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A B S T R A C T 

Black hole and neutron star environments often comprise collisionless plasmas immersed in strong magnetic fields and intense 
baths of low-frequency radiation. In such conditions, relativistic magnetic reconnection can tap the magnetic field energy, 
accelerating high-energy particles that rapidly cool by inverse Compton (IC) scattering the dense photon background. At the 
highest particle energies reached in bright gamma-ray sources, IC scattering can stray into the Klein–Nishina regime. Here, 
the Comptonized photons exceed pair-production threshold with the radiation background and may thus return their energy to 

the reconnecting plasma as fresh electron–positron pairs. To reliably characterize observable signatures of such Klein–Nishina 
reconnection, in this work, we present first-principles particle-in-cell simulations of pair-plasma relativistic reconnection coupled 

to Klein–Nishina and pair-production physics. The simulations show substantial differences between the observable signatures 
of Klein–Nishina reconnection and reconnection coupled only to low-energy Thomson IC cooling (without pair production). The 
latter re gime e xhibits strong harder -when-brighter beha viour; the former inv olves a stable spectral shape independent of o v erall 
brightness. This spectral stability is reminiscent of flat-spectrum radio quasar (FSRQ) GeV high states, furnishing evidence that 
Klein–Nishina radiative physics operates in FSRQs. The simulated Klein–Nishina reconnection pair yield spans from low to 

order-unity and follows an exponential scaling law in a single governing parameter. Pushing this parameter beyond its range 
studied here might give way to a copious pair-creation regime. Besides FSRQs, we discuss potential applications to accreting 

black hole X-ray binaries, the M87 

∗ magnetosphere, and gamma-ray binaries. 

Key words: acceleration of particles – magnetic reconnection – radiation mechanisms: general – relativistic processes – gamma- 
rays: general. 
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 I N T RO D U C T I O N  

he gamma-ray sky is studded with relativistic compact objects 
neutron stars and black holes (of which the most numerous 

bserved varieties are, respectively, pulsars and blazars: Wakely & 

oran 2008 ; Abdollahi et al. 2020 ). These systems – and connected
henomena including winds, jets, and accretion discs – frequently 
ost collisionless highly magnetized plasmas, with magnetic energy 
ensity exceeding not just the pressure (i.e. small plasma beta) but 
lso the rest-mass energy density of the charge-carrying particles. In 
uch plasmas, relativistic magnetic reconnection (Blackman & Field 
994 ; Lyutikov & Uzdensky 2003 ; Lyubarsky 2005 ; Watanabe &
ok o yama 2006 ) efficiently siphons off the excess magnetic field
nergy, using it to accelerate relativistic particles and drive relativistic 
ollective motion. The energized particles are then revealed by the 
ight that they shine toward Earth, including in the gamma-ray band. 
elativistic magnetic reconnection is, hence, an important candidate 
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echanism for powering high-energy phenomena linked to the most 
ompact objects in the Universe. 

In some astrophysical situations, there is a well-defined time-scale 
eparation between abrupt reconnection-powered particle accelera- 
ion and much slo wer radiati ve losses. In this radiatively inefficient
egime, observable emission traces particle energization that has 
ccurred in the past. This limit is seldom realized, ho we ver, in the
lasma environments of compact objects, where intense magnetic 
nd radiation fields lead to rapid synchrotron and inverse Compton 
IC) cooling. Then, the problem can no longer be cleanly factorized
nto a sudden acceleration step followed by a more prolonged cooling
tage. Instead, radiative cooling couples in real time to reconnection, 
racing active (as opposed to past) particle acceleration, and feeding 
ack on the reconnection process: a qualitatively distinct radiative 
econnection regime (Uzdensky 2011 , 2016 ; Mehlhaff et al. 2021 ). 

In the low-energy, optically thin limit where the synchrotron 
nd IC photons freely escape the system – what we might call
lassical radiative reconnection – radiative losses, while dynamically 
mportant, do not change the fundamental flow of energy from the
on-radiative case. Magnetic fields serve as the main energy source 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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or particle acceleration, while the primary energy sink is the emis-
ion mechanisms that efficiently and permanently remo v e liberated
agnetic energy from the system. Ho we ver, for the gamma-ray-

right relativistic compact objects, the photons emitted at the highest
nergies are abo v e threshold for various quantum electrodynamical
QED) pair production channels. This fundamentally alters the
athways available to the energy in radiative reconnection, allowing
adiation to not just carry energy away from the reconnection site,
ut also to redistribute it in real time in the form of freshly produced
lectron–positron pairs. Such QED radiative reconnection is thus
istinguished from merely classical radiative reconnection in its
apacity to alter the plasma material composition and in the key
ole played by photons as a dynamically important particle species
Uzdensky 2011 , 2016 ; Uzdensky et al. 2019 ). 

To interpret observations of systems where QED reconnection
ay occur, modelling efforts must employ a self-consistent ki-

etic plasma description. Such a description is already needed
o model collisionless relativistic magnetic reconnection in the
on-radiative and classical radiative regimes, because it captures
he critical microphysics go v erning the reconnection rate (i.e. the
ate of magnetic energy dissipation) as well as the production of
on-thermal particle energy distributions and correspondingly non-
hermal emission spectra. In the case of QED reconnection, a kinetic
aradigm is even more imperative. The QED cross-sections depend
ensitively on the energies of both the emitting particles and the pair-
roducing photons, placing an even greater importance on capturing
nergization self-consistently. 

All of the necessary kinetic physics can be incorporated by
ugmenting ab initio particle-in-cell (PIC) simulations (Hockney &
astwood 1988 ; Birdsall & Langdon 1991 ) with QED physics.
he small number of PIC reconnection studies that have done

his have focused on a select few QED interactions. For exam-
le, Hakobyan, Philippov & Spitko vsk y ( 2019 ) present a regime,
xpected in pulsar magnetospheres, where particles suffer strong
ynchrotron cooling, and the resulting synchrotron photons, with
n emission spectrum peaking at � MeV energies, collide with
ne another, leading to copious pair production in the reconnection
nflow region (see also Hakobyan, Ripperda & Philippov 2023b ).
he same emission and pair-production channels are coupled to

econnection (with an additional IC post-processing step) by Xie et al.
 2023 ) in the context of magnetar magnetospheres. Reconnection in
agnetar magnetospheres is also studied by Schoeffler et al. ( 2019 ,

023 ). Ho we ver, those authors consider pair production not between
olliding synchrotron photons, but from the absorption of single
ynchrotron photons by the intense magnetar magnetic field. They
bserve the radiative cooling to remove particle pressure support
rom the reconnection layer, leading to strong plasma compression
here. This locally amplifies synchrotron emission and pair creation,
ith the end result that pair production in this regime is concentrated
ot in the plasma fuelling reconnection, but in the heart of the
econnection layer itself. Lastly, Crinquand et al. ( 2021, 2022 )
resent global models of reconnection in black hole magnetospheres,
here the primary radiation mechanism is IC scattering of low-

nergy (soft) background photons originating from a larger-scale
ccretion flow. Pair production then occurs when Comptonized
hotons collide with the soft parent population from which they
ere first scattered, supplying the plasma to a luminous equatorial

econnection current sheet in the black hole magnetosphere. 
The examples above illustrate two general points. First, while

ED reconnection is of general high-energy astrophysical interest,
he rele v ant QED interactions depend on the system under study.
econd, specializing to certain QED interactions o v er others not
NRAS 527, 11587–11626 (2024) 
nly decides the applicable astrophysical sources, but can also lead
o divergent qualitative dynamics. These remarks underscore the need
o understand QED reconnection – in all its astrophysical diversity –
s a fundamental physics problem in order to identify its observable
ignatures in the high-energy Universe. 

In this work, we present PIC simulations run using the ZELTRON

ode (Cerutti et al. 2013 ; Cerutti & Werner 2019 , plus needed
uxiliary developments detailed here) of a QED reconnection regime
hus far unexplored from first principles as an isolated physics
roblem. We consider a relativistic magnetic reconnection layer
mmersed in such an intense bath of soft background radiation
hat IC scattering strays far into the QED limit. This contrasts the
classical radiative) low-energy, Thomson IC reconnection regime
reviously studied numerically by Werner, Philippov & Uzdensky
 2019 ), Mehlhaff et al. ( 2020 ), Sironi & Beloborodov ( 2020 ), and
ridhar, Sironi & Beloborodov ( 2021 , 2023 ) in two respects. First,
e account for quantized gamma-ray emission from the highest

nergy particles radiating in the Klein–Nishina IC limit (Jones 1968 ;
lumenthal & Gould 1970 ). Second, because many of the emitted
hotons lie abo v e pair-production threshold with the soft background
Mehlhaff et al. 2021 ), we calculate pair production between the few
low number density) scattered gamma-rays with energies εscat �
 e c 2 , and the abundant (high number density) soft seed photons
ith energies εph � m e c 2 . We refer to this realization of QED

econnection as Klein–Nishina radiative reconnection (sometimes
ust Klein–Nishina reconnection ), omitting explicit reference to pair
roduction since efficient Klein–Nishina IC emission implies pair
roduction in a reconnection context (Mehlhaff et al. 2021 ). 
The QED interactions studied here are the same as those treated by

rinquand et al. ( 2021 , 2022 ). Here, ho we ver, we take a complemen-
ary approach, stripping away the global morphology and studying
econnection as a local problem. Computationally, this enables us
o concentrate resources toward enhancing the separation among the
adiative and plasma microscales. Physically, it permits us to remain
ore agnostic to the host system, focusing instead on the intrinsic

econnection properties that may be generally applicable. 
Indeed, Klein–Nishina reconnection may be realized in a range

f astrophysical systems connected to relativistic compact objects,
ncluding: flat-spectrum radio quasars (FSRQs), where reconnection
ccurring in a relativistic jet launched from an active galactic nucleus
AGN) is likely externally illuminated by large-scale circumnuclear
tructures (cf. Giannios, Uzdensky & Begelman 2009 ; Nalew ajk o
t al. 2011 , 2012 ; Giannios 2013 ; Petropoulou, Giannios & Sironi
016 ; Sironi, Giannios & Petropoulou 2016 ; Werner et al. 2018 ;
hristie et al. 2019 , 2020 ; Giannios & Uzdensky 2019 ; Mehlhaff
t al. 2020 , 2021 ; Ortu ̃ no-Mac ́ıas & Nalew ajk o 2020 ); the high/soft
tates of accreting black hole X-ray binaries (BHXRBs), where
econnection in a highly magnetized collisionless coronal region
s illuminated by an underlying geometrically thin, optically thick
ccretion disc (cf. Galeev, Rosner & Vaiana 1979 ; Di Matteo
998 ; Goodman & Uzdensky 2008 ; Uzdensky & Goodman 2008 ;
oshino & Lyubarsky 2012 ; Uzdensky 2016 ; Beloborodov 2017 ;
erne et al. 2019 ; Sironi & Beloborodov 2020 ; Mehlhaff et al. 2021 ;

ridhar et al. 2021, 2023 ; El Mellah et al. 2022 ); the magnetospheres
f supermassive black holes, particularly the one at the centre of
he M87 galaxy, M87 ∗, wherein reconnection may be bathed in
hotons from a large-scale radiatively inefficient accretion flow (cf.
iannios, Uzdensk y & Be gelman 2010 ; Ball et al. 2016 ; Li, Yuan &
ang 2017 ; Ripperda, Bacchini & Philippov 2020 ; Crinquand

t al. 2021 , 2022 ; El Mellah et al. 2022 ; Ripperda et al. 2022 ;
cepi, De xter & Be gelman 2022 ; Chen, Uzdensk y & De xter 2023 ;
l Mellah, Cerutti & Crinquand 2023 ; Galishnikova et al. 2023 ;
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akobyan et al. 2023b ); and gamma-ray binaries, where a plausible 
cenario involves a pulsar in tight orbit around a bright type O or Be
tar, which illuminates reconnection occurring near the pulsar in its 
agnetosphere and striped wind (i.e. before the pulsar wind shocks 
ith the stellar wind from the companion; cf. Dubus 2006 ; Cerutti,
ubus & Henri 2008 ; Dubus 2013 ; Cerutti & Philippov 2017 ; Dubus

t al. 2017 ; Philippov & Spitkovsky 2018 ; Cerutti, Philippov &
ubus 2020 ). The link between Klein–Nishina reconnection and 

ach of these object classes is, in fact, a major result of this work
Section 6 ), as further discussed below. 

While this study is primarily numerical, analytic, and semi- 
nalytic modelling are also vital for understanding Klein–Nishina 
econnection and QED reconnection more broadly. Such theoretical 
pproaches can make targeted, physically moti v ated arguments for 
ow results from non-QED reconnection may generalize to the 
ED case (e.g. Beloborodov 2017 ; Mehlhaff et al. 2021 ; Chen et

l. 2023 ; Hakobyan et al. 2023b ), ev en if the y cannot treat all of
he kinetic physics at play from first principles. This furnishes a 
seful interpreti ve frame work for ab initio simulations. Ho we ver,
he reverse is also true: phenomenological models, which sometimes 
ave the advantage of enhanced physical clarity, can themselves 
e refined from the findings of simulations. This study illustrates 
oth directions of this paradigm. Throughout the text, we make 
requent reference to our earlier work, Mehlhaff et al. ( 2021 ), which
nalytically considers the setup simulated here. As will be seen, 
hat study (besides laying much of the theoretical foundation for 
his article) serves both as an interpretive lens for our simulations
nd as a set of hypotheses that the numerical experiments can 
heck. 

We structure this article as follows. In Section 2 , we detail the
ED algorithmic developments that enable our PIC simulations. 
hen, in Section 3 , we describe our simulation setup in detail. In
ection 4 , we present the results of our simulations, comparing 
nd contrasting Klein–Nishina radiative reconnection to two control 
ases: one of non-radiative reconnection and one of classical radiative 
econnection subject to efficient Thomson IC losses. Section 5 
hen provides a second results section. Ho we ver, there, instead of
elving into a detailed analysis of a few simulations with different 
adiative physics, we conduct parameter scans with all of the QED 

hysics turned on, characterizing the pair yield of reconnection –
 single number computed per simulation – as a function of its
ain controlling parameters. In Section 6 , we surv e y observations

f the four main application systems targeted by this work – FSRQs,
HXRBs, the M87 ∗ magnetosphere, and gamma-ray binaries –
iscussing connections to our simulation results. We conclude with 
 complete summary of our findings in Section 7 . In the remaining
art of this Introduction, we pre vie w the three principal astrophysical
esults of this study. 

The first concerns the correlated spectral and temporal signatures 
f Klein–Nishina reconnection (Section 4.5 ). As in the non-radiative 
nd classical (Thomson IC) radiative regimes, Klein–Nishina recon- 
ection powers efficient non-thermal particle acceleration (NTPA) 
nd, hence, non-thermal radiative emission. While the time-averaged 
bservable spectrum is similar to that of Thomson IC reconnection, 
he relationship between the shape of the output spectral energy 
ensity and its luminosity are very different. In Thomson IC 

econnection, these two are tightly correlated, with a shallower 
bserved spectrum coinciding with a higher luminosity (i.e. ‘harder- 
hen-brighter’). In Klein–Nishina reconnection, this correlation is 
roken: the spectrum exhibits a constant shape irrespective of o v erall
rightness. These results, potentially observable during gamma-ray 
ares, represent an important distinguishing property of Klein–
ishina reconnection and illustrate the importance of collecting 
emporally resolved observed spectra. 

Our second main astrophysical result concerns the electron–
ositron pair yield of Klein–Nishina reconnection (Section 5 ). Using 
imulations, we derive an empirical formula for the Klein–Nishina 
econnection pair yield in terms of a single control parameter. While,
n the regime probed by this study, reconnection generally produces, 
t most, order-unity new pairs per processed pair, our derived scaling
aw, together with physical arguments for its extrapolation, point 
o a potential regime where Klein–Nishina reconnection may be 
 copious pair source. Ho we ver, e ven in the case of order-unity
air yield, Klein–Nishina reconnection can still convert an initially 
lectron-ion plasma into a strongly mixed electron-ion-positron 
lasma. This reconnection regime is thus a potentially important 
n situ antimatter source in astrophysics. 

Our final main astrophysical result is a detailed surv e y of the four
ain object classes – FSRQs, BHXRBs, the M87 ∗ magnetosphere, 

nd gamma-ray binaries – where Klein–Nishina reconnection may 
ccur (Section 6 ). We find potentially strong observational con- 
ections to GeV observations of FSRQs, where observed spectral 
tability during flares is reminiscent of the anticipated spectral- 
emporal signatures of Klein–Nishina reconnection. We also sketch a 
oadmap of the theoretical and instrumental developments necessary 
o link Klein–Nishina reconnection modelling more rigorously to 
bservations in the other systems. We comment on the potential 
ffect of the Klein–Nishina reconnection pair yield on the global 
peration and observable aspects of each examined object type. 

 SI MULATI ON  A R C H I T E C T U R E  

e here detail the QED capabilities that we added to the radiative
lectromagnetic PIC code ZELTRON (Cerutti et al. 2013 ; Cerutti &
erner 2019 ) to enable the simulations presented in this article.
eaders wishing to skip these technical details altogether may 
roceed directly to Section 3 ; those interested in only a general
escription may prefer co v ering just Section 2.1 before moving on.
xcellent additional references on QED methods in PIC simulations 
an be found in the literature documenting other PIC codes, includ-
ng: TRISTAN V2 (e.g. Hakobyan et al. 2019 , 2023a ), OSIRIS (e.g.
onseca et al. 2002 ; Del Gaudio et al. 2020 ), SMILEI (Derouillat et al.
018 ), WARPX (Fedeli et al. 2022 ), and GRZELTRON (e.g. Levinson &
erutti 2018 ; Crinquand et al. 2020 ). With the exception of the null
ollision method (see Section 2.2.3 ), the algorithms employed by 
s are the same as those used in GRZELTRON (cf. the supporting
nformation of Crinquand et al. 2020 ). Ho we ver, to our kno wledge,
any of the specifics – especially the optimization techniques of 
ection 2.2.3 – have not yet been described to the same level of
etail as follows. 

.1 The QED PIC method 

o provide some context for the modifications we have made 
o the ZELTRON code, we first re vie w salient general features of
lectromagnetic PIC codes (though see, e.g., Hockney & Eastwood 
988 ; Birdsall & Langdon 1991 for a more thorough treatment),
iscussing how they may be extended to include QED effects. Fig. 1
rovides a graphic summary of this discussion. 
The electromagnetic PIC (hereafter, simply ‘PIC’) technique is a 

omputational method for simulating first-principles kinetic plasma 
hysics. PIC simulations are kinetic in that they self-consistently 
escribe the full phase space (position + momentum) plasma 
istribution function (in contrast to, e.g., fluid plasma frameworks, 
MNRAS 527, 11587–11626 (2024) 
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M

Figure 1. Standard PIC loop augmented with steps (dashed outline) to model 
QED effects. At each PIC time-step, the electromagnetic field – plus an 
optional continuous radiative drag force to model non-QED cooling – are 
used to update the particles’ positions and momenta according to the Lorentz 
force law (top left). Photons are also ballistically propagated at the speed of 
light in this step. Then (top right), QED cross-sections are used to compute 
Monte Carlo photon emission and pair production. Each time a Monte Carlo 
photon is emitted, its momentum is self-consistently subtracted from that of its 
radiating particle. Freshly emitted photons and produced pairs are added to the 
simulation. In the next step (bottom right), the particle positions and velocities 
are used to calculate the electromagnetic charge and current densities. These 
are used in the final step (bottom left) to update the electromagnetic fields via 
the time-dependent Maxwell’s equations. 
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hich track bulk quantities – such as spatial density and local mean
elocity – in real space only). The PIC technique is, furthermore,
 first-principles method because it evolves physical equations (the
axwell–Vlasov system) requiring minimal approximations. Owing

o these properties, PIC simulations can probe detailed microscopic
lasma physical effects, while furnishing vital, self-consistent astro-
hysical observables such as light curves and spectra. 
The PIC method represents the simulated plasma as a large

umber of discrete charged particles coupled to electric and magnetic
elds, E 

E E and B 

B B , respectively. The E 

E E and B 

B B fields are tracked on a
patial grid, while the particles’ positions, x x x , and momenta, p 

p p , can
ary continuously. At each time-step, the gridded field values are
nterpolated to the positions of the particles, allowing their momenta
o be evolved via the Lorentz force law, 

d p 

p p 

d t 
= q 

(
E 

E E + 

v v v 

c 
× B 

B B 

)
(1) 

Fig. 1 , red panel; v v v is the 3-velocity for a particle of momentum
 

 

 ). Then, to capture the response of the fields to the particles,
he particles’ positions and momenta are used to calculate the bulk
harge, ρ, and current, J J J , densities on the computational field grid
Fig. 1 , green panel). This allows E 

E E and B 

B B to be advanced via the
ime-dependent Maxwell’s equations, 

∂ t B 

B B = −c ∇ 

∇ ∇ × E 

E E and 

 t E 

E E = c ∇ 

∇ ∇ × B 

B B − 4 πJ J J (2) 

Fig. 1 , blue panel). It is worth noting that equations ( 1 ) and ( 2 )
mply a collisionless PIC method, since the particles only interact
ollectively through the long-range fields E 

E E and B 

B B rather than
ndividually through short-range two- or few-body encounters. 

By itself, the procedure described so far does not model the
igh-energy radiation (with photon frequencies unresolved by the
imulation time-step) that is often important in the environments of
elativistic compact objects, as in this work. The simplest way that
NRAS 527, 11587–11626 (2024) 
uch radiative effects can be incorporated is by adding a cooling
adiative drag term, f f f rad , to equation ( 1 ) such that it becomes (Fig. 1 ,
ed panel) 

d p 

p p 

d t 
= q 

(
E 

E E + 

v v v 

c 
× B 

B B 

)
+ f f f rad . (3) 

Treating radiative cooling as a continuous drag force is suitable
hen the radiating particles do not lose a significant fraction of

heir energy to any single photon emission e vent. Ho we ver, when
articles begin to emit photons at energies that ri v al their o wn,
adiation becomes inherently discrete, and a more general approach
s necessary. As an additional concern, when the emitted photons
re abo v e the threshold energy for one or more pair-production
rocesses, their propagation and absorption must be handled self-
onsistently. 

