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Merging supermassive black hole (SMBH) binaries will likely be surrounded by a circumbinary accretion disk.
Close to merger, gravitational radiation-driven inspiral will happen on timescales faster than the effective viscous
time at the disk cavity wall, leading to a decoupling of the inner binary dynamics from the surrounding gaseous
environment. Here we perform the first simulation of this decoupling process from a magnetically arrested
circumbinary accretion disk. In this regime, the central cavity is filled with very strong vertical magnetic flux,
regulating accretion onto the binary. Our simulations identify three main stages of this process: (1) Large-scale
magnetic flux loss prior to decoupling. (2) Rayleigh-Taylor-driven accretion streams onto the binary during
and after decoupling, which can power magnetic tower-like outflows, resembling dual jets. (3) Post merger, the
cavity wall becomes unstable and the magnetic flux trapped inside the cavity will get ejected in large coherent
outbreak episodes with implications for potential multi-messenger transients to merging SMBH binaries.

I. INTRODUCTION

Merging supermassive black hole (SMBH) binaries are
prime targets for space-based gravitational wave detectors,
such as LISA [1], as well as for pulsar timing arrays, such
as NANOGrav [2]. Unlike stellar mass black hole binaries,
for favorable mass ranges they are expected to remain within
the detector band for weeks to years [1], potentially enabling
multi-messenger counterpart observations (especially of tran-
sient signals) of their late inspiral and merger (see, e.g., Refs.
[3, 4] for recent reviews).

SMBH binaries are generally believed to be surrounded by
a gaseous environment (circumbinary disk) by the time of
merger, due to the enhanced gas inflow during their assembly,
e.g., through galaxy collisions [5–8]. At large binary sepa-
rations, the gas disk is coupled to the binary through gravi-
tational interactions (see, e.g., Ref. [9] for a recent review).
The gravitational tidal torque of the binary can clear up a cav-
ity at the radial location where it balances the viscous torque
of the disk [10, 11]. Accretion then proceeds largely in tidal
accretion streams onto the binary masses [10]. Approaching
merger, the orbital evolution of the binary is solely dominated
by the emission of gravitational radiation [12]. As the binary
spirals inwards, it can decouple from its host circumbinary
disk when the binary inspiral speed surpasses the cavity clos-
ing speed [13, 14].

To understand how and what type of transients should be
expected (and ideally be characteristic to the presence of two
black holes), it is imperative to understand the gas dynam-
ics surrounding the black holes from the point of decoupling
until right after merger [15–17]. It has been suggested that
the rapidly inwards spreading cavity wall is a potential source
for X-ray emission [16, 18, 19]. Notwithstanding accretion
from mini-disks around each SMBH [20–22], the complete
absence of a large-scale accretion flow onto the SMBHs after
decoupling could weaken potential jet signatures [15]. How-
ever, three-dimensional magnetohydrodynamical (MHD) sim-
ulations (see also Refs. [23–26]) indicate that the cavity might
continue to shrink inwards [27], providing additional accre-
tion onto the binary.

In a large number of works using tools from numerical rel-
ativity, it has been shown that the accretion of vertical flux
from large scales is sufficient to power (dual) jets from the
SMBHs, which cannot only serve as potential radio sources
(see, e.g., Ref. [28–32]), but reconnection in their interaction
will be able to drive non-thermal emission in the X-ray (and
potentially even gamma-ray) band [19, 33–35]. The merger
itself may also be accompanied by copious flaring activity
[35], akin to models proposed for neutron star binary precur-
sor emission [36–39].

However, it remains an open question under which realistic
conditions enough large vertical net flux could be provided
during decoupling to power such jets. In particular, Refs.
[40, 41] have investigated accretion from an artificial mat-
ter torus closely surrounding the binary over tens of orbits,
whereas Ref. [27] has used a relaxed configuration obtained
from integrating the outer disk separately over hundreds of
orbits, importing it as a boundary into their simulation. How-
ever, in those cases the magnetic fields present in the accretion
flows were weak, making the overall flow resemble a standard
and normal accretion (SANE) scenario onto a single black
hole.

