receding) from the observer, even if the rest-frame
luminosity is constant.

Given the role-reversal in accretion rates of the secondary and
primary approaching merger that we find with decreased ¢, in this
section we also examine the individual contributions of each minidisc
to the total X-ray light curve during inspiral. We do so by calculating
the emission in a circular zone centred at each BH individually, with
their radii scaling in accordance with equations (15) and (16).
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Figure 9. As in Fig. 7, but for ¢ = 0.1: the decline in the X-ray luminosity pre-merger have essentially plateaued, with only a small overall decline to the UV

in late inspiral. We again see a several orders of magnitude drop in the X-ray luminosity (and a smaller drop in UV luminosity) from pre- to post-merger with a

sharp rise just before this drop. The rise is now even more pronounced and begins sooner.
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Figure 10. Model ¢ = 0.5: X-ray light curves for the inspiral to through
merger. We see the primary contribution to the overall X-ray luminosity is
less than the secondary contribution until the final moments before merger.
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Figure 12. Model ¢ = 0.1: X-ray light curves for the inspiral to through
merger. We see the primary is the dominant contributor to the luminosity
throughout merger and at late stages, it outshines the secondary by nearly an
order of magnitude.

_10% as inspiral progresses, we see once again that when the primary

Tg 105 becomes the dominate accretor, the primary begins to dominate the

8 X-ray luminosity in the final days before merger.

Z10% Finally, Fig. 12 shows the ¢ = 0.1 case. Despite the secondary be-
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Figure 11. Model ¢ = 0.3: X-ray light curves for the inspiral to through
merger. Early inspiral, we see nearly equal contribution to the overall
luminosity from the primary and the secondary. However, in the last days
of inspiral, the primary begins to outshine the secondary.

First, Fig. 10 shows the total X-ray light curve and each minidiscs’
contribution for the ¢ = 0.5 case. We see that the secondary (blue)
dominates the X-ray luminosity leading to merger, until in the final
moments, the primary outshines the secondary at around the same
time the role-reversal in accretion rates occurs.

Next, Fig. 11 shows the ¢ = 0.3 case. We see that early on
during inspiral, the primary and secondary are both contributing
to the total X-ray luminosity by comparable amounts. However,

nearly a full order of magnitude brighter than the secondary in the
final stages before merger.

Identification of unequal-mass binaries using Doppler modu-
lations relies in part on the faster-moving secondary dominat-
ing the luminosity. But for sufficiently low ¢, if the primary
actually dominates the light curves at late times during inspi-
ral, one may see a disappearance of Doppler modulation instead
of an amplification. We test these findings more thoroughly in
Appendix B.

3.5 Pre-merger periodicities

In both accretion rates and light curves, there are prominent period-
icities on the time-scales of both the orbital period of the lump and
the orbital period of the binary. However, by looking at the Lomb—
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Figure 13. Lomb-Scargle periodograms, with maximum peaks normalized
to unity, for the X-ray light curve and GW chirp for the ¢ = 1 fiducial model
during the 15 d before merger. Time is measured in units of the instantaneous
binary orbital period (adapted from Krauth et al. 2023).

Scargle periodograms for each model, we can better understand the
dependence on ¢. Specifically, we analyse the periodicity in the X-
ray light curves and analytically model the GW inspiral, scaling out
the chirp, to extract its frequency for comparison. We begin with the
equal-mass case from the Krauth et al. (2023) study.

In Fig. 13, we see the Lomb—Scargle periodograms for both the
X-ray light curve (green) and the GW chirp (red) for the last 15 d
before merger for the g = 1 fiducial model of Krauth et al. (2023).
The GW chirp was computed using equation (10) for a circular equal-
mass binary at z = 1. Time has been scaled to be in units of the rising
instantaneous binary orbital frequency. We see three distinct peaks in
the X-ray periodogram. First, the most prominent near @/wy;, ~ 0.1,
originates from the lump flow pattern propagating along the cavity
wall once every 10 binary orbits, which modulates the accretion on
to the minidiscs and consequently the X-ray light curves originating
from them. Next, we see a smaller peak at a value just greater than
the binary frequency w/wpy, = 1. This primarily originates from
mass trading between the minidiscs which leads to shock heating
of the gas thereby leading to EM flares. This frequency is slightly
different than the binary orbital frequency. The likely explanation
is that the minidiscs become eccentric through a resonant mass-
trading instability, which then causes them to precess into each other
periodically. For the retrograde precession that we typically find in
our simulations, the synodic frequency of mass trading is larger than
the binary orbital frequency (an extensive study of this phenomenon
is presented in Westernacher-Schneider et al. 2024), although the
prograde case is also possible. Finally, there is the smallest peak in
line with the frequency of the GWs at @/wyi, = 2. This frequency
occurs during the late stages of the inspiral and is caused by both
minidiscs rapidly and equally stripping gas from the CBD and trading
it further.

