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We demonstrate the formation of magnetically arrested minidisks (MAM) around equal-mass,
nonspinning binary black holes with magnetohydrodynamic simulations of circumbinary disk ac-
cretion in full 3+1 general relativity. The initial separation of d ∼ 30M allows the black holes to
host large minidisks that suppress the total rest-mass accretion rate variability, which is modulated
primarily at ∼ 1.6 forb. Each black hole horizon saturates with dimensionless magnetic flux ϕ ∼ 30.
Magnetic reconnection near the horizons drives recurrent eruptions which are expected to drive flar-
ing in the infrared and X-ray bands. Our results establish MAMs as a new outcome of circumbinary
disk accretion, and a promising source of novel electromagnetic counterparts to gravitational waves
from binary black holes.

I. INTRODUCTION

Supermassive binary black holes (SMBBHs) are ex-
pected to form ubiquitously in the aftermath of galaxy
mergers, and often in gaseous environments [1, 2]. This
makes them excellent multimessenger sources as they
emit low-frequency gravitational waves (GW) during
their inspiral [3] and electromagnetic (EM) radiation
from accretion and outflows [see, e.g., 4, and references
therein]. Their multimessenger nature also makes obser-
vations of SMBBHs very important, as they can help
probe fundamental astrophysics, gravity and cosmol-
ogy [5–9].

GWs emitted by SMBBHs are primary targets for both
the Pulsar Timing Array (PTA) and the future Laser In-
terferometer Space Antenna (LISA), albeit at different
frequencies [5, 6]. PTAs have reported evidence for a
stochastic background GW [10, 11] but have yet to re-
solve individual SMBBHs [12–14], and LISA is expected
to launch in the mid-2030s [8, 9, 15, 16]. On the other
hand, EM surveys have revealed 100s of SMBBH candi-
dates [17–23]. However, without a horizon-scale obser-
vation with, e.g., the Event Horizon Telescope (EHT),
or a direct GW detection, we cannot confirm these can-
didates as SMBBHs. Therefore, to help interpret EM
observations of SMBBH candidates, and to identify EM
counterparts to GWs of SMBBHs, the field has turned to
predicting ‘smoking gun’ EM signals from SMBBHs with
numerical and theoretical methods.

Recent horizon-scale observations by the Event Hori-
zon Telescope (EHT) suggest that both M87* and Sag
A* host magnetically arrested disks (MADs) [24, 25].
MADs form when poloidal magnetic field saturates on the
black hole (BH) horizon and becomes dynamically im-
portant, thereby regulating the accretion of matter [26].
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MADs can extract a large amount of mass/energy from
infalling matter (up to 50% [26, 27]) and drive powerful
outflows [28, 29]. This makes MADs around BHs prime
candidates for being the engine that powers active galac-
tic nuclei (AGN), galactic-scale relativistic jets, jetted
tidal disruption events, and gamma-ray bursts [24, 30–
32].

As a result, MADs around single BHs have been
studied extensively using general-relativistic magneto-
hydrodynamic (GRMHD) simulations initialized with a
torus [33] threaded with an initially weak poloidal mag-
netic field [29, 34]. These studies revealed a few key fea-
tures: 1. saturation and fluctuation of magnetic flux on
the horizon; 2. ejection of magnetic flux from near the
horizon; 3. launching of highly efficient jets that extract
BH angular momentum [35]; and 4. accretion proceeding
through thin sheets at the equator, and the presence of
current sheets. Simulations of MADs around nonspin-
ning BHs showed similar features, except for the rela-
tivistic jet, and also added that flux eruptions can drive
outward angular momentum transport [36]. Addition-
ally, the MAD end-state appears to be largely agnostic
to initial conditions: recent work has shown that disks
threaded with toroidal magnetic fields [37–40] and spher-
ical Bondi-like accretion flows [31, 32, 41, 42] can both
give rise to MADs.

MADs also have significant implications for observable
transients from galactic nuclei. Horizon-scale studies of
magnetic reconnection in MADs suggest that magnetic
flux eruptions can power the observed infrared and X-ray
flares from Sag A* [43–46]. Therefore, if MAD condi-
tions were to arise in the context of BBH accretion, such
flaring activity could produce EM counterparts to their
GWs and would add a new paradigm to our understand-
ing of emission from SMBBHs. However, it is unclear
if the minidisks that form around each BH in a binary
can become magnetically arrested. Around single BHs,
the accretion flow typically reaches an approximately ax-
isymmetric steady state that allows it to continuously
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accumulate magnetic flux on the horizon. In the case of
(near-equal mass) BBHs accreting from a circumbinary
disk (CBD), the minidisks go through phases of replen-
ishment and depletion as matter is accreted onto each
component through quasiperiodic accretion streams. As
a result, each binary component does not host a roughly
axisymmetric, steady state flow. Under these conditions,
a natural question arises: can minidisks in circumbinary
flows become MAD?

