
MNRAS 532, 506–516 (2024) https://doi.org/10.1093/mnras/stae1473 

Advance Access publication 2024 June 12 

Non-thermal radiation from dual jet interactions in supermassi v e black 

hole binaries 

Eduardo M. Guti ́errez , 1 , 2 , 3 ‹ Luciano Combi , 1 , 4 , 5 † Gusta v o E. Romero 
1 , 6 and Manuela Campanelli 7 

1 Instituto Argentino de Radioastronom ́ıa (IAR, CCT La Plata, CONICET/CIC), C.C.5, 1984 Villa Elisa, Buenos Aires, Argentina 
2 Institute for Gravitation and the Cosmos, The Pennsylvania State University, University Park, PA 16802, USA 
3 Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA 
4 Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2L 2Y5, Canada 
5 Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada 
6 Facultad de Ciencias Astron ́omicas y Geof ́ısicas, Universidad Nacional de La Plata, Paseo del Bosque s/n, 1900 La Plata, Buenos Aires, Argentina 
7 Center for Computational Relativity and Gravitation, Rochester Institute of Technology, Rochester, NY 14623, USA 

Accepted 2024 June 5. Received 2024 June 3; in original form 2023 January 12 

A B S T R A C T 

Supermassive black hole binaries (SMBHBs) are natural by-products of galaxy mergers and are expected to be powerful 

multimessenger sources. They can be powered by the accretion of matter and then radiate across the electromagnetic spectrum, 

much like normal active galactic nuclei (AGNs). Current electromagnetic observatories have a good chance of detecting and 

identifying these systems in the near future. Ho we ver, precise observ ational indicators are needed to distinguish individual AGNs 

from SMBHBs. In this paper, we propose a no v el electromagnetic signature from SMBHBs: non-thermal emission produced by 

the interaction between the jets ejected by the black holes. We study close SMBHBs, which accrete matter from a circumbinary 

disc and the mini-discs formed around each hole. Each black hole ejects a magnetically dominated jet in the direction of its spin 

through the Blandford–Znajek mechanism. We argue that in such a situation, the interaction between the jets can trigger strong 

magnetic reconnection events, where particles are accelerated and emit non-thermal radiation. Depending on whether the jets 

are aligned or misaligned, this radiation can have different periodicities. We model the evolution of the particles accelerated 

during the dual jet interaction and calculate their radiative output, obtaining spectra and providing estimates for the variability 

time-scales. We finally discuss how this emission compares with that of normal AGNs. 

Key words: accretion, accretion discs – magnetic reconnection – radiation mechanisms: non-thermal – relativistic processes –

galaxies: jets – black hole mergers. 

1  I N T RO D U C T I O N  

Most luminous galaxies harbour a supermassive black hole (SMBH) 

at their centre (Kormendy & Richstone 1995 ; Magorrian et al. 1998 ). 

Since galaxies grow through sequential mergers of smaller galaxies, 

a potential outcome of such a process is the formation of SMBH 

binaries (SMBHBs) (Kormendy & Ho 2013 ). Understanding how 

these binaries are formed and how to find them is crucial for various 

areas of astrophysics, from cosmology to black hole accretion. 

After the coalescence of two galaxies, stellar dynamical friction 

and/or dissipation by surrounding gas leads the SMBHs to sink in 

the galactic remnant, forming a ‘hard’ SMBHB and reducing their 

separation from ∼kpc to ∼pc scales (Merritt & Milosavljevi ́c 2005 ). 

At ∼pc separations, dynamical friction ceases to be ef fecti ve, and 

three-body stellar scattering (Begelman, Blandford & Rees 1980 ; 

Quinlan 1996 ) becomes the main mechanism to remo v e angular 

momentum from the binary. Recent galaxy formation studies show 
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that the bulge of galaxies tends to have an asymmetric shape, ensuring 

a continuous refilling of stars available for scattering (Vasiliev, 

Antonini & Merritt 2015 ) and a v oiding the so-called ‘final parsec’ 

problem (Milosavljevi ́c & Merritt 2003 ), where the binary separation 

would stall at pc scales. Finally, if the SMBHs reach ∼milliparsec 

separations, the binary evolution becomes dominated by gravitational 

radiation and the black holes eventually merge in less than a Hubble 

time (Peters 1964 ). 

SMBHBs at subparsec separations would be powerful gravi- 

tational wave (GW) emitters (Burke-Spolaor et al. 2019 ). The 

frequency band of these GWs ranges from nanohertz, typical of 

the inspiral phase of most massive binaries, to millihertz, typical 

of the proper merger (chirp). Recently, the pulsar timing array 

NANOGrav collaboration (Arzoumanian et al. 2020 ) as well as 

other collaborations (Antoniadis et al. 2023 ; Lee 2023 ; Reardon 

et al. 2023 ) have provided strong evidence of the existence of a 

stochastic low-frequency GW background, likely coming from the 

superposition of unresolved SMBHB sources (Agazie et al. 2023a , 

b ). A direct detection of individual SMBHB systems through GWs, 

ho we v er, will hav e to wait until the planned Laser Interferometer 

Space Antenna ( LISA ) mission is on (Engel et al. 2022 ; Mangiagli 
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et al. 2022 ), or the capabilities of Pulsar Timing Arrays (PTAs) are 

greatly impro v ed. Our best chance to find an SMBHB system in the 

near future is through the detection of its electromagnetic emission 

(Bogdanovic, Miller & Blecha 2022 ). 

Identifying the presence of an SMBHB in an AGN is a difficult 

task. Most of the power from accretion discs in AGNs comes out 

very close to the central black hole. These scales are expected to 

be, o v erall, much shorter than the binary separation, and so the 

luminosity of an accreting SMBHB should differ only by a small 

fraction from that of a normal AGN. Up to this date, there has been 

no confirmed identification of a subparsec SMBHB source despite a 

growing number of candidates (e.g. Valtonen et al. 2008 ; Dotti et al. 

2009 ; Jiang et al. 2022 ). 

Since we cannot resolve the deep interior of most galaxies, we 

need other robust signatures to find these binary sources. Some of 

the proposals include looking for periodic signals in the light curves 

(Romero et al. 2000 ; Romero, Fan & Nuza 2003 ; Valtonen et al. 

2006 ; Graham et al. 2015a , b ; Liu et al. 2019 ; Saade et al. 2020 ) as 

well as Doppler variations (D’Orazio et al. 2015a ), broad emission 

line shifts (Torres et al. 2003 ; Dotti et al. 2009 ), a distinctive ‘notch’ 

feature in the optical/IR spectrum (Sesana, Gualandris & Dotti 2011 ; 

Roedig, Krolik & Miller 2014 ), accretion-driven periodicities in the 

thermal spectrum of mini-discs (Bowen et al. 2019 ; Lopez Armengol 

et al. 2021 ; Combi et al. 2022 ; Guti ́errez et al. 2022 ), and X-ray 

periodicities (Sesana et al. 2011 ; Roedig et al. 2014 ; Guti ́errez et al. 

2022 ). 

The accretion flow onto an SMBHB is expected to be qualitatively 

different from a standard disc surrounding a single BH. In particular, 

if the accreted matter has enough angular momentum and the mass 

ratio of the system is not too small, q : = m 2 / m 1 � 0.1, the torques 

e x erted by the binary on the ambient gas carve a cavity of size 

∼2 r 12 , where r 12 is the semimajor axis of the orbit, surrounded 

by a circumbinary disc (CBD) (MacFadyen & Milosavljevi ́c 2008 ). 