The needed additional QED operations can be mostly consolidated
nto one extra step beyond the standard PIC loop (Fig. 1 , orange
anel). Here, the particle positions and velocities are used – perhaps
n conjunction with the electromagnetic fields – to e v aluate QED
ross-sections for the photon emission and pair-production processes
f interest, yielding probabilities for these events to occur. A subset
f the possible events are triggered by comparing their probabilities
ith randomly drawn numbers – a Monte Carlo procedure – and the

esulting photons and particles are added to the simulation. Besides
his additional QED Monte Carlo step (Fig. 1 , orange panel), the
ositions of photons also need to be evolved. This is typically done
longside the particles (Fig. 1 , red panel) and is much easier by
omparison because photons follow straight lines (in flat space–time,
s in this work). We term the PIC method, expanded to include these
xtra operations as diagrammed in Fig. 1 , the QED PIC method. 

To enable this work, we have generalized the Cartesian version
f the PIC code ZELTRON to include QED physics as sketched here.
he emission and pair-production processes – rele v ant to the orange
anel of Fig. 1 – are: IC scattering (including the high-energy Klein–
ishina limit) of a soft seed photon background by ultrarelativistic
articles; and pair production when the high-energy Comptonized
hotons are absorbed by the soft background. In the following
iscussion, we provide a sketch of the algorithm used to model these
rocesses. 

.2 QED effects implemented in ZELTRON 

.2.1 Monte Carlo inverse Compton emission procedure 

e begin by describing algorithmic details of the IC emission
echanism. In this section, we present a conceptually simple but

omputationally e xpensiv e implementation. In Section 2.2.3 , we
iscuss the modifications we made to the simpler procedure of this
ection for the sake of optimization. 

Our simulations are immersed in a homogeneous, static, isotropic,
nd monochromatic photon radiation bath of energy density (per unit
nergy interval) 

 ( ε) = U ph δ( ε − εph ) . (4) 

hese background photons are not tracked by the simulation; their
nergy density is prescribed by hand. Electrons and positrons,
hrough the IC process, can upscatter these background photons.
f an upscattered photon attains final energy abo v e the (gamma-ray)
hreshold for pair production with the background radiation bath,
hen it is promoted to a tracked photon whose position is evolved
xplicitly by the simulation. 
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(
π2 / 12 + Li 2 ( −W 0 ) 

)
, is equal 

to the last term, −4 L ( W 0 ), in equation (10) of Gould & Schr ́eder (1967 ), but 
is corrected for the missing factor of 4 in that work. 
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For a particle with ultrarelativistic Lorentz factor γ � 1 traversing 
he radiation field ( 4 ), the number of photons scattered per unit time
s given as 

d N 

d t 
= cσT n ph g KN ( γ /γKN ) , (5) 

here σ T is the Thomson cross-section, n ph ≡ U ph / εph is the 
ackground photon number density, 

KN ≡ m e c 
2 / 4 εph (6) 

s the critical Lorentz factor abo v e which IC scattering transitions
o the Klein–Nishina regime, and g KN ( q ) ≤ 1 is the dimensionless
unction (calculated in appendix A of Mehlhaff et al. 2021 ) 

 KN ( q) = 

3 

2 q 2 

[(
q + 9 + 

8 

q 

)
ln (1 + q) 

− 1 

1 + q 

(
q 2 

2 
+ 9 q + 8 

)
+ 4 Li 2 ( −q) 

]
. (7) 

ere, Li 2 ( q) is the dilogarithm. As needed to reco v er the Thomson
egime, g KN ( γ / γ KN ) tends to unity in the low-energy limit, γ � γ KN .
ver a simulation time-step 	 t , equation ( 5 ) yields a probability 

 emit = 	t d N/ d t (8) 

or the particle to scatter a photon. We operate in the regime p 0 ≡
 σ T n ph 	 t � 1, implying p emit = p 0 g KN ( q ) ≤ p 0 � 1. 

Computationally, the Monte Carlo photon emission process can be 
ccomplished, for each particle at each time-step, by e v aluating the
robability ( 8 ) and drawing a random number to determine whether
he emission event occurs. Then, for the subset of particles that 
ctually emit photons, the scattered photon energy εscat must be 
ssigned. This demands drawing a second random number R and 
nverting the probability distribution over εscat : that is, finding εscat 

uch that 

 = 

∫ r( εscat ) 
0 K ( r ′ , q)d r ′ ∫ 1 

0 K ( r ′ , q)d r ′ 
. (9) 

ere, q ≡ γ / γ KN as abo v e, r ( εscat ) is a proxy for the photon energy
efined by 

( εscat ) ≡ εscat /γm e c 
2 

q 
(
1 − εscat /γm e c 2 

) , (10) 

nd K ( r , q ) is the single-particle Klein–Nishina scattering kernel as
eported by Jones ( 1968 ) and Blumenthal & Gould ( 1970 ): 

 ( r , q) = 

3 

(1 + qr) 2 

[
2 r ln r + (1 + 2 r)(1 − r) + 

1 

2 

( qr) 2 

1 + qr 
(1 − r) 

]
. (11) 

hat is, the number of photons scattered per unit time by a particle
ith γ = q γ KN to final proxy photon energy between r and r + d r

s 

d N 

d td r 
d r = cσT n ph K ( r , q)d r . (12) 

With the photon energy εscat known, the momentum of the scattered 
hoton has magnitude εscat / c and points, for the ultrarelativistic γ � 1 
pproximation rele v ant to our simulations, along the direction of the
adiating particle’s motion. This momentum is subtracted from that 
f the radiating particle. Furthermore, if εscat is abo v e pair-production 
hreshold with the background photons – that is, if εscat εph /( m e c 2 ) 2 

1 – the scattered photon is promoted to a tracked simulation 
article, allowing its later potential absorption to be self-consistently 
alculated. 

Though the Monte Carlo emission scheme described so far 
elies on the ultrarelativistic approximation γ � 1, some of our 
imulations contain trans- or even subrelativistic particles. Thus, at 
ower energies, we need to stitch to a cooling procedure that is non-
elati vistically v alid. To that end, we restrict ourselves to the main
egime of astrophysical interest where γ KN = m e c 2 /4 εph � 1 (i.e.
ph � 130 keV). This means that there is a broad range of particle
nergies γ that are ultrarelativistic ( γ � 1) but still well below 

he threshold where quantum Klein–Nishina effects kick in ( γ �
KN ): a shared applicability range where either the Monte Carlo 
mission scheme, which demands γ � 1, or a continuous Thomson 
adiative drag force, which needs γ � γ KN , could be used. Within 
his range, we select a threshold ‘stitching’ particle energy γ Th-KN . 
bo v e γ Th-KN , we employ the IC Monte Carlo emission procedure.
elow γ Th-KN , we switch to the continuous Thomson radiative drag 

orce (e.g. Blumenthal & Gould 1970 ; Rybicki & Lightman 1979 ;
ozdn yako v, Sobol & Syunyaev 1983 ; for works in the context of
elativistic reconnection, cf. Uzdensky 2016 ; Werner et al. 2019 ;

ehlhaff et al. 2020, 2021 ; Sironi & Beloborodov 2020; Sridhar et
l. 2021 , 2023 ), 

 

 

 rad = −(4 / 3) σT γ
2 U ph βββ, (13) 

hat enters (via the method of Tamburini et al. 2010 ) into the particle
ush through equation ( 3 ) and is, importantly, non-relativistically 
orrect. Regarding the choice of γ Th-KN , we find that artefacts of the
titching generally disappear when γ Th-KN ≤ 0.1 γ KN – well inside of 
he Thomson regime. At the same time, we find that γ Th-KN should
e at least of order a few, limiting us to γ KN values that are abo v e 20
r so. 

.2.2 Monte Carlo pair-production procedure 

e next describe how pair production is processed in the code. For
 collision between a gamma-ray and a background photon with 
ngle θ between their v elocity v ectors and respective energies εhard 

nd εph , the centre of mass energy is s = s 0 (1 − cos θ )/2 ≤ s 0 ,
here s 0 ≡ εhard εph /m 

2 
e c 

4 must exceed unity for pair production to
e possible. Integrating over all possible collision angles θ such that 
 > 1 for a given s 0 yields an overall cross-section presented to
 propagating gamma-ray by the background radiation (Gould & 

chr ́eder 1967 ) of 1 

γ γ ( s 0 ) = 

3 

8 

σT 

s 2 0 

[
1 + β2 

0 

1 − β2 
0 

ln W 0 − β2 
0 ln W 0 − ln 2 W 0 − 4 β0 

1 − β2 
0 

+ 2 β0 + 4 ln W 0 ln ( 1 + W 0 ) + 4 

(
π2 

12 
+ Li 2 ( −W 0 ) 

)]
, 

(14) 

here β0 and W 0 are both s 0 -dependent, reading, respectively, 

2 
0 ( s 0 ) ≡ 1 − 1 

s 0 
(15) 

nd 

 0 ( s 0 ) ≡ 1 + β0 ( s 0 ) 

1 − β0 ( s 0 ) 
. (16) 

hus, the pair-production probability accumulated by a gamma-ray 
f energy εhard in one simulation time-step 	 t is 

 abs = cn ph σγγ ( s 0 ) 	t . (17) 
MNRAS 527, 11587–11626 (2024) 



11592 J. Mehlhaff et al. 

M

B
≡

 

o  

O  

s  

e  

t  

a  

c  

n  

s  

p  

c  

Z  

w  

t  

g  

t

2

T  

2  

c  

s  

t  

(  

p  

d  

b  

o  

t  

o  

t

d  

w  

A  

d  

i  

t  

b  

b  

e
 

p  

w  

d  

p

p

w  

p  

p

ε

P
 

t  

i  

h  

t  

(

w  

p  

b

w  

t  

c

T

w

F

 

i  

	  

T  

t  

w  

[  

t
 

i  

c

R

T  

d  

a  

s  

d  

c  

t  

l  

b  

d  

w

F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/11587/7485926 by guest on 21 April 2024
ecause, max ( σγγ ) 
 σ T /5, our choice to operate in the regime p 0 
c σ T n ph 	 t � 1 implies p abs ≤ p 0 /5 � 1. 
Just as equation ( 8 ) determines which potential IC scattering events

ccur, equation ( 17 ) determines which photons produce new pairs.
rdinarily, like the additional steps necessary to determine the final

cattered photon energy in the case of IC emission – for example,
quation ( 9 ) – one would also need to proceed beyond equation ( 17 )
o fix the energy of the newborn electron and positron. First, the
ngle θ , which is integrated out when interested only in the total
ross-section ( 14 ) and corresponding absorption probability ( 17 ),
eeds to actually be sampled to determine the centre-of-mass energy
 . Then, one must also sample the angle of one of the newborn
articles’ momenta with respect to that of the collision axis in the
entre-of-mass frame. We have indeed implemented both steps in
ELTRON , but they are unnecessary when εhard � m e c 2 � εph (i.e.
hen 4 γ KN � 1), which is all that concerns us in this study. Then,

he collision energy budget is entirely dominated by the incoming
amma-ray, and the electron and positron each simply inherit half of
he absorbed gamma-ray’s momentum. 

.2.3 Optimization methods for inverse Compton emission 

he Monte Carlo implementation of IC emission sketched in Section
.2.1 suffers from two performance bottlenecks. First, the loop
omputing the IC cross-section, equations ( 7 ) and ( 8 ), for every
imulation particle is costly. Second, within this loop, the inversion of
he cumulative distribution function in equation ( 9 ) is also e xpensiv e
though only necessary for the subset of particles that actually scatters
hotons). We mitigate these issues using two techniques, which we
iscuss in turn below. We note that, while similar techniques could
e applied to the pair-production procedure, our simulations are
ptically thick to pair production, and the steady-state number of
racked photons is much smaller than the (always growing) number
f particles. Thus, the QED physics involving photons, for us, can
olerate a less rigorously optimized implementation. 

First, we speed up the assignment of the scattered photon energy –
one in the context of Section 2.2.1 through equation ( 9 ). To do this,
e consider the IC emission in the rest frame of the scattering particle.
s we show below, this requires a larger number of random number
raws per particle, but enables the use of simpler expressions. These,
n turn, furnish an approximation to the scattering cross-section
hat ef fecti vely replaces equation ( 9 ), relie ving its performance
ottleneck. Our handling of the problem this way, presented in detail
elo w, follo ws closely Levinson & Cerutti ( 2018 ) and Crinquand
t al. ( 2020 ). 

Before transforming to the rest frame of the potentially scattering
article, we isolate to an interaction with a single photon rather than
ith the entire isotropic radiation bath. This is accomplished by first
rawing a random photon angle ψ with respect to the direction of the
article’s velocity c β according to the probability density function 

( ψ) ∝ 1 − β cos ψ , (18) 

hich accounts for the relative lab-frame rate of encounters of the
article with photons incident from different directions. The selected
hoton is then boosted to the particle’s rest frame, where it has energy 

′ 
0 = γ εph (1 − β cos ψ) . (19) 

article rest-frame quantities are primed in our convention. 
We now evaluate the spectral (per unit final photon energy) and

otal (inte grated o v er final photon energies) scattering rate for this
nteraction in the particle’s rest frame. We discuss after this deri v ation
NRAS 527, 11587–11626 (2024) 
ow these two quantities are used by the code. In the primed frame,
he scattering cross-section is that of ordinary Compton scattering
e.g. Blumenthal & Gould 1970 ): 

d σ

d ε′ 
scat d 
′ = 

3 σT 

16 π

(
ε′ 

scat 

ε′ 
0 

)2 (
ε′ 

0 

ε′ 
scat 

+ 

ε′ 
scat 

ε′ 
0 

− sin 2 � 

′ 
)

× δ

[
ε′ 

scat −
ε′ 

0 

1 + ( ε′ 
0 /m e c 2 )(1 − cos � 

′ ) 

]
, (20) 

here � 

′ is the angle through which the photon is scattered in the
article frame. The total scattering rate into final photon energies
etween ε′ 

scat and ε′ 
scat + d ε′ 

scat is then 

d N 

d td ε′ 
scat 

= 

1 

γ

d N 

d t ′ d ε′ 
scat 

= cn ph 

∫ 

d 
′ d σ

d ε′ 
scat d 
′ , (21) 

here we used n ′ ph = γ n ph . Defining x ≡ ε′ 
scat /ε

′ 
0 and y ≡ m e c 

2 /ε′ 
0 ,

he delta function only acti v ates for 1/(1 + 2/ y ) ≤ x ≤ 1, in which
ase the integral e v aluates to 

d N 

d td x 
= ε′ 

0 

d N 

d td ε′ 
scat 

= 

3 σT 

8 

× y 

[
x + 

1 

x 
+ 2 y 

(
1 − 1 

x 

)
+ y 2 

(
1 

x 2 
− 2 

x 
+ 1 

)]
. (22) 

he total scattering rate is then 

d N 

d t 
≡

∫ 

d x 
d N 

d td x 
= 

3 σT cn ph 

8 

[
F ( 1 , y ) − F 

(
1 

1 + 2 /y 
, y 

)]
, 

(23) 

here 

 ( x , y ) ≡ y 

[
−y 2 

x 
+ xy ( 2 + y ) + 

x 2 

2 
+ 

(
1 − 2 y − 2 y 2 

)
ln x 

]
. 

(24) 

These results are used by the code as follows. First, equation ( 23 )
s e v aluated and multiplied by 	 t to determine the probability p emit =
 t d N /d t that the scattering occurs during the simulation time-step.
his step replaces the e v aluation of equation ( 5 ). On average, these

wo procedures are completely equi v alent, but in this second method,
e have traded the analytic integral over incident photon directions

which yields equation ( 5 )] for a random Monte Carlo sampling o v er
hese directions. 

Then, for particles that scatter photons, the final photon energy
s obtained by drawing a random number R and inverting the
umulative distribution function: that is, finding x such that 

 = 

3 σT cn ph 

8 

[ F ( x , y ) − F ( 1 / (1 + 2 /y ) , y ) ] 

d N/ d t 

= 

F ( x , y ) − F ( 1 / (1 + 2 /y ) , y ) 

F ( 1 , y ) − F ( 1 / (1 + 2 /y ) , y ) 
. (25) 

his replaces the inversion of the equi v alent lab-frame cumulative
istribution function ( 9 ) and, as we no w sho w, constitutes the main
dvantage of this method. The issue with equation ( 9 ) is that its
olution cannot be expressed analytically. Instead, the cumulative
istribution function (or its inverse) must be stored as a table and
onsulted for each emitting particle – a costly procedure. Ho we ver,
he function F ( x , y ) can be approximated, when x � 1, by only its
n x term. This approximation breaks down as x approaches unity
ut, as it turns out, does not very strongly disturb the cumulative
istribution function on the right-hand side of equation ( 25 ) even
hen used across all x . If one then approximates 

 ( x , y ) 
 y 
(
1 − 2 y − 2 y 2 

)
ln x , (26) 
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he solution to equation ( 25 ) can be found as 

 = exp [ − ( 1 − R ) ln ( 1 + 2 /y ) ] . (27) 

e have checked that the use of this approximation does not change
ny discernible aspects of our simulations. We have also conducted 
xperiments (Appendix A ) to show that it yields nearly the same
verage emitted photon energy as the exact cumulative distribution 
unction. It therefore provides a powerful speed-up to the code by 
acilitating the otherwise impossible analytic e v aluation of x without 
ompromising the important physics. 

Once the rest-frame scattered photon energy ε′ 
scat = xε′ 

0 is known, 
t can be boosted back to the lab frame as follows. First, one notes
hat, in the ultrarelativistic approximation γ � 1 relevant to this 
ork, the incident photon approaches the particle nearly head-on 

n the primed frame. Thus, cos � 

′ = − cos ψ 

′ 
scat , where ψ 

′ 
scat is the

ngle between the emerging photon’s momentum and the particle’s 
ab velocity. Then, the delta function in equation ( 20 ) can be used to
rite 

cos ψ 

′ 
scat = − cos � 

′ = 

m e c 
2 

ε′ 
scat 

− m e c 
2 

ε′ 
0 

− 1 , (28) 

hich yields the lab-frame emerging photon energy via 

scat = γ ε′ 
scat (1 + β cos ψ 

′ 
scat ) . (29) 

In addition to considering the IC scattering in the rest frame of
ach particle, which facilitates the powerful approximations ( 26 ) and 
 27 ), we also leverage the following second strategy to reduce the
ost of the QED module. This standard optimization in the plasma 
hysics literature is known as the null collision method (Rees 1968 ;
in & Bardsley 1977 ; Boeuf & Marode 1982 ; Birdsall 1991 ). It
peeds up the code drastically by a v oiding the need to loop o v er all
f the particles during the IC Monte Carlo emission step. 
The technique exploits the fact that the probability p emit that an 

ndividual particle emits a photon in a given time-step is capped to a
lobal maximum, given by the Thomson limit of equation ( 5 ), of p 0 =
 σ T n ph 	 t . This is a small number in our simulations: of order 10 −3 .
hus, instead of looping o v er all of the particles to determine whether

ewer than 1 in every 1/ p 0 of them emits a photon, we randomly select
 small fraction p 0 of all the particles, loop o v er this reduced subset,
nd exactly compensate the limited particle sample by enhancing the 
er-particle emission probability by the inverse factor 1/ p 0 . The null
ollision method is analogous to the no-time-counter method (Bird 
989 ; Del Gaudio et al. 2020 ) except that the latter applies when
he collision in question involves two computational particles rather 
han, as in our case, one computational particle and a fluid field (for
s, the prescribed background seed photon bath). 
The two techniques described abo v e – the approximation of the 

umulative distribution function on IC emission energies in equation 
 26 ) and the use of the null collision method – allow us to run QED-
IC simulations with negligible added cost per time-step (of order 
0 per cent) taken by the QED module (orange panel in Fig. 1 ). The
ain costs are instead the accumulation of particles and photons 

n the simulation and the typically larger amount of data that one
ishes to dump in QED runs. We note, ho we ver, that for the regime
f reconnection studied in this work, the total number of simulated 
articles never grows by more than a factor of a few, and thus we
o not need particle merging algorithms (Vranic et al. 2015 ), as
mplemented in other codes (e.g. OSIRIS , Grismayer et al. 2016 ;
MILEI , Derouillat et al. 2018 ; TRISTAN V2 , Hakobyan et al. 2019 ),
o regulate such growth at this stage. 
 SI MULATI ON  SETUP  

e perform pair-plasma simulations of relativistic collisionless 
agnetic reconnection using the radiative QED-outfitted (Section 
 ) electromagnetic PIC code ZELTRON (Cerutti et al. 2013 ; Cerutti &
erner 2019 ). The simulations are in a 2D box of physical dimen-

ions L x × L y = L × 2 L and grid size N x × N y = N × 2 N =
680 × 15360 and are run from t = 0 to just o v er t = 4 L / c . Spatial
ependence is only tracked in the x - and y -directions, but all vectors
ay have an out-of-plane z-component. 
We adopt periodic box boundaries. Each of our simulations 

an therefore be interpreted as a single reconnection event that 
ompletely processes a flux reservoir of macroscopic scale L . This
acilitates transparent connections to flaring situations in which 
econnection suddenly and e xplosiv ely liberates the magnetic energy 
ontained in such a flux reservoir, and a major application of our
esults is to gamma-ray-flaring sources (Section 6 ). In addition, the
eriodic boundaries enable a straightforward computation of the pair- 
lasma yield per reconnection-processed particle (Section 5 ). 
Our four main runs presented in Section 4 share the same setup

nd parameter values but differ in their modelled radiative effects. 
n particular, we present one case without any radiative cooling; one
ith purely continuous Thomson IC cooling (similar to, e.g., Werner 

t al. 2019 ; Mehlhaff et al. 2020 ; Sironi & Beloborodov 2020 ; Sridhar
t al. 2021 , 2023 ); one with fully general IC cooling (including
he Klein–Nishina regime) but with pair production artificially 
urned off; and one with general IC cooling and self-consistent pair
roduction. Synchrotron cooling is ignored in all runs. We describe 
he non-radiative aspects of our setup in Section 3.1 and mo v e on to
he radiative details in Section 3.2 . 