So far, MADs have received limited attention in the
context of SMBBHs [47–50]. Recent Newtonian MHD
simulations of CBD accretion suggest the possibility of
a magnetically arrested cavity [47, 48, 50]. However,
to understand horizon-scale processes such as magnetic
flux saturation on the BH horizons, ejection of magnetic
flux bundles, magnetic reconnection, and jet launching,
general-relativistic simulations are necessary [29, 34, 37,
41, 44, 46].

Some general-relativistic approaches make use of ap-
proximate spacetimes [51, 52], which are effective at
modeling horizon-scale dynamics at large binary sepa-
rations [51–54]. Recent work at binary separations of
d/M ≲ 27 have revealed MAD-like features from Bondi-
like initial conditions [49]. Bondi-like conditions allow for
continuous feeding of the BHs, as opposed to quasiperi-
odic accretion from accretion streams. This, in-principle,
allows the BHs to accumulate more magnetic flux on their
horizons. The leading AGN accretion model, however,
requires accretion from a rotationally supported disk.
Therefore, the question remains: can a MAD state arise
from CBD accretion onto BBHs?

Reliably modeling SMBBH accretion from first-
principles during the late inspiral and eventual merger
requires simulations in full GR, where Einstein’s equa-
tions are solved in addition to the MHD equations [55–
70]. Simulations in full GR are necessary to determine if
minidisks around the individual BHs can become MAD,
as we need to accurately capture the horizon-scale inter-
actions of the magnetized fluid and the BHs.

In this work, we simulate the MHD accretion flow of
a magnetized circumbinary torus around a BBH at ini-
tial orbital separation d/M = 30, in full 3 + 1 GR. We
discover that the minidisks become MAD, and describe
their features, including the dimensionless horizon flux,
horizon-scale dynamics, magnetic flux eruptions, and the
evolution of ejected magnetic flux.

The paper is structured as follows. In Section II we
discuss the initial data and numerical evolution of our
binary. In Section III we outline the key features of our
magnetically arrested BBH accretion flow, and in Sec-
tion IV we summarize and discuss our findings. In the
Appendix we outline the diagnostics used, including how
we evaluate magnetic flux on the horizons.

Throughout, we adopt geometrized units in which G =
c = 1, where G is the gravitational constant and c is
the speed of light. Our spatial and time domains are
measured in units of M , where M is the Arnowitt-Deser-
Misner (ADM) mass of the spacetime. Therefore, in the

spatial domain 1M = GM/c2 and in the time domain
1M = GM/c3.

II. METHODS

We perform our simulations within the Einstein
Toolkit framework [71]. We outline our diagnostics, in-
cluding our new Einstein Toolkit thorn for measuring
the magnetic flux on each horizon, in the Appendix.

A. Initial Data

a. Spacetime. We use the TwoPunctures code to
prepare the spacetime initial data [72, 73]. We initial-
ize the BHs with no spin (χ1 = χ2 = 0), equal mass
(q = m2/m1 = 1), and on a quasicircular orbit with sep-
aration d/M = 30, which, to our knowledge, is the largest
separation to date studied in full 3+ 1 general relativity.
b. Grid. We use a three-dimensional cartesian grid

with the outer boundary extending from −5120M to
+5120M in the x, y and z directions. We use Carpet to
employ a box-in-box adaptive mesh refinement (AMR)
scheme [74], with a total of 14 refinement levels. We use
3 sets of nested refinement levels: one centered on each
BH and the third on the origin, which is also the loca-
tion of the binary center of mass. The half-side length of
each refinement level is 5120 × 21−i M, i = 1, . . . 14 and
the resolution at the finest (coarsest) refinement level is
∆x = M/64 (∆x = 128M).
c. Matter. We use the power-law torus solution for

our CBD initial conditions [33, 59, 75]. We set the in-
ner edge of the torus at r = 27M with specific angular
momentum l = 6.06. These two parameters along with
the equation of state determine the outer edge of the
CBD at r ≃ 130M . We use a Γ−law equation of state
with Γ = 4/3, which is appropriate for radiation pressure
dominated accretion flows.
d. Magnetic Fields. To trigger the magnetorota-

tional instability (MRI) [76], we initialize our disk with
a seed poloidal magnetic field as in [59] with minimum
initial plasma beta β ≡ Pgas/Pmag ≃ 26. This value is
similar to that of other studies of magnetized accretion
onto binaries [47]. The initial maximum magnetization
in our disk (σ ≡ b2/8πρ0) is σ ∼ 1.11 × 10−5, where b
is the magnitude of the magnetic field measured by an
observer comoving with the plasma.