Several 2D hydrodynamical (Farris, Liu & Shapiro 2011 ; D’Orazio, 

Haiman & MacFadyen 2013 ; Mu ̃ noz, Miranda & Lai 2019 ; Mu ̃ noz 

et al. 2020 ; Dittmann & Ryan 2021 ; Dittmann, Ryan & Miller 2023 ) 

and 3D magnetohydrodynamical simulations (Noble et al. 2012a ; 

Noble et al. 2021 ; Gold et al. 2014 ; Lopez Armengol et al. 2021 ; 

Paschalidis et al. 2021a ; Combi et al. 2022 ), both in Newtonian 

gravity and full general relativity, have shown the robust formation 

of such a cavity. Moreo v er, for cold discs, a strong m = 1 o v erdensity 

mode, known as the ‘lump’, forms in the inner boundary of the cavity. 

Simulations have also shown that accretion onto the binary is not 

mediated by viscous stresses but by thin streams that free-fall from 

the inner edge of the disc to the black holes with relatively low 

angular specific angular momentum � . If � is larger than the specific 

angular momentum at the innermost stable circular orbit (ISCO) 

radius, the matter will start orbiting around the black hole forming a 

mini-disc (Tanaka, Menou & Haiman 2012 ; Miller & Krolik 2013 ; 

Bowen et al. 2017 ). Turbulent stresses in the mini-disc will transport 

angular momentum outward and the mini-disc will expand until it 

reaches the truncation radius (or Hill’s sphere), r t , where the disc is 

disrupted by the tidal forces of the other BH. 

For typical AGNs, both the CBD and the mini-discs are expected 

to radiate a thermal spectrum. The global spectrum of the system may 

be, ho we ver, dif ferent from that of a single BH disc. First, because 

of the presence of the circumbinary cavity, the spectrum would a 

priori show a gap between the thermal peaks of the CBD and mini- 

discs (Roedig et al. 2014 ) (although it is unclear from simulations 

how gas-depleted the cavity is); moreo v er, for small separations, � 

can be, on average, smaller than the ISCO, reducing the radiative 

efficiency of the mini-discs (Guti ́errez et al. 2022 ). 

If the binary contains rotating black holes, the magnetic fields 

carried by the mini-discs can fill the ergosphere of each black hole 

and a pair of jets can be launched via the Blandford–Znajek (BZ) 

mechanism (Blandford & Znajek 1977 ); this has been demonstrated 

by force-free simulations (Palenzuela, Lehner & Liebling 2010 ; 

Moesta et al. 2012 ) as well as GRMHD simulations (Giacomazzo 

et al. 2012 ; Cattorini et al. 2021 ; Kelley, D’Orazio & Di Stefano 2021 ; 

Paschalidis et al. 2021a ; Combi et al. 2022 ). These simulations have 

shown that at the merger, the Poynting luminosity increases up to an 

order of magnitude, which could be translated to an increased EM 

emission, though it is probably outshined by the galaxy luminosity 

if most of the emission is produced in the radio band (Kaplan et al. 

2011 ). 

The emergence of a dual jet structure in SMBHBs might give rise 

to characteristic EM signatures different from those of single BH jets. 

F or e xample, assuming the emitted luminosity is tied to the Poynting 

luminosity of the system, MHD variabilities of the accretion rate 

could be imprinted in the emission as well (Paschalidis et al. 2021b ; 

Bright & Paschalidis 2023 ; Combi et al. 2022 ) (see Section 3.2 ). 

In this work, we propose a no v el mechanism where non-thermal 

radiation is produced due to the interaction between jets launched by 

SMBHBs in the inspiralling regime. More precisely, we argue that the 

region of contact between the jets is prone to the formation of large- 

scale reconnection layers where magnetic energy is released and a 

fraction of the particles in the jet are accelerated up to high energies 

and radiate through synchrotron and inverse-Compton processes. We 

build a simple semi-analytical model to estimate the electromagnetic 

outcome from such interactions. 

The paper is structured as follows. In Section 2 , we describe 

the physical scenario under consideration and introduce the main 

characteristics of the model. The model includes the calculation 

of the electromagnetic radiation from the CBD and the mini-discs, 

plus a detailed treatment on how jets interact and how particles are 

accelerated and radiate at the reconnection layer that forms between 

the jets. In Section 3 , we show the results of the calculation of 

spectral energy distributions (SEDs), exploring its dependence on 

the orbital parameters as well as on less constrained microphysical 

properties of the plasma. We also discuss the potential periodicities 

associated to this emission, differentiating the cases where the two 

jets are aligned or misaligned. In Section 4 , we discuss the prospects 

of detecting the proposed phenomena, comparing its main features 

with those of standard jetted AGNs. Finally, in Section 5 , we present 

the conclusions of our research. 

2  PHY SICA L  M O D E L  

The physical scenario considered is shown schematically in Fig. 1 . 

An equal-mass SMBHB system at close separations ( r � 200 R g ) 

is surrounded by an accretion flow, whose structure consists of a 

CBD and mini-discs around each black hole. The two black holes 

are rapidly spinning and the gas falling from the CBD carries enough 

magnetic flux for the BZ mechanism to work efficiently and launch 

a pair of Poynting-flux dominated jets. At some height abo v e the 

orbital plane, the magnetically dominated jets get close enough 

to each other and interact, dissipating magnetic energy. Such a 

dissipation may occur if the magnetic field carried by the jets, in 

particular its toroidal component, has partially opposite polarities at 

the interaction region. Then, at the contact surface between the jets, 

a large-scale reconnection layer will form. The jet interaction might 

also excite other magnetic instabilities similar to the interaction of 

(non-relati vistic) flux tubes; ho we ver, there are yet no ideal MHD 

simulations exploring this scenario. 
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Figure 1. Schematic diagram of an accreting SMBHB with jets. In the image, 

the mini-discs, jets, and CBD are shown (as well as the streams through which 

the mini-discs are fed). The toroidal components of the magnetic field in both 

jets have opposite polarities and give rise to the formation of a ‘reconnection 

layer’ between the jets at a height ∼z dis . 

A fraction of the magnetic energy released in the reconnection 

region is transferred to the particles in the jet which are accelerated 

to a non-thermal energy distribution; these particles, then, cool down 

by interacting with the magnetic and radiation fields present in the 

region through synchrotron and synchrotron-self-Compton (SSC). 

In what follows, we develop a simple model to characterize the 

jet-jet interaction envisioned abo v e and estimate the electromagnetic 

emission produced. For completeness, we also include in our treat- 

ment the thermal emission from the CBD and the mini-discs, since 

they are linked to the jets and its emission will likely be present too. 

Conventions: Non-primed kinematic quantities ( p ) refer to the 

laboratory frame, single-primed quantities ( p ′ ) refer to the fluid 

frame. 