.1 Non-radiati v e aspects of the setup 

ur simulations begin with zero electric field. The initial magnetic 
eld is force-free and undergoes reversals via current sheets located 
t y 1 = L /2 and y 2 = 3 L /2. It has the form (Harrison & Neukirch
009 ; Neukirch, Wilson & Harrison 2009 ) 

 

 

 = B x ( y ) ̂ x ˆ x ˆ x + B z ( y ) ̂ z ˆ z ˆ z = ±B 0 tanh 

(
y − y 1 , 2 

δ

)
ˆ x ˆ x ˆ x 

+ B 0 

√ 

sech 2 
(

y − y 1 , 2 

δ

)
+ 

(
B g 

B 0 

)2 

ˆ z ˆ z ˆ z , (30) 

here ˆ x ˆ x ˆ x and ˆ z ˆ z ˆ z are unit vectors pointing in the respective x - and
-directions, the + ( −) sign is taken at y 1 ( y 2 ), and δ is the half-
hickness of the current sheets (see also Li et al. 2018 ; Guo et al.
021 ; Goodbred & Liu 2022 ; Zhang et al. 2022 ; French et al. 2023 ,
or a few relativistic reconnection studies employing the same initial 
agnetic field). In the reconnection upstream region f ar aw ay from

he current sheets ( | y − y 1, 2 | � δ), equation ( 30 ) reduces to a
niform field with in-plane component ±B 0 ̂  x ˆ x ˆ x and out-of-plane guide- 
eld component B g ̂ z ˆ z ˆ z = 0 . 15 B 0 ̂ z ˆ z ˆ z . In addition to this modest guide
eld, which accompanies the upstream plasma into the reconnection 

ayer, there is also a strong localized ( | y − y 1, 2 | � δ) initial out-

f-plane field of peak strength 
√ 

B 

2 
0 + B 

2 
g that supplies the force- 

ree magnetic field reversal. Both this strong localized out-of-plane 
eld and the upstream guide field provide some pressure support to

he plasma energized by reconnection as it radiatively cools down, 
hich helps ensure the Debye length in the simulations remains well

esolved. 
Our initial fields satisfy the force-free condition, J J J × B 

B B /c = 

∇ 

∇ ∇ B 

B B 

2 / 8 π + B 

B B · ∇ 

∇ ∇ B 

B B / 4 π = 0. Thus, and unlike the case of a Harris
MNRAS 527, 11587–11626 (2024) 
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quilibrium (Kirk & Skjæraasen 2003 ), no added plasma pressure
s needed inside the initial current layers. This allows us to start
he simulations with a plasma of completely homogeneous initial
electron + positron) number density, n 0 , and temperature, T 0 =
0 m e c 2 = 24 m e c 2 . Specifically, we use a relativistic Maxwell–J ̈uttner

nitial plasma distribution function. This setup avoids spurious pair
roduction from radiation emitted by the hot particles that would
e needed to supply the initial pressure support in a Harris current
heet. 2 

The number density, n 0 , and initial reconnecting field strength, B 0 ,
ogether define the cold magnetization , 

c , 0 ≡ B 

2 
0 

4 πn 0 m e c 2 
, (31) 

qual to about twice the reconnecting magnetic field energy per
article. While σ c,0 defines how much energy a typical reconnection-
ccelerated particle may acquire, another similar quantity, the hot
agnetization , 

h , 0 ≡ B 

2 
0 

4 πw 0 
, (32) 

efines the magnetic dominance of the upstream region. Here, the
nitial plasma enthalpy density, w 0 , can be written as w 0 = u 0 +
 0 , where u 0 and P 0 are, respectively, the initial plasma internal
nergy density and pressure. For a non-relativistically cold initial
emperature, θ0 � 1, the enthalpy density is dominated by rest-

ass energy, w 0 
 u 0 = n 0 m e c 2 , and, hence, σ h,0 
 σ c,0 . For a
elativistically hot plasma, θ0 � 1, the thermal kinetic energy and
ressure dominate the enthalpy, w 0 
 4 P 0 = 4 θ0 n 0 m e c 2 , and, in
his case, σ h,0 
 σ c,0 /4 θ0 = 1/(2 βpl ), where βpl is plasma beta.
 or all re gimes, σ h,0 ≤ σ c,0 , meaning that σ h,0 � 1 is a stronger
ondition than σ c,0 � 1. In fact, because σ h,0 sets the plasma Alfv ́en
peed v A = c 

√ 

σh , 0 / (1 + σh , 0 ) , a high σ h,0 means that the energy
udget permits not just relativistic individual particles (which merely
equires high σ c,0 ), but also for the collective bulk motion of the
lasma itself to become highly relativistic. In our simulations, we set
c,0 = 1.2 × 10 5 and σ h,0 = σ c,0 /4 θ0 = 1250. 
Though the force-free initial condition does not require any extra

lasma density or temperature in the current sheets to balance the
pstream magnetic pressure, the field-reversing currents must still be
upplied. Correspondingly, we set a local fraction 

 d ( y) = sech ( ̃  y /δ) 

√ 

1 + ( B g /B 0 ) 2 

1 + [ B g cosh ( ̃  y /δ) /B 0 ] 2 
(33) 

f the positrons in motion at a drift velocity 

 βββd , i ( y) = 

cβd √ 

1 + ( B g /B 0 ) 2 

×
[
∓

√ 

sech 2 ( ̃  y /δ) + ( B g /B 0 ) 2 ˆ z ˆ z ˆ z − tanh ( ̃  y /δ) ̂ x ˆ x ˆ x 

]
(34) 

o that they carry half the field-reversing current 

 

 

 = c ∇ 

∇ ∇ × B 

B B / 4 π = e c n 0 f d ( y ) βββd , i ( y ) , (35) 

here the ∓ corresponds to equation ( 30 ), e is the positron charge,
nd ˜ y ≡ y − y 1 , 2 . The other half of the current is carried by the initial
lectrons, which are assigned βββd , e = −βββd , i . The drifting particles
NRAS 527, 11587–11626 (2024) 

 While such pair production could also be a v oided in a traditional Harris 
quilibrium by specifying a high plasma o v erdensity in the initial current 
ayer, this would reduce the initial Debye length of the layer plasma, and 
ould thus create problems for the Debye length resolution in our simulations. 

h  

w  

9  

γ

s  

7

ollow a drifting Maxwell–J ̈uttner distribution function with initial
emperature, T 0 , defined in their local [boosted by βββd , i / e ( y)] rest
rame. 

The force-free setup ties the current sheet half-thickness δ to the
ther length-scales in the problem as follows. The drifting plasma
upplies a current density ecn 0 βd ≤ ecn 0 , whereas the current needed
t the heart of the layer is, according to Amp ̀ere’s law ( 35 ), cB 0 /4 πδ.
his means that 

= 

B 0 

4 πen 0 βd 
= 

σc , 0 ρ0 

βd 
≥ σc , 0 ρ0 , (36) 

here we have introduced the nominal gyroradius , 

0 ≡ m e c 
2 

eB 0 
. (37) 

Equation ( 36 ) demands that the current sheet half-thickness be
imited to the typical gyroradius, σc , 0 ρ0 , of reconnection-energized
articles. Therefore, in order to achieve a high aspect ratio, L / δ,
hile also complying with the other demanding radiative constraints
escribed later (Section 3.2 ), we assign βd = 0.9. This corresponds
o δ = 1.1 σ c,0 ρ0 and to an initial drifting-particle Lorentz factor of
.3 (still much less than θ0 ). 
The current sheet aspect ratio, L/δ = Lβd /σc , 0 ρ0 
 L/σc , 0 ρ0 ,

epresents not just a ratio of length-scales but also one of particle
nergy scales. This is because, during reconnection, some particles
re swept into the vicinity of an X-point (X-line in 3D), which
s a region wherein the in-plane magnetic field reconnects. There,
hey become unmagnetized and linearly accelerated by the out-of-
lane reconnection electric field, E rec = β rec B 0 
 0.1 B 0 , where β rec 

0.1 v A / c 
 0.1 is the fiducial collisionless reconnection rate. As
escribed by Werner et al. ( 2016 ), in systems with modest aspect
atios, for which the reconnection layer is dominated by a single
-point, particles can be accelerated by E rec until, after travelling an
ut-of-plane distance ∼L , they escape the acceleration region with
nal system-size-limited Lorentz factor 

max ≡ 0 . 1 eB 0 L 

m e c 2 
= 

0 . 1 L 

ρ0 
. (38) 

o we ver, for larger systems, the reconnection layer tears into a
ierarchical chain of plasma-filled magnetic islands, or plasmoids ,
tudded with many X-points. Then, particles cannot travel the whole
ystem size before escaping a given acceleration zone. Instead, at
east in 2D, they may travel a distance comparable to that between the
mallest-scale plasmoids, which subsequently capture the particles,
imiting them to energies of order the intrinsic reconnection X-point
cceleration Lorentz factor (cf. Sironi et al. 2016 ; Werner et al. 2016 ;
zdensky 2022 ), 

X ≡ 4 σc , 0 . (39) 

he aspect ratio becomes large enough that the X-point acceleration
hannel is intrinsically limited by the self-consistent evolution of
he plasmoid chain rather than by the modest size of the system
hen these two energy scales cross each other: γmax /γX ≥ 1 ⇒
/σc , 0 ρ0 ≥ 40 (Werner et al. 2016 ). Thus, the requirement to
ave a large aspect ratio L / δ � 1 is synonymous with having a
ealthy separation between γ max and the particle energies, ∼γ X , at
hich reconnection X-point acceleration saturates. We adopt γ max =
.1 σ c,0 , which corresponds to L = 91 σc , 0 ρ0 . This meets the fiducial
max > γ X criterion but, for reasons described below, yields γ max / σ c,0 

maller than typical for simulations of the numerical size, N x × N y =
680 × 15360, that we present. 
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Table 1. Simulation parameters used in this study. Non-radiative parameters (described in Section 3.1 ) are presented in the upper part of the table 
and radiative parameters (described in Section 3.2 ) below. The radiative parameters γ cool and γ rad, T apply only to the three simulations with radiative 
cooling, γ KN applies only to the two simulations with fully general IC cooling (including Klein–Nishina effects), and τγ γ applies only to the one 
simulation with pair production. The expression for σ h,0 assumes θ0 � 1. 

Parameter Symbol ( = definition) Value ( = equi v alent) 

Upstream reconnecting field strength B 0 

Nominal gyroradius ρ0 = m e c 2 / eB 0 

Initial upstream density n 0 
Initial cold magnetization σ c,0 = B 

2 
0 / 4 πn 0 m e c 

2 120 000 
Initial hot magnetization σ h,0 = B 

2 
0 / 16 πn 0 θ0 m e c 

2 1250 
Initial upstream temperature θ0 = T 0 / m e c 2 2 × 10 −4 σ c,0 = 24 
System size L x = L 91 σ c,0 ρ0 

System-size-limited Lorentz factor γ max = 0.1 L / ρ0 9.1 σ c,0 = 1.1 × 10 6 

Guide field B g 0.15 B 0 

Layer drift velocity βd c 0.9 c 
Layer half-thickness δ = σ c,0 ρ0 / βd 1.1 σ c,0 ρ0 

Cell size 	x, 	y σ c,0 ρ0 /85 
Time-step 	 t 3 	x/ 4 

√ 

2 c 
Grid size N x = N 7680 
Computational particles per cell 20 

Soft photon energy density U ph 

Soft photon energy εph 

Soft photon number density n ph = U ph / εph 

Nominal cooling Lorentz factor γ cool = 3 m e c 2 /4 U ph σT L 3.6 × 10 −3 σ c,0 = 430 
Thomson IC-limited Lorentz factor γ rad, T = (0.3 eB 0 /4 σT U ph ) 1/2 = ( γ max γ cool ) 1/2 0.18 σ c,0 = 2.2 × 10 4 

Klein–Nishina Lorentz factor γ KN = m e c 2 /4 εph 0.046 σ c,0 = 5500 
Box pair-production optical depth τγ γ = n ph σT L /5 = 3 γ KN /5 γ cool 7.7 
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Our grid resolution 	 x = 	 y is set by the need to resolve the
nitial Debye length, 

D , 0 = 

√ 

θ0 m e c 2 

4 πe 2 n 0 
= 

√ 

θ0 σc , 0 ρ0 , (40) 

nd we set 	 x = λD, 0 /1.2 in all runs. Because we operate in the highly
elativistic regime, σ c,0 ≥ σ h,0 � 1, the Debye length is much smaller 
han the typical energized particle’s gyroradius, σ c,0 ρ0 ∼ δ. This is 
argely why we cannot afford a larger γ max / σ c,0 – our choice of σ h,0 =
250 induces a large separation between the plasma microscales, 
c , 0 ρ0 /λD , 0 = 

√ 

σc , 0 /θ0 
 2 
√ 

σh , 0 ∼ 70, which occupies much of 
ur grid resolution to resolve. 3 We do, ho we v er, under-resolv e the
yroradii of particles with energies less than γ 	 x ≡ ( θ0 σ c,0 ) 1/2 /1.2, 
ncluding the upstream particles (energies ∼θ0 � γ 	 x ). We do not 
bserv e an y strong artefacts of this in our results, and the energy
n our simulations is conserved to 1 per cent or better except where
oted (i.e. in Table 2 ). 
Given the cell size, 	 x , we employ a time-step 	t =

 	x / 4 
√ 

2 c 
 0 . 5 	x /c: slightly smaller than the maximum allowed
ourant–Friedrichs–Lewy step 	x/ 

√ 

2 c. While this does not intro- 
uce significant numerical dispersion (see fig. 2 of Greenwood et al. 
004 ), it typically impro v es the simulations’ energy conservation 
y about 0.5 to 1 percentage points (see, e.g., the simulations of
able 2 that employ a larger time-step and exhibit slightly poorer 
nergy conservation). We initially place 20 computational particles 
electrons + positrons) per cell, except within a few δ of y 1, 2 

here we place 40 per cell. The particle currents are deposited to
he grid using the charge-conserving method of Esirkepov ( 2001 ). 
 While σc , 0 ρ0 /λD , 0 = 

√ 

σc , 0 /θ0 is generally true, the approximation, 
 

σc , 0 /θ0 
 2 
√ 

σh , 0 , assumes θ0 � 1. 

P

w
 

e  
he principal non-radiative simulation parameters described in this 
ection and their values are summarized in the top part of Table 1 . 

.2 Radiati v e aspects of the setup 

he two principle radiative parameters in our simulations are the total
nergy density, U ph , and monochromatic single-photon energy, εph , 
f the IC seed photons [equation ( 4 )]. These photons are not tracked,
ut provide a static, homogeneous, isotropic target population for 
he charged particles to scatter. Though only the two numbers U ph 

nd εph need to be prescribed to fully specify the radiative physics,
hey introduce a variety of derived energy- and length-scales into the
roblem, and, hence, divide the parameter space into many different 
e gimes. We first pro vide a brief o v erview of these re gimes in Section
.2.1 , summarizing the more detailed discussion from our earlier 
ork, Mehlhaff et al. ( 2021 ). Afterwards, in Section 3.2.2 , we discuss
ow these parameters are chosen for our simulations (as in Table 1 ).

.2.1 Reconnection scales introduced by radiative physics 

or particles with Lorentz factors γ � γ KN ≡ m e c 2 /4 εph , IC emission
roceeds in the Thomson regime, where typical scattered photons are 
nhanced to energies ∼γ 2 εph , up to a maximum of 4 γ 2 εph . Because
o individual photon robs the particle of a significant fraction of its
nergy, cooling proceeds continuously and is modelled (Section 2.1 ) 
s a radiative drag force, f f f rad . The total power radiated by a given
article in the Thomson regime is [cf. equation ( 13 )] 

 T ( γ ) = | c f f f rad · βββ| = 

4 

3 
σT cγ

2 β2 U ph , (41) 

here c βββ is the 3-velocity of the particle. 
Ho we ver, at suf ficiently high γ , the maximum Thomson emission

nergy, 4 γ 2 εph , ri v als the scattering particle’s energy γ m e c 2 (the two
MNRAS 527, 11587–11626 (2024) 
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re formally equal at γ KN = m e c 2 /4 εph ). Then, particles pass into
he Klein–Nishina regime where they lose energy in discrete quanta,
γ m e c 2 . Here, the cross-section [e.g. equations ( 7 ) and ( 20 )] needs

o be described by QED and gives rise to an average power radiated
er particle of 

 IC ( γ ) = P T ( γ ) f KN ( γ /γKN ) , (42) 

here f KN ( q ), with q = γ / γ KN , is the dimensionless function (cf.
ones 1968 ; Nalew ajk o, Yuan & Chru ́sli ́nska 2018 ; Mehlhaff et al.
021 ) 

 KN ( q) = 

9 

q 3 

[(
q 

2 
+ 6 + 

6 

q 

)
ln ( 1 + q ) 

− 1 

( 1 + q ) 2 

(
11 

12 
q 3 + 6 q 2 + 9 q + 4 

)
−2 + 2 Li 2 ( −q) 

]
(43) 

nd Li 2 ( q) is the dilogarithm. As necessary to reco v er the Thomson
imit, f KN ( q � 1) → 1. In the opposite, deep Klein–Nishina regime,
 KN ( q � 1) 
 (9/2 q 2 )[ln ( q ) − 11/6]. Equations ( 41 ) and ( 42 ) define
he respective Thomson-limit and general-case IC cooling times, 

 cool , T ( γ ) = 

γm e c 
2 

P T ( γ ) 

 

3 m e c 

4 σT U ph γ

= 

L 

c 

γcool 

γ
(44) 

nd 

 cool , IC ( γ ) = 

γm e c 
2 

P IC ( γ ) 

 

3 m e c 

4 σT U ph γ f KN ( γ /γKN ) 

= 

L 

c 

γcool 

γ f KN ( γ /γKN ) 
, (45) 

here we make the relativistic β 
 1 approximation in both cases.
he abo v e e xpressions also invoke the nominal efficient-cooling
orentz factor 

cool ≡ 3 m e c 
2 

4 σT U ph L 

, (46) 

efined by t cool, T ( γ cool ) ≡ L / c . Thus, in the Thomson regime, γ cool 

orresponds to the minimum Lorentz factor for a particle to cool on
ime-scales shorter than the system light/Alfv ́en-crossing time, L / c .
ne may express γ cool in terms of the radiative compactness, � ≡
 ph σ T L / m e c 2 , as γ cool = 3/4 � . Unlike a real particle Lorentz factor,

he formal parameter γ cool can be less than 1. This corresponds to
he highly compact case, � > 1, and signals that all particles cool to
on-relativistic energies in less than L / c . 
In addition to γ cool – and ignoring Klein–Nishina effects for the
oment – another radiative Lorentz factor scale may be defined

y equating the radiative cooling time, t cool, T ( γ ), to the linear
cceleration time for particles experiencing the reconnection electric
eld E rec = 0.1 B 0 near reconnection X-points, 

 X ( γ ) = 

γm e c 
2 

0 . 1 e c B 0 
= 

10 γρ0 

c 
. (47) 

utting t X ( γ rad, T ) ≡ t cool, T ( γ rad, T ) yields the nominal radiatively-
imited Lorentz factor (cf. Nalew ajk o 2016 ; Uzdensky 2016 ; Werner
t al. 2019 ; Mehlhaff et al. 2020 , 2021 ; Sironi & Beloborodov 2020;
ridhar et al. 2021 , 2023 ), 

rad , T ≡
√ 

0 . 3 eB 0 

4 σT U ph 
. (48) 
NRAS 527, 11587–11626 (2024) 
 particle with Lorentz factor γ > γ rad, T experiences a Thomson
adiative drag force stronger than the acceleration force from the
econnection electric field. Exceeding this energy is impossible in
he Thomson regime in the absence of other, faster (i.e. operating on
ime-scales < t X ) acceleration mechanisms (Mehlhaff et al. 2021 ). 

The Lorentz factors γ cool and γ rad, T are not independent; they are
oth set by the same underlying radiative parameter U ph . Hence,
rad, T is fixed by γ cool and γ max (Mehlhaff et al. 2021 ): 

2 
rad , T = γcool γmax . (49) 

Equation ( 49 ) reflects the fact that, since the X-point acceleration
ime – which defines γ rad, T – is faster than the system light crossing
ime – which defines γ cool – one generally has γ cool < γ rad, T < γ max .
he exception is the non-radiative regime, where γ cool > γ rad, T >

max and all particles cool on time-scales exceeding L / c . 
The Lorentz factors γ cool , γ rad, T , and γ max characterize the topol-

gy of the time-scales L / c , t X ( γ ), and t cool, T ( γ ) by defining all three
airwise intersection points in γ -space: t cool, T ( γ cool ) ≡ L / c , t X ( γ rad, T )

t cool, T ( γ rad, T ), and [using equations ( 38 ) and ( 47 )] t X ( γ max ) ≡ L / c .
e depict this graphically in Fig. 2 . Such a topological view helps

llustrate a noteworthy point of conceptual consistency . Namely ,
ecause L / c , t X ( γ ), and t cool, T ( γ ) depend, respectively, on L , B 0 , and
 ph , the following hold: γ cool , at the intersection of t cool, T ( γ ) and
 / c , depends on U ph and L but not on B 0 ; γ rad, T , at the intersection of
 cool, T ( γ ) and t X ( γ ), depends on U ph and B 0 but not on L ; and γ max ,
t the intersection of t X ( γ ) and L / c , depends on B 0 and L but not on
 ph (it is the only non-radiative parameter of the three). 
Let us now summarize the situation for Thomson IC cooling.

n this regime, according to equation ( 41 ), cooling depends only
n U ph . The seed photon energy, εph , completely drops out of the
ynamics (though it still influences the observed photon energies).
he parameter U ph can then be recast in terms of the particle energy
cales γ cool and γ rad, T , which characterize intersection points of
mportant time-scales in the reconnection problem (Fig. 2 ). 

To illuminate the influence of the seed photon energy, εph , in
he general IC case (i.e. including the Klein–Nishina regime), a
imilar procedure can be employed as for the Thomson limit. Here,
he rele v ant energy scale in terms of which εph is recast, γ KN ,
as already been introduced; it is the Lorentz factor abo v e which
articles lose their energies in discrete photon quanta. We then only
eed to repeat the comparison of time-scales as done abo v e, but
ow replacing the Thomson-regime t cool, T ( γ ) with the more general
 cool, IC ( γ ). This is done graphically in Fig. 2 , where, in addition to the
ime-scales L / c , t X ( γ ), and t cool, T ( γ ) discussed abo v e, we also plot
 cool, IC ( γ ) for three representati ve v alues of γ KN : γ

(lo) 
KN , γ

(med) 
KN , and

(hi) 
KN . In the figure, we define the new auxiliary energy scale γ rad, IC 

s the generalization of γ rad, T to include Klein–Nishina effects:
 cool, IC ( γ rad, IC ) ≡ t X ( γ rad, IC ). As is the case for γ rad, T , exceeding

rad, IC is impossible barring acceleration channels faster than direct
cceleration near reconnection X-points (Mehlhaff et al. 2021 ). 

