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Abstract9

Supermassive binary black holes in galactic centers are potential multimessenger sources in gravitational10

waves and electromagnetic radiation. To find such objects, isolating unique electromagnetic signatures of their11

accretion flow is key. With the aid of three-dimensional general-relativistic magnetohydrodynamic (GRMHD)12

simulations that utilize an approximate, semi-analytic, super-imposed spacetime metric, we identify two such13

signatures for merging binaries. Both involve magnetic reconnection and are analogous to plasma processes14

observed in the solar corona. The first, like colliding flux tubes that can cause solar flares, involves colliding jets15

that form an extended reconnection layer, dissipating magnetic energy and causing the two jets to merge. The16

second, akin to coronal mass ejection events, involves the accretion of magnetic field lines onto both black holes;17

these magnetic fields then twist, inflate, and form a trailing current sheet, ultimately reconnecting and driving a18

hot outflow. We provide estimates for the associated electromagnetic emission for both processes, showing that19

they likely accelerate electrons to high energies and are promising candidates for continuous, stochastic, and/or20

quasi-periodic higher energy electromagnetic emission. We also show that the accretion flows around each21

black hole can display features associated with the magnetically arrested state. However, simulations with black22

hole spins misaligned with the orbital plane and simulations with larger Bondi radii saturate at lower values of23

horizon-penetrating magnetic flux than standard magnetically arrested disks, leading to weaker, intermittent jets24

due to feedback from the weak jets or equatorial flux tubes ejected by reconnecting field lines near the horizon.25

Keywords: Active galactic nuclei, Supermassive black holes, Accretion, Magnetohydrodynamical simulations,26

General relativity27

1. INTRODUCTION28

Supermassive black hole (SMBH) binaries are expected29

to form as a natural consequence of galaxy mergers (Kor-30

mendy & Ho 2013). The recent detection of an isotropic,31

low-frequency background gravitational wave signal by pul-32

sar timing arrays (PTAs) provides strong observational evi-33

dence that such systems are relatively common (Agazie et al.34

2023; EPTA Collaboration et al. 2023; Reardon et al. 2023).35

These observations, however, cannot yet resolve individual36

in-spiralling binaries (Agazie et al. 2023). Future space-37

based gravitational wave missions like the Laser Interferome-38

ter Space Antenna (LISA, Flanagan & Hughes 1998; Amaro-39

Seoane et al. 2007; Berry & Gair 2013) promise to provide40

more precise localization for SMBH binary sources near and41

during merger. Electromagnetically, while there are a hand-42

ful of promising candidates (Valtonen et al. 2008; Dotti et al.43

2009; Liu et al. 2019; Jiang et al. 2022; Pasham et al. 2024;44

Kiehlmann et al. 2024), no observed galaxy has been fully45

confirmed to host a SMBH binary with close enough separa-46

tion to be in the gravitational-wave regime.47

In order to make progress, predictive modelling of electro-48

magnetic emission provided by the accretion flows surround-49

ing SMBH binaries is critical. In particular, it is imperative to50

isolate emission mechanisms that are unique to binary accre-51

tion systems in order to distinguish them from active galactic52

nuclei (AGN) containing only a single SMBH, which are typ-53

ically highly variable and red-noise dominated. One possibil-54

ity is that the time-dependent gravitational potential of the bi-55

nary can induce hydrodynamic periodicity in the flow, which56

can then correlate to periodicity in the otherwise stochastic57

http://orcid.org/0000-0003-0220-5723
http://orcid.org/0000-0002-5427-1207
http://orcid.org/0000-0002-7301-3908
http://orcid.org/0000-0002-0491-1210


2

thermal emission (see, e.g., D’Orazio & Charisi 2023 for a58

recent review). Another possibility is that there might be dis-59

tinct non-thermal emission channels in SMBH binary accre-60

tion flows. The latter possibility will be the main focus of61

this work.62

One recently proposed mechanism for unique non-thermal63

emission in SMBH binary accretion flows is magnetic re-64

connection between the interacting jets powered by the ac-65

cretion of magnetic fields onto two rapidly spinning black66

holes (Gutiérrez et al. 2024, see also Palenzuela et al. 2010a).67

Magnetic reconnection, where opposing field lines are driven68

together and rapidly reorient into a new configuration, con-69

verts magnetic energy into kinetic and thermal energy while70

also potentially accelerating electrons to high energies (e.g.,71

Sironi & Spitkovsky 2014). These high energy electrons can72

radiate at higher electromagnetic frequencies than the bulk of73

the accretion disk emission and significantly alter the spectral74

energy distribution (SED, Gutiérrez et al. 2024), e.g., with a75

non-thermal component. The collision of jets with toroidally76

dominant magnetic field is analogous to collisions of flux77

tubes in the solar corona, a process that has been proposed78

as an explanation for certain types of solar flares (Sturrock79

et al. 1984; Hanaoka 1994; Falewicz & Rudawy 1999; Lin-80

ton et al. 2001).81

In order to evaluate these and other hypothetical emission82

mechanisms, it is important to understand the possible accre-83

tion states of SMBH binary sytems. For instance, magnet-84

ically arrested disk (MAD) accretion flows (Narayan et al.85

2003; Igumenshchev et al. 2003; Tchekhovskoy et al. 2011)86

have been widely studied in single black hole systems (e.g.,87

Narayan et al. 2012; Ripperda et al. 2020, 2022; Chatter-88

jee & Narayan 2022) and are the favored models for Event89

Horizon Telescope targets M87* (Chael et al. 2019; Event90

Horizon Telescope Collaboration et al. 2019) and Sagittarius91

A* (Akiyama et al. 2022; Ressler et al. 2020; Ressler et al.92

2023), as well as possibly most AGN with observable jets93

(Zamaninasab et al. 2014; Nemmen & Tchekhovskoy 2015;94

Liska et al. 2022; Li et al. 2024). The MAD state is formed95

when enough net magnetic flux is accreted onto a black hole96

to partially inhibit accretion, leading to quasi-periodic cy-97

cles of flux accumulation and ejection that may be the source98

of near-infrared and X-ray flares (e.g., Dexter et al. 2020;99

Porth et al. 2021; Ripperda et al. 2022). MAD accretion100

flows are associated with the most powerful jets, with Poynt-101

ing efficiencies (measured with respect to accretion power)102

that can be ≳ 100% when the black hole is rapidly spin-103

ning (Tchekhovskoy et al. 2011). In contrast, so-called Stan-104

dard and Normal Evolution (SANE) flows display weaker105

jets (e.g., Penna et al. 2013) and more small-scale turbu-106

lent variability. From the small set of magnetohydrodynamic107

(MHD) simulations of binary accretion to date (e.g., Noble108

et al. 2012; Shi et al. 2012; Paschalidis et al. 2021; Combi109

et al. 2022), the MAD state in binaries has only been studied110

in recent work (Ressler et al. 2024; Most & Wang 2024a).111

Moreover, there are only a few general relativistic simula-112

tions of binary black hole accretion in the literature, includ-113

ing both force-free electrodynamic simulations (Palenzuela114

et al. 2009, 2010a,b; Moesta et al. 2012; Alic et al. 2012) and115

general relativistic magnetohydrodynamic (GRMHD) simu-116

lations. This is important because general relativity is re-117

quired in order to realistically capture the near-horizon flows118

that are likely the dominant source of emission. Previous119

GRMHD simulations can generally be divided into two cate-120

gories. The first has focused on accreting disk-like structures121

(Farris et al. 2012; Paschalidis et al. 2021; Combi et al. 2021;122

Lopez Armengol et al. 2021; Avara et al. 2024), while the123

second has focused on a more uniform distribution of low124

angular momentum gas (Giacomazzo et al. 2012; Kelly et al.125

2017; Cattorini et al. 2021; Fedrigo et al. 2024). Simulations126

that fall into the latter category have been limited to binaries127

with initial separation distances of ≲ 16M, where M is the128

total mass of the two black holes. This means that the gas129

and magnetic field had only a short amount of time to evolve130

before merger; as a consequence, no clear jet or outflow was131

observed. Furthermore, the effective Bondi radii of the gas in132

these simulations were quite small, ≲ 10rg (here rg = GM/c2
133

is the gravitational radius corresponding to the total mass,134

M, of the system, where G is the gravitational constant and c135

is the speed of light), meaning that the dynamical ranges of136

accretion that could be studied were restricted.137

In order to limit free parameters and isolate key physics138

and emission mechanisms, here we focus on the low angu-139

lar momentum accretion flow scenario (which may be re-140

alistic for the large-scale feeding in some lower-luminosity141

galactic centers, e.g., Ressler et al. 2018, 2020, or if the bi-142

nary decouples from a larger circumbinary disk, e.g., Most143

& Wang 2024b). Unlike previous work on low angular mo-144

mentum SMBH binary flows, however, we study gas with145

significantly larger Bondi radii (150–500rg) and the largest146

binary separation distances to date (25–27rg). This allows us147

to run our simulations for much longer, ∼ 4–6 ×104 rg/c or148

70–100 orbits (compared with ∼ a few 103 rg/c or ≲ 10 or-149

bits in previous works). We do this in full GRMHD using150

our new implementation of the semi-analytic super-imposed151

Kerr-Schild metric (Combi et al. 2021; Ressler et al. 2024;152

Combi & Ressler 2024) in Athena++ (White et al. 2016;153

Stone et al. 2020).154

In this work, we propose a new flaring mechanism that155

could potentially result in non-thermal emission involving156

reconnection caused by “magnetic bridges” (connected flux157

tubes) forming between the two in-spiralling black holes.158

Heating/energization of the plasma that could result in flaring159

happens when magnetic field lines accrete onto both black160

holes, get twisted by the orbital motion, and ultimately break161
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off due to magnetic reconnection. This process effectively162