B. Evolution

a. Spacetime. We evolve the spacetime by solv-
ing the Einstein equations in the Baumgarte-Shapiro-
Shibata-Nakamura (BSSN) formalism [77, 78], as imple-
mented in the LeanBSSN thorn using 6th-order finite dif-
ferences [79]. We adopt the moving puncture gauge con-
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ditions [80, 81] with the shift vector parameter η set to
η = 1.405/M .

b. Magnetohydrodynamics. We employ the 3 + 1
general-relativistic MHD AMR code IllinoisGRMHD
within the Einstein Toolkit [82]. IllinoisGRMHD
evolves the equations of ideal MHD in flux-conservative
form via the Harten-Lax-van Leer Riemann solver [83],
and the Piecewise-Parabolic method for reconstruc-
tion [84]. We adopt the generalized Lorenz gauge con-
dition from [57] for our EM gauge, and set the Lorenz
gauge damping parameter to ξ = 8/M to remove spuri-
ous gauge modes [85]. We do not treat radiative feedback,
heating, or cooling. Finally, the fluid does not backreact
onto the spacetime as the spacetime’s mass/energy con-
tent is dominated by the SMBBH.

III. RESULTS

The initial evolution of our accreting BBH is qualita-
tively similar to previous studies of CBDs in full general
relativity [55–70]. Accretion streams from the inner edge
of the CBD fall onto each BH and circularize to form
minidisks [61, 63, 86]. Since our binary is at separation
d ≃ 30M , they have large spheres of influence that al-
low them to form larger minidisks than previously seen
in full GR. Here, we describe the key characteristics of
the BBH accretion flow to demonstrate that the mini-
disks become magnetically arrested: 1. the dimensionless
magnetic flux on each horizon, 2. the horizon-scale mat-
ter flow and magnetic field structure, and 3. the ejection
of magnetic flux from the horizon vicinity.

A. Dimensionless Horizon Fluxes

After about 14 orbits (t ≃ 15000M), the rest-mass ac-
cretion rate settles into a quasisteady state – its moving
average remains approximately constant – and each hori-
zon is saturated with magnetic flux. In the top row of
Fig. 1, we report the rest-mass accretion rate onto each
BH (orange and blue lines) normalized by the time aver-
age of the total rest-mass accretion rate (solid black line).
In the bottom row we report the dimensionless magnetic
flux (Eq. (A9)) on each horizon and their sum. In the
left column we report the timeseries and in the right we
report the normalized power spectral density (PSD) of
their Fourier transform. We normalize each PSD to the
maximum of the three shown in the panel. We do this
so that the peaks of each PSD are more easily distin-
guishable, not to compare their amplitudes. We wait
until after 14 orbits (∼ 15000M) to analyze the system
– when the accretion rate has settled.

The total rest-mass accretion rate (top left panel) ex-
hibits variability that, after t ≃ 16000M , is driven by
alternating accretion episodes onto the individual BHs.
The power spectral density (PSD) of the Fourier trans-
form of the rest-mass accretion rate (top right panel)

reveals a dominant periodicity at ∼ 0.8 forb for each in-
dividual BH (orange and blue lines), where forb is the
orbital frequency of the binary determined via ℓ = m = 2
mode of the gravitational waves we compute. The PSD of
the total accretion rate (black line) exhibits dominant pe-
riodicity at 1.6 forb, and secondary peak at 1 and 0.6 forb.
Previous studies of CBD accretion onto quasicircular bi-
naries, both in 2D and 3D [61, 63, 68, 69, 87], often find
1.4 forb for the periodicity of the total rest-mass accre-
tion rate of quasicircular binaries, which is close to the
dominant 1.6 forb peak we find here.
It is unclear why the 1.4 forb periodicity is not present

in our simulations. It is possible that the dominant
periodicity of the accretion rate at relativistic separa-
tions is dependent on the binary separation, and in this
study we probe separations that are 50% larger than
any previous simulations in full GR. It is also possible
that the MAD state of our minidisks affects the vari-
ability. Furthermore, the alternating accretion pattern
suppresses the variability of the total accretion rate, as
demonstrated by the standard deviation of the accretion
rates shown in the top left panel. The standard devia-
tion of the total rest-mass accretion rate (σtot = 0.21)
is about half that of the individual rest-mass accretion
rates (σ1 = 0.39;σ2 = 0.38).
The dimensionless horizon magnetic flux timeseries