The three sets of curves in Fig. 2 corresponding to the different
KN values illustrate the three time-scale topologies that may be

ealized as γ KN is brought in from infinity (equi v alently, as the seed
hoton energy, εph , is increased from zero). First, when γ KN > γ rad, T 

Fig. 2 , green γ (hi) 
KN curves) the generalized radiative Lorentz factor,

rad, IC , remains approximately equal to γ rad, T . Thus, radiative losses
nhibit particles from accessing energies ≥γ KN where they would
xperience Klein–Nishina effects. This regime therefore essentially
educes to the Thomson limit of radiative reconnection. 

The ne xt re gime occurs once γ KN falls below γ rad, T (Fig. 2 ,
urple γ (med) 

KN curves). Then, Klein–Nishina effects [entering through
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Figure 2. Important reconnection time-scales plotted as functions of γ . Intersection points define characteristic Lorentz factors. The isosceles triangle formed 
by the non-radiative time-scales, L / c (horizontal solid black line) and t X ( γ ) [equation ( 47 ); red line], with the Thomson IC cooling time, t cool, T ( γ ) [equation 
( 44 ), blue line], yields the condition γ 2 

rad , T = γcool γmax [equation ( 49 )]. Klein–Nishina effects enter through finite γ KN [equation ( 7 )] and are captured by 
replacing t cool, T ( γ ) with the general IC cooling time, t cool, IC ( γ ) [equation ( 45 ), where t cool , T ( γ ) = lim γKN →∞ 

t cool , IC ( γ )]. We depict three illustrati ve v alues of 

γ KN , γ
(lo) 
KN < γ

(med) 
KN < γ

(hi) 
KN , corresponding, respectively, to the orange, purple, and green sets of curves. These exemplify the three main topologies, described 

in Section 3.2.1 , that can be formed by t cool, IC ( γ ) with the non-radiative time-scales, L / c and t X ( γ ). The depicted γ cool , γ rad, T , and γ max equal those in the 
runs of Section 4 with radiative cooling: IC(Th), IC(KN), and IC(KN) + PP. In addition, while γ (lo) 

KN and γ (hi) 
KN are chosen arbitrarily for illustrative purposes, 

γ
(med) 
KN 
 13 γcool matches the runs of Section 4 with Klein–Nishina effects: IC(KN) and IC(KN) + PP. 
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he function f KN ( γ / γ KN ) falling appreciably below unity] create a
ronounced departure of t cool, IC ( γ ) from the Thomson limit. As
 result, γ rad, IC rises rapidly (it depends super-exponentially on 
rad, T / γ KN > 1; Mehlhaff et al. 2021 ) until it eventually crosses
max . The γ (med) 

KN curves of Fig. 2 illustrate the particular case where 
rad, IC = γ max , which already occurs when γ KN is smaller than γ rad, T 

y just a factor of a few. As γ KN continues to diminish from this point,
rad, IC comes to exceed γ max , meaning that Klein–Nishina effects 
f fecti v ely remo v e the radiativ e limit on direct X-point acceleration
though of course the intrinsic and system-size limits, γ X and γ max , 
re still present). Nevertheless, as long as γ KN � γ cool , there remains 
 range of particle energies characterized by relatively fast cooling, 
ith t cool, IC ( γ ) < L / c . 
Finally, as γ KN approaches γ cool (Fig. 2 , orange γ (lo) 

KN curves), the 
 cool, IC ( γ ) curve is lifted abo v e the line L / c for all γ . Here, Klein–
ishina effects suppress cooling to the point that all particles cool 
n times longer than L / c , an ef fecti vely non-radiati ve regime. 
Of these three cases, the one where Klein–Nishina effects are 

xpected to influence the reconnection dynamics is the second; 
nly there can particles access energies >γ KN while maintaining 
 relatively rapid cooling time. We hence call this the Klein–Nishina
adiative regime , characterized by the scale hierarchy 

cool < γKN < γrad , T < γmax . (50) 
s shown next, this hierarchy is not just important from the
tandpoint of radiative cooling; it is also where pair production from
he emitted photons may play an important role. 

Particles with Lorentz factor γ KN scatter photons to typical 
nergies εscat ∼ γ KN m e c 2 = ( m e c 2 ) 2 /4 εph : that is, close to pair-
roduction threshold with the seed-photon background. This means 
hat particles must necessarily be accelerated abo v e γ KN in order for
 significant fraction of their radiated energy to be recaptured as fresh
airs. In addition, the fiducial pair-production optical depth is [using 
he peak cross-section σγγ 
 σ T /5; equation ( 14 ); see also Mehlhaff
t al. ( 2021 )] 

γ γ = 

U ph σT L 

5 εph 
= 

3 γKN 

5 γcool 
, (51) 

eaning that placing γ KN between γ cool and γ rad, T enables both the 
mission of abo v e-threshold gamma-rays and their absorption inside 
he system on time-scales L / c τ γ γ < L / c . 

In summary, the Klein–Nishina radiative scale hierarchy, γ cool < 

KN < γ rad, T < γ max , triggers three simultaneous and important 
ED effects: 

(i) it permits particles to reach energies >γ KN , where their IC 

ooling transitions to the quantized Klein–Nishina regime; 
MNRAS 527, 11587–11626 (2024) 
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(ii) it permits particles to reach energies >γ KN , where their
C-emitted gamma-rays exceed pair-production threshold with the
ackground radiation bath; and 
(iii) it guarantees almost all of these gamma-rays to be absorbed

nside the system on subdynamical ( < L / c ) time-scales, allowing the
esulting pairs to feed back on reconnection. 

This is the target regime of this study, and how we realize it in
umerical simulations is the topic of the next section. 

.2.2 Selection of the radiative reconnection parameters 

e now discuss our choices of the radiative reconnection parameters,
 ph and εph , recast, as described in the preceding Section 3.2.1 , in

erms of the energy scales γ cool , γ rad, T , and γ KN , plus the pair-
roduction optical depth τ γ γ . We set as a first goal the Klein–
ishina scale hierarchy, γ cool < γ KN < γ rad, T < γ max , discussing

fterward the necessary placement of the remaining non-radiative
nergy scale, σ c,0 (or, equi v alently, γ X ≡ 4 σ c,0 ) within this base
rdering. A key issue is that as much space as possible needs to
e opened up between each successive energy scale in the Klein–
ishina hierarchy. The reason for this is that a high optical depth,
γ γ = 3 γ KN /5 γ cool , demands that γ KN substantially exceed γ cool .
t the same time, γ KN cannot be as large as γ rad, T without, as
reviously described, leading to a prohibitively small radiatively
imited Lorentz factor, γ rad, IC . Thus, the gaps from γ cool to γ KN 

nd, then, from γ KN to γ rad, T both need to be as wide as res-
lution requirements permit. In effect, the separation from γ cool 

o γ rad, T needs to be maximized, which is equi v alent, through
quation ( 49 ), to maximizing the ratios γ max / γ rad, T and γ max / γ cool .
ence, resolving the necessary scale hierarchy demands pushing

he outer scales, γ cool and γ max , as far away from each other as
ossible. 
Let us now examine the implications this has on numerical

ost. We begin by noting that γ cool cannot be made arbitrarily
mall. Otherwise, the ambient upstream plasma becomes efficiently
adiative, appreciably cooling down o v er the course of the simulation.
hysically, this renders the initial background plasma temperature,
 0 , meaningless and, hence, makes interpreting the simulation
esults more difficult; it also means, numerically, that the upstream
ebye length, λD, 0 , quickly becomes unresolv ed (we only resolv e

t marginally to begin with: λD, 0 = 1.2 	 x ), leading to spurious
umerical heating. If, to a v oid this, one requires the upstream plasma
ooling time to be at least some factor M > 1 longer than L / c , then
quation ( 44 ) implies γ cool = M 〈 γ 〉 = 3 M θ0 . Here, 〈 γ 〉 = 3 θ0 = 72
s the initial mean upstream Lorentz factor, and t cool, T can be used
nstead of t cool, IC because upstream particles cool in the Thomson
egime. We find empirically that our simulations take 
 3 L / c for the
econnected magnetic flux to saturate, and thus we conserv ati vely set
 = 6, giving γ cool = 430 = 3.6 × 10 −3 σ c,0 = γ max /2500. 
What the preceding paragraph shows, importantly, is that, re-

ardless of the particular choice for M , the minimum value of
cool is inevitably tied, through θ0 , to the Debye-length resolution

equirement. The ratio γ max / γ cool thus becomes a proxy for L / λD, 0 

 L / 	 x ≡ N , the number of cells (in the x -direction) across the
imulation box. Specifically 

 = L/	x = 1 . 2 L/λD , 0 = 1 . 2 L/ 
√ 

θ0 σc , 0 ρ0 


 12 γmax / 2 θ0 
√ 

σh , 0 = 18 Mγmax /γcool 
√ 

σh , 0 = 7680 , (52) 

here we used the θ0 � 1 approximation, σ h,0 
 σ c,0 /4 θ0 . Our
vailable resources limit us to N = 7680, and, hence, for σ h,0 =
NRAS 527, 11587–11626 (2024) 
250, to γ max / γ cool 
 2500. This ratio is, ne vertheless, suf ficient to
ealize a healthy Klein–Nishina energy-scale hierarchy. 

With γmax /γcool = 

√ 

γmax /γrad , T = 

√ 

γrad , T /γcool set, we must now
ecide where to place γ KN . We empirically find that a good fiducial
hoice is to set γ KN / γ rad, T such that γ rad, IC = γ max . Raising
KN from here lowers γ rad, IC , somewhat inhibiting reconnection-
owered NTPA and, hence, the production of high-energy gamma-
ays and pairs. On the other hand, lowering γ KN limits the pair-
roduction optical depth, τ γ γ ∝ γ KN / γ cool , and, simultaneously, the
ange of energies where particles are efficiently cooled, t cool, IC ( γ )
 L / c (an extreme case of which are the γ (lo) 

KN curves of Fig. 2 ).
verall, this slows the pair-production response of the system: high-

nergy particles take longer to radiate pair-producing photons, and
hose photons travel farther before being absorbed to create pairs.
hoosing, then, t cool, IC ( γ rad, IC ) = t X ( γ rad, IC ) = L / c to set γ rad, IC =
max , gives γ KN = 5500 = 0.046 σ c,0 = 0.26 γ rad, T = 13 γ cool , and
γ γ = 3 γ KN /5 γ cool = 7.7. 
Although our fiducial γ KN is finely tuned, this parameter is
uch more flexible in real astrophysical systems where numerical

equirements do not limit the scale separation. With much larger
alues of γ max / γ cool , astrophysical reconnection may have γ KN 

ifferent from our numerical sweet spot while still preserving the
mportant features: copious particle acceleration abo v e γ KN , efficient
ooling of high-energy particles, and short mean-free paths of emitted
amma-rays. A much more detailed discussion of this point for two
oncrete astrophysical systems – FSRQ jets and black hole accretion
isc coronae – is presented by Mehlhaff et al. ( 2021 ). 
Having set γ KN , γ cool , γ max , and τ γ γ , we are at last equipped to

ustify our choice of σ c,0 . Even though σ c,0 is technically a non-
adiative reconnection parameter (that we have already discussed
n Section 3.1 ), it has unique consequences in the presence of
lein–Nishina radiative physics. Namely, σ c,0 needs to be at least
 factor of several higher than γ KN in order for the intrinsic X-
oint particle acceleration limit, γ X = 4 σ c,0 , to lie deeply in the
egime where reconnection-energized particles emit pair-producing
hotons. As discussed by Mehlhaff et al. ( 2021 ), since the pair-
roduction cross-section, σγγ [equation ( 14 )], peaks at gamma-ray
nergies 
 3.6( m e c 2 ) 2 / εph 
 14 γ KN m e c 2 , and because a particle
n the Klein–Nishina limit tends to donate about half its energy
o a Comptonized photon, particles emitting photons at peak pair-
roduction cross-section have typical Lorentz factors γ 
 30 γ KN .
o permit reconnection-energized particles to easily pass this limit,
e have set σ c,0 = 22 γ KN ( γ X = 88 γ KN ). This is why our

imulations feature such a high σ c,0 and, consequently, a relatively
ow γ max / σ c,0 = 0.1 L / σ c,0 ρ0 = 9.1 given their numerical size. The
ssue is that σ c,0 needs to be on the upper end of our energy-scale
ierarchy, which is already strapped to maximize γ max / γ cool , and so
c,0 ends up being somewhat close to γ max . 
A summary of all our radiative and non-radiative simulation

arameters is given in Table 1 . In addition, we present a graph-
cal description of how the various reconnection energy scales
elate to key physical and numerical quantities in Fig. 3 . The
gure also illustrates how changing one quantity in this high-
imensional parameter space affects the others. For example, a
imple system-size scan requires added care in the presence of all
f these radiative effects, because changing L (e.g. by changing N ),
isplaces not only γ max higher, but also γ cool lower, reducing the
ooling time of the upstream particles with respect to L / c . Thus,
o conduct such a scan, one would need to take care to set θ0 

ow enough such that, even at the end of the scan (highest L ), the
pstream particles are still sufficiently cold that they do not radiate
ppreciably. 



Klein–Nishina reconnection simulations 11599 

Figure 3. Important radiative ( γ cool and γ rad, T ) and non-radiative ( θ0 , σ c,0 , and γ max ) energy scales in reconnection connected with lines indicating how their 
relative magnitudes depend on: the system size, L ; the number of simulation cells in the x -direction, N ; the characteristic cooling time, ct cool, T (3 θ0 )/ L , of the 
initial upstream particles ( M in the text); and the hot magnetization, σ h,0 . The labels σ h,0 and ct cool, T (3 θ0 )/ L follow only in the relativistically hot case, θ0 �
1. The Klein–Nishina Lorentz factor, γ KN , and, consequently, τγ γ ∝ γ KN / γ cool [equation ( 51 )], can be freely selected independently of all other diagrammed 
quantities (since γ KN depends only on εph , but not on any of the other parameters, like U ph and L , that the other scales depend on). They are placed to illustrate 
the scale hierarchy of equation ( 50 ), γ cool < γ KN < γ rad, T < γ max , which is realized in all the simulations of this work that include Klein–Nishina effects. 
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4 In a real instance of astrophysical reconnection, the outer scale, L , would 
dwarf the plasma microscales (e.g. σc , 0 ρ0 ) by many orders of magnitude, 
leading to a deep self-similar hierarchy both in the main plasmoid chain 
and in the recursive ones birthed between merging plasmoids. However, in 
our simulations with limited computational resources, we only witness the 
primary chain and the first secondary plasmoid-merger chains. 
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 KLEIN–NISHINA  I M PAC T  O N  

E C O N N E C T I O N  

ere, we present and compare the four main simulations whose setup 
s discussed in Section 3 . We stress that, all parameters being the same
Table 1 ), the simulations differ only in their modelled physics. In
ur non-radiative run, ‘no rad.’, radiative cooling and pair production 
re completely turned off. In our Thomson-radiative run, ‘IC(Th)’, 
e apply continuous Thomson radiative cooling, but pair production 

emains absent. In the runs ‘IC(KN)’ and ‘IC(KN) + PP’, we employ
ur general IC cooling scheme (including the high-energy Klein–
ishina regime; Sections 2.2.1 and 2.2.3 ), but only self-consistently 

alculate pair production (Section 2.2.2 ) in the IC(KN) + PP run. In
his sense, the IC(KN) run is artificial. In it, we simply pretend that
ll radiation emitted by particles, even the part above pair threshold, 
s permanently lost from the simulation. 

In each of the following subsections, we analyse one aspect of the
imulations, starting with those that are more similar among the four
nd moving to those that are more different. We finish by addressing
nique properties of the run IC(KN) + PP that only exist in the context
f pair production. 

.1 Global spatial evolution 

e present the large-scale temporal evolution of the simulations in 
ig. 4 . For generality, the figure depicts the run, IC(KN) + PP, with
eneral IC cooling and pair production, but the temporal evolution 
n terms of the spatial plasma number density (left-hand column) is
imilar in all runs. 

At the simulation onset, we apply a 1 per cent perturbation to
he in-plane magnetic field. This seeds the tearing instability in the 
nitial current sheet, rapidly disrupting it into a chain of plasmoids
eparated by smaller current sheets, themselves tearing-unstable. 
he successive tearing of these current sheets down to smaller and 
maller scales yields a self-similar hierarchy of plasmoids and inter- 
lasmoid current layers (Uzdensky, Loureiro & Schekochihin 2010 ), 
s in, for example, the snapshots of Fig. 4 at t = 0.6 L / c and t =
.2 L / c . As the plasmoids merge with one another, they also create
eparate miniature reconnection sites with current sheets oriented 
erpendicular to those of the main plasmoid chain (parallel to the 
z -plane instead of to the xz -plane). These reconnection sites – for
xample at x 
 35 σ c,0 ρ0 in the t = 1.2 L / c snapshot and at x 
 5 σ c,0 ρ0 

n the t = 1.9 L / c snapshot – beget their own plasmoid hierarchies. 4 

In both cases – whether in the mid-plane plasmoid chain or at
ertical reconnection regions between colliding plasmoids – recon- 
ecting current sheets are prominent sites of particle acceleration. 
his fact is underscored in the depicted IC(KN) + PP run by the
opious emission of gamma-ray (abo v e pair-production threshold) 
adiation from these regions in the middle column of Fig. 4 . 

Given the periodic boundary conditions of our setup, the large 
lasmoid with centre at x 
 25 σ c,0 ρ0 in our simulations serves as an
xhaust for the plasma processed by reconnection. Reconnection 
lo ws do wn and e ventually stalls once about half of the initial
agnetic flux in the box is reconnected. This corresponds to a state
here the separatrix – the topological boundary between the domains 
f reconnected and unreconnected flux – crosses the mid-plane at an 
ngle of about 45 ◦ (crosses itself at 90 ◦ angles) at the dominant X-
oint and opens up around the large exhaust plasmoid, which is then
he only plasmoid remaining in the layer. 

Finally, even though the runs are quite similar in their global
patial evolution, one unique aspect of the IC(KN) + PP run is the
ifference in spatial coherence between the original particles (Fig. 4 ,
eft-hand column) and those produced in situ (Fig. 4 , right-hand
olumn). Original particles are bound to magnetic field lines (except 
t reconnection X-points), and thus the striations in the original- 
article number density follow closely the wrapping of magnetic 
eld lines around large plasmoids. This forms a tree-ring pattern: 
ensity striations along field lines trace the history of magnetic flux
ccumulation onto each plasmoid – by merging with and absorbing 
maller plasmoids – in the same way that rings on a tree stump trace
he felled tree’s lifecycle. In contrast, for the produced particles, such
n effect, while still discernible, is much less pronounced. This owes
o the added channel through which produced particles can take up
esidence in plasmoids: they can be born there directly. They are
ot constrained, like the original particles, to essentially follow the 
MNRAS 527, 11587–11626 (2024) 
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M

Figure 4. Time snapshots of the original pair number density (left-hand column), abo v e-threshold photon energy density (middle column), and accumulated 
produced pair number density (right-hand column) for the main Klein–Nishina reconnection simulation with pair production, IC(KN) + PP. In each panel, 
the reconnection separatrix is drawn in white and intersects at the main reconnection X-point. All runs exhibit similar large-scale temporal evolution to that 
depicted: the initial current sheet quickly tears into a hierarchical chain of merging plasmoids (e.g. left-hand column). In addition to this familiar picture, in the 
IC(KN) + PP run, regions of active particle acceleration are signalled by flashes of gamma-rays (middle column). These photons are eventually absorbed to build 
up the population of particles born in situ (right-hand column). 
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econnection of a given field line onto a plasmoid. This pollutes,
n the number density maps of the produced particles, what are,
n the maps of original-particle density, fairly pristine tree-ring-like
ensity striations around plasmoids. These remarks are specific to
D reconnection; in 3D, out-of-plane variation would likely obscure,
ven in the original particles, the tree-ring structures observed
ere. 

.2 Reconnection rate 

onsistent with their similar global evolution, all four of our principal
uns exhibit statistically indistinguishable reconnection rates, β rec .

e measure these reconnection rates in Figs 5 and 6 . Fig. 5 shows
he reconnected flux, � ( t ), in each simulation as a function of time,
 . To determine the characteristic reconnection rate, we consider the
ctive phase of each simulation, defined as the period, t ∈ [ t start , t end ],
uring which the middle 70 per cent of the change in reconnected
ux (difference between initial and final points on the Fig. 5 curves)
ccurs. This insulates the measurement from artificially slow values
uring reconnection onset while also reducing sensitivity to the late-
NRAS 527, 11587–11626 (2024) 
ime slo wdo wn during reconnection saturation (see discussion in
ection 4.1 ). We define the average reconnection rate as [ � ( t end )
� ( t start )]/ B 0 c ( t end − t start ). Our measurements are summarized in

ig. 6 . 
Even in the active phase, ho we ver, reconnection does not proceed

t a precisely uniform rate. To provide some idea of the temporal
ariation, we also compute instantaneous reconnection rates by
ifferentiating the curves in Fig. 5 with respect to time. We report
he median and one standard-deviation (16th and 84th) percentiles
f the resulting reconnection rate distributions in Fig. 6 . 
Concerning the differences between the simulations, the radiative

uns generally reconnect about 20 per cent more magnetic flux than
he non-radiative simulation. This effect was previously noted by

erner et al. ( 2019 ), who interpreted it as resulting from radiative
ooling tending to reduce plasma pressure support inside plasmoids,
nhancing plasmoid compression (cf. Hakobyan et al. 2019 , 2023b ;
choeffler et al. 2019, 2023 ; Chernoglazov, Hakobyan & Philippov
023 ). As a result, more reconnected magnetic flux is needed to
chieve the saturated geometry where the separatrix forms 90 ◦ angles
ith itself at the principal X-point (Section 4.1 ). This effect primarily
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Figure 5. Reconnected magnetic flux as a function of time in our four 
main runs: no rad., IC(Th), IC(KN), and IC(KN) + PP. In this plot, we 
include information from both the top and bottom reconnection layers in 
our simulations. Thus, the saturation of each simulation’s reconnected flux 
at ∼0.5 B 0 L indicates that the initially available flux in the box, B 0 L y /2 = 

B 0 L , has been approximately half-consumed. The active phase of each run 
is displayed as a dashed box during which the middle 70 per cent of the 
simulation’s total change in reconnected flux occurs. Each run’s average 
reconnection rate (see Fig. 6 ) is the slope of the secant line through this box. 

Figure 6. Per -simulation a verage, median, and 1 σ (16th and 84th) percentile 
reconnection rates. The reconnection rates between runs are statistically 
indistinguishable. 
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lters the late-time flux saturation; it has little impact on the rate of
econnection during the active phases of our simulations. 