extracts orbital energy in the form of thermal and kinetic en-163

ergy while also likely being a source of high energy particle164

energization. The mechanism is analogous to coronal mass165

ejections in the solar corona (Chen 2011), and has also been166

proposed for neutron star-neutron star in-spirals (Piro 2012;167

Most & Philippov 2020; Most & Philippov 2022), neutron168

star-black hole in-spirals (McWilliams & Levin 2011; Car-169

rasco et al. 2021; Most & Philippov 2023), and other stel-170

lar binary systems (Lai 2012; Cherkis & Lyutikov 2021; see171

also earlier work on planetary magnetospheres, Goldreich &172

Lynden-Bell 1969). We also present the first demonstration173

of jet-jet interactions in GRMHD simulations.174

This letter is organized as follows. §2 describes our numer-175

ical set-up, §3 presents our results, while §4 synthesizes these176

results and concludes. Unless stated otherwise, we adopt177

units of G = c = 1.178

2. METHODS179

To simulate the accretion flow onto binary black holes we180

use a version of the GRMHD portion of Athena++ (White181

et al. 2016; Stone et al. 2020) that has time-dependent met-182

ric capabilities as described in Ressler et al. (2024). For the183

metric itself, we use the superimposed Kerr-Schild metric de-184

scribed in Combi et al. (2021) and Combi & Ressler (2024)185

that is constructed by superimposing two linearly boosted186

Kerr black holes in Cartesian Kerr-Schild coordinates. Note187

that we do not include the final temporal interpolation to the188

remnant black hole and thus limit our study to the in-spiral189

phase leading up to merger. The orbits of the black holes in190

the simulations are calculated from the post-Newtonian (PN)191

orbital equations using CBwaves (Csizmadia et al. 2012), as-192

suming initially circular orbits, with initial separation dis-193

tances equal to dBH,0. The angular momentum of the initial194

orbit points in the +z direction, with black hole dimension-195

less spin three-vectors of χ1 and χ2.196

We initialize the domain with uniform mass density and197

pressure parameterized by the Bondi radius rB = 2M/c2
s,0,198

where cs,0 is the initial sound speed. Since the simulations199

are scale free we set the initial rest-mass density, ρ0, to unity200

and thus the initial pressure is given by P0 = 2M/(γrB),201

where γ is the adiabatic index and we have used the non-202

relativistic expression for the sound speed appropriate for rel-203

atively large Bondi radii. The fluid velocities are set such204

that the gas is initially at rest (i.e., the bulk Lorentz fac-205

tor is unity). The magnetic field is chosen to be uniform206

in the +z direction with magnitude set such that the initial207

β = 2P/(bµbµ) = 100, where bµ is the comoving magnetic208

field in Lorentz-Heaviside units (that is, a factor of 1/
√

4π209

has been absorbed in bµ). Such coherent magnetic field210

conditions in a low angular momentum flow may be real-211

ized if, e.g., the large-scale circumbinary accretion flow it-212

self is magnetically arrested (Most & Wang 2024a) and the213

binary has decoupled from a larger circumbinary disk (Most214

& Wang 2024b).215

In this work we focus on equal mass binaries: M1 = M2 ≡216

0.5M, where Mi are the masses of the individual black holes.217

We measure length and time with respect to Mtot ≡ M =218

2M1, so that rg = M = 2M1.219

2.1. Grid Structure and Numerical Details220

Our simulations cover a box of (1600 rg)3 with a base res-221

olution of 1283 numerical grid points. Using adaptive mesh222

refinement (AMR) we then add 9 extra levels of refinement223

approximately every factor of 2 in radial distance from each224

black hole. For each black hole this results in a 1283 grid225

being placed within −1.56rg ≤ X,Y,Z ≤ 1.56rg, where X,Y ,226

and Z are the black hole rest frame coordinates centered on227

the black hole, with cell separations of ∆x ≈ 0.024 rg (or ≈228

28 cells from the origin to the event horizon). Since the event229

horizon is larger for the χ = 0 simulation, we use only 8 ex-230

tra levels of refinement, meaning that the finest level of 1283
231

cells is places within −3.12rg ≤ X,Y,Z ≤ 3.12rg, with cell232

separations of ∆x ≈ 0.048 rg (or ≈ 21 cells from the origin to233

the event horizon).234

We use “outflow” boundary conditions at the edge of the235

box in each direction. In other words, we copy each prim-236

itive variable into the ghost zones unless the perpendicular237

component of the velocity is flowing into the grid. In that238

case we set the perpendicular component of the velocity to239

zero to prevent inflow from the boundary.240

We update the spacetime metric every 10 timesteps for im-241

proved numerical efficiency. Since the black holes are always242

moving at velocities ≲ 0.3c, the errors incurred by this choice243

are small when compared with the errors incurred by the244

GRMHD fluid evolution as argued in Ressler et al. (2024).245

We utilize the same modifications to the fluid and space-246

time metric within the event horizons as described in detail247

in Ressler et al. (2024). These modifications do not affect the248

flow outside the event horizon and ensure numerical stability.249

We use the HLLE Riemann solver (Einfeldt 1988) and the250

piece-wise parabolic method (Colella & Woodward 1984) for251

reconstruction. The density floor is 10−6(r/rg)−3/2 and the252

pressure floor is 3.33 × 10−9(r/rg)−5/2, with σ ≡ bµbµ/ρ ≤253

100 and β ≥ 0.001 enforced via additional density and pres-254

sure floors, respectively. Additionally, the velocity of the gas255

is limited such that the maximum bulk Lorentz factor is < 50.256

2.2. Specific Runs257

For this work, we run a total of four simulations, sum-258

marized in Table 1. Three of the simulations use dBH,0 =259

25rg and rB = 150rg. Of these three, the first uses two260

rapidly rotating black holes (χ1 = χ2 = 0.9375) aligned261

with the orbital angular momentum in the +z direction. The262
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Simulation Name dBH,0 rB χ χ1(t = 0) χ2(t = 0) tmerger [104 M] Norbits Torbit(t = 0)[M] vorbit(t = 0)[c]
Fiducial 25rg 150rg 0.9375 [0,0,χ] [0,0,χ] 4.51 86 834 0.094
χ = 0 25rg 150rg 0 [0,0,0] [0,0,0] 3.79 70 827 0.094
Tilted 25rg 150rg 0.9375

√
2

2

[︁
χ, 0, χ

]︁ √
2

2

[︁
−χ, 0, χ

]︁
4.28 81 832 0.094

rB = 500rg 27rg 500rg 0.9375 [0,0,χ] [0,0,χ] 5.96 102 932 0.091

Table 1. Parameters and orbital quantities for our four simulations. Here dBH,0 is the initial binary separation distance, rB is the Bondi radius of
the gas, χi are the spin vectors of the two black holes, χ is the magnitude of the black hole spins, tmerger is the time it takes for the black holes to
merge, Norbits is the number of orbits before merger, Torbit is the orbital period, and vorbit is the orbital speed.
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Figure 1. Binary separation distance, dBH vs. time for our four
orbital configurations. The free fall times at the two choices for
Bondi radii, tff , are also shown on the x-axis. The time that it takes
for the binaries to merge is a strong function of the initial sepa-
ration distance, dBH,0, with the dBH,0 = 27rg orbit taking an extra
∼ 2×104 M than dBH,0 = 25rg orbits. Orbits with nonzero black
hole spin aligned with the orbital angular momentum generally take
longer to merge due to the additional net angular momentum.

second uses two non-spinning black holes (χ1 = χ2 =263

0). The third uses two rapidly rotating black holes (χ1 =264

χ2 = 0.9375) both inclined with respect to the +z axis265

such that initially χ1 = [χ1 sin(45◦), 0, χ1 cos(45◦)] and266

χ2 = [χ2 sin(−45◦), 0, χ2 cos(−45◦)]. That is, the spins are267

initially tilted by 45◦ in opposite directions such that they268

are perpendicular to each other. The fourth simulation uses a269

significantly larger Bondi radius and a slightly larger binary270

separation distance, rB = 500rg and dBH,0 = 27rg with two271

rapidly rotating black holes (χ1 = χ2 = 0.9375) aligned with272

the orbital angular momentum in the +z direction.273

Our motivation for choosing these particular Bondi radii is274

primarily computational. Realistic values of rB for the cen-275

ters of galaxies are likely orders of magnitude larger (e.g.,276

Garcia et al. 2005; Wong et al. 2011; Runge & Walker 2021,277

though for SMBH binary-hosting galaxies rB may be mod-278

erately lower if the surrounding gas temperatures are higher279

as a result of the galaxy merger). Larger Bondi radii, how-280

ever, require longer simulation run-times in order to reach in-281

flow equilibrium and so studying flows with rB ≳ 1000rg be-282

comes computationally infeasible in a single simulation. We283

are thus limited to studying smaller Bondi radii so that the284

duration of the simulations are at least several free-fall times285

at rB. Increasing rB from 150rg to 500rg for one simulation286

then allows us to investigate how this choice may affect our287

results. We note that even rB = 150rg is significantly larger288

than the rB ≲ 10rg used in previous GRMHD simulations.289

Since all of our simulations use χ1 = χ2, in what follows290

we define χ = χ1 = χ2. We refer to the dBH,0 = 25rg, χ =291

0.9375, rB = 150rg, aligned run as the ‘fiducial’ simulation.292

We refer to the dBH,0 = 25rg, χ = 0, rB = 150rg run as the293

‘χ = 0’ simulation. We refer to the dBH,0 = 25rg, χ = 0.9375,294

rB = 150rg, tilted run as the ‘tilted’ simulation. Finally, we295

refer to the dBH,0 = 27rg, χ = 0.9375, rB = 500rg run as the296

‘rB = 500rg’ simulation.297

2.3. Binary Orbits298

The orbital separation distances as calculated from299

CBWAVES for the four configurations are shown as a function300

of time in Figure 1. For the dBH,0 = 25rg separation runs,301

merger occurs somewhere between 3.8–4.5 ×104M (or 70–302

86 orbits), where the shorter time corresponds to nonspin-303

ning black holes (χ = 0) and the longer time corresponds to304

aligned χ = 0.9375 black holes. The tilted χ = 0.9375 binary305

falls somewhere in between (note that in this case both spin306

vectors are positive when projected onto the orbital angular307

momentum axis, which is aligned with the z-direction). This308

is because the binaries with nonzero black hole spin have309

a larger total angular momentum (including orbital angular310

momentum and black hole spin), which takes longer to shed311

via gravitational waves. The dBH,0 = 27rg binary merges on312

a slightly longer timescale, ≈ 6 × 104M (or 102 orbits), con-313

sistent with an d4
BH,0 scaling.314

These merger timescales can be compared to the free-fall315

times at the Bondi radii, defined as316

tff(r) =
π

2
√

2

(︄
r
rg

)︄3/2

M, (1)317

where this expression is valid only for r much greater than318

the orbital radius because it assumes Newtonian gravity and319

spherical symmetry. For rB = 150rg and rB = 500rg, tff is ≈320

2,040 M and ≈ 12,420 M, respectively. So for rB = 150rg we321
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Figure 2. Time series of accretion and jet-related quantities. Top left: total accretion rate, Ṁ, onto both black holes normalized to the Bondi
rate, ṀB. Top right: total dimensionless magnetic flux threading both black holes, ϕBH (calculated from Equation 2). Bottom left: total
electromagnetic energy outflow efficiency, ηEM. Bottom right: maximum distance from the origin reached by the jets, rjet, measured as the
maximum distance at which gas with σ > 1 is found. In calculating ϕBH and ηEM, the accretion rates in the denominator have been averaged
over one orbital time. All simulations show approximate saturation of magnetic flux at some mean value. The fiducial and χ = 0 simulations
saturate at higher horizon-penetrating magnetic fluxes (ϕBH ∼ 30–50) and display strong variability. The tilted and rB = 500rg simulations, on
the other hand, saturate at ϕBH ≈ 20–30, with less variability. Correspondingly, the jet efficiencies in the fiducial simulation are the largest, with
ηEM ∼ 20 − 50% on average, while the efficiencies in the tilted and rB = 500rg simulations only occasionally rise above a few percent. This
shows that both larger Bondi radii and tilted accretion flows can inhibit the formation of strong jets in equal mass black hole binaries.