(bottom left panel) are characterized by an initial steady
increase on each BH to a value ϕBH ∼ 25 − 30 followed
by rapid drops. The rapid drops correspond to ejection
of magnetic flux from the horizon vicinity – often also re-
ferred to as magnetic flux eruption events or flares. This
is a tell-tale characteristic of MADs [29]. There are a few
eruption events we can identify in both timeseries – on
BH1 we can identify them at t ≃ 16400M and 17700M
and for BH2 we can identify them at t ≃ 14400M and
15400M . They seem to arise every about 1000M , which
is very close to the binary orbital period. Therefore,
there is an episode where magnetic flux eruptions occur
quasiperiodically on the orbital time.
Additionally, the Fourier transform of the individual

ϕBH signals (bottom right panel) also exhibits a period-
icity at ∼ 0.8 forb which is the same as the rest-mass ac-
cretion rate onto the individual black holes. The PSD
of the sum of the horizon fluxes reveals a periodicity
of ∼ 1.4 and 0.95 forb for the range 15, 000 < t/M <
22, 000. And, contrary to the total rest-mass accretion
rate, the standard deviation of the sum of the horizon
fluxes (σ = 0.17) is greater than the standard deviation
of the individual signals (σ1 = 0.13;σ2 = 0.09).

B. Horizon Scale Magnetic Field

Magnetic flux eruptions are driven by poloidal mag-
netic fields, which thread the horizon, squeezing at the
midplane, reconnecting, and being ejected outwards. In
Figure 2, we plot the horizon-scale rest-mass density and
magnetic field structure at three characteristic states:
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FIG. 1. Top: Rest-mass accretion rate Ṁ onto each BH (orange and blue lines) and the sum of the two (solid black line)

normalized by the total time averaged ⟨Ṁ⟩ for the time period 15 ≲ t/103M ≲ 22. Bottom: Dimensionless magnetic flux ϕ
on each BH (orange and blue lines) and the sum of the two (solid black line). We also include the standard deviation of each
timeseries. The vertical translucent gray lines indicate times plotted in Figure 3. Right: Normalized power spectral density
(PSD) of the Fourier transforms of the signals in the left column. We normalize the frequency axis by the binary’s orbital
frequency and normalize the amplitudes by the maximum of the three PSDs shown. The individual signals all show a peak
periodicity at f ∼ 0.8 forb, whereas the total signals show a suppressed variability with the Ṁ peaking at f ∼ 1.6 and 1.0forb,
while ϕBH peaks at f ∼ 1 and 1.5 forb. We have checked that the Fourier transform of the unnormalized horizon flux is the
same.

1. pre-flare quiescent (t/M = 14436.0), 2. flaring
(t/M = 14522.4; flare is to the left of the BH where the
magnetic field outside the BH is ordered and the den-
sity is low), and 3. post-flare quiescent (t/M = 14637.6).
We plot the rest-mass density (ρ0) normalized by its ini-
tial maximum (ρ0,max) with a color map. We also plot
the magnetic field measured by a normal observer with
directed white streamlines and indicate the BH horizon
with a black disk. Throughout we use overline notation,
e.g. r̄, to indicate a coordinate centered on a single BH.

In the left panel, the horizon is saturated with mag-
netic flux (ϕBH ≃ 30; see Fig. 1). The minidisk is at
the equator with a thickness H/r ∼ 0.3 and density
ρ0/ρ0,max ∼ 10−1. Below and above the BH are low den-
sity regions (ρ0/ρ0,max ∼ 10−4) where matter has been
evacuated by the polar jet outflows. The incipient jet re-
gion is defined by the highly ordered paraboloidal mag-
netic field lines that thread the horizon, extend radially,
and then collimate in the z−direction. The accretion
flow is squeezed at the equator by the incipient jet above
and below the BH. As the flow approaches the BH at
the equator, it proceeds through two thin, higher density
sheets (ρ0/ρ0,max ∼ 1), which also host current sheets as
exhibited by the magnetic field lines above and below the
equator.

In the center panel, we plot the system during an ac-
tive flare. To the left of the BH, we see that the density
has dropped by an order of magnitude at the equator

(ρ0/ρ0,max ∼ 10−2). At higher resolutions, this may be
even more drastic [46]. A bundle of large-scale, vertical
magnetic field lines on the left of the BH thread the mid-
plane. Towards the outer edge (r̄ ≃ −4) the field lines are
almost vertical while closer to the horizon (r̄ ≃ −2) the
field lines have an equatorial Y-point, suggesting mag-
netic reconnection took place through the equatorial cur-
rent sheet. There are still vertical field lines threading
the BH horizon and the flow to the right of the horizon
shares similarities to the pre-flare quiescent state.