Additionally, we observe some radiatively dependent skew in 
ur measured reconnection rate distributions. Notably, the run 
C(KN) + PP is almost bimodal in its reconnection rate distribution.
s visible in Fig. 5 , this run reconnects relatively quickly during the
rst half of its active period and slo ws do wn during the second half.
s a result, the median reconnection rate falls substantially below 

he mean. This could be a sign of the pair feedback anticipated by
ehlhaff et al. ( 2021 ), where the pairs produced in the upstream

egion load the upstream plasma, thereby reducing σ h and hence 
nhibiting reconnection (see also the supporting information of Xie 
t al. 2023 ), but it is not statistically significant. We examine the
ssue of pair feedback again in later sections. 
.3 Non-thermal particle acceleration 

n our simulations, magnetic reconnection results in efficient energy 
elivery to the plasma particles in the form of non-thermal particle
cceleration (NTPA). To illustrate this, we present the particle energy 
istrib utions, time-a v eraged o v er each simulation’s reconnection 
ctive phase (Section 4.2 ), in Fig. 7 . While NTPA is efficient in
ll cases, differences between the runs now begin to emerge. In
articular, the slope and extent of the high-energy power-law tail 
iffer depending on the radiative physics involved. 
In the non-radiative run, reconnection promptly energizes particles 

p to Lorentz factors γ ∼ γ X ≡ 4 σ c,0 with a hard power law, 
 N /d γ ∝ γ −p , of index p 
 1.2. This is expected in our weak
uide field, extremely highly magnetized ( σ h,0 ∼ 10 3 ) regime, in 
hich numerous previous studies have found that p tends to decrease

hardening the power law) with increasing σ h,0 , asymptoting close 
o unity in the large- σ h,0 limit (e.g. Zenitani & Hoshino 2001 , 2008 ;
uo et al. 2014 , 2015 , 2019 , 2021 ; Melzani et al. 2014 ; Sironi &
pitko vsk y 2014 ; Sironi et al. 2016 ; Werner et al. 2016 , 2018 ;
erner & Uzdensky 2017 ; Ball, Sironi & Özel 2018 ; Sironi 2022 ;
zdensky 2022 ). Because p < 2, most of the particle kinetic energy is

tored in the high-energy tail of the distribution, forcing a departure
rom the p 
 1.2 scaling beyond Lorentz factors a few times γ X ≡
 σ c,0 . Otherwise, the particles would carry more energy than initially
vailable in the reconnecting magnetic field. 

Beyond the steepening around γ = γ X , the particle distribution 
eclines and then eventually sharply cuts off near γ = γ max . Since
he energies γ X ≡ 4 σ c,0 and γ max are relatively close together by 
omputational necessity in this study (Section 3.2.2 ), it is difficult to
etermine whether the transition near γ = γ X leads to a steeper 
softer) power law, perhaps scaling roughly as p 
 3, or to an
xponential cut-off that later gives way to an even sharper cut-off
ear γ 
 γ max . If, of these two possibilities, it is the former case of
 transition to a softer power law that is realized, it would match the
icture advanced by Petropoulou & Sironi ( 2018 ) and Hakobyan et al.
 2021 ) where particles undergo additional slow acceleration after 
eing processed across the reconnection separatrix and becoming 
rapped inside of adiabatically compressing plasmoids. 

The addition of radiative cooling markedly changes the signatures 
f NTPA in our simulations. In the purely Thomson radiative run,
adiative losses impose a decisive cut-off on the maximum particle 
nergy at the Lorentz factor γ rad, T , as first studied by Werner et
l. ( 2019 ). This cut-off is well below not only the nominal system-
ize-limited Lorentz factor, γ max , but also the intrinsic maximum 

nergy, γ X , attainable by particles via non-ideal direct acceleration 
y the reconnection electric field near X-points. Thus, radiative losses 
ompete with ev en v ery rapid particle acceleration. Slower secondary
cceleration channels are suppressed altogether, and there is no 
vidence of a secondary power-law component associated with such 
hannels (consistent with earlier studies, e.g. Sironi & Beloborodov 
020 ; Mehlhaff et al. 2020 , including when strong radiative cooling is
acilitated by synchrotron losses instead of IC emission, as observed 
y Hakobyan et al. 2023b ). The suppression of non-impulsive 
cceleration processes by (synchrotron or IC) radiative cooling has 
lso been observed in the context of relativistic turbulence (e.g. 
hdankin et al. 2020 ; Comisso & Sironi 2021 ; N ̈attil ̈a & Beloborodov
021 ; Sobacchi, N ̈attil ̈a & Sironi 2021 ; Zhdankin, Uzdensky & Kunz
021 ). Had we conducted 3D simulations, the available secondary 
article acceleration channels would have probably been faster than 
n the present 2D setup, with energized particles not indefinitely 
onfined to plasmoids, but eventually escaping back into the upstream 

egion to surf along the reconnection electric field on Speiser-like 
MNRAS 527, 11587–11626 (2024) 



11602 J. Mehlhaff et al. 

M

Figure 7. Time-averaged particle energy distributions for our four main runs. The averaging interval is the same as Fig. 5 : the period during which the middle 
70 per cent of the change in the reconnected flux occurs. Error envelopes display the 1 σ (16th and 84th) percentiles during the averaging interval in each 
energy bin. The normalization is arbitrary, but equal on all panels. The IC(KN) + PP distribution is decomposed into contributions from particles that were 
originally present at time t = 0 (orig.) and those produced during the simulation (prod.). Klein–Nishina effects lead to NTPA that is intermediate between the 
non-radiative and Thomson radiative regimes, with a high-energy cut-off similar to the non-radiative case but a power-law scaling intermediate between those 
of the non-radiative and Thomson-cooled runs. 
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rajectories, rapidly accelerating to even higher energies (Zhang,
ironi & Giannios 2021 ; Zhang et al. 2023 ). Taking a hint from recent
ynchrotron radiative simulations (Chernoglazov et al. 2023 ), we
xpect that such acceleration would nevertheless remain suppressed
n the presence of the intense radiative losses of the IC(Th) run,
hich would cool particles down before they could escape back

nto the upstream for further acceleration. These expectations must
ltimately be checked by a future 3D study, though. 
Besides the radiative cut-off at γ rad, T , the high-energy tail of

he Thomson-cooled particle energy distribution features a steeper
ower-law scaling, d N /d γ ∝ γ −p , with p 
 2.5. This is also consistent
ith earlier work (Werner et al. 2019 ; Mehlhaff et al. 2020 ), including

he pile-up seen at intermediate energies (yielding a peak in γ 2 d N /d γ )
ust beyond γ cool . This pile-up results from intermittent episodes
f e xplosiv e particle acceleration ignited at plasmoid mergers. In
etween such episodes, particles are rapidly cooled inside their host
lasmoids, reaching a typical energy γ cool L / c 	 t coll characterized by
he time 	 t coll between plasmoid collisions. While, in reality, 	 t coll is
if ferent for dif ferent tiers in the plasmoid hierarchy, the relativistic
lasmoid motion in the box of size L dictates that it should be < L / c .
his is consistent with the pile-up in the high-energy tail (peak in
NRAS 527, 11587–11626 (2024) 
2 d N /d γ ) occurring at a fe w-to-se veral times γ cool in the IC(Th)
anel (top right) of Fig. 7 . 

Klein–Nishina effects lead to an NTPA regime that is largely in-
ermediate between the non-radiative and strongly Thomson-cooled
ases. This is evidenced by both our runs with general Compton
osses, IC(KN) and IC(KN) + PP. The Klein–Nishina reduction in
adiati ve ef ficiency causes the particle energy distribution’s tail to
xhibit a flatter (harder) scaling, p 
 2, and to persist to higher
nergies (definitively cutting off by the time γ 
 γ max = γ rad, IC ,
hough perhaps steepening sooner, near γ = γ X ) than when cooling
roceeds purely in the Thomson limit. Ho we ver, the tail is still
teeper than that in the non-radiative run. This intermediate behaviour
an be understood from the hierarchy of time-scales, t cool, T ( γ ) <
 cool, IC ( γ ) < L / c , which holds at all Lorentz factors γ < γ max in these
imulations (Fig. 2 , γ (med) 

KN curves). 
The degree to which NTPA more resembles that in the Thomson or

on-radiative limits depends on the precise value of γ KN . Increasing
KN tends to bring the generalized cooling time, t cool, IC ( γ ), closer to

ts Thomson limit, t cool, T ( γ ) (Fig. 2 , γ (hi) 
KN curves). Once γ KN surpasses

rad, T , particles are forbidden from experiencing significant Klein–
ishina effects, and the system reverts to purely Thomson radiative
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Figure 8. Local average Lorentz factor maps for our four main runs. Each run is pictured at the moment in time when half of its final change in reconnected 
magnetic flux has occurred. Commensurate with what happens in the particle energy distributions, Klein–Nishina effects result in maps that have properties 
that are intermediate between the non-radiative and purely Thomson-cooled regimes. Namely, the IC(KN) and IC(KN) + PP runs both feature hot reconnection 
current sheets like the non-radiative simulation, but plasmoids with temperatures between those of the plasmoids in the non-radiative and Thomson-cooled cases. 
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econnection. On the other hand, reducing γ KN lengthens the cooling 
ime, t cool, IC ( γ ), and, in the extreme case of γ KN � γ cool , t cool, IC ( γ )
xceeds L / c for all γ : an ef fecti vely non-radiati ve regime (Fig. 2 , γ (lo) 

KN 

urv es). We hav e v erified these e xpectations by running simulations
ith differing γ KN (those outlined in Table 2 ), though we do not
resent the NTPA from those simulations in detail. These runs 
onfirm that increasing γ KN mo v es the particle distribution cut-off 
loser to γ rad, T while also steepening its power-law tail, causing 
TPA to resemble the Thomson limit. Conversely, reducing γ KN 

aintains the sharp particle energy cut-off at the system-size limit, 
max (perhaps with an earlier cut-off or power-law transition near 
X ), while simultaneously hardening the high-energy tail, transi- 

ioning the system towards non-radiative NTPA. Thus, the IC(Th) 
nd no rad. runs represent the ef fecti ve high- and low- γ KN extremes,
ith the IC(KN) and IC(KN) + PP runs falling somewhere in the
iddle. 
In Fig. 7 , for the run with pair production, IC(KN) + PP, we decom-

ose the particle energy distribution into its separate contributions 
rom particles that were present originally in the simulation and those 
roduced on the fly . Strikingly , the produced particles dominate not
nly the high-energy tail, but also the total plasma energy contained 
n the simulation box. This is in spite of the fact that these particles are
ar less numerous than their originally present counterparts, which 
s only possible thanks to their extremely high average energy. That 
he produced particles should compete with the original particles for 
nergetic dominance despite being fewer in number is in line with 
he basic predictions for this regime of reconnection advanced by 

ehlhaff et al. ( 2021 ). We examine more thoroughly the differences
etween original and produced particles in Section 4.6 . 

To complement the distributions of Fig. 7 with a spatial view 

nto particle acceleration, we present maps of the local plasma 
verage Lorentz factor for each of our four main runs in Fig. 8 .
ere again, we see that the non-radiative and Thomson-cooled cases 

epresent two opposite extremes. On the one hand, the non-radiative 
un contains hot reconnection current sheets and plasmoids (except 
he cold core of the large exhaust plasmoid centred at x 
 20 σc , 0 ρ0 

it is composed of initially drifting plasma swept directly into this
lasmoid near the beginning of the simulation without ever being 
nergized by reconnection). On the other hand, the simulation with 
homson losses features cold plasmoid cores (cf. Beloborodov 2017 ; 
ironi & Beloborodov 2020 ; Sridhar et al. 2021 , 2023 ; Groselj et al.
023 ) and merely warm current sheets. 
Let us see how these differences arise. The plasmoids in the non-

adiative run accumulate kinetic energy via the hot plasma that is
 xhausted a way from reconnection X-points, thereby containing, 
ollectively, a running tally of the dissipated magnetic energy. While 
lasmoids still collect particles in the IC(Th) case, they no longer
mass liberated energy, which instead escapes as IC radiation. Then, 
nstead of the area-filling, particle-accumulating plasmoids, it is the 
uasi-1D current-sheet singularities that host the energetic plasma –
hat is, where intense acceleration is actively taking place. 5 And even
n these special regions, the local mean energy is radiatively limited to 
γ rad, T = 0.2 σ c,0 , much lower than the intrinsic maximum X-point 

cceleration Lorentz factor, γ X = 4 σ c,0 , reached in the (consequently 
uch hotter) current sheets of the non-radiative run. In the IC(Th)

ase, once particles vacate rapid acceleration zones near X-points to 
o v e into plasmoids, the y quickly cool do wn, gi ving the plasmoid

ores a characteristic mean energy of order the pile-up energy, 〈 γ 〉
10 −2 σ c,0 , in the IC(Th) distribution of Fig. 7 . 
Moving now to the IC(KN) and IC(KN) + PP simulations in Fig. 8 ,

e see again that they are intermediate between the non-radiative and
homson-cooled extremes. Like the non-radiative case, these two 

uns contain very hot reconnection current layers, with local Lorentz 
actors comparable to σ c,0 and far exceeding γ rad, T . This reflects 
MNRAS 527, 11587–11626 (2024) 
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he fact that cooling losses do not substantially inhibit acceleration
ear reconnection X-points in these Klein–Nishina-regime runs. As
or plasmoids, these are colder than in the non-radiative simulation
ut warmer than in the IC(Th) case. This stems again from the
ooling time-scale hierarchy, t cool, T ( γ ) < t cool, IC ( γ ) < L / c : particles
ccelerated at current sheets are not efficiently cooled on the time-
cales of their acceleration, but they are still efficiently cooled over
ne dynamical time, causing plasmoids to cool down – just not as
uickly as in the IC(Th) run. 
To summarize, in this subsection, we have witnessed the first
ain differences emerge among our simulations, with the differing

adiative physics leaving pronounced and distinguishing imprints on
TPA. Even though all runs exhibit non-thermal power-law particle

nergy distributions, d N /d γ ∝ γ −p , in their reconnection active
hases, the slopes and extents of their po wer-laws dif fer dramatically.
he non-radiativ e re gime yields p close to unity, with a departure

rom this scaling near γ = γ X ≡ 4 σ c,0 and a subsequent sharp cut-
ff at γ = γ max . The IC(Th) run represents an opposite regime, with
 
 2.5 followed by an abrupt cut-off at γ 
 γ rad, T � γ max . Klein–
ishina radiative cooling lies between these two extremes, and for

he parameters of our IC(KN) and IC(KN) + PP runs, gives p 
 2 and
 sharp cut-off at γ 
 γ max (perhaps with an earlier steepening near
= γ X ). 

.4 Inverse Compton emission spectra 

n this section, we connect the pronounced NTPA in our simulations
o their IC emission spectra. Like the underlying particle energy
istributions (Section 4.3 ), these spectra are highly extended and
on-thermal, and the distinctions among them reflect the differing
adiative physics at play. 

We present angle-integrated IC emission spectra for each of our
our main runs in Fig. 9 . These spectra are computed by summing
ogether the individual spectra from every simulated particle, re-
ardless of the particle’s position or velocity direction. As a result,
eaming and light-traveltime effects are neglected. In addition, for the
C(KN) + PP run, pair-production absorption of the emitted gamma-
ays is temporarily ignored, but we discuss it briefly at the end of this
ubsection and in more detail in the next subsection. 

In the non-radiative and Thomson-cooled cases, the IC emission
pectra are produced in the Thomson regime and are thus given
traightforwardly in terms of the underlying particle energy distri-
utions as follows. Particles of Lorentz factor γ upscatter photons
o energies ε( γ ) ∼ γ 2 εph . Because the scattering rate, σ T cn ph [cf.
quation ( 5 )], is independent of γ , the number of photons emitted per
nit time into a given energy interval, d εd N ph /d t d ε, is proportional
o the number of particles at the corresponding scattering Lorentz
actor, d γ d N/ d γ | γ∝ ε1 / 2 . Thus, if the particle energy distribution is
 power law, d N /d γ ∝ γ −p , the emitted photon distribution is also
 power law: d N ph / d td ε ∝ (d N/ d γ | γ∝ ε1 / 2 )(d γ / d ε) ∝ ε−( p+ 1) / 2 (cf.
ybicki & Lightman 1979 ). In the εF IC ( ε) representation plotted in
ig. 9 , this translates to εF IC ( ε) = ε2 d N ph /d t d ε ∝ ε−( p − 3)/2 . 
This result equips us to easily interpret the power-law components

n the non-radiative and Thomson-cooled IC emission spectra. The
on-radiative run’s particle distribution power law is approximately
 N /d γ ∝ γ −1.2 (Fig. 7 ), which yields the expected IC power
aw, εF IC ( ε) ∝ ε0.9 . This is in good agreement with the non-
adiative IC spectrum in the top left panel of Fig. 9 . Additionally,
f present, the second/steeper particle power-law component for this
ame simulation, d N /d γ ∝ γ −3 – putatively stemming from slower
econdary acceleration channels – should produce a flat spectrum,
F IC ( ε) ∝ ε0 = const. While this is roughly consistent with the
NRAS 527, 11587–11626 (2024) 
easured spectrum of Fig. 9 , it is difficult to definitively say that such
 component truly exists and is not just part of the spectral cut-off.
egarding the Thomson-cooled run, the power law, d N /d γ ∝ γ −2.5 ,

hould yield the gently increasing spectrum, εF IC ( ε) ∝ ε0.25 , which
grees with Fig. 9 (top right panel). Finally, all these ideas can be
pplied not just to connect spectral slopes between the particle and IC
pectra, but also to relate their cut-offs. In particular, the cut-offs at
max and γ rad, T in the respective non-radiative and Thomson-cooled
article distributions (Fig. 7 ) correspond to the observed cut-offs at
hoton energies of order γ 2 

max εph and γ 2 
rad , T εph in these simulations’

C emission. 
This simple framework breaks down in the presence of Klein–

ishina effects. Then, the characteristic scattered photon energy
ecomes a broken power-law function of the particle’s energy: ε( γ )
γ 2 εph when γ < γ KN and ε( γ ) ∼ γ m e c 2 otherwise. Furthermore,

he scattering rate, σ T cn ph g KN ( γ / γ KN ) [equation ( 5 )], becomes a
on-trivial, decreasing function of γ . This suppresses the emission
fficiency and breaks the simple correspondence between the particle
istrib ution power -la w inde x and that of the IC emission spectrum.
et us examine how these effects manifest themselves in the IC(KN)
nd IC(KN) + PP panels (bottom left and bottom right, respectively)
f Fig. 9 . To begin with, the characteristic emission energies from
articles at each of our Lorentz-factor scales are pushed closer
ogether beyond the energy ε( γ KN ) (because, beyond γ KN , ε scales
inearly with γ instead of quadratically). As an e xample, ev en
hough the scales γ max , γ rad, T , and γ cool are all equally spaced on
 logarithmic scale (because γ 2 

rad , T = γmax γcool ), the corresponding
hoton energies, ε( γ max ), ε( γ rad, T ), and ε( γ cool ), are not at all evenly
paced, with ε( γ max ) and ε( γ rad, T ) closer together than ε( γ rad, T ) and
( γ cool ) [because the former two lie abo v e the break energy ε( γ KN )
hile the latter lies below it]. Ne xt, ev en though the power-law

calings of the IC(KN) and IC(KN) + PP particle distributions are
oth approximately γ −2 or shallower (i.e. harder), the corresponding
F IC ( ε) spectra are both steeper (i.e. softer) than the Thomson-limit
rediction, ε0.5 , demonstrating the reduced radiative efficiency in the
lein–Nishina limit. 
While the diminished Klein–Nishina cross-section produces a

ofter emission spectrum for a given particle distribution, it also
ields a particle distribution that is harder in the first place (Section
.3 ). These two effects somewhat cancel out, and, hence, not much
hange is observed in the spectral slope from the time-averaged
C(Th) spectrum to those yielded by the IC(KN) and IC(KN) + PP
imulations (cf. Moderski et al. 2005 ). This is even despite the very
ifferent shape – the result of different cooling physics – in the
article distributions between these runs. 
Finally, we note that the IC(KN) and IC(KN) + PP Compton

mission spectra peak far abo v e ε( γ KN ) – deeply in the Klein–Nishina
egime. As a result, most of the radiated energy in the IC(KN) + PP
ase (grey region in the lower right panel of Fig. 9 ) is emitted above
air-production threshold, where [unlike the IC(KN) run] it will be
ecaptured by the system as hot newborn pairs. The peak in the
ntrinsic emitted IC spectrum is therefore invisible to the observer,
ho sees only the indirect remnant of this radiation reprocessed to
elow-threshold energies. We elaborate the observable consequences
f this effect in the next subsection. 

.5 Light cur v es and spectral v ariability 

e now complement Section 4.4 ’s energy-resolved view of the
mission from our simulations by discussing the timing of the
adiati ve signatures. When vie wed through the lens of timing, the
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Figure 9. Time-av eraged (o v er the same interval as in Figs 5 –7 IC emission spectra for our four main runs. Instantaneous spectra used for averaging are equal to 
the box-integrated isotropic IC emissivity, εF IC ( ε; t) ≡ ε

∫ 
d 3 xd 
j IC ( ε, x x x , 
; t). Error envelopes display the 1 σ percentiles over the averaging interval in each 

energy bin. The normalization is arbitrary but equal across all panels. For the no rad. run, besides the normalization, the luminosity scale itself is arbitrary – not 
tied to the energetics of the simulation – and is chosen so that the spectral peak is at a similar level to those of the other runs. The characteristic photon energy, 
ε( γ ), emitted by a particle of Lorentz factor γ is defined piecewise continuously as 4 γ 2 εph ( γ m e c 2 ) for γ less (greater) than γ KN . The IC(KN) + PP spectrum is 
decomposed into contributions from originally present (orig.) and produced (prod.) particles. Klein–Nishina effects suppress the IC cross-section, hardening the 
particle energy distribution (Fig. 7 ), while softening the emitted spectrum. These competing effects result in IC(KN) spectral scalings that are not very different 
from that in the IC(Th) simulation. The gre y re gion in the IC(KN) + PP panel indicates photon energies beyond pair-production threshold, 4 γ KN m e c 2 . Photons 
emitted at these energies do not make it to the observer; they are absorbed inside the system to produce new pairs. 
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ifferences among the various radiative regimes are accentuated, 
esulting in highly distinct observable signatures. 