2.1 Binary black hole spacetime 

Let us consider two SMBHs with masses m i ( i = 1, 2), and normalized 

dimensionless spins χ i forming a binary system. If the system has 

reached a stage where the emission of GWs is efficient and dominates 

the evolution of the orbit ( r 12 � 10 3 R g ), it will slowly evolve through 

quasi-circular orbits of decreasing radius. At 1st post-Newtonian 

order, the coalescence time can be estimated as (Peters 1964 ) 

t c = 
5 

256 

c 5 

G 3 

r 12 ( t 0 ) 
4 

M 2 μ
∼ 36 

(1 + q) 2 

q 

(

r 12 

30 R g 

)4 

M 7 days , (1) 

μ : = qM /(1 + q ) 2 is the reduced mass of the system, and M = 

10 7 M 7 M �. Under this approximation, the orbital frequency of the 

binary system is given by the Keplerian value, and the orbital period 

is 

P bin � 14 M 7 

(

r 12 

30 R g 

)3 / 2 

h . (2) 

In what follows, we assume that the SMBHB system has a mass ratio 

q = m 1 / m 2 ≈ 1 and is evolving in quasi-circular orbits. 

2.2 Circumbinary and mini-disc accretion: thermal emission 

The SMBHB system is surrounded by a CBD, which is known to 

have an inner edge at ∼2 r 12 (Artymowicz & Lubow 1994 ; Noble et al. 

2012b ; Mu ̃ noz & Lai 2016 ) produced by binary torques counteracting 

the viscous stresses in the disc. The gas falls from the inner edge of 

the CBD onto the binary, and part of this gas has enough angular 

momentum to form mini-discs around each BH (Tanaka et al. 2012 ; 

Miller & Krolik 2013 ; Roedig et al. 2014 ). The mini-discs extend 

from the tidal truncation radius (Paczynski 1977 ; Roedig et al. 2014 ), 

r t ∼ 0.3 q −0.3 r 12 (0.3 q 0.3 r 12 ) for the primary (secondary), down to the 

radius of the inner-most stable orbit (ISCO), r isco � R h for rapidly 

spinning BHs, where R h ∼ R g is the event horizon radius. 

We parametrize the accretion rate in the mini-disc around the 

i th BH as Ṁ i = f i Ṁ cbd , where f 1 + f 2 � 1 and Ṁ cbd is the 

steady-state accretion rate in the CBD. If the binary inspiral speed, 

ṙ 12 ∼ r −3 
12 , becomes faster than the radial velocities triggered by the 

accretion process, ̇r disc ∼ −3 ν/ 2 r edge , with ν the kinematic viscosity 

coefficient, the binary (and mini-discs) will decouple from the 

CBD and the accretion will be out of inflow equilibrium, f 1, 2 �
1 (Dittmann et al. 2023 ; Major Krauth et al. 2023 ). Simulations 

also show that the mini-disc accretion rate is variable, modulated 

by the binary frequency (Mu ̃ noz & Lai 2016 ; Bowen et al. 2019 ; 

Westernacher-Schneider et al. 2022 ; Combi et al. 2022 ). We focus 

here on the time-averaged properties of the accretion and leave the 

discussion on the potential impact of variability in our model to 

Section 3.2 . 

We are interested here in bright AGN-like discs which can 

power jets. At accretion rates close to Eddington, the CBD can 

be modelled as a geometrically thin Shakura–Sunyaev disc (SSD; 

Shakura & Sunyaev 1973 ) with its inner boundary at r edge ≈ 2 r 12 ( t ) 

around an accreting object of mass M = m 1 + m 2 , emitting as a 

multitemperature black body (see, e.g. Dermer & Menon 2009 ). This 

approximation provides a good agreement with the spectrum that 

results from the more detailed ray tracing of GRMHD data (Guti ́errez 

et al. 2022 ). Mini-discs, ho we ver, are rather dif ferent from single 

black hole accretion discs. In particular, at short binary separations, 

a significant part of the matter that falls from the inner edge of the 

CBD has low specific angular momentum and it free-falls to the holes 

without dissipating much energy (Combi et al. 2022 ; Guti ́errez et al. 

2022 ). Moreo v er, mini-discs may reach higher temperatures than 

those expected in single-BH systems (d’Ascoli et al. 2018 ; Guti ́errez 

et al. 2022 ) due to streams shocking and heating the disc. 

To account for these two effects in a simple way, we introduce two 

minimal modifications to the SSD solution. 

(i) We assume that only a fraction f d < 1 of the matter in the mini- 

discs has enough angular momentum to form a disc, and we use an 

‘ef fecti ve accretion rate’ as Ṁ eff ,i = f d Ṁ i = f d f i Ṁ cbd . 

(ii) We include a colour factor f col = 2 (Shimura & Takahara 1995 ), 

so that the ef fecti ve temperature and the spectral flux are modified as 

T eff ( r ) → f col T eff ( r ) and F ν → f −4 
col F ν , respectively, conserving the 

bolometric luminosity. 

In summary, we model the spectrum of each mini-disc as that of 

a Shakura–Sunyaev disc around a black hole of mass m i and with 

accretion rate Ṁ eff ,i , extending from r isco, i to the truncation radius 

r t, i , plus the addition of a colour factor f col to account for the higher 

temperatures achieved. 

2.3 Dual jets 

If enough magnetic flux is carried by matter falling onto the cavity, 

the mini-discs can launch powerful jets via the BZ mechanism. Con- 

sidering the well-known ‘disc–jet connection’ (Falcke & Biermann 

1995 ), we assume that the power of each jet is proportional to the 
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total accretion power onto the corresponding black hole: 

L j ,i = 
1 

2 
ηṀ i c 

2 � 6 . 3 × 10 44 η−1 

(

f i 

0 . 5 

)

ṁ M 7 erg s −1 , (3) 

where η = 10 −1 η−1 is the jet launching efficiency, Ṁ cbd = ṁ Ṁ Edd , 

with Ṁ Edd : = 1 . 39 × 10 18 ( M/ M �) the Eddington accretion rate for 

the CBD, and the factor 1/2 corresponds to a one-sided jet. Recent 

GRMHD simulations of SMBHB’s mini-discs (Paschalidis et al. 

2021b ; Combi et al. 2022 ) suggest that η � 0.1, though this 

value could be higher for more fa v ourable conditions as those of 

magnetically arrested discs (Tchekhovsk o y, Narayan & McKinney 

2011 ). 

For Poynting-flux dominated jets to radiate their energy away, 

magnetic energy must be converted to internal energy of the plasma. 

In AGN jets, dissipation of magnetic energy can occur efficiently 

through reconnection within compact regions of the jet. This, 

ho we ver, tends to occur at large distances from the black holes 

(Nalew ajk o et al. 2012 ; Giannios 2013 ). As we argue below, jetted 

SMBHBs may dissipate part of their magnetic energy very close to 

the black holes, different from single BH jets (see Section 4 ). 

At close binary separations, the two jets can easily interact if they 

have non-zero opening angles or if they are misaligned. Provided 

that no significant bending or twisting of the jets occurs, the height 

at which the two jets interact can be estimated as z dis ∼ ( r 12 /2)/ θ∗, 

where θ∗ parametrizes our ignorance about the inclination angle of 

the flow lines in the jet. In the case of aligned jets, we may expect θ∗
≈ θ j , though it can be higher for inclined jets. 

For a highly magnetized jet, the magnetic energy density in the 

jet at the dissipation height is u 
′ 
B ≈ L j ,i / (2 πθ2 

j z 
2 
dis c	 

2 
j ); then, if 

the magnetic field is predominantly toroidal, its intensity is given 

by B 
′ � 2 

√ 
L j ,i /c / ( 	 j z dis θj ) � 4 L 

1 / 2 
j ,i c 

−1 / 2 ( 	 j r 12 ) 
−1 ( θ∗/θj ). We can 

recast this in the following useful form: 

B 
′ ≈ 8 . 3 × 10 3 η

1 / 2 
−1 ṁ 

1 / 2 M 
1 / 2 
7 

×
(

f i 

0 . 5 

)1 / 2 (
	 j 

1 . 5 

)−1 (
r 12 

30 R g 

)−1 (
θ∗

θj 

)

G . (4) 

The expression above gives the magnetic field intensity at the 

interacting region and depends solely on the global properties of 

the binary and the accretion flow. In particular, for aligned spins, θ∗
≈ θ j and the magnetic field is independent of the jet opening angle. 