Finally, in the right panel, the accretion flow returns
to a post-flare quiescent state, where accretion proceeds
through thin sheets at the equator with current sheets
beginning to form. The flux eruption is still making its
way out of the minidisk, now on the right of the horizon
at r̄ ∼ 6. This horizon-scale behavior is consistent with
studies of accretion onto single BHs and, therefore, we
expect many of the observational implications, such as
infrared and X-ray flares due to magnetic reconnection
and plasmoids, to carry over to the binary case [43–46].

C. Magnetic Flux Eruptions

A key feature of MADs is the ejection of bundles of
large-scale, vertical, magnetic fields from the horizon
vicinity [29, 38]. In Figure 3, we outline the evolution
of such a magnetic flux eruption event.
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FIG. 2. We plot the rest-mass density and magnetic field structure at horizon-scales at a pre-flare quiescent state (left panel),
during an active flaring state (center panel), and at a post-flare quiescent state (right panel). The rest-mass density ρ0 is
normalized by its initial maximum in the disk ρ0,max on a color scale where brighter colors indicate higher densities. We
overplot the magnetic field with directed streamlines and indicate the BH horizon with a black disk. In the left panel, accretion
proceeds through an equatorial flow that is slightly displaced from the binary orbital plane. In the center panel, there is an
active flux eruption to the left of the BH, where the vertical magnetic field lines are ordered, thread the binary orbital plane,
and extend vertically, and the density has dropped to ρ0/ρ0,max ∼ 10−2. In the right panel, the flux bundle is at r̄ ∼ 6M on
the right hand side of the minidisk and shares the same magnetic field characteristics as in the middle panel.

In the top two rows of Fig. 3 we plot rest-mass den-
sity of the fluid normalized to its initial maximum value
(ρ0/ρ0,max) with a color map. In the first (second) row
we show x̄ − ȳ (r̄ − z) slices and also overplot the mag-
netic field measured by a normal observer with directed
white lines. In the bottom two rows we plot the plasma
beta (β ≡ Pgas/Pmag) on diverging color maps. Each row
describes the same slices as the top two rows.

In the left most column, at t = 14436.0M , we show
the system in a quiescent state, where there is no active
magnetically driven eruption. A persistent minidisk of
density ρ0/ρ0,max ∼ 10−1 has formed around the BH
with radius r̄ ∼ 12M (first row). Vertical magnetic
field lines thread the horizon and the accretion flow is
squeezed into sheets at the equatorial plane (second row,
see also Figure 2). The plasma beta within the disk is
gas pressure dominated (β > 1), however near the hori-
zon (r̄ ≲ 2) magnetic pressure dominates (third row).
The high plasma beta value near the horizon is due to
the accretion flow being displaced from the equator (see
left panel in Figure 2 where the accretion stream is below
the x = 0 plane) and, as a result, our x-y slice is cutting
through part of the incipient jet which is magnetic pres-
sure dominated. Furthermore, outside the minidisk, the
low-density cavity approaches equipartition (β ∼ 1). The
vertical slice shows that the polar regions of the BH are
magnetic pressure dominated (fourth row).

In the second column, at t = 14518.0M , we plot the
system as a magnetic flux bundle is ejected from the
vicinity of the BH horizon. This bundle is character-
ized by a much lower density (ρ0/ρ0,max ∼ 10−4) and
much lower fluid plasma beta (β ≲ 10−2). Furthermore,
in the vertical slices, this low-density, low β region is

carved out by a bundle of ordered vertical magnetic fields
that thread the equatorial plane. In the third and fourth
columns, after completing half an orbit, the magnetic
flare appears on the right of the horizon. In the third
column (t = 14637.6M), the flux bundle is within the
minidisk at r̄/M ≃ 6 and is still characterized by low-
density and β. In the fourth column (t = 14832.0M),
the flux bundle is at r̄/M ≃ 15, and has left the mini-
disk and entered the lower-density (ρ0/ρ0,max ∼ 10−3)
cavity. The flow on the BH horizon returns to its pre-
flare state, albeit with a lower magnetic flux threading
the horizon (see Figure 1). The minidisk now appears
to be in equipartition, β ∼ 1, which is consistent with
previous MAD literature [37, 39].
These magnetic flares can play a significant role in the

outward transport of angular momentum [36, 47]. Fur-
thermore, large-scale magnetic fields can lead to winds
and ejecta that torque the accretion disk [40]. A torque
analysis as in [36, 40, 47] is not gauge invariant in the
BBH case because there exists no axial killing vector.
Therefore, we do not perform such an analysis here.