Next, we move to the periodogram for the full inspiral of the
g = 0.5 model in Fig. 14. Here we begin to see a shift, namely
a deterioration of the lump frequency. While there is still a long-
term periodicity associated with the lump, we see that it is greatly
diminished in that its strength is on equal footing with the peak at the
orbital frequency. This corroborates previous findings that the lump
feature becomes less distinctive and influential with decreasing ¢
(see e.g. D’Orazio et al. 2013; Farris et al. 2014; Duffell et al. 2020;
Siwek et al. 2023). Again we see that the frequency on the orbital
time-scale is somewhat greater than w/wy, = 1.

Decreasing the mass ratio to ¢ = 0.3, we see further shifting
in Fig. 15. Now, the frequency originating from the lump is sub-
dominant, second to the frequency stemming from the orbital
frequency. This matches the previously found transitional region
between g ~ 0.5 to g ~ 0.3, in which the lump’s presence mitigates
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Figure 14. As in Fig. 13, but for ¢ = 0.5. We see a decreased magnitude in
the frequency peak associated with the lump’s orbit.
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Figure 15. As in Fig. 13, but for ¢ = 0.3. We see further decreasing of the
peak associated with the lump’s orbit. Additionally, there is a splitting of the
frequency associated with the orbital period.

significantly (D’Orazio et al. 2013; Noble et al. 2021). The peak
near w/wp, = 1 now has split into two distinct peaks. While
this needs to be further understood, the results are reminiscent in
some respect to prior findings. The frequency slightly greater than
w/wpin = 1 appears throughout most of the inspiral and seems to
originate from the minidisc precession and interaction. However, by
inspecting individual portions of the data, we find that the frequency
at w/wyi, = 1 does not present until late in inspiral (~10s of orbits
before merger). Previous studies have seen near-orbital cadence at
larger separations (Westernacher-Schneider et al. 2022, 2024), while
others have seen two flares per orbit in late stages (Tang et al. 2018;
Krauth et al. 2023). We appear to see a similar transition, but now,
because inspiral brings the primary further away from the cavity edge,
only the secondary tidally interacts with the CBD, and the transition
instead is half the frequency of the previous findings (only once per
orbit). That is, instead of seeing a shift from just above w/wyi, = 1to
o/ wpin = 2, we see a shift from just above w/wpin = 1t0o w/wpin = 1.
If pre-merger monitoring is possible, one may be able to see this shift
in dominant period as the merger approaches. Additionally, there are
increasingly sub-dominant peaks at w/wypi, = 2, and @/wpi, = 3,
which appear to be overtones of the w/wypin = 1 peak.

Finally, we move to the lowest mass ratio of ¢ = 0.1 of Fig. 16.
The frequency associated with the lump’s orbit has effectively
vanished. There is a strong prominent peak at w/wypin, = 1, but again,
this presents late into inspiral. Analysing the inspiral before the
o/wyin = 1 peak dominates, there is significantly smaller peak just
above this frequency. However, later into inspiral, once again a
transition to @/wpi, = 1 occurs and it is so prominent that it then
dominates the frequency space. It should also be noted, Cocchiararo
et al. (2024), using 3D simulations, found a spike at @/wpin = 1
for ¢ = 0.1 simulations, but at larger separation. This suggests
further investigation is warranted. There once again appears to be
increasingly sub-dominant overtones at w/wpin = 2, and @/wpin = 3.
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Figure 16. As in Fig. 13, but for ¢ = 0.1. The frequency originating from
the lump’s orbit is significantly diminished but still present. The frequency
coming from the orbital period is now clearly dominant.