Motivated by recent findings that accretion disks formed in
cosmological simulations may be strongly magnetized [42],
we have demonstrated in an earlier work [26] that the outer
accretion flow can become magnetically arrested (MAD) [43–
45]. In this case, the cavity is filled with strong vertical mag-
netic flux, naturally providing conditions for dual jets to be
launched [26].

In this work, we follow the evolution of such a magnetically
arrested circumbinary disk through decoupling and merger,
and show that enhanced flux ejections from the cavity will
set in during decoupling and shortly after merger.

II. METHODS

In this work, we numerically integrate the evolution of
an equal-mass, circular binary inside a magnetically ar-
rested circumbinary disk [26]. The masses are modeled
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FIG. 1. Inspiral of a supermassive black hole binary inside a magnetically arrested accretion disk starting from an initial separation a0 =
113.3rg , where rg = GM/c2. From left to right, we show four different times throughout the inspiral, which are characterized by the orbital
separation a. Initially (left panel), the binary is fully coupled to the accretion disk, and features enhanced flux ejection and Rayleigh-Taylor
accretion streams characteristic for the magnetically arrested regime. During decoupling, large scale asymmetric streams appear as a result of
mixing between two giant Rayleigh Taylor accretion streams (second panel). Only the outer most part of this magnetic flux tail will be ejected
and mixed into the disk. Finally, the binary decouples (left and right panels), with the cavity wall remaining roughly at a constant location.
Mass accretion onto the binary is still present in this regime, albeit primarily through Rayleigh-Taylor fingers. Instead of gradually spiraling
inwards, the fingers will penetrate the cavity quasi-radially, free-falling onto the binary. Shown in color are the mass density, ρ, and plasma
parameter, β.

as two Newtonian point masses, M1 = M2, with orbital
separation, a. The resulting gravitational potential Φ is
smoothened near those masses using a Plummer prescription
[46]. On top of this background, we solve the Newtonian
ideal MHD equations in flux conservative form on a Carte-
sian grid using the AthenaK [47] performance portable ver-
sion of the Athena++ code [48], which utilizes the Kokkos
library[49]. We further adopt a locally isothermal equation of
state, where the pressure P = ρc2s(r), is calculated based on
the local mass density, ρ, and the sound speed, cs =

√
Φ/M,

which is fixed by the gravitational potential, and the sonic
Mach number, M = 10 (namely, the disk aspect ratio is
h = 1/M = 0.1). The sink prescription near the point masses
is given by a locally Keplerian mass removal scheme with a
sink radius of rsink = 0.07a using the same prescription as
Ref. [26]. We further adopt a floor for the plasma parame-
ter, β = 2P/B2, where B is the magnetic field strength, such
that β > 10−3. We also adopt a first-order flux correction
scheme to correct problematic cells [50]. For the stability of
the sink region, within half of the sink radius (depletion ra-
dius rdep = 0.5rsink), we fix the mass density, pressure, and
plasma parameter to be the floor value, the velocity is fixed to
match that of the binary.
Since we are mainly interested in how the binary inspirals
and decouples from the disk due to the emission of gravita-

tional waves, we use our previously computed circumbinary
disk state after about 150 orbits as the starting point for this
work [26]. At this time, the central cavity region is strongly
magnetized, β ≃ 10−3, and accretion has entered a quasi-
periodic MAD accretion cycle.
We then evolve the orbit according to lowest order gravita-
tional wave radiation reaction [12]. That is, we adopt a physi-
cal initial separation of a0 = 113.3rg , where rg = GM/c2 is
the gravitational radius, and then impose the inspiral accord-
ing to [51], a (t) = a0 [1− t/τGW]

1/4, where the character-
istic merger time is given as τGW = 5a40/

[
256M3

1 q (q + 1)
]
,

where q = M2/M1 is the mass ratio. We adopt the same
computational domain as Ref. [26]: An outer boundary of
±80 a0, six levels of mesh refinement, and a finest resolution
of ∆x = 0.0065a0. The simulations have been carried out on
600 GPUs on the OLCF Summit system using about 60, 000
V100-GPU hours.