IV. SUMMARY AND DISCUSSION

In this work we have performed MHD simulations in
full GR that reveal the existence of magnetically arrested
minidisks (MAM) around binary black holes. We simu-
late ∼ 23000M (∼ 22 orbits), which, to our knowledge, is
the longest MHD simulation of CBD binary accretion in
full 3+1 GR, and at the largest initial orbital separation,
d ∼ 30M .
We summarize our key findings here:
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FIG. 3. Top two rows: slices of the rest-mass density (ρ0) normalized by its initial maximum (ρ0,max) on a color scale where
brighter colors indicate higher densities. Bottom two rows: slices of the plasma beta (β ≡ Pgas/Pmag) on a color scale where
white indicates equipartition and red (blue) indicates that magnetic (gas) pressure dominates. We overplot magnetic field lines
in white and indicate the BH horizon with a black disk. First and third rows: we plot the system in the orbital plane of the
binary. Second and fourth rows: we plot the system in the r̄ − z plane, with r̄ centered around the BH and going through
a magnetic flux bundle. The first column plots the system when the horizon magnetic flux is saturated before an eruption
event. The following three columns show the magnetic flux bundle erupting from the horizon, moving through the minidisk,
and entering the cavity.

1. The dimensionless magnetic flux on each horizon sat-
urates at ϕBH ∼ 25− 30.

2. The variability of the total rest-mass accretion rate
is suppressed by alternating accretion onto the BHs
but still exhibits dominant periodicities with peaks in
the PSD at f ∼ 1.6 and 1 forb. The total ϕBH shows
relatively weak variability on the orbital period (f ∼
1 and 1.4 forb).

3. Accretion near the horizon r̄/M < 5 proceeds through
thin accretion sheets that are squeezed into the equa-
torial plane by the poloidal magnetic flux threading

the horizon. Additionally, we observe the formation of
current sheets on horizon-scales.

4. Magnetic reconnection takes place, and bundles of ver-
tical magnetic fields are ejected from the horizon vicin-
ity, travel through the minidisk, and populate the cav-
ity. Our cavity is not magnetically arrested and tidal
streams proceed unperturbed by the vertical magnetic
field.

Qualitatively, the key features we list above are
smoking-gun evidence that our BBHs host MAMs. We
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note that our measured dimensionless horizon fluxes
(ϕBH ∼ 30) are lower than that typically found in single
BH MADs (ϕBH ∼ 50 − 80) [29, 34, 37, 38, 42]. How-
ever, there is no universal value of the saturation value
of ϕBH; the measured value depends on feedback mech-
anisms such as jet and flux tube ejection (see also Ap-
pendix A of [49])1. Furthermore, the accretion flow onto
a BBH is very different than that onto a single BH. For
example, the flow onto a BBH and its minidisks is mod-
ulated by the periodicity of the streams that are pulled
from the inner edge of the CBD. This naturally regu-
lates how much magnetic flux can reach and persist on
the BH horizons. Moreover, the geometry of the mini-
disks around each BH tends to be somewhat eccentric –
it is unknown what effect this would have on the horizon
flux value. Despite these key differences, our BBH ex-
hibits the tell-tale features of MADs: magnetically driven
eruptions, current sheets at the horizon, and saturation
of magnetic flux on the horizon.

Some caveats are in order: our simulations are reso-
lution limited. While the resolution we adopt (M/64 at
the highest refinement level) is typical for BBH accre-
tion in full 3 + 1 GRMHD [61, 63, 67–69], simulations
at higher resolutions demonstrate significant differences
in the accretion flow at the horizon-scale. For example,
low-resolution simulations of MADs onto single BHs tend
form thicker current sheets and have a higher magnetic
field reconnection rate [46]. However, the qualitative pic-
ture of MADs remains invariant with resolution. It is
possible that limited resolution affects some quantitative
features of our simulations.