4 CONCLUSIONS AND DISCUSSION

We performed 2D hydrodynamical simulations of inspiralling,
unequal-mass MBHBs from before the nominal decoupling limit
through merger. We use an «-viscosity disc, directly solve the energy
equation with a I'-law EOS for the gas, and incorporate a physically
motivated cooling prescription. We compare our results closely to the
fiducial equal-mass study of Krauth et al. (2023) to see the effects of
a decreased mass ratio, g. We do this for models with mass ratios of
q = 0.1,0.3, and 0.5. Comparing all of these results, we can draw
the following conclusions:

(i) As g decreases, for early times during inspiral, the secondary
remains the dominant accretor. However, as time approaches the
merger, the roles switch, and the primary becomes the dominant
accretor. Our analysis of the data leads us to believe this occurs
because of two main reasons. Namely, with decreasing ¢, the tidal
influence of the secondary, and its ability to affect gas near the
primary, is diminished. Additionally, with lower ¢, the secondary
also scoops material from the cavity wall and delivers it directly to
the primary, ‘force feeding’ the primary. This role-reversal occurs at
an earlier stage of the late inspiral with lower gq.

(i) All models regardless of ¢ show a significant drop in accretion
rates for both the primary and the secondary BH in the final moments
of merger and into post-merger. However, as g decreases a new effect
becomes present. The lessened tidal destruction but increased force
feeding from the secondary, causes a rapid rise in the accretion rate of
the primary, and a brief but sharp spike in accretion of the secondary
just before the drop in accretion occurs.

(iii) All models regardless of ¢ show a corresponding several
orders of magnitude drop in the thermal X-ray luminosity from pre-
to post-merger (as well as a smaller drop in the UV luminosity).
While the magnitude of the drop remains comparable in all models,
as g is lowered, the timing of the drop changes. In the equal-mass
case the drop occurs several hours beforehand, whereas with all
lower ¢ models, the drop occurs at 10s of minutes before merger.
This drop occurs because the minidiscs, which are responsible for
nearly all of the X-ray luminosity, are increasingly tidally truncated
with inspiral leading to their destruction and the consequential drop
in X-ray luminosity.

(iv) Atlow enough ¢ a potential new X-ray signature appears. Of
the order of hours before merger, the decreased tidal destruction and
increased force feeding from the secondary lead to an excitation of the
gas in the primary minidisc, and a sharp spike in the X-ray luminosity
before the inevitable plummet. The secondary minidisc, while having
sub-dominant luminosity in the late inspiral, also flares around the
same time as the primary. This effect becomes more prominent at
low g. We test these findings against numerical effects by altering our
burn-in period, grid and sink refinement, our sink prescription, and
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our sink rates in Appendix A. Regardless of each of these changes,
we still see the pre-merger flaring. However, its amplitude can vary.
It will require further testing to determine whether the pre-merger
flare would be distinguishable from noise, and whether that flare is
useful for binary identification or parameter estimation.

(v) One important conclusion from these findings is that if the
fuller, force-fed primary minidisc in lower g systems dominates
the light curve just before merger, this will reduce the Doppler
modulation, because the velocities of the primary and secondary scale
inversely with mass v; ~ v, M,/M,. Previously, it has been assumed
that the secondary dominates (e.g. Haiman 2017) when predicting the
Doppler modulation amplitude. If sufficiently continuous pre-merger
monitoring of the source is possible, this may reduce the ability to find
Doppler modulations in the last moments before merger. However,
it may also lead to another signature, namely the disappearance of
Doppler modulations when the transition of the dominant minidisc
occurs. Furthermore, if the primary dominates the X-ray light curve
for the entire inspiral (as our ¢ = 0.1 case seems to suggest), then
perhaps the ability to use Doppler modulation for identification of
sufficiently low-¢g binaries may be compromised entirely. Further
study of the Doppler modulations from such systems will be needed.

(vi) Lomb—Scargle periodograms of the X-ray light curves show
two primary frequencies. One originates from the overdense lump,
and the other from the orbital motion of the binary. The former
dominates at higher ¢, and the latter dominates at lower ¢, with the
transition occurring somewhere near g = 0.3.

(vii) The Lomb-Scargle periodograms are time-dependent. At
high ¢, a late inspiral frequency of w/wyin = 2 presents, while at
low ¢, we instead see a frequency of w/wpy, = 1. We attribute this
to the primary’s decreased interaction with the CBD at low ¢ during
late inspiral.