III. RESULTS

In this work, we investigate the decoupling of a SMBH bi-
nary from its magnetically arrested circumbinary disk.

Starting out in a magnetically arrested state [26], the cir-
cumbinary disk cavity is saturated with strong vertical mag-
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FIG. 2. Magnetic field topology inside the cavity during decoupling for separation of a = 50 rg . The magnetic field can be decomposed
into different segments. (Left) Green field lines denote magnetic flux tubes threading the black holes. These are dragged along in a geometry
resembling a dual jet configuration. (Right) Yellow field lines indicate the strong large-scale net vertical flux present in the cavity after
decoupling.

netic field flux. Even in the quasi-steady state of accretion, the
cavity edge is interchange unstable, the accretion onto the bi-
nary proceeds through material spirals connecting to the disk
and Rayleigh-Taylor accretion streams [52, 53]. An unstable
cavity also leads to magnetic flux eruptions from the cavity
[45, 54–56].

A. Inspiral

Different from a binary on a constant orbit, a shrinking bi-
nary reduces the gravitational torque on the disk, causing the
disk cavity wall to move inwards [14, 15, 17, 57]. In the mag-
netically arrested state, this inward motion is accompanied by
an even more interchange unstable [52, 56] cavity wall, caus-
ing larger and more frequent flux eruptions, which then in the
isothermal (instantaneous cooling) approximation we use, get
rapidly sheared and mixed into the disk (see left panel Fig. 1).
As the binary continues to spiral inward, at some point the de-
coupling radius will be reached (when the shrinking speed of
the binary’s semi-major axis becomes faster than the closing
speed of the cavity wall [13, 14]). Around this time (when
a ∼ 70 rg), the cavity becomes strongly lopsided and two
large Rayleigh Taylor accretion streams merge into a promi-
nent one-armed spiral structure in the cavity (see second panel
from the left in Fig. 1). Similar features of giant stream mix-
ing and formation of spiral-shaped flux tube can also be ob-
served even for a quasi-steady state of magnetically arrested
disk [58], however, the inspiral seems to significantly enhance
this feature. Similar to flux eruptions shown at earlier times
(Fig. 1, left panel), the actual ejected flux tubes represent only
a small fraction of the cavity size. The precise dynamics and
subsequent propagation will depend strongly on the choice of
disk thermodynamics (cooling and equation of state) [58], see
also Ref. [59]. Nonetheless, this enhanced lopsided cavity ap-
pears to be characteristic of the near-decoupling regime.
We also observe that this large coherent flux tube is threaded
by secondary Rayleigh-Taylor fingers. These have been

shown to be perfect sites for particle acceleration [60], po-
tentially powering flares [54, 61, 62]. We will quantify this
further in Sec. III C 1.

B. Decoupling

At separation around a ≃ 50rg/c, we observe a constant
shape of the cavity (compare Fig. 1, right panels), indicat-
ing the binary has decoupled. Decoupling approximately hap-
pens when the radial acceleration of the ingoing gas is smaller
than that of the outer (Keplerian) accretion flow, leading to
an approximate decoupling radius of [13, 14], adecouple/a0 =√
ξνGW/νhydro, where ξ ≃ 0.3 − 0.5 [14], and νhydro and