The interaction of the jets at a height z dis in our model resembles 

the collision of (relativistic) magnetized flux tubes. This could give 

rise to one or both of the following effects: (i) a twisting and bending 

of the jets due to the increasing magnetic pressure that each jet 

imprints in the other and (ii) encounters of regions with magnetic 

fields of opposite polarities at high speed. The first situation would 

give rise to the development of kink instabilities, which are known to 

trigger magnetic reconnection when different portions of the twisted 

jet encounter (Alves, Zrake & Fiuza 2018 ; Medina-Torrej ́on et al. 

2021 ). The second situation would directly give rise to a large- 

scale magnetic reconnection layer at the contact surface between 

the jets. Either way, magnetic energy will be efficiently released and 

transferred to the plasma in the form of bulk kinetic energy or internal 

energy. 

In our model, we assume that the interaction between the two jets 

leads to the formation of current sheets (either by the direct collision 

or as a by-product of the development of magnetic instabilities) 

and the occurrence of large-scale magnetic reconnection events 

where particles are accelerated. The typical length-scale for the 

reconnection layer, l , in our scenario is of the order of the cylindrical 

radius of the jets at the dissipation height, namely l ∼ θ j z dis ∼ r 12 /2. 

At these close distances to the holes, jets are not expected to be 

baryon loaded (Romero & Guti ́errez 2020 ; Romero 2021 ), so we 

will limit our model to pair-dominated jets. 

2.3.1 Particle acceleration and evolution 

Numerous particle-in-cell (PIC) simulations show that magnetic 

reconnection in large-scale current sheets results in the formation 

of a series of magnetized plasmoids of different sizes (Samtaney 

et al. 2009 ; Uzdensky, Loureiro & Schekochihin 2010 ; Sironi & 

Spitko vsk y 2014 ; Petropoulou, Giannios & Sironi 2016 ; Sironi, 

Giannios & Petropoulou 2016 ; Petropoulou et al. 2018 ). In the 

plasmoid frame, particles are accelerated and form an isotropic 

(non-thermal) power-law particle distribution (Zenitani & Hoshino 

2001 ; Sironi & Spitko vsk y 2011 , 2014 ; Petropoulou et al. 2019 ). The 

spectral index of the distribution, p , strongly depends on the value of 

the magnetization parameter in the non-reconnected plasma, i.e. in 

the jet, being lower (harder spectra) for higher magnetization values 

(Guo et al. 2014 ; Sironi & Spitko vsk y 2014 ; Guo et al. 2015 , 2016 ; 

Sironi et al. 2016 ; Werner et al. 2016 ; Petropoulou et al. 2019 ; Guo 

et al. 2021 ). 

Magnetic energy is released through magnetic reconnection at a 

rate β rec = v rec / c , where v rec is the reconnection speed. For relativistic 

reconnection, v rec � v A , where v A ∼
√ 

σ/ ( σ + 1) c is the Alfv ́en 

speed and σ is the plasma magnetization. The power transferred to 

the non-thermal particles in the plasma is then L 
′ 
e ≈ u 

′ 
B πl 2 βrec c. 

For simplicity, we assume that a single spherical blob of size 

R 
′ 
b ∼ l contains the accelerated particles, which are injected with a 

power-law spectrum in the blob’s comoving frame: 

Q 
′ ( γ ′ ) = Q 

′ 
0 γ

′−p H [ γ ′ ; γ ′ 
min , γ

′ 
max ] . (5) 

Here, H [ x ; x 1 , x 2 ] is the Heaviside function and Q 
′ 
0 , γ

′ 
min , γ

′ 
max are 

unknowns that we fix below. The normalization Q 
′ 
0 is determined by 

the condition m e c 
2 
∫ γ ′ 

max 
γ ′ 

min 
dγ ′ γ ′ Q 

′ ( γ ′ ) = L 
′ 
e . Simulations also show 

that only a fraction f e ∼ 0.3 of the particles are accelerated (Hoshino 

2022 ; French et al. 2023 ), so that the non-thermal particle injection 

rate is Ṅ 
′ 
e = 

∫ γ ′ 
max 

γ ′ 
min 

dγ ′ Q 
′ ( γ ′ ) ∼ f e n 

′ 
e πl 2 v rec . Then, we can estimate 

the mean Lorentz factor as 

〈 γ ′ 〉 ∼ L 
′ 
e / ( Ṅ 

′ 
e m e c 

2 ) ∼ 2 f −1 
e σ ′ , (6) 

since u 
′ 
B /n 

′ 
e = 2 σ ′ m e c 

2 . 

Depending on whether p > 2 (soft spectrum) or p < 2 (hard 

spectrum), the mean Lorentz factor constrains the minimum and 

maximum Lorentz factor of the distribution, respectiv ely. F or a pair 

plasma with p > 2, and assuming γ ′ 
max 
 γ ′ 

min , we can explicitly 

integrate the numerator and denominator in the expression of 〈 γ ′ 〉 , 
and use equation ( 6 ), to get 

γ ′ 
min ≈ 2 f −1 

e σ ′ ( p − 2) 

( p − 1) 
. (7) 

The maximum Lorentz factor in this case is determined by the 

balance between the acceleration and cooling time-scales: t ′ acc = t ′ cool . 

The acceleration time-scale can be parametrized in a general way as 

(Dermer & Menon 2009 ) 

t ′ acc = 
γ ′ 

γ̇ ′ = 
γ ′ m e c 

ζacc eB ′ 
≈ 5 . 7 × 10 −4 γ ′ ζ−1 

acc , −4 B 
′−1 

� 10 −7 γ ′ ( 	 j / 1 . 5) ζ−1 
acc , −4 η−1 

−1 / 2 ṁ 
−1 / 2 M 

1 / 2 
7 

(

r 12 

30 R g 

)

s , (8) 

where e is the electron charge and ζ acc = 10 −4 ζ acc, −4 measures the 

acceleration efficiency, which may be as large as ∼β rec in case of 
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direct acceleration by the reconnection electric field E 
′ 
rec ∼ βrec B 

′ , 

but much lower for 1st order Fermi acceleration (e.g. del Valle, de 

Gouveia Dal Pino & Kowal 2016 ). The dominant cooling process 

for the non-thermal particles in our scenario is synchrotron radiation 

with a cooling time-scale 

t ′ sy ( γ
′ ) ≈ 11 ×

(

B 
′ 

4 . 5 × 10 3 G 

)−2 

γ ′−1 s 

∼ 25 γ ′−1 η−1 
−1 ṁ 

−1 M 7 

(

	 j 

1 . 5 

)2 (
r 12 

30 R g 

)2 

s , (9) 

and thus the maximum Lorentz factor results 

γ ′ 
max = 

√ 

6 πeζacc 

σT B ′ 

� 1 . 26 × 10 4 ζ
1 / 2 
acc , −4 η−1 

−1 / 4 ṁ 
−1 / 4 M 

1 / 4 
7 

(

	 j 

1 . 5 

)1 / 2 (
r 12 

30 R g 

)1 / 2 

, 

(10) 

where σ T is the Thomson cross-section. 