One of the primary goals of these signatures would be to couple
the unique EM signature with the GW observations of LISA to
aid in sky localization before merger occurs. Krauth et al. (2023)
summarizes the prospect of this for the upcoming X-ray telescopes
of the Advanced Telescope for High-energy Astrophysics (Athena;
Nandra et al. 2013) and for the proposed Lynx mission (The Lynx
Team 2018). The primary takeaway is that either of these telescopes
should be able to search LISA’s entire error box 10 h prior to merger
out to z = 0.5 for hard X-rays in the 2-10 keV band, or out to z = 1
for soft X-rays in the 0.5-2 keV band in the case of Athena, and
out to z = 1, regardless of X-ray hardness, for Lynx (Lops et al.
2023). Krauth et al. (2023) points out that as little as two data points,
one a bit earlier on and one occurring during the X-ray drop, could
be used to identify the correct host galaxy before merger for an
equal-mass binary. Knowledge from LISA about when the binary
will merge would aid in selecting observational times that are likely
to reveal the X-ray drop. This could reduce the burden of the high
observational cadence needed when looking for extended pre-merger
periodicity in a limited time window — an effect that also increasingly
diminishes for low-g binaries.

For the unequal-mass binaries studied here, the tell-tale thermal
X-ray drop occurs, but the window to obtain the second data point
is more limited. If a sharp increase in X-ray luminosity occurs
before the drop in lower mass ratio systems, this can re-extend the
observational window to roughly an hour or more before merger,
rather than just 10s of minutes before the merger. By searching
for the X-ray increase before the drop, we may still be able to
identify the host galaxy before merger with as few as two data points.
Additionally, if we have more data points, for both the increase and
the drop, we may also be able to use this information to estimate the

MNRAS 543, 2670-2685 (2025)

920z Aieniga4 ] uo Jasn je-oeisi@Atelq Aq ¥£51928/0292/S/SS/8101E/SBIUW/WOoD dNo-olWwspeoe//:sdny WwoJj papeojumoq



2682 L. M. Krauth et al.

mass ratio through EM means. For sources with a sufficient signal-
to-noise ratio, LISA can also obtain g through GW measurements. If
comparison of these two values differ, it may allow us to learn more
about the circumbinary gas dynamics. Regardless, the host galaxy
becoming X-ray dark and staying that way for a significant time
after merger should enable confident post-merger identification of
the correct host galaxy.

As the potential caveats to these findings are already itemized
in Krauth et al. (2023) we will not restate all of them here, but
refocus on a few of them which could potentially affect these
unequal-mass findings more specifically. Some of the important
differences from Franchini et al. (2024) are the implementation of
PN corrections and setting the sink radius at the Innermost Stable
Circular Orbit instead of the BH horizon. These effects can cause
the drop to occur sooner during inspiral as the gas nearest the
BH is lessened. Regardless, they still find a drop in thermal X-
ray luminosity occurring most significantly just hours before merger.
Inclusion of a pseudo-Newtonian potential (e.g. Paczynisky & Wiita
1980) could still have important effects for the unequal-mass case.
If the minidiscs are dismantled sooner during inspiral, perhaps the
spike in luminosity before the drop is mitigated, or perhaps the
drop occurs sooner, implying a longer time window to detect it.
Additionally, either radiative feedback (e.g. del Valle & Volonteri
2018) that could also help destroy the minidiscs from the inside, or
BH spins (e.g. Paschalidis et al. 2021; Combi et al. 2022) which can
alter the composition of the minidiscs, could have similar effects.
Further exploration of the parameter space is left to future research.
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APPENDIX A: SENSITIVITY TESTS

Here we test the sensitivity of our results to the grid refinement as well
as the sink refinement, prescription, and rates in our simulations. In
our main text runs, the sink prescriptions and softening length are also
evolved during the steps in which we increase of resolution. Starting
with equal sink radii and softening lengths for each mass, we increase
(decrease) the primary (secondary) sink radius and softening length
each time we increase the resolution. The first step is halfway to the
final value, and the final step is set to gy, for each black hole. We
test this for the ¢ = 0.3 unequal-mass case, in which case we first see
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both the new transient of the flare appear and in which the primary
becomes the dominant accretor in the final stages of inspiral.