can simulate up to ∼ 19 free-fall times while for rB = 500rg322

we can simulate up to ∼ 5 free-fall times before merger.323

Note that the merger timescales are also longer than the324

free-fall timescales at the outer boundary of the simulation325

(≈ 2.5 × 104 M) by a factor of ∼ 2. However, gas outside326

of the Bondi radius, by definition, is not strongly affected by327

the gravity of the black hole and thus does not significantly328

evolve over the duration of the simulation. On the other hand,329

outflows in the form of shocks caused by jets and the orbital330

motion of the black holes do propagate to the outer boundary.331

The outflow boundary conditions we use (see §2.1) do a good332

job of allowing these outflows to freely propagate through the333

boundary without artificial reflection.334

For the orbital configuration with black hole spins initially335

tilted with respect to the orbital angular momentum axis (the336

z-axis), the spin directions will precess with time. In general,337

the orbital angular momentum direction would also precess338

with time. Because of our choice of to have the net black339

hole spin χ1+χ2 aligned with the orbital angular momentum340

axis, however, the latter is constant with time. The spins,341

on the other hand, precess about the z-axis in a clockwise342

fashion such that the net spin, χ1 + χ2, remains constant in343

both direction and magnitude. The period of this precession344

is initially ≈ 2 × 104M, much longer than the orbital period,345

and grows shorter as the binary approaches merger.346

3. RESULTS347

3.1. General Flow Properties348

Figure 2 shows the time evolution of the total mass ac-349

cretion rate (i.e., the sum of the accretion rate onto each350

black hole) normalized to the Bondi rate, (|Ṁ1 + Ṁ2|)/ṀB ≡351

|Ṁ|/ṀB, the normalized total magnetic flux threading the two352

black holes,353

ϕBH =
ΦBH,1 + ΦBH,2√︁
|Ṁ1| +

√︁
|Ṁ2|
, (2)354

the total electromagnetic outflow efficiency,355

ηEM =
ĖEM,1 + ĖEM,2

|Ṁ1| + |Ṁ2|
, (3)356

and the maximum distance from the origin reached by the357

jets, rjet, in our four simulations. Here ṀB is calculated from358

the initial conditions using the total mass of the two black359

holes, ΦBH,i is calculated by first transforming the three-360

magnetic field, Bi, to locally spherical coordinates in each361

black hole’s rest frame, then integrating |Br | over the surface362

of the horizon, ĖEM,i is the electromagnetic energy outflow363
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Figure 3. Top: Slices of rest-mass density, ρ, in the co-orbiting frame at representative times in our four simulations. Here x′ and z′ are the
coordinates in the co-orbiting frame. Bottom: Equatorial slices of plasma β at representative times in our four simulations. Only the fiducial
simulation shows a clear structure of an accreting midplane and poloidal jet. The other simulations show more unstructured accretion flows,
with occasional weak and intermittent jets in the tilted and rB = 500rg simulations. In the midplane, regions of low β are seen propagating
outwards from the near-horizon flow and mixing with the gas at larger radii. These include both “flux tubes” like those seen in MAD accretion
flows and bubbles blown out by weak jets (in the case of the tilted simulation). The low β regions are particularly large and mix to particularly
large radii in the tilted and rB = 500rg simulations. Such mixing likely inhibits the accumulation of net magnetic flux on the event horizon,
required for sustained jet launching. Animations of this figure are available for the fiducial, χ = 0, tilted, and rB = 500rg simulations.

rate for each black hole measured just outside the event hori-364

zon, and rjet is defined as the maximum radius at which there365

is any gas with σ > 1.366

Both the fiducial and χ = 0 simulations saturate at rel-367

atively high values of ϕBH, ∼ 40–50, displaying variabil-368

ity characteristic of the magnetically arrested state (namely,369

there are cycles of flux accumulation followed by dissipa-370

tion1 centered on a saturated mean value). Dissipation events371

do not occur simultaneously for each black hole; this tends to372

wash out the characteristic MAD variability in the total φBH373

when compared to an individual black hole’s φBH,i. Note that374

we avoid precisely classifying our simulations as “magneti-375

cally arrested” due to the ambiguity of the term as we discuss376

in Appendix A. Both the tilted and rB = 500rg simulations377

display lower values of ϕBH than the other two simulations,378

∼ 20–30, though they also saturate around a mean value and379

show some hints of flux accumulation and dissipation. Only380

the fiducial simulation shows moderately efficient (though381

variable) jets, with ηEM typically between 20–50%. The other382

1 The flux accumulation and dissipation cycles are clearer when ΦBH,i (the
unnormalized magnetic flux threading the event horizon) is plotted for one
of the black holes. We plot the normalized ϕBH instead because its magni-
tude is typically used to classify the magnetically arrested state.

simulations show efficiencies generally at the ∼ few percent383

level with occasional transient periods of efficiencies ≲ 10%.384

Because of the increased outflow, the fiducial simulation also385

displays lower accretion rates than the tilted and χ = 0 sim-386

ulations, Ṁ/ṀB ∼ 8% compared to ∼ 12%. The rB = 500rg387

simulation has an even lower accretion rate as expected due388

to the larger initial Bondi radius, with Ṁ/ṀB ∼ 5%. Specifi-389

cally, this is caused by the radial dependence of the mass den-390

sity with radius, which we find to be ∝̃ r−1, consistent with391

the general result for hot turbulent flows around black holes392

(Pen et al. 2003; Ressler et al. 2021; Ressler et al. 2023; Xu393

2023). Larger Bondi radius flows then have lower accretion394

rates relative to the Bondi rate by a factor of ∝˜ r−1/2
B (or ∼395

0.5 for the specific case of rB=500 rg vs. rB=150 rg).396

To understand why the fiducial and χ = 0 simulations sat-397

urate at higher values of ϕBH than the tilted and rB = 500rg398

simulations despite similar initial conditions, in Figure 3 we399

plot slices of mass density in the corotating frame x′–z′ and400

slices of plasma β in the x-y plane for each simulation. Only401

the fiducial simulation shows a clear structure of an accret-402

ing midplane and low density polar outflows for each black403

hole. The other simulations show more complicated struc-404

tures, with low density polar regions associated with outflows405

only present intermittently. In the midplane, all simulations406

https://youtu.be/XQbifuBWjw8
https://youtu.be/yoiAEejPz2Q
https://youtu.be/I5UnUlYVHag
https://youtu.be/YrTxBuysitk
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show “flux tubes” of highly magnetized regions buoyantly407

rising to larger radii. These flux tubes are a result of flux ejec-408

tion near the event horizon, typical for flows showing signs of409

being magnetically arrested (e.g., Tchekhovskoy et al. 2011).410

They contain predominantly vertical magnetic fields and are411

formed by reconnection of midplane current sheets (see Rip-412

perda et al. 2022 for more details on this mechanism). The413

flux tubes are ejected due to magnetic field lines accreting414

with the radially infalling gas that subsequently pile up near415

the horizon, form a thin layer due to the build-up of mag-416

netic pressure, and ultimately reconnect. For the tilted sim-417

ulation, weak jets are also sometimes seen in the midplane;418

these weak jets appear similar to larger flux tubes. Compar-419

ing the four simulations, the tilted and rB = 500rg simula-420

tions show the largest regions of low β; these regions also421

extend to larger radii compared with those in the fiducial and422

χ = 0 simulations. In the tilted case, this is because of the423

misaligned (though weak) jets interacting with the midplane424

accretion flow. In the rB = 500rg case, it is caused by the425

larger dynamical range of the flow resulting in an extended426

region of turbulence that affects the amount of magnetic flux427

that can reach the horizon coming from larger scales. More428

precisely, since field lines are being accreted from a larger429

initial radius, the (near-equatorial) current sheets that form430

near the horizon when the flux accumulates are also longer,431

naturally leading to larger flux tubes2 that get propelled to432

larger distances. As these flux tubes propagate outwards they433

tangle the geometry of the inflowing magnetic field while434

also removing vertical magnetic flux from the near-horizon435

region. In both the tilted and rB = 500rg simulations, there-436

fore, feedback in the form of strongly magnetized regions al-437

ters the flow enough to reduce the net magnetic flux reaching438

the event horizon and prevent strong jets from forming.439

We note, however, that all of our simulations show this440

“flux tube feedback”; the effect is just stronger in the tilted441

and rB = 500rg simulations. This is evidenced by the sat-442

uration of magnetic flux for all simulations in Figure 2 and443

by the noticeable flux tubes ejected in the midplane seen in444

Figure 3, both of which are reminiscent of magnetically ar-445

rested flows. Whether or not our simulations can be truly446

classified as magnetically arrested is partly semantic, as we447

argue in Appendix A. Generally, flux tubes are ejected in the448

direction opposite of the black hole motion (see bottom row449

of Figure 3, where the black holes are moving in a counter-450

2 In general, longer current sheets are associated with longer field lines that
can be transformed into flux tubes. Moreover, since the reconnection rate is
independent of current sheet geometry, longer current sheets spend longer
amounts of time reconnecting, resulting in a larger amount of reconnected
flux. As a result, flux tube size tends to increase with the increasing current
sheet length. This has been shown for standard MADs in Ripperda et al.
(2022) and also for initially zero angular momentum flows in Galishnikova
et al. (2024).

clockwise direction). This is because the current sheets that451

form from accreted poloidal magnetic field are preferentially452

formed “behind” the black holes as they drag the accreted453

field lines (see, e.g., Palenzuela et al. 2010; Neilsen et al.454

2011; Most & Philippov 2023 for binaries, and Penna 2015;455

Cayuso et al. 2019; Kim & Most 2024 for boosted isolated456

black holes). As a result, the current sheets are larger (i.e.,457

have more reconnecting surface) and magnetic reconnection458

dissipates more energy than for stationary black holes, all459

else being equal. Such enhanced dissipation may be the rea-460

son that even our fiducial and χ = 0 simulations do not reach461

the maximal values of ϕBH (50–70) or jet efficiency (> 100%)462

seen in “traditional” MAD flows (e.g., Tchekhovskoy et al.463

2011; Narayan et al. 2012; Ressler et al. 2021; Chatterjee464

& Narayan 2022; Ressler et al. 2023; Lalakos et al. 2024).465

Nevertheless, precisely quantifying the effect of black hole466

orbital motion on the feedback-regulated accretion of mag-467

netic flux and disentangling that from fluid effects is difficult468

without a larger parameter survey. If indeed orbital motion is469

enough to prevent maximally efficient jets from forming, this470

would have important consequences for jet feedback in and471

observations of SMBH binary AGN.472

It is instructive to compare our findings to single black hole473

accretion simulations. Our result that larger Bondi radius474

flows heave weaker jets and lower horizon-penetrating mag-475

netic flux is consistent with recent findings in single black476

hole accretion for low angular momentum flows (Lalakos477

et al. 2024; Galishnikova et al. 2024; Kim & Most 2024),478

where it is argued that both jet and flux tube feedback tangle479

the incoming magnetic field. On the other hand, simulations480

of tilted accretion flows around single black holes have found481

that only highly misaligned (≳ 60◦) flows result in lower482

horizon-penetrating magnetic flux and weaker jets (Ressler483

et al. 2023; Chatterjee et al. 2023). The difference here is484

that the misalignment is with respect to the orbital plane of485

the binary, not the angular momentum of the gas. For an iso-486

lated black hole, rapid spin and strong magnetic fields can487

align the accretion flow and jet with the spin axis as long as488

the tilt angles are not extreme (≳ 60◦). Conversely, in binary489

accretion flows, the orbital angular momentum is either un-490

changed by black hole spin (if χ1+χ2 is constant) or changes491

on long time scales (if χ1 + χ2 varies due to spin-orbit cou-492

pling, see, e.g., Ressler et al. 2024). This means that any jet493

(even weak jets) will often collide with the incoming accre-494

tion flow in the orbital plane and partially inhibit the accre-495

tion of net magnetic flux. It is unclear whether the black hole496

spins of SMBH binaries in the in-spiral and merger phases497

are expected to be aligned, as it depends on the accretion and498

dynamical history of the two black holes leading up to the499

gravitational-wave emitting regime. If misaligned spins are500

common, SMBH binary AGN with strong jets may be rarer501

than their single black hole AGN counterparts. It will be im-502
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portant to study a larger range of parameter space (including503