On the other hand, if p < 2, most of the energy is carried by 

the highest energy particles, and γ ′ 
max is directly limited by the 

magnetization σ ′ (Sironi & Spitko vsk y 2014 ; Guo et al. 2015 ; Werner 

et al. 2016 ): 

γ ′ 
max = 

[

2 σ ′ f −1 
e 

(2 − p) 

( p − 1) 

]1 / (2 −p) 

. (11) 

Here, γ ′ 
min is not constrained and thus we simply set γ ′ 

min = 1. 

In addition to cooling down, particles will leave the blob with a 

time-scale t ′ esc � R 
′ 
b /c ∼ 6 . 6 × 10 2 ( r 12 / 30 R g ) M 7 s. We then have 

in general t ′ sy � t ′ esc , namely we are al w ays in the fast-cooling 

regime, and the particle energy distribution can be approximated 

as N 
′ ( γ ′ ) ≈ Q 

′ ( γ ′ ) t ′ sy ∝ γ ′−p+ 1 . 

2.3.2 Non-thermal radiation 

Once we have obtained the particle energy distribution in the 

comoving frame of the plasma, N 
′ ( γ ′ ), we calculate the non-thermal 

radiation produced by synchrotron and SSC emission using the pub- 

licly available code agnpy . 1 (Nigro et al. 2022 ). The synchrotron and 

SSC emissivities, j 
′ (sy) 
ν′ and j 

′ (ssc) 
ν′ , are calculated as outlined in Finke, 

Dermer & B ̈ottcher ( 2008 ), and we consider the internal synchrotron- 

self-absorption (SSA) at lower energies and the absorption due to the 

photo-pair creation process ( γ γ → e + e −) at high energies (Dermer & 

Menon 2009 ). Finally, the observed spectral flux on Earth for a 

source at a luminosity distance d L (corresponding to a redshift z) is 

(Dermer & Menon 2009 ) 

νF ν = 

(

3 u ( τ ) 

τ

)

D 
4 V 

′ 
b 

d 2 L 

ν ′ 
(

j 
′ (sy) 
ν′ + j 

′ (ssc) 
ν′ 

)

, (12) 

where ν = Dν ′ / (1 + z), and 

u ( τ ) = 
1 

2 
+ 

e −τ

τ
−

(

1 − e −τ
)

τ 2 
, (13) 

where τ = 2 R 
′ 
b ( κ

′ 
ssa + κ ′ 

γ γ ) is the total internal optical depth, κ ′ 
ssa and 

κ ′ 
γ γ are the absorption coefficients due to SSA and γ γ absorption, 

respectively, V 
′ 

b = (4 / 3) πR 
′ 3 
b is the blob’s volume, and D is the 

Doppler factor of the blob. The latter depends on the direction and 

the Lorentz factor with which the blob mo v es in the jet comoving 

1 https:// github.com/ cosimoNigro/ agnpy 

Table 1. Parameters of the fiducial model. 

Parameter Description Fiducial value 

M Total mass of the system 10 7 M �
q Mass ratio of the system 1 

r 12 Binary separation 30 R g 

χ1 , χ2 Norm. spins of the black holes 0.9 

i Viewing Angle arccos βj 

Ṁ cbd Accretion rate of the CBD Ṁ Edd 

f 1 , f 2 Mini-disc’s accretion rate fraction 0.5 

f d Circularized acc. rate fraction 0.2 

η Jet launching efficiency 0.1 

	 j Jet Lorentz factor 1.5 

σ ′ Jet comoving magnetization 10 

p Spectral Index 2.1 

f e Fraction of particles accelerated 0.3 

βrec Reconnection rate 0.2 

ζ acc Acceleration efficiency 10 −4 , 0.2 

frame. For simplicity, we assume that the blob is non-relativistic in 

the jet proper frame and thus it mo v es with the same bulk motion 

as the jet; hence, D = 
[

	 j 

(

1 − βj cos i 
)]−1 

, where i is the viewing 

angle. In the next section, we show SEDs of observed luminosity 

defined as L ν = 4 πd 2 L F ν . 

3  RESULTS  

The physical model described in the previous section allows us to 

estimate the non-thermal emission produced by the interaction of 

dual jets in an SMBHB system at close separations. To explore this 

emission, we first define a reference model considering an SMBHB 

system with a total mass M = 10 7 M � and a separation r 12 = 30 R g , 

surrounded by a CBD accreting at the Eddington rate, Ṁ cbd = Ṁ Edd . 

We also assume that the two black holes are identical ( q = 1), fast- 

rotating ( χ i � 0.9), and have mini-discs with f i = 0.5 and f d = 

0.2 that launch conical jets with an opening angle θ j = 0.1 and an 

efficiency η1, 2 = 0.1. At the interaction point z ∼ z dis , we assume a 

moderate jet Lorentz factor 	 j = 1.5. Finally, we take a viewing angle 

i = arccos βj for simplicity, since then the Doppler factor is � = 	 j . 

At such close distances to the launching point, jets are expected 

to be magnetically dominated and pair-dominated. The minimum 

Lorentz factor of the non-thermal energy distribution of electrons is 

given by equation ( 7 ) and results in γ ′ 
min ≈ 4. The maximum Lorentz 

factor is determined by the balance between acceleration and cooling 

and strongly depends on the acceleration efficiency (equation 10 ). 

For this reason, we consider two values for this parameter: ζ acc = 

10 −4 , namely a low acceleration efficiency, and ζ acc = β rec = 0.2, 

namely maximum acceleration efficienc y. F or these cases, we obtain 

γ ′ 
max ≈ 10 4 and 5 × 10 5 , respectively. These parameter values are 

summarized in Table 1 . 

3.1 Spectral energy distributions 

Fig. 2 shows the SED for the reference model including the emission 

from the CBD, the mini-discs, and the dual jet interacting region. 

We also show the emission from the counter-jets, which is a factor 

≈ 	 
8 
j ≈ 25 times smaller than the jet emission. The CBD and the 

mini-discs produce a thermal spectrum of comparable luminosity 

(for this separation), with peaks at UV frequencies of ∼2 × 10 15 Hz 

and ∼3 × 10 16 Hz, respectively. The jet interacting region emits 

a non-thermal spectrum consisting of two superposed broad bumps 

due to synchrotron emission (red line in Fig. 2 ) and SSC (purple 
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Figure 2. Spectral energy distribution for our reference model of an accreting 

SMBHB with a dual jet interaction occurring at z dis . The parameters of the 

model are given in Table 1 . (a) Low acceleration efficiency: ζ acc = 10 −4 . (b) 

High acceleration efficiency: ζ acc = βrec = 0.2. The different contributions 

to the SED are shown in different line styles and colours: CBD (dashed blue 

line), mini-discs (dashed green line), dual jet synchrotron emission (solid 

red line), and dual jet SSC emission (solid purple line). The black solid line 

shows the total spectrum corrected by internal γ γ absorption and SSA. The 

solid grey line shows the total spectrum of the counter-jet (CJ). The vertical 

dashed lines show the SSA frequency ( νssa ), the maximum frequency for the 

synchrotron spectrum ( νmax ), and the γ γ absorption frequency, where τ γ γ ∼
1 ( νγ γ ). We also show the spectral indices of the SED in each characteristic 

band. 

line). The synchrotron spectrum is divided into three regions. Below 

the SSA frequency νssa (see, e.g. Ghisellini 2013 ), the emission is 

self-absorbed and the spectrum behaves as F ν ∝ ν5/2 . For frequencies 

higher than νssa and lower than the peak frequency of emission for 

the most energetic electrons, νmax ≈ νsyn ( γ
′ 
max ) = 	 j (3 / 2) γ ′ 2 

max νL , the 

synchrotron spectrum is a power-law of index α ≈ p /2 = 1.05; 

here, νL = eB 
′ /2 πm e c is the Larmor frequency. If the maximum 

Lorentz factor is given by equation ( 10 ), then νmax only depends 

on the acceleration efficiency and the Lorentz factor: νmax ∼
9 × 10 18 ( 	 j /1.5) ζ acc, −4 Hz. This gi ves v alues of � 10 19 Hz and 

≈10 22 Hz for the cases with low and high acceleration efficiency, 

respectively . Finally , above νmax , the synchrotron spectrum decreases 

exponentially. 