We begin by presenting light curves of each run’s bolometric 
uminosity (instantaneous total escaping emitted power) in Fig. 10 . 
 or consistenc y with the flow of energy in the simulations, we
nly include that part of the luminosity permanently lost by the 
imulation. This means that, for the light curves of the no rad. and
C(Th) runs, we report the frequenc y-inte grated emitted power as
 function of time. In contrast, for the IC(KN) + PP run, we report
nly the portion of the emission spectrum below pair-production 
hreshold: at photon energies ε < 4 γ KN m e c 2 . By the same reasoning,
e are obligated to include all photon energies for the IC(KN)

imulation, reporting the total emitted power in that case also –
therwise, since pair production is artificially suppressed in that run, 
e would not fairly count the energy lost from the simulation. We
ave checked that this bookkeeping yields the same total energy 
adiated (integrals of the curves in Fig. 10 ) by each radiative

imulation. c
The light curves in Fig. 10 are clearly separated into two main
roups: the non-radiative versus the radiative simulations. This 
ichotomy excellently illustrates a fundamental property of radiative 
econnection: prompt emission. That is, in non-radiative reconnec- 
ion, particles are first accelerated and, then, o v er much longer time-
cales than the duration of the reconnection process itself, radiate 
way their energy as potentially observable emission. In contrast, 
adiative reconnection features fundamentally prompt emission, 
here particles radiate their acquired energy on subdynamical time- 

cales, causing radiation to participate in the reconnection dynamics 
ather than, as in the non-radiative case, passively trace energization 
hat has already occurred. This is reflected in Fig. 10 in that the three
adiativ e light curv es broadly track the instantaneous electromagnetic 
issipation of their simulations, rising as reconnection gets going and 
alling again once the reconnected flux saturates (cf. Fig. 5 ). The light
urve of the non-radiative simulation, on the other hand, follows the
ime integral of the electromagnetic dissipation, growing with the 
umulative dissipated energy and reconnected flux. 
MNRAS 527, 11587–11626 (2024) 
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Figure 10. Light curves of the IC luminosity (instantaneous escaping 
radiated power) for each of our four main runs. The normalization for the 
non-radiative simulation is not fixed by dynamical radiative cooling and so 
is scaled to appear on the plot with the other simulations (cf. Fig. 9 ). Dashed 
portions of light curves are computed in post-processing (see the text). 

Figure 11. Cross-correlation of the instantaneous rate of electromagnetic 
dissipation with the escaping IC luminosity (light curves of Fig. 10 ). Em- 
blematic of the distinction between radiative and non-radiative reconnection, 
the non-radiative simulation’s luminosity lags its dissipation (proportional 
to the cumulative dissipated electromagnetic energy), whereas the radiative 
simulations’ luminosities are synchronized with dissipation (proportional to 
its instantaneous rate). The IC(KN) run features a slightly longer lag than 
the IC(Th) run owing to its lower radiativ e efficienc y. The IC(KN) + PP run 
features a still somewhat longer lag with a skewed distribution toward the 
high-lag end. This stems from the time it takes for radiation injected abo v e 
pair-production threshold to become reprocessed to below-threshold (and, 
hence, escaping) energies. 
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To illustrate these remarks more thoroughly, we also supply
ig. 11 , which shows the cross-correlation function, ∝ 

∫ 
d t L IC ( t +

) P diss ( t), with τ the correlation lag, of each L IC ( t ) curve from Fig. 10
ith the box-integrated electromagnetic dissipation, P diss ( t) ≡
 

d 3 x J J J ( t) · E 

E E ( t). As discussed abo v e and confirmed by this figure,
here is a significant lag, τ > 0, of the non-radiative IC luminosity
ehind P diss . In contrast, all three radiative simulations lose their
nergy promptly, with peak lags close to zero. 

There are, ho we ver, dif ferences among the radiative runs. The
C(Th) luminosity exhibits the shortest variability time-scales in
NRAS 527, 11587–11626 (2024) 
ig. 10 , with small bumps atop its o v erall env elope corresponding
o bursts of particle acceleration at plasmoid mergers. In contrast,
ecause the cooling time-scales are slightly longer for the IC(KN)
nd IC(KN) + PP runs, particles retain enough energy in between
hese episodic events to smooth out the variations in the resulting
ight curves. As one might expect from these remarks, the IC(Th)
imulation exhibits the smallest (exactly zero) peak lag from its
lectromagnetic dissipation to its emitted luminosity. In contrast,
he IC(KN) and IC(KN) + PP runs have small but finite peak lag.
f these, the IC(KN) + PP case has a slightly longer lag and a more

kewed cross-correlation distribution, with more power concentrated
t longer lags. This is the result of the reprocessing of gamma-rays
near the peak of the emission spectrum in Fig. 9 ) to lower energies
hrough gamma-ray radiation and pair production. That is, it takes
ime for power injected at the high-energy, abo v e-threshold peak of
he IC emission spectrum to be processed down to lower energies
here it can escape the system. 
When combined with spectral information, the lag induced by

air-production and gamma-ray absorption described abo v e leav es
 prominent imprint on the observable signatures of Klein–Nishina
adiative reconnection – one that could potentially distinguish it from
ther radiative regimes. To demonstrate this, we present a side-by-
ide comparison of the luminosities and average photon energies,
 ε〉 ≡ ∫ 

d ε εF IC ( ε) / 
∫ 

d ε F IC ( ε), viewed as a function of time for the
C(Th) and IC(KN) + PP runs in Fig. 12 . 

To fully appreciate the observational differences between these
uns, we extrapolate their spectra beyond the end of each simulation.
his is done under the assumption that the simulations are evolved

o the point where no further exchange of energy occurs between the
articles and the fields. Hence, the particle energy distributions can
e passively Compton cooled in 1D energy space. Pair production
an be included in this 1D evolution thanks to the homogeneous,
sotropic, and static nature of the seed photon bath, which introduces
o spatial or velocity-direction dependence. Specifically, the post-
rocessing is implemented by sampling the particle and photon
nergy distributions near the end of the simulation (at a time-step
fter the reconnection active period; cf. Section 4.2 ) with a large
umber of quasi-particles and quasi-photons: like a PIC code, except
hat the quasi-particles and quasi-photons only have one coordinate

their energy – rather than six corresponding to their position and
omentum vectors. Then, particle cooling is employed after the
ethod described in Section 2.2.3 , while pair production is calculated

sing the procedure from Section 2.2.2 . Post-processing, in this way,
he luminosity and average photon energy time-series allows us to
xtend them in Fig. 12 from just shy of 4 L / c to more than 10 L / c
a significant gain o v er the simulations themselves, which would

therwise need to be e xpensiv ely evolv ed to more than double their
ctual duration to reach the same times. 

Several facts, each of them accessible to observations, are im-
ediately apparent from Fig. 12 . First, the o v erall luminosity and

verage photon energy emitted from the IC(Th) simulation are tightly
orrelated. During the short time-scale variations of the light curve,
poradic magnetic reconnection acceleration yields an extended
on-thermal distribution of particles (Fig. 7 ) with the resulting IC
mission spectrum peaking near the high-energy cut-off (Fig. 9 ):
hat is, the acceleration mechanism produces a correlation between
 ε〉 and L IC on the rising side of each subpeak in their time-series. In
etween these reconnection energization episodes, particles emitting
t the highest energies – the ones controlling both the o v erall
uminosity and peak photon energy – are also the most rapidly
ooled. They thus suddenly plummet to lower energies, inducing
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Figure 12. Light curves (reproduced from Fig. 10 ) of escaping IC luminosity and o v erall (computed using the escaping spectrum) average photon energy for the 
IC(Th) and IC(KN) + PP simulations. Both quantities are extrapolated beyond the simulation (from time t 0 indicated by the vertical black bar) via post-processing 
(see the text). After t 0 (but not before), the luminosities are compensated by ( t / t 0 ) 6 – an empirical choice. The time-series of mean photon energy are never 
compensated. Several robust trends are evident that could distinguish these two types of reconnection in the context of reconnection-powered flares. Thomson 
radiative reconnection features a tight correlation between IC luminosity and mean photon energy. In contrast, the Klein–Nishina reconnection mean photon 
energy is ∼0.3 γ KN m e c 2 independently of luminosity. These patterns hold both in the reconnection active phase and in the decaying phase when energization 
from the fields is either slowing down (as at late simulation times) or completely shut off (as in the post-processing zone of the plot). In the limit of no further 
energy injection, the t −6 brightness decay visible in the Klein–Nishina run sharply contrasts the much more precipitous decline in the Thomson case. 
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imultaneous drops in both 〈 ε〉 and L IC : that is, the radiative cooling
ediates the correlation between 〈 ε〉 and L IC on the falling side of

ach peak in their time-series. 
A second observationally pertinent property of the IC(Th) curves 

n Fig. 12 is that, once energization from the electromagnetic fields is
hut off, both the IC photon energy and luminosity drop precipitously. 
n fact, even though the luminosity time-series are compensated by 
 t / t 0 ) 6 rightward of the transition time, t 0 , to the post-processing
tage, this does little to stem the fall of the IC(Th) luminosity.
lares from highly radiative Thomson reconnection are thus char- 
cterized by tight correlation between the observed luminosity and 
hoton energy plus a rapid falling phase where both plummet 
o g ether . 

Let us now examine how these qualities compare to those of the
C(KN) + PP run. Most importantly, the tight correlation between 
uminosity and photon energy is broken. Instead, irrespective of the 
nstantaneous IC brightness, the average photon energy remains rock 
teady, persisting near 0.3 γ KN m e c 2 – even in the decaying phase 
f the light curve after electromagnetic energization has ceased. In 
he following, we argue that this average photon energy is first set
uring active periods of reconnection-powered particle acceleration 
nd subsequently reinforced, when such acceleration is inactive, by 
he Klein–Nishina radiative physics, explaining its persistence. 

During active acceleration episodes, reconnection produces a hard 
istribution of radiating particles with corresponding upward-sloped 
F IC ( ε) emission spectrum peaking well abo v e pair-production 
hreshold (Fig. 9 ). Most of the initially emitted energy is, thus,
eiled by pair production, and the peak of the apparent/observed 
pectrum lies instead just before the absorption-induced cut-off: 
hat is, at energies ∼γ KN m e c 2 , as seen in the IC(KN) + PP run.
ubsequently, in between reconnection-powered acceleration events, 

he radiative physics takes over in determining the mean photon 
nergy. As seen during these periods in the Thomson regime, the IC
pectrum softens because rapidly cooling particles radiating at the 
pectral peak energy, ∼ γ 2 

rad , T εph (Fig. 9 ), cannot be replenished by 
lectromagnetic energization. The key difference in the IC(KN) + PP 
ase is that particles emitting at the observed peak energy, ∼γ KN m e c 2 ,
an still be partially replenished by IC cooling and pair production,
hich actively reprocess radiation originally emitted at higher, 

bsorbed photon energies down to the observed band. This stabilizes 
he observed spectrum, even in the falling phase of the light curve
hen electromagnetic energization is completely absent. Hence, the 
hoton energy 0.3 γ KN m e c 2 owes its luminosity-independent stability 
o the fact that the coupling of reconnection-powered NTPA to Klein–
ishina radiative physics results in the same natural photon energy 

cale as that produced by the radiative physics alone. 
We note that radiative reprocessing of initially abo v e-threshold 

hotons also leads, after reconnection has concluded, to the self- 
imilar t −6 power-law brightness decay shown in Fig. 12 . Although
his is much slower than in the case of Thomson radiative cooling,
t is still probably too abrupt for gamma-ray instruments to resolve.
hus, what we would like to stress as the main difference between
amma-ray flares powered by Thomson-radiative and Klein–Nishina 
econnection is that the latter are characterized by a constant mean
bserved photon energy, irrespective of brightness . 
We conduct post-processing experiments in Fig. 13 that suggest 

hat the presented properties of the IC(KN) + PP light curve and
pectrum in the absence of particle acceleration are universal. In 
hese experiments, we evolve different initial power-law distributions 
f particles – d N /d γ ∝ γ −p for p = 1, 2, and 3, and γ cool < γ

 γ max (dashed lines in Fig. 13 , left panel) – solely under the
nfluence of Klein–Nishina emission and pair production (as in 
he post-processing phase of Fig. 12 except that, there, the initial
article distribution is taken from time t 0 of our PIC simulation).
e find that, irrespective of the initial power-law slope, the particle

istribution al w ays relaxes, in the Thomson regime, γ � γ KN , to a
−2 scaling (solid lines in Fig. 13 , left panel). 6 This corresponds,
MNRAS 527, 11587–11626 (2024) 
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M

Figure 13. Left: numerical experiment wherein different initial power-law particle distributions, d N /d γ ∝ γ −p for p = 1, 2, and 3, are passively cooled under 
IC emission and pair production. All parameters are identical to the IC(KN) + PP simulation. Integration is done from time t 0 (dashed curves) to t 0 + 4.1 L / c 
(solid curv es). F or reference, we present, in blue, the passive cooling of the particle distribution yielded by the IC(KN) + PP simulation (as in Fig. 12 ). Right: 
IC emission spectra corresponding to the particle distributions at left. A grey region indicates unobserved (above pair-production threshold) photon energies. 
After an initial-condition-dependent relaxation period, all distributions converge to an initial-condition-independent universal shape. At observable energies –
that is, in the Thomson regime, ε � γ KN m e c 2 ( γ � γ KN ) – this universal shape features an approximate γ −2 power law, corresponding to εF IC ( ε) ∝ ε0.5 . (The 
apparent upturn in the particle distributions at low energies is an artefact of short integration times – it results from a bulk population of cooled particles that 
would gradually become still colder with time, extending the γ −2 scaling to even lower energies.). 
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or the Thomson part, ε � γ KN m e c 2 , of the emission spectrum, to
F IC ( ε) ∝ ε−(2 − 3)/2 = ε1/2 (see Section 4.4 ) – a rising spectrum
hat continues almost up to the pair-production threshold energy ε =
 γ KN m e c 2 (solid lines in Fig. 13 , right panel). These universal shapes,
nce reached, are maintained by the particle distribution and emission
pectrum as they fall off, resulting in a self-similar t −6 luminosity
ecay law and constant mean photon energy, 〈 ε〉 ∼ 0.3 γ KN m e c 2 : the
ame as Fig. 12 . 

The abo v e e x ercise enables us to reason about the observable
ignatures of Klein–Nishina reconnection in regimes, not probed by
ur simulations, where reconnection-powered NTPA is known to
ield a steeper particle energy distribution. This occurs, for example,
n the presence of a strong guide field (Werner & Uzdensky 2017 )
r in the transrelativistic regime of electron–proton plasmas (Werner
t al. 2018 ). In such cases, we speculate that one would observe
n initially steep emission spectrum corresponding to intrinsic
econnection-powered NTPA, followed, in the passive cooling phase,
y a transition – in fact, a hardening! – to the identified universal
hape as the flux decays (similar to the d N /d γ ∝ γ −3 initial condition
n Fig. 13 ). This might be difficult to observ e, howev er, as the
pectrum may dim too much before relaxing to the expected shape,
tarving gamma-ray instruments of a sufficient number of photons
o reconstruct it (cf. the large gap between the initial and final
 N /d γ ∝ γ −3 curves in Fig. 13 ). 
We remark that the universal shape of the passi vely e volved (i.e.

nly via IC losses and pair production but without particle accel-
ration) particle energy distribution – and the consequent stability
f the emission spectrum when energization subsides – depends
nly on Klein–Nishina effects that are independent of the number
f spatial dimensions. This result should therefore generalize to 3D
econnection. Ho we ver, gi ven the dif fering acceleration physics in
D (e.g., as discussed in Section 4.3 , particles escaping from the
econnection downstream and subsequently being re-accelerated,
hang et al. 2021 ; Chernoglazov et al. 2023 ; Zhang et al. 2023 ),

he stability of the spectrum on the rising part of the light curve
ay change. Ultimately, the 3D behaviour needs to be verified by

ull-fledged 3D simulations. 
NRAS 527, 11587–11626 (2024) 

K  
In this section, we have seen how the different regimes of radiative
ooling treated by this study – particularly their influence on particle
cceleration and the resulting IC emission spectra – give rise to highly
istinct temporal radiative signatures. At the most coarse-grained
evel, emission from radiative reconnection tracks the electromag-
etic dissipation in real time, whereas emission from non-radiative
econnection traces only energization that has occurred in the past.
ocusing on more specific observable differences in the context of
econnection-powered flares, the light curve from Thomson radiative
econnection is highly correlated with the observed average photon
nergy (provided one observes near the spectral peak at ∼ γ 2 

rad , T εph )
nd features an abrupt decay phase where both drop simultaneously.
lein–Nishina radiative reconnection with pair production, ho we ver,
ields an exactly opposite trend, with no correlation between the
verage photon energy, ∼0.3 γ KN m e c 2 , and the overall brightness,
ncluding in the (slower than in the Thomson regime, but still
elatively fast) decay phase. These findings can be directly com-
ared with, and tested by, observations of gamma-ray flares from
uitable astrophysical systems (see Section 6 ). Finally, though this
ection is predicated on simulations with periodic boundaries and,
ence, well-defined beginning and end phases of reconnection, the
ain results are likely to be more general. In particular, the same

rguments used to interpret the relative spectral stability of Klein–
ishina reconnection compared to the Thomson case still hold in

teady-state reconnection. Whether such effects would be observable
n a steady state, ho we ver, depends on: (1) whether sufficiently
arge statistical fluctuations about the time average would occur
o yield detectable variability in the observed radiation; and, (2)
hether such variability would be distinguishable from that owing

o quasi-static changes to the large-scale reconnection layer, as may
e caused by macroscopic dynamics of the astrophysical system
cf. Section 6.4 ). 

.6 Newborn pair energy budget and particle count 

n the preceding parts of Section 4 , we explored consequences of
lein–Nishina and pair-production physics on magnetic reconnec-
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Figure 14. Left-hand column: snapshots of the relative contributions of original (orig.) and produced (prod.) pairs to (on the top half of each panel) the local 
particle number density, ( n orig. − n prod. )/( n orig. + n prod. ), and (on the bottom half of each panel) the local particle energy density, ( U orig. − U prod. )/( U orig. + 

U prod. ). Right-hand column: snapshots of the local cold, σ c / σ c,0 (top halves of panels), and hot, σ h / σ h,0 (bottom halves of panels), magnetizations. Contours 
display values of key quantities along, or just upstream of, the reconnection separatrix. For the U prod. contour, U B 0 ≡ B 

2 
0 / 8 π . In agreement with Mehlhaff 

et al. ( 2021 ), newborn pairs are everywhere subdominant in terms of their number density, but compete with the original particles for energetic dominance. 
Moreo v er, the newborn particles create an energetically dense coat around the reconnection layer where they load the local hot magnetization but not the cold 
magnetization. 
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ion, using as control cases the Thomson-radiative and non-radiative 
egimes. We presented first what is similar to the latter two cases –
or example, the overall spatial dynamics and the reconnection rate –
nd then discussed the main distinctions, culminating with the very 
if ferent observ able signatures of the v arious radiati v e re gimes. We
ow go one step farther, leaving behind our control cases in order
o address issues that only exist in the context of Klein–Nishina 
econnection with pair production. In particular, we comment on 
he newborn pairs’ contribution to the reconnection system’s energy 
nd particle number budgets, which is presented graphically in 
ig. 14 . 
The left-hand column of Fig. 14 illustrates the local differences 

n number densities, ( n orig. − n prod. )/( n orig. + n prod. ), and energy
ensities, ( U orig. − U prod. )/( U orig. + U prod. ), between originally present
orig.) and produced (prod.) particles. In the number density panels, 
he newborn particles remain subdominant across time and space. 
o we ver, once reconnection ignites above-threshold gamma-ray 

mission and pair production, the produced particles build up an 
nergetically dense coat around the reconnection layer. Inside this 
oat, the newborn pairs completely dominate the energy density of 
he reconnection upstream region; in the reconnected flux region, 
hile not as clearly dominant, they still vie for control of the energy
udget. This demonstrates the main peculiarity of Klein–Nishina 
econnection – previously anticipated by Mehlhaff et al. ( 2021 ) –
hat, for a broad range of parameters (made more precise below), the
roduced particles are hot but tenuous, competing with the original 
articles for energetic dominance of the system despite being much 
ewer in number. A parallel view of these effects is presented in
he right-hand column of Fig. 14 , where we plot the local cold
agnetization σc ≡ ( B 

2 
x + B 

2 
y ) / [4 π ( n orig . + n prod . ) m e c 

2 ] and the hot
MNRAS 527, 11587–11626 (2024) 



11610 J. Mehlhaff et al. 

M

m  

o  

s  

p  

c  

v
 

t  

d  

n  

M  

t  

a  

1  

r  

t  

b  

s  

w  

e
 

i  

l  

(  

p  

a  

d  

σ  

i  

p  

r  

o
 

f  

o  

m  

t  

t  

c  

K
 

K  

b  

b  

a  

c  

(  

a  

t  

q  

i  

r

5

W  

r  

a  

f  

t  

o  

Table 2. Parameters for the six-simulation scan o v er γ KN discussed in 
section 5 . Values that are the same as those of Table 1 are omitted. For 
computational e xpedienc y, we employ a larger time-step in these runs (cf. 
Tables 1 and 3 ). The energy error is thus slightly worse, but is still only abo v e 
1 per cent for the γKN = 1500 , 1900 , and 3400 runs, where it is, respectively, 
1.2 per cent, 1.3 per cent, and 1.7 per cent. 

Symbol Value ( = equi v alent) 

σ c,0 10 4 

σ h,0 10 2 

θ0 2.5 × 10 −4 σ c,0 = 25 
L 210 σ c,0 ρ0 

γ max 21 σ c,0 = 2.1 × 10 5 

B g 0.1 B 0 

	x, 	y σ c,0 ρ0 /24 
	 t 0 . 99 	x/ 

√ 

2 c 
N 5120 

γ cool 2.3 × 10 −2 σ c,0 = 230 
γ rad, T 0.70 σ c,0 = 7.0 × 10 3 

γ KN (0.091, 0.12, 0.15) σ c,0 = ( 910 , 1200 , 1500) 
... ( 0 . 19 , 0 . 27 , 0 . 34) σc , 0 = (1900, 2700, 3400) 

τγ γ (2.4, 3.1, 4.0, 5.2, 7.2, 9.1) 

Table 3. Parameters for the three-simulation scan o v er L . Values that are the 
same as those of Table 1 are omitted. The value of γ KN is adjusted slightly 
between runs to keep γ rad, IC = γ max . 