circumbinary disk accretion) in order to investigate the gen-504

erality of this finding.505

Another important finding shown in Figure 2 is that ϕBH in506

both the fiducial and χ = 0 simulations decrease shortly be-507

fore merger (within ∼ 5 ×103M). This is particularly evident508

in the fiducial simulation where the jet power and radius drop509

substantially at that time (with ϕBH dipping to ∼ 30, compa-510

rable to the tilted and rB = 500rg simulations). The reason511

for this is that at these late times the black holes’ orbital ve-512

locities start increasing rapidly, changing the geometry of the513

accretion flow and reducing the amount of net vertical flux514

being accreted.515

3.2. Jet Propagation516

Figure 4 shows volume renderings of the three simulations517

with nonzero black hole spins at four different representative518

times on a (75rg)2 scale. Regions with high σ are highlighted519

in orange/yellow and high density regions are highlighted in520

blue. Jets in the fiducial simulation are persistent, propagate521

to large radii, and spiral around each other as the black holes522

orbit. Jets in the tilted simulation start out clear and struc-523

tured, following the black hole spin axes and colliding once524

an orbit. As time proceeds, however, the jets die off and only525

very rarely appear structured. They also only rarely reach any526

significant distance from the black holes (see also the bottom527

right panel of Figure 2). This is likely caused by feedback528

from the misaligned black holes inhibiting the infall of mag-529

netic flux, limiting the jets’ power. Jets in the rB = 500rg530

simulation never have a clear or consistent structure, though531

they do occasionally reach to relatively large radii (see also532

the bottom right panel of Figure 2). They also often propa-533

gate at semi-random angles with respect to the aligned black534

hole spins. This is likely caused by the increased amount of535

turbulence in the accretion flow as discussed in the previous536

subsection.537

Because all simulations contain a significant amount of538

low angular momentum gas above the orbital plane, all of539

the jets are also subject to the kink instability. This in-540

stability occurs when jets with toroidally dominant mag-541

netic fields push against infalling or stationary gas (Begel-542

man 1998; Lyubarskii 1999), causing them to wobble or even543

completely disrupt in extreme cases. For a low angular mo-544

mentum density distribution of ρ ∝̃ r−1 as we find in our sim-545

ulations (see previous subsection), disruption by the kink in-546

stability is likely inevitable (Bromberg et al. 2011; Bromberg547

& Tchekhovskoy 2016; Tchekhovskoy & Bromberg 2016;548

Ressler et al. 2021; Lalakos et al. 2024). This may be why549

all of the jets in our simulations stall by distances of ∼ 300rg550

(bottom right panel of Figure 2). On the other hand, at these551

distances 1) the narrow jets become difficult to resolve with-552

out specifically targeted mesh refinement and thus may be553

subject to larger numerical dissipation and 2) the jets may be554

affected by the boundary of the simulation, located at a dis-555

tance of ∼ 800rg. While it is important to understand this556

instability for observations of jets and their emission, a de-557

tailed analysis is beyond the scope and focus of this work.558

3.3. Jet Collisions and Dissipation559

Focusing now on the fiducial simulation with consistent560

jets, we show slices through the jet cores of plasma β with561

magnetic field lines overplotted at three different distances562

from the black holes in Figure 5. These slices are shown next563

to a three-dimensional rendering of the jet and are taken at a564

representative time. The two Blandford & Znajek (1977) jets565

tend to have the same polarity of magnetic field because the566

black hole spins are aligned and the accreted vertical mag-567

netic field is typically of the same sign for both black holes.568

Because of this, when the jet cores first touch at z ≈ 50rg569

the magnetic field lines are pointed in opposite directions at570

the contact surface. This results in magnetic reconnection571

as evidenced by the presence of an ‘X’ point, reminiscent of572

the coalescence of two flux tubes (Lyutikov et al. 2017; Rip-573

perda et al. 2019). The reconnection occurs as the jets propa-574

gate outwards and continue to be driven together. Ultimately575

(by z ≳ 150rg), the jet cores fully merge into a single clock-576

wise loop of magnetic field lines, similar to what has been577

observed in force-free simulations (Palenzuela et al. 2010a).578

This process of consistent magnetic reconnection not only579

dissipates magnetic energy and converts it into kinetic and580

thermal energy but could also be a source of high energy par-581

ticle acceleration.582

Measuring the properties upstream of the X-point at z =583

50rg in Appendix B.1, we find that σ and β are essentially584

at their maximum and minimum values, respectively (which585

are set by enforcing a mass density/pressure floor). In reality,586

therefore, σ would be much higher and β would be much587

lower since the mass density would likely be much lower,588

and dominated by pair production and mass-loading of the589

jet, two physical processes not captured here. We also find590

that the reconnection layer has a significant guide field (that591

is, a non-reconnecting field perpendicular to the reconnecting592

plane), with the magnitude of bz measured in a frame co-593

moving with the jets (i.e., the poloidal field) roughly equal594

to the magnitude of the in-plane reconnecting field (i.e., the595

toroidal field of the jet) as measured in the same frame.596

The ratio between the magnitude of the guide field and the597

magnitude of the reconnecting field is known to be an im-598

portant parameter in studies of magnetic reconnection, with599

large values tending to lower the amount of magnetic energy600

dissipation and the maximum energy of accelerated parti-601

cles while steepening the nonthermal particle energy spec-602

trum (Zenitani & Hoshino 2008; Sironi & Spitkovsky 2012).603

Precisely quantifying this effect in three-dimensional simu-604
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Figure 4. Three-dimensional volume renderings of our fiducial (top row), tilted (middle row) and rB = 500rg (bottom row) simulations at four
different representative times, highlighting regions of high magnetization, σ, in orange/yellow and regions of high ρ in blue. Each panel is on a
scale of (75rg)2. Jets in the fiducial simulation are much more sustained and propagate more effectively than in both the tilted and rB = 500rg

simulations. In the latter two simulations the jets are sporadic and intermittent. This result may imply that sustained jets are more difficult
to form in SMBH binary systems when the spins are misaligned with the orbital plane. Whether or not this result holds for different types of
large-scale accretion flows (e.g., circumbinary disks) requires future study. Animations of this figure are available for the fiducial, tilted, and
rB = 500rg simulations.

lations for the parameter regime relevant to this work is still605

an active area of research. However, for a guide field of com-606

parable strength to the reconnecting field as we have here,607

some recent work has found that this effect may be only mod-608

erate in three-dimensional simulations, with the energy gain609

of electrons in one case reduced by ≲ 20% compared with610

weak guide field reconnection (Werner & Uzdensky 2024),611

and in another case a maximum particle energy reduced by612

a factor of ∼ 2, with a steepening of the nonthermal power613

law spectral index by ∼ 1.5 to ∼ 3 (Hoshino 2024). Note that614

we quote these numbers only as preliminary estimates, fur-615

ther study of three-dimensional guide field reconnection in616

the precise parameter regime appropriate for colliding jets is617

needed.618

In order to obtain more insight into how the jet-jet recon-619

nection layer might appear electromagnetically, in Appendix620

B.1 we estimate the energy released by reconnection between621

the two jets as622

(Lrec)jet

L
≈ 0.02

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
5 × 10−5

⎞⎟⎟⎟⎟⎟⎠ (︄ lrec

20rg

)︄2

, (4)623

where L is the total thermal luminosity of the accretion flow.624

ub,rec is the magnetic energy density of the reconnecting field,625

and lrec is the length of the current sheet. Alternatively we can626

write this as627

(Lrec)jet ≈ 3 × 1042 erg
s

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
5 × 10−5

⎞⎟⎟⎟⎟⎟⎠ (︄ lrec

20rg

)︄2

× fEdd

(︄
M

106M⊙

)︄ (︃
ηrad

0.1

)︃−1
,

(5)628

where fEdd is the Eddington ratio of the source and ηrad is629

the radiative efficiency of the flow. We further estimate that630

https://youtu.be/rMieXN7HFvg
https://youtu.be/U6pGvOZ83Zo
https://youtu.be/-l8sEZXR2zg
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Figure 5. Evidence of magnetic reconnection between two jets
in our fiducial simulation. Left: three-dimensional rendering of the
jets at a representative time. Right: slices of plasma parameter β
through the z = 50rg (bottom panel), z = 100rg (middle panel), and
z = 150rg (top panel) planes. Since the spins of the black holes
have the same polarity, the in-plane magnetic fields in the jet cores
are usually oriented in clockwise loops. Because of this, ‘X’-points
are formed when the jets initially touch, with oppositely directed
field lines driven to reconnect and dissipate. This is seen as the jet
propagates to larger radii and the cores merge into one. This recon-
nection layer can accelerate electrons to nonthermal energies which
could radiate at high electromagnetic frequencies (as estimated in
the main text and Appendix B.1). An animated version of this fig-
ure is available here.