The SSC spectrum ranges from ∼ γ ′ 2 
min νssa ∼ 2 × 10 15 Hz to 

the Klein–Nishina limit for the most energetic electrons: E 
(ssc) 
max ∼

	 j γ
′ 
max m e c 

2 ( � 10 GeV for ζ acc = 10 −4 and ≈300 GeV for ζ acc = 

0.2). Nevertheless, the total spectrum is strongly affected by γ γ

absorption abo v e νγ γ ≈ 2 − 3 × 10 21 Hz, where the luminosity is 

attenuated by a factor τ−1 
γ γ ∝ ν−b , with b ≈ 1. For νmax < ν < νγ γ , 

the SSC spectrum is the result of the up-scattering of the power-law 

synchrotron photons and then shares the same spectral index α. In the 

scenario with efficient acceleration, however, we have νγ γ ∼ νmax 

and the SSC spectrum is completely absorbed. 

3.1.1 Dependance on the model parameters 

We now explore how the SED varies under changes in the values of 

the model parameters. Fig. 3 shows SEDs for four scenarios where 

in each of them one parameter is varied in a given range: (a) the 

black hole separation r 12 between 30 and 200 R g ; (b) the total mass 

of the system between 10 6 and 10 9 M �; (c) the jets’ Lorentz factor 	 j 

between 1 and 5; and (d) the viewing angle i between 0 and 90 ◦. In 

each case, the remaining parameters are fixed to the reference values 

shown in Table 1 , except for scenario ‘c’, where we take i = 0 ◦ so 

that the Doppler factor D monotonically increases with 	 j . 

Panel (a) shows that the SED changes very little with the black 

hole separation. This is because the particle energy distribution is 

dominated by synchrotron cooling and thus the synchrotron power 

is of the order of the injected electron power: L sy ∼ L 
′ 
e ∝ B 

′ 2 l 2 ∼
const. (see Section 2.3.1 ), since B 

′ ∝ r −1 
12 (equation ( 4 )) and l ∼ r 12 . 

The spectrum ho we ver is broader for larger separations, where the 

emission region is larger (less compact) and then νssa is lower, and 

νγ γ is larger. This implies that during the evolution of the orbit, as 

the orbit shrinks, the emission shows a secular flux decrease in both 

the low-energy and the high-energy ends of the spectrum (IR and 

∼10 MeV, respectively, for the reference model). 

The CBD luminosity does change with separation since its 

inner edge depends on it, r edge ∼ 2 r 12 , and then its luminosity 

is ∝ M Ṁ cbd r 
−1 
edge ∼ ṁ ( r 12 /R g ) 

−1 . The mini-disc spectrum is also 

expected to vary with r 12 , since for higher separations, the ratio 

r t / r isco would be larger and mini-discs would be more similar to 

normal discs; this, in turn, would imply a higher value of f d . However, 

this is not reflected in our model as we have kept this parameter fixed. 

Panel (b) shows how the SED varies with the system’s total mass. 

Here, the dual jet luminosity scales linearly with the total mass as 

νL ν ∝ L 
′ 
e ∝ B 

′ 2 l 2 ∝ M 7 , whereas νssa ∝ M 
−0 . 36 
7 . As expected, the 

frequency of the thermal peak of the discs’ spectrum is proportional 

to the maximum temperature, which is T disc ∝ M 
−0 . 25 
7 , whereas the 

luminosity is ∝ r 2 12 T 
4 

disc ∼ M 7 . 

Finally, in Panels (c) and (d), we show the dependence of the SED 

on the Doppler factor, by changing either the jets’ Lorentz factor at 

the dissipation height z dis or the viewing angle. For the first case, we 

fixed the line-of-sight viewing angle to 0 ◦, so that the Doppler factor 

(and hence the luminosity enhancement) increases monotonically 

with the Lorentz factor: D = [ 	 j (1 − βj )] 
−1 = 	 j (1 + βj ). For 	 j � 

2.5, the dual jet spectrum o v ercomes the discs’, and it reaches a 

maximum of L ∼ 5 × 10 45 erg s −1 for 	 j ≈ 5. On the other hand, 

for a fixed value of 	 j , a change in i affects not only the Doppler 

factor but also the discs’ emission, because the greater the viewing 

angle, the smaller the discs’ ef fecti ve surface: L disc ∝ cos i . This 

maintains an approximately constant ratio between dual jets’ and 

discs’ luminosity. 

3.1.2 Magnetization 

We consider separately the SED dependence with the magnetization 

σ ′ , since it changes qualitatively the shape of the non-thermal 

spectrum. The magnetization determines the maximum (if σ ′ 
 1) 

and minimum particle energy (equations 7 and 11 ) and the spectral 

index of the distribution, p , while it also influences, though weakly, 

the magnetic field and the total reconnected po wer. Follo wing the 

results by Petropoulou et al. ( 2016 ), we explore three scenarios 
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Figure 3. Spectral energy distribution of an SMBHB with dual jet emission for four scenarios where, in each of them we vary: (a) the black hole separation 

r 12 , (b) the total mass of the system M , (c) the Lorentz factor 	 j , and (d) the viewing angle i . The remaining parameters are fixed to their values in the reference 

model, except for i in panel (c) where we fixed it to i = 0 ◦. The dashed lines show the CBD + mini-disc emission whereas the solid lines show the total emission 

after absorption. 

of low, medium, and high magnetization of the jets. These three 

scenarios have different values for the pair ( σ ′ , p ), which are (3, 3), 

(10, 2.1), and (50, 1.5), respectively. The other parameters are fixed 

to the values of the reference model. 

Fig. 4 shows the SED for these three scenarios. The dot-dashed 

dark line shows the discs’ emission which is independent of mag- 

netization, while the dashed coloured lines show the dual jet non- 

thermal emission without absorption. Solid lines correspond to the 

total emission for the three scenarios, corrected by SSA and γ γ

absorption. The SSA frequency is approximately constant for the 

three scenarios, which then show the same spectrum at low energies. 