νGW = a20/τGW are the effective viscosity of the accretion
flow and gravitational wave emission. In our case, νhydro
is self-consistently provided by the MHD flow. In order to
quantify the impact of decoupling on the accretion flow, we
compute the effective cavity radius, aC , as the radial location
where the azimuthally and vertically averaged disk density
drops by a factor ten (Fig. 3, bottom panel). We can see that
the cavity size does not appreciable change, consistent with
low viscosity cases reported by Ref. [14].
At this stage, previous work has speculated that accretion
might cease [15, 16], with numerical simulations indicating
continued but reduced accretion rates, in part driven by ec-
centric dynamics of the cavity (e.g., [27]). For a magnetically
arrested flow, we find another natural way of continued mass
transport: even though the gravitational torque at the disk cav-
ity wall is significantly reduced, the magnetic pressure in the
cavity can temporarily balance the effective viscous torque in
the disk. This implies, that the cavity wall will continue to be
(even more) interchange unstable [52, 53, 63, 64]. Indeed, we
observe the presence of Rayleigh-Taylor fingers in the decou-
pled cavity at virtually all times. This feature, which is unique
to magnetospheric accretion [53, 63], does not seem to affect
the overall magnetization of the cavity with β ≳ 10−3.

Since these final stages of the inspiral process can directly
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FIG. 3. Accretion diagnostics: (Top) Electromagnetic energy (Poynt-
ing) flux, SEM, of the black hole normalized to the total Poynting flux
of the cavity, SC

EM; (Center) Mass accretion rate, ṀC , into the cavity
normalized by the instantaneous average outer accretion rate, Ṁout;
(Bottom) Cavity radius, aC , relative to the initial binary separation,
a0. The time of merger is marked by a black vertical line, and times
are stated relative to the gravitational timescale rg/c = GM/c3.

be compared to full general-relativistic(GR) MHD simula-
tions covering separations up to 25 rg (e.g., [35]), we now
separate the magnetic field components in the cavity into two
parts, based on whether these magnetic fields are directly con-
nected to the black holes (sinks) or are only contained in the
cavity (Fig. 2). We can see the magnetic field topology inside
the decoupled cavity has two characteristic features: Overall,
the cavity is filled with strong vertical net flux (yellow). This
flux has accumulated in the cavity over many accretion cycles
prior to decoupling [26], and is strongly affected by large-
scale flux supply owing to the formation of the circumbinary
disk [65, 66], as well as to the thermodynamics of the disk
[58]. It is the presence of this net flux going all the way from
the binary to the cavity wall, which enables stream-like mag-
netospheric accretion onto the binary after decoupling.

Overall, the condition of the binary embedded in a strong
vertical net flux matches (without any disk) many of the
initial conditions adopted in three-dimensional numerical
relativity work of merging black hole binaries (e.g., [67–70]).
Although largely ad hoc in those studies, our results provide
a natural formation channel for this merger scenario. As a
consequence, the accretion of large-scale flux onto the sink
then enables magnetic tower driven outflows [71], resembling
jets (green field lines in Fig. 2). These outflows are highly
bent owing to the motion of the sinks. Similar phenomenol-
ogy can also be seen in magnetized accretion onto moving
black holes with the degree of bending corresponding to the

effective wind speed [72–74]. We stress that even for the
accretion of net toroidal flux from the disk jet-like outflows
can be powered [72], which in our case will be enabled by
buoyant instabilities of the toroidal magnetic field around
the sink (see, e.g., Refs. [75, 76] for MHD simulations and
discussions of related phenomena in neutron star mergers).
As a result the outflows are likely weak, and in our case
intermittent as they require continuous feeding of the sink
through accretion streams. This scenario is not unlike the
weak and intermittent jet launching case reported in Ref.
[35], but it may change depending on the (potential) presence
of mini-disks around the black holes [20, 77, 78], which
could continue to support a MAD state of each SMBH.

We quantify the amount of jet-like outflows via the outgo-
ing Poynting flux, SEM on each sink (Fig. 3, top panel). We
can now clearly see that the outflow power steadily decreases,
until it completely ceases abruptly around 1.5× 105 rg/c be-
fore merger. This indicates that mass accretion onto the sinks
has become insufficient to power strong magnetically driven
outflows. At the same time the mass accretion rate, ṀC ,
into the cavity (Fig. 3, center panel) has only moderately
decreased. We therefore find it useful to define decoupling
via the lack of outflows from the sink (however, see also Ref.
[14]).