The presence of MAMs, and the magnetic eruptions
they produce, may have significant implications for ob-
servations of SMBBHs. For example, reference [46] found
that plasmoid-mediated magnetic reconnection can oc-
cur near the horizon. These plasmoids can accelerate
electrons to nonthermal energy distributions and even
power X-ray flares [44]. We expect that these EM signa-
tures will translate over to circumbinary accretion. To
test this, we performed an emissivity estimate of our sys-
tem as described in equation 18 of [88] and found that
the lightcurve of the optically thin thermal synchrotron
emission follows the dimensionless horizon flux timeseries
closely. Meaning, drops in horizon flux corresponded di-
rectly to drops in luminosity. This is not surprising as
the emission proxy from [88] is calculated directly from
primitive variables that are affected by magnetic erup-
tions, namely, pressure, density, and the magnetic en-
ergy. This estimate did not show a clear periodicity in
the lightcurve. However, this estimate does not account
for flaring from magnetic reconnection and eruptions. We
observed these eruptions occurring on the orbital period

1 Additionally, recent work suggests that the horizon flux value is
both equation-of-state and BH spin dependent - lower Γ values
and lower spins both lead to lower horizon flux values; Personal
communication with Lalakos et al.

for at least a few orbits, which suggests that episodes
of quasiperiodic signals associated with these eruptions
could take place. Regardless, a full general-relativistic
ray-tracing (GRRT) and radiative transfer is necessary
to evaluate observable EM emission from this binary and
its MAMs.

We have also observed magnetic flux eruptions in sim-
ulations of quasicircular and eccentric BBH accretion at
smaller separations [67, 68]. Importantly, we noticed a
rapid increase in the frequency of magnetic eruptions as
the binaries approached merger (see supplemental mate-
rial for a movie of the simulation from [68]). This may
have significant implications for EM observations of these
systems. The increased frequency of magnetic eruptions
will lead to repeated flaring in the IR and X-ray as the
binary approaches merger. Moreover, as the binary ap-
proaches merger its inspiral outpaces the inward motion
of the CBD inner edge, leading to the so-called binary-
disk decoupling. During decoupling, the rest-mass accre-
tion rate drops and EM signals powered by accretion are
expected to weaken. After merger, the disk fills in the
cavity left behind by the binary, begins to accrete onto
the remnant, and eventually repowers bright EM emis-
sion – the so-called rebrightening. However, our simu-
lations demonstrate that magnetic flux eruptions occur
even during the decoupling phase. Therefore, we expect
bright IR and X-ray bursts from these eruptions to con-
tinue through merger. Again, a more complete analysis
with GRRT and radiative transfer would be necessary to
evaluate this.

The increased frequency of flux eruptions close to
merger can be explained by a few mechanisms. The
mechanism in our simulations correlates with binary-disk
decoupling. As the binary decouples from the CBD, the
ambient pressure in the cavity and the ram pressure of
the matter accreting onto the horizons both drop. This
allows magnetic pressure to more easily balance and over-
come the lower ambient pressure environment. This is
consistent with what we observe in our simulations: the
black holes leave a lower density/lower pressure environ-
ment ”behind” them as they sweep the inner cavity ma-
terial, which does not have enough time to refill as they
move faster, leading to the magnetic flux eruptions tak-
ing place “behind” the black holes.

While there is recent work reporting magnetically ar-
rested accretion flows in the context of cloud (Bondi-like)
accretion in BBH spacetimes [49], our work demonstrates
MAD flow properties in CBD accretion for the first time.
There is a lot to still be established. For example, longer-
term evolutions of CBDs are needed. Additionally, the
flow features with and without black hole spin may dif-
fer. For example, spinning black holes can have smaller
innermost stable orbits, which allow even larger mini-
disks to form [63]. Furthermore, varying the binary mass
ratio may also complicate this picture as it would af-
fect the size of the minidisks and the relative accretion
rates between the binary components [58]. We plan to
continue evolving our existing simulation and to probe
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these other parts of the parameter space in future work.
Furthermore, we will perform a general-relativistic ray-
tracing of the system to establish the effect of these flux
eruptions on EM signatures from SMBBHs.
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Appendix A: Diagnostics and Horizon Magnetic
Flux

We use Kuibit for our analysis [90]. We use the meth-
ods outlined in [57, 63] to measure the rest-mass accretion
rate onto each horizon and the Hill sphere mass, locate
apparent horizons with AHFinderDirect [91], and per-
form Fourier analysis of timeseries as described in [68].

We also report the dimensionless magnetic flux (ϕBH)
threading each horizon. In coordinates where the horizon
is a coordinate sphere and known apriori, such as the
Kerr metric [29], or superposed Kerrschild metrics [see,
e.g., 49], the magnetic flux integral is given by

ΦBH =
1

2

∫
θ

∫
φ

|Br|dAθφ, (A1)

where dAθφ =
√
−g dθ dφ and

√
−g is the determinant of

the 4-metric. Here Br is a radial magnetic field variable
which equals ∗F 0r, where ∗F , is the Hodge dual of the
electromagnetic field strength 2-form or Faraday tensor
F . This magnetic field variable is not one measured by
either a normal observer or an observer comoving with
the plasma.