The SEDs are a power-law of index −p /2 + 1 between soft X- 

rays (where the mini-disc spectrum decays exponentially) and the 

minimum between νmax , determined by γ ′ 
max , and νγ γ . For σ ′ = 

50, the maximum energy of the particle distribution is limited by 

σ ′ and reaches an intermediate value between the two limits set by 

the synchrotron losses in the reference model (this can be lower for 

a low acceleration efficiency). The spectrum is νL ν ∝ ν0.25 up to 

an energy εmax ≈ 330 keV, where the synchrotron spectrum decays 

exponentially, whereas the SSC spectrum is fully absorbed; abo v e 

this energy, the SED decays as νL 
(ssc) 
ν /τγ γ ∝ ν− p 

2 + 1 /ν ∼ ν−0 . 75 . For 

σ ′ = 3, the SED goes as ∝ ν−0.5 until νγ γ , where the spectral index 

softens to ≈1.5. 

We conclude that the higher the magnetization, the higher the non- 

thermal signal at energies abo v e the mini-discs thermal spectrum end. 

Figure 4. Spectral energy distribution for an accreting SMBHB with dual jet 

emission for different values of the jet magnetization (dot dashed lines). For 

σ ′ = 3, we take p = 3; for σ ′ = 10, we take p = 2.1; and for σ ′ = 50, we take 

p = 1.5. For the reference model ( σ ′ = 10, p = 2.1), we show the two models 

for low and high-acceleration efficiency. We also show the spectral indices 

for the power-law part of the spectrum: νF ν ∝ ν− s−1 
2 + 1 . Dashed black lines 

show the emission from the CBD + mini-discs and solid lines show the total 

emission. 
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3.2 Emission variability 

If the energy injection in the collision region is modulated in time, 

either by large-scale motions of the jets or by accretion rate variability 

at BH scales, the non-thermal radiation from the interaction can 

inherit this variability. As we discuss below, the outcome is different 

if the jets are aligned ( θ s ≈ 0) or misaligned ( θ s > θ j ), where θ s is 

the inclination angle of the black hole spin. 

3.2.1 Misaligned jets 

In a gas-rich environment, BHs with arbitrary spin directions will 

interact with the accretion flow in a process that will tend to align the 

spins with the angular momentum of the disc (Bardeen & Petterson 

1975 ; Liska et al. 2019 , 2021 ). In the case of SMBHBs, there are 

still large uncertainties on whether spin directions align completely 

or not before the merger (Bogdano vi ́c, Re ynolds & Miller 2007 ; 

Dotti et al. 2010 ; Lodato & Gerosa 2013 ; Gerosa et al. 2015 ; Gerosa, 

Rosotti & Barbieri 2020 ; Nealon et al. 2022 ). If the BHs maintain 

misaligned spins during the inspiralling phase, jet launching can be 

strongly affected. Simulations of tilted accretion discs onto single 

BHs have found that both the inner disc angular momentum and the 

jets launched by the BZ mechanism tend to align with the BH spin 

(McKinne y, Tchekho vsk o y & Blandford 2013 ). Such an alignment 

may be weak (e.g. in standard thick discs) or very strong (e.g. in thin 

magnetically arrested discs) (Liska et al. 2018 ). At larger distances 

from the engine, ho we ver, the jet bends and aligns with the angular 

momentum of the outer disc due to pressure forces e x erted by the 

corona and winds. In the case of binary accretion, such an alignment 

of the jets with the angular momentum of the CBD may happen much 

further away from the black holes than in the single BH case. This 

is so because the relatively small size of the mini-discs ( r t ∼ 0.3 r 12 ) 

and the truncation of the CBD far from the horizons (at r edge ∼ 2 r 12 ) 

will significantly decrease the pressure forces e x erted to the outflow 

in the cavity region. 

Given the above considerations, an SMBHB with misaligned 

spins may launch misaligned jets, which then, due to the orbital 

motion, would interact with each other only during a fraction of 

the orbit. The process occurs in the following way: as the two jets 

get close enough carried by the orbital motion, each of them will 

start to feel the magnetic pressure of the other jet. As the pressure 

increases, the magnetic flux will start to pile up on the edges, 

until the jets merge, bounce back, disrupt each other, or tunnel 

across (Linton, Dahlburg & Antiochos 2001 ). Although a robust 

understanding of the dynamics and radiation of colliding jets requires 

detailed numerical simulations, we give here an order-of-magnitude 

estimation for the time-scales associated with the envisioned 

interaction. 

Let us approximate the jets as two flux tubes approaching with 

a speed ∼2 v bin ∼ �bin r 12 towards each other. The contact surface 

between the jets will have a length scale of the order of the jet 

cylindrical radius R ∼ θ j z dis . After the flux tubes touch, each jet will 

start to compress and get deformed due to the magnetic pressure of the 

other; we quantify this deformation by a non-dimensional parameter 

ε, such that εR is the length scale of the deformation. Under these con- 

ditions, a current sheet will form along the contact surface provided 

the compression speed is of the order of the reconnection speed: 

ε̇R ∼ v rec � v A , where we have assumed relativistic reconnection 

(Zweibel & Rhoads 1994 ; Lyutikov & Uzdensky 2003 ). The maximal 

deformation corresponds to ε ∼ 1, which sets a characteristic time- 

scale �t int ∼ ε/ ̇ε ∼ ε̇−1 ∼ R/v rec , and gives an estimation for the 

duration of the interaction. Considering that z dis ∼ r 12 /(2 θ s ) (see 

Figure 5. Contour plot of the characteristic time-scales in the observer frame 

for the flare duration (left panel, � t int ) and flare period (right panel, equal 

to P bin ) as a function of the binary separation (in geometrized units) and the 

total mass of the system. The redshift is z = 0.2. 

Section 2.3 ), we can rewrite this time-scale as 

�t int ≈ 7 . 3 × 10 3 M 7 

(

r 12 

30 R g 

)(

βrec 

0 . 2 

)−1 (
θj 

θs 

)

s . (14) 

The interaction would be followed by a period of quiescence until 

the jets encounter each other again after one orbit. In summary, 

these jet encounter events might give rise to non-thermal flares with 

a duration � t int (equation 14 ) that repeat periodically after ∼P bin 

(equation 2 ). Fig. 5 shows these two time-scales as a function of 

the geometrized binary separation, r 12 / R g , and the total mass of the 

system, M ; we hav e fix ed v rec = 0.2 c , θ s = 0.2, θ j = 0.1, and 

considered a redshift z = 0.2. The duration of the flares goes from 

∼minutes to ∼months, while the period of repeating ranges from 

∼hours to ∼years, increasing with both black hole separation and 

total mass. 

3.2.2 Aligned jets 

As we discussed in the previous sections, aligned dual jets would 

interact at a height z dis ∼ r 12 /(2 θ j ) due to the non-zero jet opening 

angle. Because the interaction is persistent rather than temporary 

as in the misaligned case, the potential variabilities associated with 

the non-thermal emission will be mainly mediated by the intrinsic 

variability in the Poynting flux. This, in turn, is mediated by the 

accretion rate in the mini-discs (see equation ( 3 )), which means that 

MHD variabilities induced by the binary accretion can be translated 

to the dual jet non-thermal emission. 

The CBD emits a non-periodic thermal spectrum that only varies 

secularly as the binary orbit shrinks due to GW emission. In contrast, 

the mini-discs’ emission may oscillate periodically as ∼cos ( ωt ) 

due to at least two effects: the modulation of the accretion rate, 

f i ( t ), for example due to the presence of a ‘lump’ in the CBD 

(see Bowen et al. 2018 ; Bowen et al. 2019 ; Combi et al. 2022 ), 

ω ∼ �bin − �lump ∼ 0.7 �bin , and the relativistic beaming (and de- 

beaming) imprinted by the fast orbital motion of the black holes 2 , ω 

∼ �bin (D’Orazio, Haiman & Schiminovich 2015b ). The accretion 

modulation, if present, would be translated to the jet power and thus 

2 At the fiducial separation of r 12 ≈ 30 R g , the orbital velocity of the black 

holes is v orb ∼ 0.18 c , and the luminosity ratio between the maximum and 

minimum of the cycle can be as large as ∼4 for an edge-on view. 