the reconnection happens in the radiative regime and that this631

energy would be emitted at the so-called “synchrotron burn-632

off limit” of633

(νsynch)jet ≈ 2.5 × 1022 Hz, (6)634

independent of other parameters. This frequency is much635

higher than the estimated thermal synchrotron peak fre-636

quency (by at least a factor of > 104, see Appendix B.3) and637

thus would outshine the thermal emission at this frequency.638

We note that the formation of a reconnection layer between639

the jets crucially depends on the magnetic polarity of the640

jets being the same. For jets with opposite polarity (which641

would form, e.g., when the z-component of the spins are anti-642

aligned), instead of forming a reconnection layer between643

them the jets may instead bounce off of each other (Linton644

et al. 2001). This bouncing may induce a “tilt-kink” insta-645

bility where reconnection happens on the outer layers of the646

jets (Ripperda et al. 2017a,b). If strong jets in misaligned647

flows are possible (see discussion in previous subsection),648

then various other intermediate geometries are possible, sub-649

ject to more or less magnetic reconnection and higher levels650

of quasi-periodic variability. Future work should explore the651

broader range of parameter space.652

3.4. Magnetic Bridges653

For simulations without persistent jets, we also find evi-654

dence of another type of flaring event. During these events,655

what we call “magnetic bridges” (connected flux tubes) form656

between the two black holes that can twist magnetic fields,657

erupt, and drive hot outflows via reconnection analogous658

to scenarios proposed for interacting neutron star magneto-659

spheres (Most & Philippov 2020; Most & Philippov 2023).660

One way of identifying potential flaring mechanisms in661

GRMHD simulations is through their heating properties662

(e.g., Most & Quataert 2023). As a clear example, we plot a663

time series of three-dimensional renderings of magnetic field664

lines overplotted on two-dimensional slices of entropy per665

unit mass, s = kB/[mp(γ − 1)] log(P/ργ), for the tilted sim-666

ulation in Figure 6. Here kB is Boltzmann’s constant and667

mp is the proton mass. In this time series, not all magnetic668

field lines are shown, but only those which pass through at669

least one black hole event horizon and which pass within670

10rg of both black holes. Field lines that pass through only671

the first black hole are colored yellow, field lines that pass672

through only the second black hole are colored blue, and673

field lines that pass through both are colored green. In the674

particular instance shown in Figure 6, field lines anchored to675

the first black hole initially pass close to the second black676

hole. These field lines start out in a relatively close bundle677

with predominantly straight field lines (Panel 1). The second678

black hole then captures several of these field lines (Panel 2),679

after which they get significantly twisted and inflate (Panels680

3–4). This twisting is caused by a relative rotation rate in681

the co-orbiting frame.3 This process ultimately leads to re-682

connection and an eruption that can potentially power a flare683

(see also Yuan et al. 2019; Most & Philippov 2020). When684

this happens, a large amount of magnetic energy is released,685

heating up the nearby gas to mildly relativistic temperatures686

[Θp ≡ kBTg/(mpc2) ≲ 1, where Tg is the gas temperature] and687

propelling it out to larger radii (Panels 5–6). After this event688

the number of field lines connecting the two black holes is689

reduced (Panel 6) and ultimately goes back to ∼ 0. In par-690

ticular, the launching of the eruption is associated with the691

3 For each black hole the relative twisting motion depends on ΩBH − Ωorbit,
where ΩBH (Ωorbit) is the effective rotation rate of the black hole (orbit).
As a consequence, twisting can even happen for irrotational black holes
(ΩBH = 0).

https://youtu.be/KI5tQbRJ9k4
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transient formation of a trailing current sheet; in other con-692

texts the reconnection of such trailing current sheets has been693

shown to power subsequent high-energy emission (e.g., Par-694

frey et al. 2015; Most & Philippov 2020). We isolate the695

current sheet for this particular eruption in Appendix B.2 and696

show that it has negligible guide field (that is, all three com-697

ponents of the magnetic field change sign across the sheet)698

and is characterized by an upstream σ of ∼ a few.699

These types of eruptions in binary black hole systems differ700

from those containing at least one neutron star in an impor-701

tant way: closed magnetic flux tubes threading black holes702

decay or open up exponentially with time and are thus short703

lived (MacDonald & Thorne 1982; Lyutikov & McKinney704

2011; Bransgrove et al. 2021). As a consequence, black holes705

fundamentally require accretion of plasma to both form and706

sustain magnetic loops threading their horizons (Gralla & Ja-707

cobson 2014). This means that black hole binary eruptions708

are directly affected by the turbulent gas flow, and as a result709

are more stochastic in nature compared with neutron star-710

black hole or neutron-star neutron-star eruptions where there711

is a natural periodicity to the formation of connected field712

lines (with eruptions happening ∼ twice per orbit, Cherkis &713

Lyutikov 2021; Most & Philippov 2022, 2023). How often714

flaring events occur in the black hole binary case depends715

crucially on the ratio between the time-averaged coherence716

length of the magnetic field in the orbital plane and the binary717

separation distance. When this ratio is small (i.e., larger sep-718

aration distances or earlier times), magnetic bridges can only719

form between the black holes when turbulence stochastically720

generates an instantaneously coherent field. In this regime721

flaring events are rare. When the ratio is closer to unity722

or larger (i.e., at shorter separation distances or later times723

closer to merger), magnetic bridges form constantly, and724

flaring events/eruptions are more frequent. In practice, this725

means that there will be some transition time when eruptions726

go from being rare to frequent, and possibly from stochastic727

to quasi-periodic as the binary separation distance decreases.728

In our simulations, this transition happens relatively close to729

merger, at separation distances ≲ 10–15rg.730

We caution against over-generalizing this result on erup-731

tion recurrence rates without further study over a wider range732

of parameter space. The coherence length of the magnetic733

field in the orbital plane likely depends on the assumed mag-734

netic field topology and assumed angular momentum of the735

gas (larger angular momentum can coherently wrap the mag-736

netic field in the toroidal direction, e.g., in the circumbinary737

disk scenario). Since we initialized the system with zero an-738

gular momentum and magnetic field purely in the vertical739

direction, the later quasi-periodic phase associated with fre-740

quency eruptions may not begin until particularly late times741

in our simulations. This is in contrast to circumbinary disk742

scenarios where coherent loops could be accreted more often743

at larger separations (similar to Parfrey et al. 2015).744

We find that when the black holes have strong jets (e.g., at745

most times in the fiducial simulation), magnetic bridges are746

prevented from forming and these types of eruptions do not747

occur. This is because any field line that is accreted onto one748

black hole is generally twisted up and assimilated onto the749

same black hole’s jet instead of lingering long enough to be750

accreted by the other black hole. Even when such field lines751

do get relatively close to the other black hole they tend to be752

blown away by that black hole’s jet instead of being accreted.753

Thus, these magnetic bridge eruptions happen only when the754

jet is suppressed, whether that be from a lower magnetic flux755

supply (as in the tilted and rBH = 500rg simulations), from756

low or no black hole spin (as in the χ = 0 simulation), or757

by the late-time suppression of ϕBH caused by accelerating758

orbital velocities (as in the fiducial simulations).759

Quantifying the electromagnetic emission associated with760

the eruptions discussed in this subsection is difficult without a761

fully general relativistic radiative transfer calculation on top762

of a model for the plasma magnetization, density, and con-763

tent (i.e., whether it is electron-positron pairs or electron-ion764

pairs) as well as the magnetic field strength near the event765

horizon. This is because quantities such as the Poynting766

flux or energy outflow measured from the simulations are767

not necessarily a good proxy for radiative signatures. More-768

over, even if the total energy released is small compared to769

the overall luminosity of the system, it is likely that the hot770

plumes produced by eruptions radiate at much higher fre-771

quencies than the bulk of the accretion flow and would thus772

dominate the emission in that regime. Likewise, the strongest773

electromagnetic signature may come from accelerated, non-774

thermal particles. These particles are fundamentally not cap-775

tured in our ideal GRMHD fluid approximation and thus un-776

derstanding their acceleration and emission in detail will re-777

quire more localized particle-in-cell simulations.778

With those caveats in mind, we still find it instructive to779

make some order-of-magnitude estimates. In Appendix B.2780

we roughly estimate the energetics of these events, finding781

that the total energy released by reconnection is782

(Lrec)bridge

L
≈ 0.08

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
0.075

⎞⎟⎟⎟⎟⎟⎠
r=rH

×

(︄
rH

0.67rg

)︄2 [︄
log (lrec/rH)

2.7

]︄
,

(7)783

or784

(Lrec)bridge ≈ 1043 erg
s
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Figure 6. An example of a “magnetic bridge” flaring event in our tilted simulation. Shown in Panels 1–6 is a time series of three-dimensional
representations of magnetic field lines in the corotating frame on top of a two-dimensional contour of entropy per unit mass, s = 1/(γ −
1) log(P/ργ), in the x′-z′ plane. Only field lines that thread at least one of the black hole event horizons and get closer than 10 rg to the other
black hole are shown. Yellow (blue) field lines are those which pierce the first (second) black hole’s event horizon (the first black hole is always
positioned on the left in these plots) while green field lines are those which pierce both event horizons. The gray shaded regions in the entropy
contour represent the regions inside the event horizons of the black holes. The second black hole captures initially fairly straight field lines
connected to the first black hole and through a combination of orbital and black hole spin motion twists them into a tangled tube. Finally, the
field lines reconnect close to the second black hole, releasing magnetic energy and causing an eruption of high entropy gas that gets expelled to
larger radii. This mechanism is a promising candidate for unique electromagnetically powered high-energy flaring signatures of SMBH binary
AGN. An animation of this figure is available here.

emitted as synchrotron radiation at a frequency of786

(νsynch)bridge ≈ 3 × 1020 Hz
(︃σbridge

4

)︃2
⎛⎜⎜⎜⎜⎜⎝ ub,recr2

g

|Ṁ|c

/︄
0.075

⎞⎟⎟⎟⎟⎟⎠1/2

× f 1/2
Edd

(︄
M

106M⊙

)︄−1/2 (︃
ηrad

0.1

)︃−1/2
.

(9)787

where rH is the event horizon radius of one of the black holes.788

This frequency is ≳ 103 times the thermal synchrotron peak789

that we estimate in Appendix B.3 but ∼ 102–8 times less than790

the characteristic synchrotron frequency of the jet-jet emis-791

sion that we estimate in Appendix B.1 depending on M and792

fEdd, where larger values of (νsynch)jet/(νbridge)jet correspond793

to smaller Eddington ratios and/or larger black hole masses.794

That means that the three emission processes (one thermal795

and the others nonthermal) are likely distinguishable from796

each other and could be independently detectable.797

4. DISCUSSION AND CONCLUSIONS798

We have presented a suite of four 3D GRMHD simulations799

of SMBH binary accretion in low angular momentum envi-800

ronments. We varied the black hole spin directions and mag-801

nitudes as well as the initial Bondi radius of the gas. The sim-802

ulations were run up until just before merger, ≈ 4–6 × 104M803

or 70 − 100 orbits for initial separations of 25–27 rg. These804

are the longest run and largest separation distances studied805

to date in GRMHD simulations of binary black holes that in-806

clude the event horizons. While a large fraction of parameter807

space in SMBH binary accretion still remains unexplored by808

both theory and simulations, in this work we have studied a809

very limited range of that parameter space in order to high-810

https://youtu.be/6xs0QUaJX5s
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light several key areas that could be fruitful for future study811