Symbol Value ( = equi v alent) 

σ c,0 400 
σ h,0 400 ∗
θ0 0.1 
L (34, 67, 100) σ c,0 ρ0 

γ max (3.4, 6.7, 10.) σ c,0 = (1300, 2700, 4000) 
B g 0.1 B 0 

	x, 	y σ c,0 ρ0 /76 
N (2560, 5120, 7680) 

γ cool (12, 5.9, 4.0) × 10 −3 σ c,0 = (4.7, 2.4, 1.6) 
γ rad, T 0.2 σ c,0 = 80 
γ KN (0.065, 0.055, 0.051) σ c,0 = (26, 22, 20.) 
τγ γ (3.3, 5.6, 7.8) 

Note. ∗ Because the initial plasma temperature, θ0 = 0.1, is non-relativistically 
cold, σ h,0 = σ c,0 . 
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agnetization σh ≡ ( B 

2 
x + B 

2 
y ) / 4 πw [note: the enthalpy density, for

ur ultrarelativistic particle distributions, is w = 4( U orig. + U prod. )/3;
ee equation ( 32 ) and surrounding discussion]. Because the newborn
airs load the upstream plasma energy density without appreciably
hanging the number density, they reduce σ h from its native/initial
alue, σ h,0 , while leaving σ c 
 σ c,0 essentially untouched. 

Even though the newborn pairs are everywhere less numerous than
hose originally present, they discernibly contribute to the plasma
ensity [e.g. by changing the hue of the ( n orig. − n prod. )/( n orig. +
 prod. ) spatial maps] close to and inside of the reconnection separatrix.
ehlhaff et al. ( 2021 ) forecasted that the newborn pairs should begin

o contribute non-negligibly to the plasma number density passing
cross the separatrix when σ c,0 exceeds γ KN by more than a factor of
0 or so. This is consistent with our findings on the Klein–Nishina
econnection pair yield presented in the next section, which suggest
hat the IC(KN) + PP run ( σ c,0 
 20 γ KN ) is indeed beginning to
order on a regime where the in situ produced pairs contribute more
ignificantly to the particle count. For the rest of this section, ho we ver,
e focus on the present regime where the newborn particles are

nergetically dense but numerically few. 
As discussed by Mehlhaff et al. ( 2021 ), the energy density injected

nto the upstream region via the hot newborn pairs leads to a pair-
oaded magnetization , σ ∗

h , to which the system tends to regulate itself
provided the initial magnetization, σ h,0 , exceeds σ ∗

h ). Ho we ver, if the
air loading is efficient enough, the system may never actually attain
 steady state with σh = σ ∗

h . It will instead flood the upstream energy
ensity via pair production, o v ershooting to a lower magnetization,
h < σ ∗

h , and quenching subsequent NTPA until the upstream plasma
s vacated and a high σh > σ ∗

h is restored. This would restart the
rocess, leading to a limit cycle: the system would indefinitely
icochet between a high and a low magnetization on either side
f σ ∗

h throughout the duration of reconnection. 
Mehlhaff et al. ( 2021 ) quantified the dependence of the long-term

ate of the system – whether it smoothly regulates to, or violently
scillates about, σ ∗

h – on the efficiency of upstream pair loading. We
easure this efficiency from our simulations in Appendix B , finding

hat it is too low, based on the analysis of Mehlhaff et al. ( 2021 ),
o trigger σ h -mediated limit cycles. We therefore conclude that limit
ycles mediated by pair-loading of σ h are unlikely in astrophysical
lein–Nishina reconnection . 
In this section, we have shown that our simulations probe a

lein–Nishina reconnection regime where, as previously predicted
y Mehlhaff et al. ( 2021 ), the newborn upstream pairs are hot
ut tenuous, loading the upstream plasma pressure, energy density,
nd hot magnetization, but not the upstream plasma density or
old magnetization. The simulations further provide measurements
Appendix B ) that disfa v our σ h -mediated limit cycles. Ho we ver, if
 regime existed featuring a large multiplicity of newborn pairs,
he possibility of σ c -mediated limit cycles would remain an open
uestion. It is the o v erall pair yield of Klein–Nishina reconnection,
ncluding the potential existence of such a copious pair-production
egime, to which we now turn. 

 PA IR  Y IELD  

e have already seen how the pairs produced in Klein–Nishina
econnection contribute unique aspects to its observable signatures
nd self-consistent internal dynamics. In addition to these intrinsic
eatures, another important implication of Klein–Nishina reconnec-
ion is its interaction with its environment. Here, pair production
pens up a coupling channel that is unique to QED reconnection:
NRAS 527, 11587–11626 (2024) 
he possibility to change the ambient plasma composition (e.g. the
ositron-to-proton ratio). Thus, in this section, we characterize the
otal pair yield from a Klein–Nishina reconnection event. 

To map the dependence of the pair yield on reconnection param-
ters, we introduce two auxiliary simulation campaigns. Each one
xplores the pair yield’s dependence on one principal variable. The
rst campaign explores the main new quantity introduced by Klein–
ishina physics, γ KN . The second campaign is a system-size ( L )

can. It doubles as an opportunity to diagnose how well our results
ay generalize to astrophysical Klein–Nishina reconnection, where

he layer lengths, L , are expected to be much larger compared to the
lasma microscales (e.g. σc , 0 ρ0 ) than is possible to simulate. The
ull sets of parameters used for the respective γ KN - and L -scans are
ummarized in Tables 2 and 3 . 

Besides examining the impact of their respective variables, these
dditional sets of simulations are separately calibrated to different
ducial parameters. The γ KN -scan has a larger normalized system
ize, L = 210 σ c,0 ρ0 , and lower magnetizations, σ c,0 = 10 4 and
h,0 = 10 2 , than our base run, IC(KN) + PP (for which L 
 91 σ c,0 ρ0 ,
c,0 = 1.2 × 10 5 , and σ h,0 = 1250; Table 1 ). The L -scan has still
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Figure 15. Pair yield for the simulations of the γ KN parameter scan (blue; 
Table 2 ), the L parameter scan (green; Table 3 ), and the IC(KN) + PP run 
(red; Table 1 ). The smallest- L simulation (open circle) is omitted when fitting 
for the exponential scaling law (solid line with error envelope indicating 
reported 1 σ uncertainty on fit parameters). Despite the large differences in 
their fiducial and scanned parameters, all simulations’ pair yields (with the 
exception of the smallest one in the L -scan; see the text) fall onto a scaling 
law with a single control parameter. This parameter is the ratio of two Lorentz 
factors: that, γ pp, max 
 30 γ KN , of a particle that typically scatters photons up 
to the peak energy of the pair-production cross-section; and the characteristic 
maximum Lorentz factor, γ X ≡ 4 σ c,0 , attained near reconnection X-points. 
This suggests that the pair yield is controlled mainly by the efficiency of 
particle acceleration up to and beyond the optimal pair-producing particle 
energy. 
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ifferent initial magnetizations, σ c,0 = σ h,0 = 400, and features a non- 
elativistic initial upstream plasma, θ0 = 0.1. Spreading out, in this 
ay, our auxiliary campaigns around the Klein–Nishina reconnection 
arameter space helps us identify a reduced set of control parameters 
in fact, one single parameter; Fig. 15 ) that decides the pair yield.
hese control parameters, in turn, shed light on the main physical 
echanisms responsible for the pair-production efficiency while 

lso providing a potential method for estimating this efficiency in 
strophysical systems. 

We define the pair yield in our simulations as the ratio of the
otal number, N prod. , of leptons (electrons and positrons) produced 
n the fly to the cumulative count, N rec. , of originally present
eptons processed by reconnection (i.e. swept across the separatrix). 
enerally, about 60 per cent of the initial upstream particles cross the

eparatrix before reconnection saturates, the same as the percentage 
f the initial magnetic flux that is reconnected (see Section 4.2 
nd Fig. 5 ). Though the processing of upstream magnetic field and
riginal particles essentially finishes by the end of our simulations, 
air production does not; there remains a prominent population of 
igh-energy particles that have yet to cool down by emitting pair- 
roducing gamma-rays. In Section 4.5 , we post-processed the passive 
ooling associated with these particles to diagnose the decaying 
hase of the reconnection-powered light curve. Here, we use the 
ame technique to continue evolving the total newborn pair count 
ast the end of each simulation. Once the count saturates (typically 
y 6 L / c or so), we record it as N prod. . As long as we begin the post-
rocessing after the energy transfer from fields to particles is mostly
omplete, the final N prod. does not depend much (less than 10 per cent)
n the exact moment in time when the post-processing starts. 
Let us now comment on the generality of results obtained via the

bo v e pair yield measurement recipe. We note that the measurement
rocedure is easily formulated and performed in the context of our 
eriodic simulation box. The fact that the processing of magnetic 
ux, advection of upstream particles across the separatrix, and 
article energization all eventually slow down and cease enables a 
traightforward calculation of the pairs created per reconnection- 
rocessed original particle. This does not necessarily limit the 
pplicability of the pair yield of this section to flaring sources with
iscrete reconnection episodes, ho we ver. On the contrary, if the pair
ield is truly local, scaling linearly – for a fixed set of parameters
those outlined in Section 3 ) – with the number of processed upstream 

articles, then the results would also hold in the context of steady-
tate reconnection. 

As a potential caveat, one should note that, like our periodic
imulation boundaries, our pair yield measurement technique ignores 
he potential for particles and photons to escape the ambient radiation
eld before pair production is complete. This issue is less important
hen the pair-production optical depth, τ γ γ , is large, corresponding 

o shorter mean-free paths of photons and more rapid particle cooling
imes (Fig. 2 and Section 3.2.1 ). When τ γ γ becomes small, the
air yield calculated in this way still has meaning as long as the
xtent of the ambient radiation field is much larger than the size
f the reconnection system (and provided, once particles exit the 
econnection system, they are no longer significantly energized). 

Having discussed the general applicability and limitations of our 
air yield measurements, we now present the pair yield calculated 
or our auxiliary γ KN and L simulation campaigns, as well as for
he single IC(KN) + PP run discussed earlier (Section 4 ), in Fig. 15 .
emarkably, when plotted as a function of just the single control
arameter, γ pp, max /4 σ c,0 , the pair yields from all simulations – despite 
he very different fiducial and scanned parameters – collapse onto 
he same exponential scaling law, 

 prod . /N rec . = 1 . 5 exp 
(−1 . 7 γpp , max / 4 σc , 0 

)
. (53) 

ere, γ pp, max ≡ 3.6 × 8 × γ KN 
 30 γ KN is the characteristic Lorentz 
actor of particles that scatter background photons to energies at peak
air-production cross-section, εscat ∼ γ pp, max /2 ∼ 3.6( m e c 2 ) 2 / εph . 
eanwhile, 4 σ c,0 is the characteristic maximum energy, γ X ≡ 4 σ c,0 , 

hat particles acquire near reconnection X-points. Equation ( 53 ) 
uggests that what controls the final pair yield of reconnection is
ow broad a distribution of high-energy particles can be energized 
ear reconnection X-points to radiate photons close to or abo v e the
eak pair-production cross-section: that is, by how much γ X exceeds 
pp, max . 
Mehlhaff et al. ( 2021 ) predicted that the ratio of the newborn-

o-original upstream pair densities flowing across the reconnection 
eparatrix should be proportional to σ c,0 / γ KN (times a non-trivial 
unction depending on NTPA in the reconnection layer). Although 
his number density ratio is not the same as the global ratio of
ewborn-to-reconnection-processed particles measured here – the 
atter also includes the non-negligible number of pairs born on the
xhaust side of the reconnection separatrix – both results share the 
ame main controlling parameter, σ c,0 / γ KN ∝ γ X / γ pp, max . 

Now let us discuss where the scaling ( 53 ) may break down. First,
ll of the simulations in our campaigns have an ef fecti ve radiati ve
ut-off Lorentz factor, γ rad, IC ≥ 4 σ c,0 . This means that we need to
e vigilant as γ KN increases (coinciding with larger γ pp, max /4 σ c,0 ), 
ecause γ rad, IC may then fall below 4 σ c,0 . In that case, our present
nterpretation of equation ( 53 ) leads us to expect another cut-off in
he pair yield, for example, of the form, exp ( −γpp , max /γrad , IC ), to kick
n, signalling that X-point particle acceleration has become limited 
y γ rad, IC instead of by σ c,0 . Second, in the opposite limit, where
pp, max /4 σ c,0 becomes small, we are likely to transition to a regime

n which extremely efficient particle acceleration (giving a particle 
MNRAS 527, 11587–11626 (2024) 
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istrib ution power -la w inde x approaching the non-radiativ e limit, p
 1) causes the pair yield to continue to grow with 4 σ c,0 / γ pp, max .
hough this is not what a naive extrapolation of ( 53 ) produces, it

s more coherent with our present interpretation of that formula,
n which more particles being accelerated into the optimal pair-
roducing energy range enhances the pair yield. 
Let us examine, for the sake of argument, what might happen

f pushing γ pp, max /4 σ c,0 to smaller values than studied here indeed
ed to a copious pair yield. Then Klein–Nishina reconnection would
e gin to mo v e out of the re gime of our simulations (discussed in
ection 4.6 and Appendix B ) where the produced particles are hot
ut tenuous. Instead, the newborn particles would become hot and
bundant, potentially even loading the upstream cold magnetization
o a reduced value, σ ∗

c < σc , 0 , whereas in our simulations they modify
nly the hot magnetization (Section 4.6 ). If a steady state were to
xist in such a regime, the cold magnetization would need to self-
djust until the pair yield as defined in equation ( 53 ) attains unity
times some efficiency factor to account for the fact that not all of
he produced particles would be born into the upstream region; cf.
ppendix B ). According to Fig. 15 , this occurs when γpp , max / 4 σ ∗

c 

 . 25, or, equi v alently, σ ∗

c 
 γpp , max 
 30 γKN . Such a result would be
ighly attractive, for it would open up the possibility of measuring
he lepton material composition (via σ ∗

c ) in terms of the seed photon
nergy, a much easier quantity to infer observationally. 

Lastly, we note that the trend identified in Fig. 15 is broken at
maller system sizes. Indeed, we excluded the pair yield measurement
rom our L = 34 σc , 0 ρ0 simulation when fitting for equation ( 53 ). The
reak from the formula in smaller systems reflects findings of earlier
imulation studies that collisionless reconnection transitions to an
symptotically large-system limit, corresponding to the multiple X-
oint, plasmoid-mediated regime, only once L � 40 σ c,0 ρ0 (Werner
t al. 2016 ). When respecting this limit, our simulations o v erlap
he identified pair yield trend. Ho we ver, we cannot rule out larger
ystems yielding even more efficient pair production than ( 53 ). 

In this section, we have characterized the pair yield of Klein–
ishina reconnection in terms of a 1D exponential scaling law,

quation ( 53 ) – despite the high-dimensional parameter space of
his problem. This scaling law appears to be robust across an order of
agnitude or more in γ KN , σ h,0 , σ c,0 , and θ0 , while being respected

cross a factor of 3 or 4 in system size (the most that we can afford to
robe in the large-system, L > 40 σ c,0 ρ0 , regime given the stringent
arameter constraints of the problem; cf. Section 3 ). Equation ( 53 )
ay need to be modified in the transition region between Klein–
ishina ( γ KN < γ rad, T ) and Thomson ( γ KN > γ rad, T ) radiative

econnection, and it may also give way to a new regime of effi-
ient (much greater than order-unity) pair yield when γ pp, max /4 σ c,0 

ecomes much smaller than the values we test. Nevertheless, we
re able to capture an order of magnitude in the control parameter,
pp, max /4 σ c,0 , including near the point, γ pp, max /4 σ c,0 
 0.25, where

he pair yield reaches 1. 

 DISCUSSION  

n this section, we discuss the rele v ance of our findings to gamma-
ay observations of selected astrophysical systems: FSRQs, black
ole accretion disc coronae, the M87 ∗ magnetosphere, and gamma-
ay binaries. In each case, we argue why the operation of Klein–
ishina reconnection in these systems is expected on theoretical
rounds. We further discuss consequences, for each system, of
he results of Sections 4.5 and 5 . For reference, we briefly re-
apitulate those results here in the context of potential links to
bservations. 
NRAS 527, 11587–11626 (2024) 
The main finding of Section 4.5 is the marked departure of
he observable signatures of radiative reconnection in the Klein–
ishina regime (with pair production) from the Thomson-cooled

egime (without pair production). Namely, while Thomson-cooled
econnection features a tight correlation between the mean observed
hoton energy and the system’s total luminosity (i.e. ‘harder-when-
righter’), Klein–Nishina reconnection breaks this correlation, fea-
uring a steady mean photon energy irrespective of the luminosity.
his includes the decaying phase of a flaring event, wherein the
verage photon energy is preserved even as the luminosity drops.
hese findings serve therefore as an observational diagnostic. They
an be directly compared to gamma-ray observations to build a
ase (or not) for the operation of Klein–Nishina reconnection in
 given object. In contrast, the results of Section 5 function as
n inference criterion, providing a method to estimate a quantity
hat is difficult to constrain from observations – the emitting re-
ion’s material composition – using quantities that may be more
eadily measured or estimated (specifically, the magnetization,
c,0 , and the Lorentz factor, γ pp, max , of particles whose photons
re at maximum pair-production cross-section with the radiation
ath). 
As an aid to navigating the astrophysical diversity treated by

he following discussion, each system-specific section ( 6.1–6.4 )
s further subdivided into three parts: an o v erview of pertinent
ackground information, the principal discussion of connections to
his work, and a brief object-specific synopsis. Following our system-
y-system presentation, we summarize our broad conclusions across
ll systems in Section 6.5 and Table 4 . Readers interested in a
articular object may skip directly to the corresponding subsection;
hose seeking a more general o v erview may wish to skip first to the
nd summary material (Section 6.5 ). 

.1 Flat-spectrum radio quasars and other blazars 

.1.1 Background information 

lazars are AGNs that launch bipolar relativistic jets, one of which
hereafter, the singular ‘jet’) travels toward the Earth. The jet’s
elativistic motion Doppler boosts its emission, leading to dramatic
bservable consequences. For example, blazars dominate the discrete
ources on the extragalactic gamma-ray sky (e.g. Wakely & Horan
008 ; Abdollahi et al. 2020 ) and, in the optical band, they routinely
utshine the cumulative starlight of their host galaxies (Olgu ́ın-
glesias et al. 2016 ). Blazar jet emission is also exceptionally broad,
xtending from radio frequencies up to gamma-rays in a charac-
eristic non-thermal double-humped spectrum (Fossati et al. 1998 ;
hisellini 2011 ; Ghisellini et al. 2017 ). The lower energy spectral
ump originates from synchrotron radiation by relativistic electrons
nd positrons (henceforth ‘leptons’) spiraling around magnetic field
ines in the jet. The higher-energy peak is frequently attributed to IC
adiation also by relativistic jet leptons (e.g. Prandini & Ghisellini
022 ). 
Blazars are phenomenologically decomposed into two main subdi-

isions: FSRQs and BL Lacs. 7 FSRQs exhibit lower energy spectra,
ith the synchrotron component peaking at infrared energies and the
igher-energy IC component peaking in the MeV-to-GeV gamma-
ays. In contrast, the maxima of the synchrotron and IC spectra
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Table 4. A graphic summary of Section 6 . 

(1) Object class (2) KN hierarchy (3) Observational (4) Limiting (5) Explanation 
realized? connection factor 

FSRQs 
IC(BLR) scenario Yes Strong – Fermi -LAT observations are broadly consistent with 

anticipated temporal-spectral signatures of KN 

reconnection (Section 4.5 ; Figs 16–18 ) 
IC(HDR) scenario Yes Limited Instrumental The upcoming CTA will provide enhanced temporal 

resolution at the rele v ant TeV energies, making possible 
more explicit comparisons with this work 

Black hole accretion disc coronae Yes Limited Sources Sources are not bright enough in the rele v ant 10 + MeV 

range to probe temporal variability. However, the 
spectral cut-off in Cyg X-1 is potentially consistent with 
a KN reconnection model 

M87 ∗ magnetosphere Yes – Modelling Need to account for synchrotron cooling in order to 
make rele v ant predictions 

Gamma-ray binaries Yes Limited Modelling Orbital modulations of light curves at the rele v ant GeV 

energies necessitate global modelling 

Notes . Column (1) indicates the object class (roughly one per Sections 6.1–6.4 ). Column (2) indicates whether basic theoretical estimates suggest that the 
Klein–Nishina reconnection scale hierarchy ( 50 ), γ cool < γ KN < γ rad, T < γ max , is achieved in the given system. Column (3) indicates our judgment of how 

firmly the results of this study – in particular the observable signatures of Klein–Nishina reconnection discussed in Section 4.5 – can be connected to presently 
av ailable observ ational data. If strong observ ational connections cannot be made, column (4) indicates what, in our vie w , is the primary reason for this. Finally , 
column (5) gives a short explanation of the judgments in columns (3) and (4). 
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n BL Lacs typically lie in the UV/X-ray and GeV-to-TeV bands, 
especti vely. Despite their lo wer photon energies, FSRQs are more 
uminous and exhibit much larger ratios of IC-to-synchrotron power. 
inally, where the norm for BL Lacs is featureless non-thermal 
pectra, FSRQs usually exhibit prominent broad emission lines or 
uasi-thermal radiation at lower energies. These are usually attributed 
o emission by the underlying AGN accretion disc and to reprocessing 
f the accretion disc light by circumnuclear material. (Illustrative 
eferences pertaining to this entire paragraph include: Fossati et al. 
998 ; Ghisellini 2011 ; Madejski & Sikora 2016 ; Ghisellini et al.
017 ; Blandford, Meier & Readhead 2019 ; Prandini & Ghisellini 
022 .) 
The circumnuclear regions that are observed at lower energies in 

SRQs can provide intense sources of seed photons for IC emission
n the jet (Begelman & Sikora 1987 ; Melia & K ̈onigl 1989 ; Sikora,
egelman & Rees 1994 ). Particularly bright are the broad emission

ine region (BLR) and the hot dust region (HDR). Of these two,
he BLR is smaller, occupying an inner zone (up to roughly 0 . 1 pc
rom the nucleus) where irradiation from the accretion disc ionizes 
he ambient gas, and subsequent recombination emits line emission, 
roadened by rapid orbital motion, of characteristic UV energy 

BLR = 10 eV , (54) 

nto the jet (Tavecchio & Ghisellini 2008 ; Sikora et al. 2009 ; Nale-
 ajk o et al. 2012 ). The outer circumnuclear reprocessing region (up

o roughly 4 pc from the nucleus) is the HDR, which comprises dust
adiatively heated by the accretion disc light up to a temperature of
bout T HDR ∼ 1200 K. The hot dust shines a quasi-thermal spectrum 

nto the jet of characteristic energy (Nenkova et al. 2008a , b ; Sikora
t al. 2009 ; Nalew ajk o et al. 2012 ) 

HDR ∼ 3 k B T HDR = 0 . 3 eV . (55) 

The radiation fields from the BLR and the HDR furnish excellent 
onditions for comparing with our simulations. First, they are 
nergetically dense at distances far from the central engine such that 
he magnetic field energy density is small compared to that of the
eed photons, B 

2 
0 / 8 π � U ph , a necessary condition for neglecting

ynchrotron losses, as we do in our simulations. Second, the resulting
adiation field is expected to be homogeneous not just across the
econnection region, but also across the whole jet width. This 
reates a direct opportunity for applying our pair yield law found in
ection 5 , which ignores the possibility of abo v e-threshold photons
scaping the ambient radiation field before being absorbed to produce 
lectron–positron pairs. 