514 E. M. Guti ́errez et al. 

MNRAS 532, 506–516 (2024) 

to the non-thermal emission, which would occur with a delay � z dis / c 

to the mini-disc emission. 

Finally, additional potential modulation in the non-thermal emis- 

sion can arise due to the jet precession, which in SMBHBs may 

occur due to inertial forces produced by the orbital mo v ement, spin 

precession due to the spin–orbit or spin–spin coupling, or mini-disc 

precession. All these effects would induce modulations with periods 

longer than the orbital period. 

4  DISCUSSION  

A fraction of the AGNs in the Universe produces powerful relativistic 

jets that can be radio-loud on kpc scales and also radiate high- 

energy emission from X-rays to γ -rays (Ulrich, Maraschi & Urry 

1997 ; Fossati et al. 1998 ). Jetted AGN spectra typically show a 

double-humped structure formed by a low-energy hump, likely due 

to synchrotrons from electrons in the jets, and a high-energy hump 

from hard X-rays to γ -rays (cf. Bloom & Marscher 1996 ; Rani 

et al. 2019 ). There are still uncertainties within models to explain 

the origin of the high-energy component, which can be leptonic 

(SSC or external inverse Compton with soft photons from the broad 

line region or the dusty torus) or hadronic (pp or p γ emission), e.g. 

(Celotti & Ghisellini 2008 ; Petropoulou & Dimitrakoudis 2015 ). The 

main mechanisms responsible for the energy dissipation in AGN jets 

are magnetic reconnection and shocks. Because these sources are 

bright both in radio and γ rays ( > 10 GeV), the dissipation region 

should not be too compact to a v oid self-absorption, and is likely 

located outside the broad line region, at ∼ pc-scales from the BH, or 

otherwise it would show absorption features (Costamante et al. 2018 ). 

The variability observed at high energies, on the contrary, suggests 

that this component may come from more compact regions (Aleksi ́c 

et al. 2011 ), and it can be of the order of minutes to hours. This 

is thought to arise mainly due to internal processes in the emitting 

region and is strongly affected by relativistic contraction: δt obs � δt ′ . 

The emission from dual jet interaction we envisioned here presents 

some key differences to that of single black hole jets. First, the char- 

acteristic variability time-scales associated with dual jet emission 

would be comparable to the binary orbital period, ranging from hours 

to years depending on the separation and total mass of the system (see 

Fig. 5 ). If the jets are misaligned, the nonthermal emission will only 

be present when the jets encounter each other once per orbit, while 

the CBD and mini-disc emission is persistent. Though difficult to 

unambiguously determine its origin, detecting such flaring radiation 

would be a promising smoking gun to identify dual jet emission from 

SMBHBs. 

Second, dual jet interaction provides a natural mechanism for a 

strong magnetic dissipation of the jet power at very close distances 

to the black holes. The emission region is then very compact and 

magnetized, and the resultant spectrum is self-absorbed both at low 

and high energies; we predict little emission abo v e ∼(10–100) MeV. 

Hence, efforts to look for variability in dual jets should be fa v oured 

from future sub-GeV observatories such as AMEGO-X (Caputo et al. 

2022 ), e-ASTROGRAM (De Angelis et al. 2017 ), and GRAMS 

(Aramaki et al. 2020 ). We also notice that the emission from a dual 

jet interaction can be largely correlated to the UV/soft X-ray bands 

associated with the mini-disc emission. In the case of aligned spins, 

the dominant modulations in the dual jet emission would likely be 

linked to modulations in the accretion rate onto the binary ca vity, b ut 

its nonthermal spectrum would co v er a much broader range than the 

thermal emission from the accretion discs. 

We have centred our analysis on SMBHBs at relatively small 

separations, r 12 � 100 r g . Dual jet interaction from larger separation 

binaries might also result in strong non-thermal emission, but the 

scenario may differ from the magnetically dominated case we 

envisioned here. The interaction will occur much farther from the 

engine where the jets have a lower magnetization and a larger inertia. 

Hence, the dissipation will likely be dominated by other processes 

such as shocks triggered by the dual jet collision. The resultant 

interacting region would be less compact decreasing the effect of 

internal absorption at low and high energies. 

On the other hand, we have focused on equal-mass binaries, which 

will likely be common at close separations 3 At larger separations, 

unequal-mass binaries would be more common and the dual jet 

structure would be different from our scenario, with one jet much 

more powerful than the other. The presence of double jets, in this 

case, might translate into periodic perturbations in the dominant jet’s 

emission. This could be similar to the aligned scenario considered in 

our work, though with a much lower perturbation amplitude in the 

emission. 

5  SUMMARY  A N D  C O N C L U S I O N S  

We hav e dev eloped a model to calculate the emission produced by the 

interaction of dual jets launched by SMBHB in the GW-dominated 

re gime. We hav e shown that the interaction re gion between two 

magnetized jets is prone to form large-scale reconnection layers 

where magnetic energy is released. Part of this energy is transferred 

to the particles from the jets, which are accelerated and form a non- 

thermal distribution. 

Our main conclusions and findings can be summarized as follows: 

(i) Magnetic reconnection accelerates particles in the collision 

region. These particles cool by synchrotron radiation and SSC. 

Because the jet interaction region is compact and highly magnetized, 

the emission is internally absorbed at low frequencies ( � 10 13 Hz) 

due to SSA and at high energies ( � 10 MeV) due to γ γ absorption. 

The non-thermal SED shape strongly depends on the magnetization 

of the jets and peaks at energies � MeV if σ > 10 and p < 2 (see 

Fig. 4 ). 

(ii) The luminosity and SED from dual jet interactions is not 

greatly affected by the separation of the binary, as long as the jets are 

magnetically dominated when they interact ( z dis < 10 3 R g ). 

(iii) If the jets are misaligned with the angular momentum of the 

binary, the interaction can occur only during some parts of the orbit, 

giving rise to periodic non-thermal flares (see Fig. 5 for characteristic 

time-scales for the duration and period of these events). If the jets 

are aligned, the non-thermal emission could be modulated similarly 

to the mini-disc emission, but with a time delay. 

(iv) Interacting dual jets suffer strong magnetic dissipation at close 

distances to the BHs, and thus the emission is more absorbed than in 

single AGNs both at low and high energies. Variability, when present, 

would also be different from most AGN/Blazar sources since it would 

be linked to the orbital motion of the BHs. 

We conclude by emphasizing that much further numerical work 

will be needed to fully understand the properties of dual jet inter- 

actions, both in the microphysical realm, e.g. through plasma sim- 

ulations of relativistic colliding flux tubes, and in the macrophysics 

3 In an unequal-mass accreting binary, the secondary receives most of the 

mass and grows more rapidly than the primary, leading the system to unity 

mass ratios if the accretion rate is high enough during the whole evolution 

(Noble et al. 2021 ) 
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realm, e.g. through large-scale GRMHD simulations of jet production 

in SMBHBs. 
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