and the interpretation and prediction of observations.812

We find that feedback from the black holes can partially813

inhibit the accumulation of net magnetic flux on the event814

horizon in certain parameter regimes (Figure 2). This is true815

even though the initial magnetic field geometry contains a816

significant amount of ordered vertical flux in all simulations817

and the resulting near-horizon flow is highly magnetized (β ≲818

a few on average). In particular, we have shown that simula-819

tions with black hole spins moderately tilted with respect to820

the orbital angular momentum and/or with flows that have821

an initially large Bondi radius reach saturated states with822

relatively lower horizon-penetrating dimensionless magnetic823

flux (compared with simulations using smaller Bondi radii824

and aligned spins). This is because feedback through either825

misaligned jets or flux tube ejections is significant enough to826

regulate the amount of magnetic flux that ultimately reaches827

the black hole event horizons (Figure 3). As a result, only828

one of the three simulations with nonzero black hole spin829

displays persistent and structured jets that reach large radii830

(Figure 4). The other simulations show intermittent, weak,831

and quickly dissipated jets that only occasionally reach larger832

radii. Additionally, even the jets in the fiducial simulation do833

not reach > 100% efficiencies like those typically seen in834

magnetically arrested flows, possibly due to enhanced dissi-835

pation/feedback associated with longer current sheets that are836

extended by the orbital motion of the black holes.837

We have demonstrated two potential emission mechanisms838

that are unique to merging SMBH binary AGN (compared839

with single SMBH AGN). Both involve magnetic reconnec-840

tion and are likely to accelerate electrons to high energies and841

produce high-frequency electromagnetic emission with char-842

acteristic luminosities ≲ 10% of the total thermal luminosity843

of the accretion flow. The first mechanism occurs when the844

black holes power persistent jets and the spins are aligned. In845

this case, the two jets form an extended reconnection layer846

that dissipates magnetic energy and causes the jets to merge847

(Figure 5, Appendix B.1). This is analogous to flux tube col-848

lisions in the solar corona (i.e., collisions of two footpoints849

at the solar surface), a probable cause of certain solar flares850

(Linton et al. 2001). This reconnection layer is character-851

ized by a highly magnetized upstream flow (σ ≫ 1 and852

β ≪ 1) with a moderately strong guide field of compara-853

ble strength to the reconnecting field. Reconnection in this854

regime is known to be a source of high-energy particles that855

would radiate at higher frequencies than the accretion disk856

(as we estimate in Appendix B).857

When the black holes have jets that are either weak or858

nonexistent, we have proposed and demonstrated a novel flar-859

ing mechanism. Analogous to coronal mass ejections in the860

sun or similar phenomena proposed in neutron star-neutron861

star and neutron star-black hole mergers (Most & Philip-862

pov 2020; Most & Philippov 2023), “magnetic bridge” (con-863

nected flux tube) eruption events occur when magnetic field864

lines get accreted by both black holes and subsequently get865

twisted and torqued by the orbital motion, forming an equa-866

torial current sheet (Figure 6, Appendix B.2). When the ten-867

sion on the field lines reaches a critical point, they break off868

through reconnection and create an unbound outflow of hot869

plasma. Unlike in mergers containing a neutron star, these870

flares require accreting plasma and thus are stochastic in na-871

ture, with occurrence rates that depend on the separation dis-872

tance of the binary and the time-averaged coherence length873

of the magnetic field in the orbital plane. For large separa-874

tion distances (short coherence lengths), flares are stochastic875

and more rare, relying on spontaneous, turbulent generation876

of coherent magnetic field. For short separation distances877

(long coherence lengths), eruptions are frequent and possi-878

bly even quasi-periodic. In either regime, this flaring mecha-879

nism is a promising candidate for providing energetic obser-880

vational signatures of SMBH binary in-spirals and mergers881

that are counterparts to merging low frequency gravitational882

wave sources.883
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Advances, 10, eadj8898, doi: 10.1126/sciadv.adj88981099

Pen, U.-L., Matzner, C. D., & Wong, S. 2003, ApJ, 596, L207,1100

doi: 10.1086/3793391101

http://doi.org/10.1086/150119
http://doi.org/10.1086/149947
http://doi.org/10.1093/mnras/stu1690
http://doi.org/10.1103/PhysRevLett.113.155005
http://doi.org/10.1093/mnras/stae1473
http://doi.org/10.1086/187157
http://doi.org/10.1063/5.0201845
http://doi.org/10.1109/MCSE.2007.55
http://doi.org/10.1086/375769
http://doi.org/10.48550/arXiv.2201.11633
http://doi.org/10.1103/PhysRevD.96.123003
http://doi.org/10.48550/arXiv.2407.09647
http://doi.org/10.48550/arXiv.2409.12359
http://doi.org/10.1146/annurev-astro-082708-101811
http://doi.org/10.3847/2041-8213/acc334
http://doi.org/10.1088/2041-8205/757/1/L3
http://doi.org/10.3847/1538-4357/ad0974
http://doi.org/10.3847/2041-8213/ac7bed
http://doi.org/10.3847/1538-4357/ad6a5b
http://doi.org/10.1086/320974
http://doi.org/10.3847/2041-8213/ac84db
http://doi.org/10.3847/1538-4357/ab40cb
http://doi.org/10.3847/1538-4357/abf0af
http://doi.org/10.1046/j.1365-8711.1999.02763.x
http://doi.org/10.1103/PhysRevD.84.084019
http://doi.org/10.1017/S002237781700071X
http://doi.org/10.1088/0004-637X/742/2/90
http://doi.org/10.1088/2041-8205/749/2/L32
http://doi.org/10.1088/0004-637X/735/1/9
http://doi.org/10.3847/2041-8213/ab8196
http://doi.org/10.1093/mnras/stac1909
http://doi.org/10.3847/2041-8213/acfdae
http://doi.org/10.3847/2041-8213/acca84
http://doi.org/10.3847/2041-8213/ad7713
http://doi.org/10.48550/arXiv.2410.23264
http://doi.org/10.1093/pasj/55.6.L69
http://doi.org/10.1111/j.1365-2966.2012.22002.x
http://doi.org/10.1073/pnas.1019618108
http://doi.org/10.1093/mnras/stv260
http://doi.org/10.1088/0004-637X/755/1/51
http://doi.org/10.1103/PhysRevLett.103.081101
http://doi.org/10.1103/PhysRevD.82.044045
http://doi.org/10.1126/science.1191766
http://doi.org/10.1103/PhysRevD.81.084007
http://doi.org/10.1093/mnrasl/slu162
http://doi.org/10.3847/2041-8213/abee21
http://doi.org/10.1126/sciadv.adj8898
http://doi.org/10.1086/379339