C. Merger

Finally, the emission of gravitational waves will drive the
binary to collision. This process has been extensively stud-
ied for very small separations using GRMHD simulations in
dynamical spacetimes [27, 35, 41, 78–83]. Notable features
of the merger include, pre-merger flaring [35], jet interac-
tion [29, 33, 35], mini-disk dynamics [21, 78, 82, 83]. Here,
we focus on the novel case where the SMBHs merge in the
magnetically arrested cavity with extremely strong vertical net
flux, not considered before. While ideally a full GR treatment
would be desirable to capture feedback from the SMBH(s), we
here mainly focus on the cavity (wall) dynamics and associ-
ated transients during and after merger, which remains located
at 100rg . For a first exploration of these aspects, a Newto-
nian MHD treatment enabling a self-consistent treatment of
the outer accretion flow is likely sufficient.

Since the black holes have rapidly merged inside the
cavity, there is a sudden loss of the supporting gravitational
torque on the outer accretion flow. In other words, the cavity
wall is now purely supported hydro-magnetically. Once
interchange instabilities at the cavity wall develop, this will
lead to a large inflow of matter onto the merged black hole,
with a subsequent ejection of vertical flux. This can be seen
in Fig. 4. More specifically, we see the development of a
large scale one-arm accretion stream into the cavity, with
the subsequent ejection of a large evacuated (magnetically
dominated) region, roughly spanning up to a third of the
cavity volume. These large-scale flux eruptions are larger
and more violent than regular horizon-scale eruptions around
isolated black holes [45, 54, 59]. In particular, we can see
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FIG. 4. Post-merger accretion flow at t = 9.3 × 104rg/c. (Left) Mass density, ρ, in the meridional plane. Magnetic field lines are denoted
by black streamlines, exhibiting a magnetic tower structure indicative of jet formation. Erupting magnetic flux is shown in terms of (Center)
mass density, and (Right) magnetization parameter, β, in the equatorial plane.

large Rayleigh-Taylor unstable regions inside the ejected
flux tube, providing net acceleration sites for non-thermal
emission [60]. In addition to quasi-periodicity in the flux
eruptions leading up to and during decoupling, this feature
may be able to power a flare-type transient [54, 61, 62],
specific to the magnetically arrested case we discuss.

1. Emission signatures

We will now provide some simple estimates for the ex-
pected electromagnetic emission. Within our simulation using
an isothermal cooling approximation (which in essence cou-
ples temperature to gravitational distance), we can assign an
effective plasma parameter σ, via

σ ≃ B2

ρc2
=

2

Mβ

rg
r

= 200

(
10−3

β

)(
10

M

)
rg
r
, (1)

where r the distance to the remnant black hole. Near the cav-
ity wall, where reconnection occurs inside ejected flux tubes,
we then generally have σ < 10. This is a natural consequence
of the outer parts of the cavity transitioning to the disk and
should be valid for all flux eruptions we see. Reconnection
can now happen in two places in such a regime, akin to iso-
lated black hole magnetospheres [54, 84]. Close to the black
hole, reconnection will happen in a radiative regime [54].
There, synchrotron losses balance acceleration by the electric
field of the layer [85], leading to an approximately constant
Lorentz factor, γrad ≃

√
3cβrec/2reωB , where βrec ≃ 0.1

[86] is the reconnection rate, re the classical electron radius,
and ωB = eB/ (mec) the cyclotron frequency, with e and me

being the electron charge and mass, respectively. Since the
mass density inside the cavity is approximately constant (see
Fig. 1), we assume based on Eq. (1), that B(r) = BH

√
rg/r,

where BH is the magnetic field strength near the horizon.