Instead of running the simulation for a long burn-in time period to
allow for relaxation of the CBD, we instead run a simplified model,
initializing inspiral at the start of the simulation. In our first test,
instead of refining the grid resolution and sink size in time, we run
the entire simulation with the final resolution and sink sizes from
the start of the simulation. Additionally, we use an acceleration-free
sink prescription in which the sinks remove both mass and angular
momentum, instead of the torque-free model in our main text runs,
in which the sink does not absorb gas angular momentum as defined
in its own instantaneous rest frame. In Fig. A1, we see the accretion
rates. The primary accretor at early times is less clear, however,
this could simply be due to the lack of initial burn-in phase before
initializing inspiral. We do however see that the primary becomes
the dominant accretor around the same time (~ 0.4 viscous times
remaining). More importantly, looking to the inset plot, we see both
the characteristic flare and drop in the accretion rates of the primary
and secondary leading to merger, consistent with the ¢ = 0.3 run.
However, the spike is less severe, by a factor of ~ 2-3 less than the
previous case. While this indicates the magnitude of the features may
depend on the parameters such as the burn-in period, grid refinement,
sink refinement, or sink prescription, the qualitative signatures of
flaring and dropping in the accretion merger do not.

Additionally, we check to see how the results depend on sink
rates, seen in Fig. A2. The former plot has a sink rate chosen to be
several times larger than the viscous rate at the sink edge and should
therefore be more than sufficient to remove material. However, here
we increase these rates by a factor of 2 and 4, to see how this affects
our findings. In increasing the sink rates, we do see an effect on the
accretion rates just before merger during the flare. It seems when the
rates are significantly high, as in the 4x case, there is a factor of
~2 decrease in the amplitude of the flare. While this does seem to
affect results modestly, the characteristic flaring and drop still occur
and it should be noted that raising the rates this significantly may be
unphysical.
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Figure Al. Accretion rates for ¢ = 0.3 model while using the acceleration-free sink model, without burn-in or refinement. Comparing to the previous ¢ = 0.3
accretion rates in Fig. 4 we see many similarities. Once again as we approach merger that dominant accretor becomes the primary. Once again, we see a spike
in the accretion rates of the primary and the secondary shortly before merger. Again though, we see the accretion for both BHs begins dropping before merger
occurs. Accretion again plummets several orders of magnitude into post-merger as in our previous ¢ = 0.3 model.
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Figure A2. Total accretion rates for g = 0.3 acceleration-free sink model, without burn-in or refinement, varying the sink rate to 2 and 4 times our initial sink
rate. While we still see a spike in the accretion rate shortly before merger, higher (perhaps unphysical) sink rates do diminish the spike by a factor of ~ 2.
Regardless, we again see the accretion begins dropping before merger occurs. Accretion again plummets several orders of magnitude into post-merger as in our

previous g = 0.3 models.

APPENDIX B: BRIGHTER MINIDISC TESTS

As finding which component shines brightest can be important
for Doppler modulation signatures, here we alter our simulations
to investigate the robustness of this finding. Once again, we run
without burn-in, as well as without grid and sink refinement. We
test both acceleration-free and torque-free sink models for the
q = 0.1 case, in which the primary dominates the luminosity most
significantly. We see in Figs B1 and B2 in both the acceleration-
free and the torque-free sink models the primary outshines the
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secondary during the late inspiral. However, we see in both models
when compared to our fiducial ¢ = 0.1 model in Fig. 12, that
the secondary tends to more commonly be brighter earlier into
inspiral. These tests suggest that the brighter primary found during
the entire ¢ = 0.1 inspiral is not achieved without a burn-in
period, and is unlikely to be dependent on sink prescription. This
highlights the importance of allowing the gas to sufficiently relax
before initiating inspiral. Further testing in this area is left to future
work.
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Figure B1. Model ¢ = 0.1: X-ray light curves for the inspiral to through
merger for acceleration-free sinks. We see the primary contribution to the
overall X-ray luminosity is less than the secondary contribution until the final
moments before merger.
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Figure B2. Model ¢ = 0.1: X-ray light curves for the inspiral to through
merger for torque-free sinks. We see the primary contribution to the overall X-
ray luminosity is less than the secondary contribution until the final moments
before merger.
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