In dynamical spacetimes, the magnetic flux calculation
is a not as simple, because the horizons are not spherical
and not known a priori. Instead, we must locate these
BH apparent horizons. The definition of the magnetic
flux over a 2-surface S follows from Maxwell’s equations
by analogy to the definition of the electric flux which

gives the charge enclosed by a surface2

ΦBH =

∫
S

F. (A2)

The decomposition of F in terms of electric and mag-
netic fields measured by an observer with 4-velocity equal
to the unit vector normal to spacelike hypersurfaces nµ

is [92] given by

Fµν = nµEν − nνEµ − ϵµναβB
αnβ , (A3)

where Eµ = nνF
µν , Bµ = −nν

∗Fµν the electric and
magnetic fields measured by a normal observer3, and
ϵµναβ is the 4D Levi-Civita tensor. Here we adopt the
convention that ϵ0123 =

√
−g. Plugging Eq. (A3) into

Eq. (A2) and performing the integral over a BH appar-
ent horizon surface, S, one obtains

ΦBH =

∫
S

1

2!
ϵabcB

c dxa ∧ dxb , (A4)

where ϵabc = nµϵµabc is the 3D Levi-Civita tensor for
which ϵ123 =

√
γ, where γ is the determinant of the 3-

metric on spatial hypersurfaces. If one where to perform
the above integral over the closed surface of the BH ap-
parent horizon, the integral would be zero, as there are
no magnetic monopoles. For this reason, we compute
the surface integral of the absolute value of the magnetic
flux, and divide by two to account for double counting
of the flux on the bottom and top halves of the hori-
zon, as in the original definition (Eq. (A1))4. We now
follow [93], who perform a similar integral to compute
the electric charge of a BH. For completion, we outline
the steps of our calculation here. The magnetic flux in-
tegral is coordinate-independent. Therefore, we choose
cartesian coordinates, as is convenient for our simula-
tions, (xa) = (x, y, z), and write the integral:

ΦBH =
1

2

∫
S

√
γ |Bz dx ∧ dy +Bx dy ∧ dz −By dx ∧ dz| .

(A5)
Now, we introduce a parametrization for the horizon sur-
face S in spherical polar coordinates where the horizon
center is (x0, y0, z0):


x(θ, φ) = x0 + r(θ, φ) sin θ cosφ

y(θ, φ) = y0 + r(θ, φ) sin θ sinφ

z(θ, φ) = z0 + r(θ, φ) cos θ

, (A6)

2 The definition for the magnetic flux stems from Maxwell’s ho-
mogeneous equation dF = 0, where d is the exterior derivative

3 Notice that in spherical polar coordinates Br = α ∗F 0r = αBr

with α the lapse function.
4 Given that α

√
γ =

√
−g Eq. (A4) reduces to Eq. (A1) in spherical

polar coordinates after taking the absolute value and dividing by
2.
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where r(θ, φ) is a suitable smooth function. Notice that
this is the coordinate transformation between cartesian
and spherical polar coordinates except r ≡ r(θ, φ) since
our horizon is not spherical. The exterior (or wedge)
products in Equation (A5) are given by:

dx ∧ dy = |det Jxy(θ, φ)| dθ dφ. (A7)

where the generic expression for the Jacobian, Jxy is
given by:

Jxy(θ, φ) =

(
∂θx(θ, φ) ∂φx(θ, φ)
∂θy(θ, φ) ∂φy(θ, φ)

)
.

The first term in the integral of Equation (A5), there-
fore, would be evaluated as such:

√
γBz(x, y, z) dx ∧ dy

=
√
γBz(θ, φ)|det Jxy(θ, ϕ)| dθ dφ , (A8)

and so on, for the other terms.
To obtain the dimensionless (and BH mass- and

density-scale invariant) magnetic flux on the apparent
horizon ϕBH, we normalize ΦBH by the rest-mass accre-
tion rate and the gravitational radius of the BH

ϕBH = ΦBH/(⟨Ṁ⟩r2gc)1/2, (A9)

where ⟨. . . ⟩ indicates a time-average, rg = GM/c2, where
in our case each BH has M = 1/2 with G = c = 1.
We implement these equations in a mod-

ified version of QuasiLocalMeasures (QLM)
and QuasiLocalMeasuresEM [93], which we call
QuasiLocalMeasuresMHD5. Our thorn is an extension
of QLM that introduces an additional dependency on
IllinoisGRMHD. It is straightforward to modify it to
work with other thorns that evolve the magnetic field.

5 https://github.com/arizona-relativity/QuasiLocalMeasuresMHD
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