16

Penna, R. F. 2015, Phys. Rev. D, 91, 084044,1102

doi: 10.1103/PhysRevD.91.0840441103

Penna, R. F., Kulkarni, A., & Narayan, R. 2013, A& A, 559, A116,1104

doi: 10.1051/0004-6361/2012196661105

Piro, A. L. 2012, ApJ, 755, 80, doi: 10.1088/0004-637X/755/1/801106

Porth, O., Mizuno, Y., Younsi, Z., & Fromm, C. M. 2021,1107

MNRAS, 502, 2023, doi: 10.1093/mnras/stab1631108

Reardon, D. J., Zic, A., Shannon, R. M., et al. 2023, ApJL, 951,1109

L6, doi: 10.3847/2041-8213/acdd021110

Ressler, S. M., Combi, L., Li, X., Ripperda, B., & Yang, H. 2024,1111

ApJ, 967, 70, doi: 10.3847/1538-4357/ad3ae21112

Ressler, S. M., Quataert, E., & Stone, J. M. 2018, MNRAS, 478,1113

3544, doi: 10.1093/mnras/sty11461114

—. 2020, MNRAS, 492, 3272, doi: 10.1093/mnras/stz36051115

Ressler, S. M., Quataert, E., White, C. J., & Blaes, O. 2021,1116

MNRAS, 504, 6076, doi: 10.1093/mnras/stab3111117

Ressler, S. M., White, C. J., & Quataert, E. 2023, MNRAS, 521,1118

4277, doi: 10.1093/mnras/stad8371119

Ripperda, B., Bacchini, F., & Philippov, A. A. 2020, ApJ, 900,1120

100, doi: 10.3847/1538-4357/ababab1121

Ripperda, B., Liska, M., Chatterjee, K., et al. 2022, ApJL, 924,1122

L32, doi: 10.3847/2041-8213/ac46a11123

Ripperda, B., Porth, O., Sironi, L., & Keppens, R. 2019, MNRAS,1124

485, 299, doi: 10.1093/mnras/stz3871125

Ripperda, B., Porth, O., Xia, C., & Keppens, R. 2017a, MNRAS,1126

467, 3279, doi: 10.1093/mnras/stx3791127

—. 2017b, MNRAS, 471, 3465, doi: 10.1093/mnras/stx18751128

Runge, J., & Walker, S. A. 2021, MNRAS, 502, 5487,1129

doi: 10.1093/mnras/stab4441130

Shi, J.-M., Krolik, J. H., Lubow, S. H., & Hawley, J. F. 2012, ApJ,1131

749, 118, doi: 10.1088/0004-637X/749/2/1181132

Sironi, L., & Spitkovsky, A. 2012, CS & D, 5, 014014,1133

doi: 10.1088/1749-4699/5/1/0140141134

—. 2014, ApJL, 783, L21, doi: 10.1088/2041-8205/783/1/L211135

Stone, J. M., Tomida, K., White, C. J., & Felker, K. G. 2020, ApJS,1136

249, 4, doi: 10.3847/1538-4365/ab929b1137

Sturrock, P. A., Kaufman, P., Moore, R. L., & Smith, D. F. 1984,1138

SoPh, 94, 341, doi: 10.1007/BF001513221139

Tchekhovskoy, A., & Bromberg, O. 2016, MNRAS, 461, L46,1140

doi: 10.1093/mnrasl/slw0641141

Tchekhovskoy, A., Narayan, R., & McKinney, J. C. 2011,1142

MNRAS, 418, L79, doi: 10.1111/j.1745-3933.2011.01147.x1143

Uzdensky, D. A., Cerutti, B., & Begelman, M. C. 2011, ApJL, 737,1144

L40, doi: 10.1088/2041-8205/737/2/L401145

Valtonen, M. J., Lehto, H. J., Nilsson, K., et al. 2008, Nature, 452,1146

851, doi: 10.1038/nature068961147

Werner, G. R., & Uzdensky, D. A. 2024, ApJL, 964, L21,1148

doi: 10.3847/2041-8213/ad2fa51149

Werner, G. R., Uzdensky, D. A., Cerutti, B., Nalewajko, K., &1150

Begelman, M. C. 2016, ApJL, 816, L8,1151

doi: 10.3847/2041-8205/816/1/L81152

White, C. J., Stone, J. M., & Gammie, C. F. 2016, ApJS, 225, 22,1153

doi: 10.3847/0067-0049/225/2/221154

Wong, K.-W., Irwin, J. A., Yukita, M., et al. 2011, ApJL, 736, L23,1155

doi: 10.1088/2041-8205/736/1/L231156

Xu, W. 2023, ApJ, 954, 180, doi: 10.3847/1538-4357/ace8921157

Yuan, Y., Spitkovsky, A., Blandford, R. D., & Wilkins, D. R. 2019,1158

MNRAS, 487, 4114, doi: 10.1093/mnras/stz15991159

Zamaninasab, M., Clausen-Brown, E., Savolainen, T., &1160

Tchekhovskoy, A. 2014, Nature, 510, 126,1161

doi: 10.1038/nature133991162

Zenitani, S., & Hoshino, M. 2008, ApJ, 677, 530,1163

doi: 10.1086/5287081164

http://doi.org/10.1103/PhysRevD.91.084044
http://doi.org/10.1051/0004-6361/201219666
http://doi.org/10.1088/0004-637X/755/1/80
http://doi.org/10.1093/mnras/stab163
http://doi.org/10.3847/2041-8213/acdd02
http://doi.org/10.3847/1538-4357/ad3ae2
http://doi.org/10.1093/mnras/sty1146
http://doi.org/10.1093/mnras/stz3605
http://doi.org/10.1093/mnras/stab311
http://doi.org/10.1093/mnras/stad837
http://doi.org/10.3847/1538-4357/ababab
http://doi.org/10.3847/2041-8213/ac46a1
http://doi.org/10.1093/mnras/stz387
http://doi.org/10.1093/mnras/stx379
http://doi.org/10.1093/mnras/stx1875
http://doi.org/10.1093/mnras/stab444
http://doi.org/10.1088/0004-637X/749/2/118
http://doi.org/10.1088/1749-4699/5/1/014014
http://doi.org/10.1088/2041-8205/783/1/L21
http://doi.org/10.3847/1538-4365/ab929b
http://doi.org/10.1007/BF00151322
http://doi.org/10.1093/mnrasl/slw064
http://doi.org/10.1111/j.1745-3933.2011.01147.x
http://doi.org/10.1088/2041-8205/737/2/L40
http://doi.org/10.1038/nature06896
http://doi.org/10.3847/2041-8213/ad2fa5
http://doi.org/10.3847/2041-8205/816/1/L8
http://doi.org/10.3847/0067-0049/225/2/22
http://doi.org/10.1088/2041-8205/736/1/L23
http://doi.org/10.3847/1538-4357/ace892
http://doi.org/10.1093/mnras/stz1599
http://doi.org/10.1038/nature13399
http://doi.org/10.1086/528708


17

APPENDIX1165

A. ON THE USE OF THE TERM “MAGNETICALLY1166

ARRESTED”1167

The term “magnetically arrested” has been widely adopted1168

to describe a class of simulations in GRMHD (Narayan1169

et al. 2003; Igumenshchev et al. 2003; Narayan et al. 2012;1170

Tchekhovskoy et al. 2011; Event Horizon Telescope Col-1171

laboration et al. 2019; Akiyama et al. 2022; Chatterjee &1172

Narayan 2022). Generally, these simulations are character-1173

ized by several key features:1174

• The accretion of a significant amount of poloidal mag-1175

netic flux onto the event horizon that tends to form a1176

transient, reconnecting, equatorial current sheet.1177

• The saturation of dimensionless magnetic flux, ϕBH =1178

ΦBH/
√︁
|Ṁ| at values between 40–60, with cycles of1179

slow increase followed by rapid dissipation.1180

• Jets with efficiencies ≳ 100 % relative to the accretion1181

power, |Ṁ|c2, when the black hole is rapidly spinning.1182

• The frequent ejection of low density, highly magne-1183

tized “flux tubes” by the reconnecting midplane cur-1184

rent sheet that regulate the amount of accreted mag-1185

netic flux.1186

• A highly magnetized inner accretion flow, with accre-1187

tion in the innermost region proceeding in thin streams.1188

• Accretion disks with sub-Keplerian orbital velocities.1189

In previous literature, GRMHD simulations that start with1190

an initial torus of gas (e.g., Fishbone & Moncrief 1976;1191

Chakrabarti 1985; Penna et al. 2013), displayed a clear di-1192

chotomy between SANE and MAD flows; simulations ei-1193

ther showed all of the above listed properties or none. Re-1194

cent work on more spherical distributions of gas studying1195

a larger dynamical range of accretion (Ressler et al. 2021;1196

Lalakos et al. 2022; Kwan et al. 2023; Lalakos et al. 2024;1197

Galishnikova et al. 2024), however, has complicated this1198

picture. These authors have found that in certain parame-1199

ter regimes you can have most of the traditional MAD fea-1200

tures but with moderately lower horizon-penetrating mag-1201

netic fluxes (ϕBH ∼ 10–30) and without particularly strong1202

jets. This is not due to a lack of available magnetic flux sup-1203

ply (as is the case for SANE flows) but due to a change in1204

magnetic flux transport caused by feedback from either jets1205

or flux tube ejections. Stronger feedback is found for sim-1206

ulations with larger Bondi radii, which results in less net1207

magnetic flux reaching the event horizons and weaker jets.1208

We would argue that such simulations are qualitatively in the1209

same accretion state as those with larger horizon-penetrating1210

magnetic fluxes and stronger jets. In both cases, the mag-1211

netic flux threading the event horizon reaches a clear satura-1212

tion where inflow and outflow of magnetic flux are roughly1213

balanced in a time-averaged sense. Moreover, this saturation1214

is governed by the same physical mechanisms. Inflow pro-1215

ceeds by accretion and outflow proceeds by the ejection of1216

flux tubes and/or by jets (i.e., feedback).4 In contrast, the ac-1217

cretion of magnetic flux in SANE flows is generally not regu-1218

lated by this feedback (since there are generally no equatorial1219

current sheets that drive flux tube ejection), and ϕBH does not1220

saturate at a mean value but instead shows more secular vari-1221

ability.1222

We therefore propose that instead of being a distinct state1223

with universal characteristics, magnetically arrested accre-1224

tion flows fall on a spectrum. When flux tube/jet feedback1225

is strong, ϕBH can drop to moderate values and the jets are1226

weak, but when feedback is weak ϕBH can reach maximal1227

values and the jets can be > 100% efficient. In this sense, we1228

could describe all of the flows in our simulations as “magnet-1229

ically arrested,” as they all display reconnection-driven flux1230

tube ejection and highly magnetized inner accretion flows. If1231

we use the more traditional and strict definition of the MAD1232

state, however, none of our simulations are fully MAD as1233

even the most powerful jets are well below 100% efficiency.1234

Because of this ambiguity, in the main text we do not1235

definitively refer to any of our simulations as either MAD or1236

SANE. Instead we focus on highlighting the qualitative and1237

quantitative features of MAD flows that are or are not present1238

in each.1239

B. MEASURING THE PROPERTIES OF MAGNETIC1240

RECONNECTION AND ESTIMATING1241

ELECTROMAGNETIC EMISSION1242

We can roughly estimate the energy released by reconnec-1243

tion using Lrec ≈ ub,recl2recβrecc, where ub,rec = b2
rec/2 is the1244

magnetic energy density of the reconnecting magnetic field1245

(in Lorentz-Heaviside units), lrec is the length of the recon-1246

nection layer (not to be confused with the width or thickness,1247

which in reality is microscopic), and βrec is the reconnection1248

rate. Particle-in-cell simulations generally find βrec ≈ 0.11249

(Sironi & Spitkovsky 2014; Guo et al. 2014; Werner et al.1250

2016), so if we parameterize the overall luminosity of the ac-1251

cretion flow with a radiative efficiency of ηrad as L = ηradṀc2,1252

4 Note that since the feedback can also affect the inflow of magnetic fields,
this is a nonlinear process.
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Figure 7. Properties of the magnetic reconnection layer formed by
the two interacting jets at the time shown in Figure 5. Top: Two-
dimensional slice of σ through the z = 50rg plane. Middle: Same
as the top panel but for magnetic energy density normalized to the
time-averaged accretion rate, ubr2

g/(|⟨Ṁ⟩|c) with magnetic field lines
overplotted. Bottom: One-dimensional profiles through the recon-
nection layer (along the line indicated in the middle panel) of the
three spatial components of the co-moving magnetic field boosted
into the jet frame, (bµ)′. The upstream flow is characterized by
σ ≈ 100, the imposed numerical limit (meaning that in reality it
would be much larger) and a guide field of comparable strength to
the reconnecting field.

we can write:1253

Lrec

L
≈

⎛⎜⎜⎜⎜⎜⎝ub,recr2
g

|Ṁ|c

⎞⎟⎟⎟⎟⎟⎠ (︃ηrad

0.1

)︃−1
(︄

lrec

rg

)︄2

. (B1)1254

Here ub,recr2
g/(|Ṁ|c) is essentially a dimensionless and scale-1255

free measure of the magnetic field strength relative to the ac-1256

cretion power. Both ub,recr2
g/(|Ṁ|c) and lrec we can directly1257

measure from the simulations for each reconnection scenario.1258

To obtain estimates in cgs units, we can parameterize the1259

Luminosity as L = fEddLEdd, where fEdd is the Eddington1260

ratio and LEdd is the Eddington luminosity. This results in1261

Lrec ≈ 1.3×1044 erg
s

⎛⎜⎜⎜⎜⎜⎝ub,recr2
g

|Ṁ|c

⎞⎟⎟⎟⎟⎟⎠ (︄ lrec

rg

)︄2

fEdd

(︄
M

106M⊙

)︄ (︃
ηrad

0.1

)︃−1
.

(B2)1262

Furthermore, we can parameterize the magnetic field strength1263

in a similar way:1264

Bcgs ≈ 7 × 106 G

⎛⎜⎜⎜⎜⎜⎝ubr2
g

|Ṁ|c

⎞⎟⎟⎟⎟⎟⎠1/2

f 1/2
Edd

(︄
M

106M⊙

)︄−1/2 (︃
ηrad

0.1

)︃−1/2

(B3)1265

corresponding to an electron gyro-frequency [ωb =1266

eB/(mec)]:1267

ωb ≈ 1.2× 1014 rad
s

⎛⎜⎜⎜⎜⎜⎝ubr2
g

|Ṁ|c

⎞⎟⎟⎟⎟⎟⎠1/2

f 1/2
Edd

(︄
M

106M⊙

)︄−1/2 (︃
ηrad

0.1

)︃−1/2
.

(B4)1268

B.1. Interacting Jets1269

In Figure 7 we isolate the properties of the jet-jet recon-1270

nection layer at z = 50rg by plotting two-dimensional slices1271

of σ and ub,recr2
g/(|Ṁ|c) as well as a one-dimensional profile1272

of the three spatial components of the co-moving magnetic1273

field boosted to the jet frame. The boost is performed using1274

the average coordinate velocity of the jet at this distance, 0.7c1275

in the +z direction. We find that the upstream ub,recr2
g/(|Ṁ|c)1276

is ∼ 5 × 10−5 while lrec is ∼ 20rg. This implies that1277

(Lrec)jet

L
≈ 0.02

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
5 × 10−5

⎞⎟⎟⎟⎟⎟⎠ (︄ lrec

20rg

)︄2

, (B5)1278

or1279

(Lrec)jet ≈ 3 × 1042 erg
s

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
5 × 10−5

⎞⎟⎟⎟⎟⎟⎠ (︄ lrec

20rg

)︄2

× fEdd

(︄
M

106M⊙

)︄ (︃
ηrad

0.1

)︃−1
.