However, in the low-σ regions near the cavity wall we may not
be in such a regime [54, 60], meaning that the particle Lorentz
factor reaches at most γsync ≃ σe, where σe = σmp/me is
the electron plasma parameter, and mp the proton mass. We
can then estimate the average photon energy via

Eγ = γ2
syncℏωB (2)

≃ 1.6 eV

(
BH

100G

)(
100 rg

r

)1/2 (σ
2

)2

. (3)

This conservatively places flares from flux eruptions into the
near infrared band, though depending on the exact location
and magnetization of emitting region, the emission will likely
be multi-band. The timescale of the flares after merger, is
about tflare ≃ 9 × 104rg/c ≃ 5

(
M/106 M⊙

)
days. Emis-

sion from these flares would be in addition to, e.g., vanishing
of thermal X-ray after decoupling [19], appearance of non-
thermal X-ray from jet interactions [33, 35], or pre-merger
flares [35].

IV. CONCLUSIONS

In this work, we have provided a first investigation of a
SMBH binary decoupling from its magnetically arrested ac-
cretion environment. Starting from our previously computed
quasi-steady state [26], we have simulated the fast inspiral and
decoupling of the SMBH binary solely driven by gravitational
wave emission.

During the inspiral, the shrinking of the binary’s separa-
tion leads to a reduction of disk resonances at all radii. As
a result, the strength of the gravitational torque at the cav-
ity wall reduces continuously. The cavity wall then becomes
unstable to interchange instabilities even before it moves in-
ward to re-establish a new equilibrium. In turn, magnetic
flux eruptions near the cavity wall are enhanced near decou-
pling and merger. These have potential non-thermal signa-
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tures [54, 61, 87] (e.g., through internal Rayleigh-Taylor in-
stabilities [60]), and also modify the angular momentum bud-
get of the accretion disk [55]. As the binary orbit shrinks,
the system fully decouples and the binary becomes embedded
in a hyper-magnetized cavity. We identify this point with the
absence of accretion-powered electromagnetic outflows (Fig.
3), which is overall consistent with the picture of vanishing
mini-disks, thought to lead to a fading of thermal X-ray emis-
sion prior to merger [19]. That said, we find that in our cav-
ity with strong vertical net flux, magnetic-tower-like outflows
(dual jets) can be launched. In a full GRMHD sense, the indi-
vidual BHs can power outflows by accreting this net vertical
field readily present in the cavity. As such, a magnetically
arrested cavity provides the ideal setting for dual jet forma-
tion [28, 29, 32, 41, 79, 80], with a potential appearance of
non-thermal X-ray emission from jet interactions [33, 35].

Going through merger, we find there is an immediate
relaunching of electromagnetic outflows at and after merger,
happening on much faster time scales than the cavity clos-
ing time due to viscous relaxation[16]. This is because
the magnetically arrested cavity wall (in the absence of a
gravitational torque from the binary) becomes immediately
interchange unstable [52], with Rayleigh-Taylor streams
providing accretion onto the newly merged black hole on the
effective free-fall timescale. Finally, after merger we find
that the cavity is unstable to large-scale flux eruptions. This
is because the large magnetically supported cavity is likely
not a stable force-free configuration that will ultimately need
to relax to a MAD accretion flow. During these eruptions,
we expect substantial non-thermal emission to be present
[54, 60], which will likely be multiband, and in particular
near-infrared on timescales of days to months after merger,
depending on the binary mass. Systematic follow-up work

should be devoted toward clarifying these emission signa-
tures.
However, our Newtonian simulations do not fully allow us
to properly quantify the binary merger process and this post-
merger dynamics. Meanwhile, the equation of state of the
accretion flow can also significantly alter the dynamics of de-
coupling and post-merger magnetic flux ejection. Instead, our
work highlights the promise and importance of investigating
the magnetically arrested regime surrounding SMBH binaries
for hundreds of orbits using fully dynamical-spacetime
GRMHD simulations (potentially with added microphysics),
which have recently become feasible [35, 88, 89].
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