(B6)1280

The upstream σ is the ceiling value set by the density floor,1281

meaning that in reality it depends on how the jet is mass-1282

loaded. We can estimate a more realistic value by using the1283

Goldreich & Julian (1969) number density, nGJ, needed to1284

sustain the induced electric field in the jet (see also discussion1285
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in Section 4.1 of Ripperda et al. 2022), σe,GJ = b2/(menGJc2),1286

where nGJ = λΩBHb/(2πce), λ is a multiplicity factor ≲ 103
1287

(Mościbrodzka et al. 2011; Chen & Yuan 2020; Crinquand1288

et al. 2020), and ΩBH = χc/(2rH). This results in1289

(σe)jet ≈ 2 × 1010

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
5 × 10−5

⎞⎟⎟⎟⎟⎟⎠1/2 (︃
λ

103

)︃−1

× f 1/2
Edd

(︄
M

106M⊙

)︄1/2 (︃
ηrad

0.1

)︃−1/2
,

(B7)1290

where we have substituted ub,recr2
g/(|Ṁ|c) ∼ 5 × 10−5 and1291

the approximate upper limit on λ of 103. Without radiative1292

cooling, electrons accelerated by reconnection would reach1293

Γe ≈ σe. However, radiative back reaction on the particles1294

will limit their Lorentz factors to be less than a critical value,1295

Γe,cool, obtained by equating the radiative drag force of a par-1296

ticle with the force provided by the accelerating electric field,1297

Γ2
e,cool ≈ 3m2

ec4/(2e3
√

b2) (e.g., Uzdensky et al. 2011; Rip-1298

perda et al. 2022). For our parameters we find1299

Γe,cool ≈ 4 × 105

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
5 × 10−5

⎞⎟⎟⎟⎟⎟⎠−1/4

× f −1/4
Edd

(︄
M

106M⊙

)︄1/4 (︃
ηrad

0.1

)︃1/4
.

(B8)1300

For all Eddington ratios ≳ 10−7 and λ ≲ 103, we estimate1301

that Γe,cool < σe, meaning that particle acceleration in the jet-1302

jet reconnection layer is radiatively limited. As a result we1303

can estimate the characteristic photon frequency at which the1304

accelerated electrons would emit synchrotron radiation using1305

νsynch = Γ
2
e,coolωb/(2π):1306

(νsynch)jet ≈ 2.5 × 1022Hz. (B9)1307

This is the so-called “synchrotron burn-off limit” and is inde-1308

pendent of any other parameters.1309

In the bottom panel panel of Figure 7, we find that1310

the jet-jet reconnection occurs with significant guide field,1311 √︁
bzbz/

√︁
bxbx + byby ∼ 1. As discussed in the main text,1312

this level of guide field will moderately limit the maximum1313

Lorentz factor of the accelerated electrons, though precisely1314

quantifying this effect in the regime of interest is still an on-1315

going area of research.1316

B.2. Magnetic Bridge Eruptions1317

Isolating the current sheet associated with the eruption1318

shown in Figure 6 of the main text is more difficult than the1319

jet interaction layer because it doesn’t align with any partic-1320

ular coordinate plane. Part of it can be seen, however, in the1321

x − z plane centered on the second black hole as we show1322

in Figure 8. In this figure we plot two-dimensional slices1323

of ub,recr2
g/(|Ṁ|c) on two different scales, a two-dimensional1324

slice of σ on the smaller scale, and a one-dimensional profile1325

of the three spatial components of the co-moving magnetic1326

field. The current sheet is seen as a region of low b2 that1327

attaches to the black hole near the midplane on the left side1328

of the figure and then loops around the bottom of the black1329

hole and turns towards positive z. We have confirmed that1330

this is the current sheet associated with the flux tube plot-1331

ted in Figure 6. Since the magnetic field strength in this flux1332

tube generally decays with distance from the black hole as1333

b2 ∝̃ l−2, the dissipated power from reconnection is domi-1334

nated by the near-horizon region. More precisely, we should1335

differentiate Equation (B1) with respect to lrec and integrate1336

along the length of the current sheet, giving1337

Lrec/L ≈

⎛⎜⎜⎜⎜⎜⎝ub,recr2
g

|Ṁ|c

⎞⎟⎟⎟⎟⎟⎠
r=rH

(︄
rH

rg

)︄2

r=rH

2 log
(︄

l
rH

)︄ (︃
ηrad

0.1

)︃−1
. (B10)1338

From Figure 8 we can estimate ub,recr2
g/(|Ṁ|c) at the event1339

horizon as ≈ 0.075 and lrec ≈ 10rg. Since the event horizon1340

radius for this simulation is rH ≈ 0.67rg, we estimate1341

(Lrec)bridge

L
≈ 0.08

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
0.075

⎞⎟⎟⎟⎟⎟⎠
r=rH

×

(︄
rH

0.67rg

)︄2 [︄
log (lrec/rH)

2.7

]︄
,

(B11)1342

or1343

(Lrec)bridge ≈ 1043 erg
s

⎛⎜⎜⎜⎜⎜⎝ ub,recr2
g

|Ṁ|c

/︄
0.075

⎞⎟⎟⎟⎟⎟⎠
r=rH

(︄
rH

0.67rg

)︄2

×

[︄
log (lrec/rH)

2.7

]︄
fEdd

(︄
M

106M⊙

)︄ (︃
ηrad

0.1

)︃−1
.

(B12)1344

From Figure 8 it is also clear that the upstream near-1345

horizon σ is ∼ a few and that there is negligible guide field1346

(that is, all three spatial components of the field change1347

sign across the current sheet). In this regime we expect1348

electrons to be accelerated to Lorentz factors of Γe ∼ σe,1349

where σe ≈ σmp/me, me and mp are the electron and proton1350

masses, respectively, and we have assumed that the plasma1351

is composed of hydrogen ions. Using σ ≈ 4, we find Γe1352

∼ 7300(σbridge/4). For all reasonable black hole masses and1353

Eddington ratios, this Lorentz factor is smaller than the syn-1354

chrotron cooling limit (Equation B8). Thus we estimate:1355

(νsynch)bridge ≈ 3 × 1020 Hz
(︃σbridge

4

)︃2
⎛⎜⎜⎜⎜⎜⎝ ub,recr2

g

|Ṁ|c

/︄
0.075

⎞⎟⎟⎟⎟⎟⎠1/2

× f 1/2
Edd

(︄
M

106M⊙

)︄−1/2 (︃
ηrad

0.1

)︃−1/2
.

(B13)1356

B.3. Thermal Emission1357

We can also make a rough estimate of the thermal emis-1358

sion properties of the accretion flow. If we assume that1359
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Figure 8. Properties of the magnetic reconnection layer formed just before the eruption event in the tilted simulation plotted in Figure 6.
Top left: Two-dimensional slice centered on the second black hole of magnetic energy density normalized to the time-averaged accretion rate,
ubr2

g/(|⟨Ṁ⟩|c), with the reconnection layer indicated by yellow arrows. Top right: Two-dimensional slice of σ = b2/ρ. Bottom left: same as
top left but on a ∼ 4 times smaller scale. Bottom right: 1D profiles through the reconnection layer (along the line indicated in the bottom left
panel) of the three spatial components of the co-moving magnetic field, bµ. The available energy for reconnection is highest near the horizon,
with ubr2

g/(|⟨Ṁ⟩|c) ∼ 0.075, where the layer is surrounding by plasma with σ ∼ a few. Furthermore, there is negligible guide field, with all three
spatial components of bµ changing sign across the layer.

the thermal temperature of the electrons in the near-horizon1360

flow is some fraction fe ≤ 1 of the ion temperature, then1361

this can be compared to the “thermal” Lorentz factor of1362

Θe ≡ kBTe/(mec2) = (mp/me) feP/(2ρ), again assuming hy-1363

drogen ions. Measuring this temperature in a mass-weighted1364

average in our simulations results in ⟨Θe⟩ρ ≲ 200 fe. Note that1365

this value should be taken as an upper-limit to the actual emit-1366

ting temperature of the thermal electrons since gas at slightly1367

larger radii likely contribute significantly. This results in a1368

characteristic synchrotron frequency of νsynch = Θ
2
eωb/(2π):1369

(νsynch)th ≈ 2 × 1017 Hz
(︄
Θe

200

)︄2 ⎛⎜⎜⎜⎜⎜⎝ ubr2
g

|Ṁ|c

/︄
0.075

⎞⎟⎟⎟⎟⎟⎠1/2

× f 1/2
Edd

(︄
M

106M⊙

)︄−1/2 (︃
ηrad

0.1

)︃−1/2
,

(B14)1370
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where we have used the near-horizon value of ubr2
g/(|Ṁ|c) ∼1371

0.075 as in Appendix B.2.1372

We can now compare this frequency to the characteristic1373

synchrotron frequency of the reconnection events. For the1374

jet-jet reconnection layer we estimate1375

(νsynch)jet

(νsynch)th
≈ 105

(︄
Θe

200

)︄−2 ⎛⎜⎜⎜⎜⎜⎝ ubr2
g

|Ṁ|c
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)︄1/2 (︃
ηrad

0.1

)︃1/2
,

(B15)1376

while for the magnetic bridge eruptions we estimate1377

(νsynch)bridge

(νsynch)th
≈ 1.3 × 103

(︄
Θe

200

)︄−2 (︃σbridge

4

)︃2
. (B16)1378

We can also compare (νsynch)jet and (νsynch)bridge directly,1379

finding:1380

(νsynch)jet

(νsynch)bridge
≈ 80

(︃σbridge

4

)︃−2
⎛⎜⎜⎜⎜⎜⎝ ubr2

g

|Ṁ|c

/︄
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)︄1/2 (︃
ηrad

0.1

)︃1/2
.

(B17)1381

B.4. Summary1382

To summarize, we generally estimate that both jet-jet re-1383

connection events and magnetic bridge reconnection events1384

in our simulations can produce a significant amount of lu-1385

minosity, between a few to ten percent of the total luminos-1386

ity provided by the bulk of the accretion flow. We predict1387

that this luminosity would appear as synchrotron emission1388

at higher frequencies than the thermal synchrotron peak by1389

factors of > 103. For all reasonable values of fEdd ≳ 10−7
1390

and 106M⊙ ≲ M ≲ 1010M⊙, our analysis finds that the jet-1391

jet emission will appear at higher frequencies than the mag-1392

netic bridge eruption emission (by at least a factor of ≳ 801393

and by as much as ≳ 107 depending on M and fEdd), with1394

the latter having a slightly higher luminosity (a factor of ∼ 21395

for the particular parameters we measure in the simulations).1396

Additionally, inverse Compton scattering has the potential to1397

up-scatter photons to even higher frequencies than those es-1398

timated here.1399

Finally, we emphasize that the estimates made in this sec-1400

tion should be interpreted cautiously as they rely on several1401

assumptions and do not take into account general relativistic1402

effects of photon propagation. They are only meant to give1403

an approximate range of luminosities and photon frequencies1404

and need to be followed up with more detailed calculations.1405
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