We conduct a detailed analysis of scenarios where reconnection 
owers high-energy IC emission in FSRQ jets in our previous analytic
ork (Mehlhaff et al. 2021 ). There, we estimate the Lorentz factor

nergy scales γ cool , γ KN , γ rad, T , and γ max either for the case where
he reconnection region lies within the more energetically dense 
LR, and thus leptons scatter primarily BLR photons, or for the case
here the reconnection region is outside the BLR but inside the HDR

uch that the BLR radiation field is diluted and the HDR supplies the
ominant seed photons. Our estimates in both scenarios yield fiducial 
nergy scales that are in the required order, γ cool < γ KN < γ rad, T <

max [equation ( 50 )], to realize Klein–Nishina reconnection. 
In Mehlhaff et al. ( 2021 ), we also pointed out that the BLR and

DR are optically thick to gamma-rays abo v e the pair-production
hreshold energies 

th , BLR = m 

2 
e c 

4 /εBLR = 30 GeV (56) 

nd 

th , HDR = m 

2 
e c 

4 /εHDR = 0 . 9 TeV , (57) 

espectively. The corresponding characteristic energies radiated by a 
article of energy γ KN in each case are γKN , BLR m e c 

2 / 2 = εth , BLR / 8 =
 GeV and γKN , HDR m e c 

2 / 2 = εth , HDR / 8 = 0 . 1 TeV. This means that
bservations by the Fermi Large Area Telescope (LAT), which is sen-
itive roughly to energies in the 0 . 1 − 100 GeV range (Atwood et al.
009 ), are able to probe emission by particles at γ KN, BLR up through
he BLR gamma-ray absorption cut-off. At the same time, Imaging 
tmospheric Cherenkov Telescopes (IACTs), typically sensitive in 

he 0 . 1 − 10 T eV band (Cherenkov T elescope Array Consortium
t al. 2019 ), stand best to capture the analogous physics for the
C(HDR) scenario. This is fortuitous because particles with energies 
ear γ KN are precisely those responsible for the characteristic spectral 
nd timing signatures of Klein–Nishina reconnection unco v ered in 
MNRAS 527, 11587–11626 (2024) 
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M

Figure 16. Fermi -LAT photon flux (top) and spectral index (bottom), both binned into one-week time intervals, detected from 3C 279 during the period 
presented by Hayashida et al. ( 2012 ). Error bars indicate symmetric Gaussian equi v alent 1 σ error. Top and bottom panels, correspond, respectively, to panels 
(c) and (f) of those authors’ fig. 1 . The data were retrieved from the Fermi -LAT Light Curve Repository (Abdollahi et al. 2023 ). The photon index, �, is defined 
such that the flux of photons between energies ε and ε + d ε is proportional to ε−� . This is connected to the εF ( ε) representation, for example, of Fig. 9 , in that 
εF ( ε) ∝ ε−� + 2 . 
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Figure 17. The data from Fig. 16 re-arranged into a scatter plot of gamma- 
ray spectral inde x v ersus photon flux. This figure roughly corresponds to 
fig. 3 , panel (A) of Hayashida et al. ( 2012 ). The stabilization of the spectrum 

during high-flux periods, notably from MJD 54 800 to 54 900 and from MJD 

55 000 to 55 100 in Fig. 16 , is quite reminiscent of that found in Section 4.5 
(cf. Fig. 12 ). 
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ection 4.5 . These particles radiate just below pair-production thresh-
ld, producing the highest energy observable photons, and they are
ctively replenished by radiative reprocessing from higher (above-
hreshold and, hence, invisible) photon energies, which stabilizes the
bserved spectral energy density. Thus, FSRQ flares in the GeV and
eV bands are ideally suited to probe the expected observational
ignatures of reconnection in the regime studied in this work. 

.1.2 Connection to this work 

et us examine a few instructive flares observed by the Fermi -LAT
which, again, probes the IC(BLR) scenario] from the FSRQ, 3C 279.
ayashida et al. ( 2012 ) report 3C 279 flaring periods o v er the first

wo years of Fermi operations. For reference, we reproduce the light
urve and photon index time-series presented by those authors in their
g. 1 , as well as the correlation between the total gamma-ray flux
nd spectral shape shown in their fig. 3 , in our respective Figs 16 and
7 using data retrieved from the Fermi LAT Light Curve Repository
Abdollahi et al. 2023 ). Hayashida et al. ( 2012 ) note mild ‘harder-
hen-brighter’ behaviour o v er the entire observation period, but this

s somewhat quenched during the brightest periods (Fig. 17 ), during
hich the Fermi -measured spectral index becomes remarkably flux-

ndependent (e.g. between MJD 54 800 and 54 900 as well as between
JD 55 000 and 55 100 in Fig. 16 ). Roughly similar behaviour is

ften, but not uniformly, seen in later observations of the same
bject. In two even brighter outbursts from 3C 279 reported by
ayashida et al. ( 2015 ) and Ackermann et al. ( 2016 ), the gamma-ray
ux reached high-enough levels to reconstruct spectra for individual
rbits of the Fermi satellite. In the latter event, the flaring individual-
rbit spectra reveal a photon energy index that remains between
bout 1.9 and 2.1 while the flux varies across about a factor of
 (table 1 of Ackermann et al. 2016 ). The pre- and post-outburst
hases of the event also feature rather stable photon indices (though
his appears more statistically significant for the pre-outburst phase;
ee fig. 1 of Ackermann et al. 2016 ). As an example of when such
pectral stability is not seen, the first flare analysed by Hayashida
NRAS 527, 11587–11626 (2024) 
t al. ( 2015 ) exhibits an extreme hardening of the photon index that
hen softens on the trailing edge of the flare. 

To provide a complete view of the correlation between spectral
ardness and luminosity of 3C 279 in the GeV band, we also supply
ig. 18 . This is similar to Fig. 17 except that the Fermi -LAT spectral

ndex is plotted against the gamma-ray flux level for all 14 + yr of
rchived data. The full set of Fermi observations demonstrates broad
onsistency with, for example, the individual flaring period presented
y Hayashida et al. ( 2012 ) and displayed in Figs 16 and 17 : as the
bject brightens, the variation in photon index appears to decrease,
uggesting a stabler spectrum during flaring periods. 

At an even more general lev el, Me yer, Scargle & Blandford ( 2019 )
onducted a statistical analysis of the brightest flares from 6 of the
ost luminous FSRQs detected by Fermi . They find hints of ‘harder-
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Figure 18. The same as Fig. 17 , but plotting all (blue background crosses) of 
the one-week-binned LAT flux levels against corresponding spectral indices 
for o v er 14 yr of 3C 279 observations in the Fermi -LAT Light Curve Reposi- 
tory (Abdollahi et al. 2023 ). Additionally, we average the spectral indices (red 
foreground crosses) in flux bins of width 5 × 10 7 photons cm 

−2 s −1 . This bin 
width is indicated by horizontal red error bars. Vertical red error bars show 

1 σ uncertainty levels after bin averaging. 
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hen-brighter’ behaviour in some flares from some objects, but no 
tatistical significance. At the same time, they report that higher 
aring flux tends to coincide with reduced spectral variability. These 
emarks seem to be representative of other individual Fermi -detected 
SRQ outbursts that are (quasi-)contemporaneous with TeV flares 
een by one or more IACTs, including from PKS 1222 + 216 (Aleksi ́c
t al. 2011 ), PKS 1441 + 25 (Abeysekara et al. 2015 ), PKS 1510 −089
Ahnen et al. 2017 ), PKS 0736 + 017 (H. E. S. S. Collaboration 2020 ),
nd QSO B1420 + 326 (MAGIC Collaboration 2021 ). In these events,
he GeV (sub-)flare often coincides with a relative stabilization of 
he GeV spectral index: a seeming decoupling between the flux and 
he spectral shape – including on the falling part of the flare (albeit
he spectral index error bars are larger there). Nevertheless, one does 
ee hints of ‘harder-when-brighter’ trends in some of the GeV (sub-
flares. 

Thus, FSRQ flares in the Fermi -LAT sensitivity band exhibit 
road, though perhaps imperfect, consistency with Klein–Nishina 
econnection coupled to BLR Compton seed photons. The trends 
eem to persist even into the flare decay: if radiative losses reverted
ntirely to the Thomson regime, this would induce a strong (and 
nobserved) correlation between the gamma-ray spectral index and 
he flux in the decaying part of the flares. This suggests the role of
lein–Nishina effects, as unveiled in this work, in stabilizing the 

pectrum even as the light curve declines. For the cases where a
arder-when-brighter trend appears more evident, this could be in- 
uced by weak synchrotron losses perturbing the dominant temporal- 
pectral behaviour induced by Klein–Nishina and pair-production 
hysics. 
One caveat to our association of GeV FSRQ flares with 

C(BLR) Klein–Nishina reconnection is the occasional (quasi- 
contemporaneous detection of TeV gamma-rays (a few examples 
f which are listed two paragraphs prior). For these cases, a simple
ne-zone emission model for both the GeV and TeV outburst places 
he emission region outside the BLR, which would otherwise absorb 
he TeV photons [equation ( 56 )]. This caveat is made more severe
y population studies of Fermi -detected FSRQs purely in the GeV 

and, which find no evidence for gamma-ray absorption by the BLR
eed photons in the vast majority of objects (Costamante et al. 2018 ;

eyer et al. 2019 ). As noted by Costamante et al. ( 2018 ), ho we ver,
ven within a single zone framework, these constraints become less 
evere if one attributes the flaring emission to a structure (in our case,
 reconnection layer) that como v es with the jet rather than a stationary
eature (e.g. a standing shock). Then, o v er an observing period,
 t obs , of just 1 d (typically comparable to or shorter than variability

ime-scales identified by TeV FSRQ observations, with two notable 
xceptions: Aleksi ́c et al. 2011 and H. E. S. S. Collaboration 2021 ),
oppler time compression of the light curve allows the emitting 

one to travel a distance, d ∼ � 

2 
j c	t obs ∼ 10 17 cm, from the central

ngine for a fiducial jet Lorentz factor, � j = 10. This is at the edge
f the BLR, which only extends up to roughly 0 . 1 pc ∼ 10 17 cm
rom the nucleus (Tavecchio & Ghisellini 2008 ; Sikora et al. 2009 ;
alew ajk o et al. 2012 ; Mehlhaff et al. 2021 ), reducing the importance
f absorption for the (potentially up to TeV) part of the emission
roduced at larger distances. In this view, attributing emission from 

onger flaring periods (e.g. as in Fig. 16 ) to IC(BLR)-coupled
econnection demands positing the ejection of multiple reconnecting 
tructures from the central engine, as, for example, in striped-jet 
odels (Giannios & Uzdensky 2019 ). 
We next consider FSRQ flares at TeV energies observed by IACTs.

uch events probe the the IC(HDR) scenario wherein reconnection 
ouples to Klein–Nishina and pair-production physics mediated by 
he HDR seed photons. Suitable observations are much more difficult 
o obtain here. Not only do FSRQs shine intrinsically weakly in the
eV band (recall that their quiescent IC spectral hump peaks already
t MeV or, sometimes, GeV energies), but they suffer both intrinsic
nd external absorption at these energies. Intrinsically, TeV emission 
roduced inside the BLR will be absorbed, rendering invisible TeV 

aring regions too close to the central engine. Furthermore, because 
SRQs (unlike BL Lacs) are distributed in the Universe preferentially 
t higher redshift (Ackermann et al. 2015 ; Ajello et al. 2020 ), their
eV gamma-rays may be absorbed by the extragalactic background 

ight while en route toward Earth. Owing to these combined effects,
nly a handful of FSRQs hav e ev en been detected at TeV energies (9
t the time of writing, Wakely & Horan 2008 ). Of these, quiescent
mission has only been seen from one object, PKS 1510–089 
MAGIC Collaboration 2018 ). The rest are detected e xclusiv ely in
igh or flaring states (e.g. 3C 279, MAGIC Collaboration 2008 ; PKS
222 + 216, Aleksi ́c et al. 2011 ; PKS 1441 + 25, Abeysekara et al.
015 ; QSO B0218 + 257, Sitarek et al. 2015 ; Ahnen et al. 2016 ;
KS 0736 + 017, H. E. S. S. Collaboration 2020 ; QSO B1420 + 326,
AGIC Collaboration 2021 ). Even during flares, the gamma-ray 

ux is rarely sufficient to provide detailed temporal information for 
he total luminosity itself, much less for the spectrum. 

Considering mostly time-integrated spectra, what is generally seen 
or FSRQs in the TeV band is a much steeper spectrum, even after
orrecting for absorption by the extragalactic background light, than 
n the Fermi range. TeV spectral indices are almost al w ays greater
han 2.5 and commonly larger than 3: for 3C 279, � 
 4.2 (H. E.
. S. Collaboration 2019 ); for PKS 1510–089, � 
 2.5 (Aleksi ́c
t al. 2014 ), � 
 3.2 and 4.3 (Ahnen et al. 2017 ), � 
 2.9 and
.4 (Zacharias et al. 2017 ), and � 
 3.3 (MAGIC Collaboration
018 ); for PKS 1222 + 216, � 
 2.7 (Aleksi ́c et al. 2011 ); for PKS
441 + 25, � 
 3.4 (Abeysekara et al. 2015 ); for QSO B0218 + 257,
 
 2.4 (Ahnen et al. 2016 ); and for QSO B1420 + 326, � 
 2.9

MAGIC Collaboration 2021 ). In the IC(HDR) scenario, these steep 
pectral indices suggest that reconnection proceeds in a regime, 
nlike that probed in detail in this study, where its intrinsic particle
cceleration index is steeper (e.g. with a strong guide field: Werner &
zdensk y 2017 ). Ev en in this case, Klein–Nishina radiative physics

hould still harden the spectrum in the decaying part of a flare
Section 4.5 ). Ho we ver, such detailed temporal behaviour has not
MNRAS 527, 11587–11626 (2024) 
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et been accessible to TeV instruments. From this point of view,
he results of our model remain, for the moment, predictions. The
oming online of the Cherenkov Telescope Array (CTA) o v er the
ext few years will provide increased sensitivity in the TeV band
Cherenkov Telescope Array Consortium et al. 2019 ), enabling
nhanced temporal resolution and, hence, a more thorough probing
f the IC(HDR) scenario. 
We note that BL Lacs are typically much brighter than FSRQs

t TeV energies, and thus many more IACT observations of BL
acs exist – and typically with much greater temporal resolution –

han of FSRQs (Wakely & Horan 2008 ). Ho we ver, without strong
xternal photon fields supplied by the BLR or the HDR, the source of
eed photons for reconnection in BL Lacs is far less constrained. If
hese are the synchrotron photons produced during reconnection (a
ingle-zone synchrotron self-Compton, or SSC, setup, cf. Maraschi,
hisellini & Celotti 1992 ; Bloom & Marscher 1996 ), a much more
etailed seed photon model – taking into account multichromaticity,
ime-dependence, anisotropy, and spatial inhomogeneity – needs to
e folded in to the simulations in order to make robust predictions.
o we ver, if the seed photons impinge on the putative reconnection

egion from elsewhere in the jet (a multizone SSC paradigm), then
ur static seed photon model is more appropriate, but it would
till potentially need to be generalized to the non-monochromatic
ase. We note that in the famous minute-scale flare of PKS 2155–
04 presented by Aharonian et al. ( 2007 ), no evidence of spectral
ariability was found. This is consistent with our reconnection model,
o we ver the photon indices, even after correcting for the background
bsorption (e.g. Aharonian et al. 2009 ) are steeper than one would
xpect on the decaying side of the flare, wherein Klein–Nishina and
air-production physics should harden the spectrum closer to the
niversal shape of Section 4.5 . Ultimately, not enough is known
bout the seed photons to draw firm conclusions, ho we ver. 

We close this discussion by examining the potential pair yield of
lein–Nishina reconnection in the IC(BLR) and IC(HDR) scenarios.
uppose that the jet is launched with an electron–proton composition
no positrons). Let us also assume that the jet evolves so as to be
oderately magnetized in its rest frame, B 

2 
0 / 4 πn 0 m p c 

2 ∼ 1 − 10,
t the parsec scale (cf. Giannios 2013 ; Giannios & Uzdensky 2019 ;
ehlhaff et al. 2021 ), which is near the transition point where

he HDR o v ertakes the BLR as the dominant seed photon source
Nalew ajk o et al. 2012 ; Mehlhaff et al. 2021 ). The cold electron
agnetization is then σc , 0 ∼ ( m p /m e )( B 

2 
0 / 4 πn 0 m p c 

2 ) ∼ 2 × 10 3 −4 .
n our earlier work (Mehlhaff et al. 2021 ), we estimate (in the jet’s
est frame) γ KN, BLR ∼ 300 and γ KN, HDR ∼ 1 × 10 4 . This means
hat the pair yield control parameter (Section 5 ) is γ pp, max /4 σ c,0 

0 γ KN /4 σ c,0 ∼ 0.1 − 1 for reconnection illuminated by the BLR
nd 4–40 for HDR irradiation. This control parameter only becomes
mall (the regime of high pair yield) in the IC(BLR) scenario, which
s, incidentally, also the scenario for which available flaring observa-
ions, as discussed in this section, best corroborate a Klein–Nishina
econnection model. If pair production is predominantly decided by
eptonic physics as unveiled by our pair-plasma simulations, then the
resent estimates suggest that reconnection functions as an in situ
ource of antimatter in FSRQ jets strongly illuminated by the BLR,
ossibly creating more than 1 positron per electron and ef fecti vely
ransforming any initially electron–proton plasma into a plasma with
 prominent positron component. This is an important result in
lazar studies because the jet composition is notoriously difficult
o ascertain observationally (Madejski & Sikora 2016 ); if it is true,
t could mean that BLR-illuminated FSRQ jets generically carry
 strong pair-plasma component downstream of the GeV emission
one. 
NRAS 527, 11587–11626 (2024) 
.1.3 Synopsis of FSRQ discussion 

n summary, the bright Doppler-boosted emission from blazars high-
ights the physics of particle acceleration in their jets. In particular, for
he FSRQ sources, GeV and TeV observations function as respective
robes of scenarios where magnetic reconnection is coupled, through
lein–Nishina and pair-production physics, to soft seed photons
roduced by the BLR and the HDR. Observations of FSRQ flares
n the GeV band are in broad agreement with the spectral-temporal
ignatures of Klein–Nishina reconnection expected from this study
Section 4.5 ), constituting potential evidence that this type of recon-
ection occurs within the BLR of FSRQs. The expected pair yield
Section 5 ) of IC(BLR)-coupled reconnection could also contribute
ignificantly to the antimatter content of FSRQ jets f ar aw ay from
heir central engines. The IC(HDR) scenario cannot be probed at the
ame level of detail as the IC(BLR) case with the current generation
f IACTs, a limitation which the CTA will help to o v ercome. Finally,
hile Klein–Nishina reconnection could also operate in BL Lacs,

here are a lot more uncertainties concerning the seed photons in
hose sources, pushing detailed observational comparisons into the
omain of future work. 

.2 Black hole accretion disc coronae 

.2.1 Background information 

n our previous work, Mehlhaff et al. ( 2021 ), we made a case for
lein–Nishina reconnection operating in the coronae of accreting
HXRBs in their high/soft states. Conducting basic estimates, we

howed that, for the case where an underlying optically thick,
eometrically thin accretion disc (Shakura & Sunyaev 1973 ) supplies 

disc ∼ 1 keV (58) 

eed photons to reconnection in a highly magnetized coronal plasma,
he radiative scale hierarchy is γ cool < γ KN < γ rad, T < γ max [equation
 50 )], pushing reconnection into the Klein–Nishina regime. Due to
he intense accretion disc radiation bath, absorption fiducially kicks
n for gamma-rays abo v e the threshold energy, 

th , disc = m 

2 
e c 

4 /εdisc = 260 MeV . (59) 

eanwhile, the typical photon energy emitted by a γ KN particle is
KN , disc m e c 

2 / 2 = εth , disc / 8 = 30 MeV, where γ KN, disc ∼ 100. 
To our knowledge, such energies have only been detected in the

igh/soft state of an accreting BHXRB – for which their origin
n an ejected jet is not expected – in one object: Cyg X-1. This
as during an approximately 100-Ms exposure by the Fermi -LAT,
resented by Zdziarski et al. ( 2017 ), who report the detection of
amma-rays up to a cut-off energy of about 20 − 40 MeV, somewhat
elow ( 59 ). As pointed out in Mehlhaff et al. ( 2021 ), this cut-off
ay be consistent with gamma-ray absorption because the coronal

egion is likely highly radiatively compact (which translates into a
igh fiducial pair-production optical depth, τ γ γ � 1), meaning that
bsorption is still prominent at energies below εth , disc ∼ 300 MeV by
eed photons in the exponential tail of the disc spectrum. 

.2.2 Connection to this work 

iven the long exposure time necessary for the gamma-ray detec-
ion (Zdziarski et al. 2017 ), the prospects for examining temporal
ignatures of Klein–Nishina reconnection in high/soft BHXRBs at
he energy scales near γ KN, disc m e c 2 , where Klein–Nishina effects are
ikely most prominent, are not promising. At lower, X-ray energies,
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illisecond variability was detected from the high/soft state of Cyg 
-1 by Gierli ́nski & Zdziarski ( 2003 ). Unlike the case of the IC(BLR)

nd IC(HDR) scenarios discussed in the preceding section, these X- 
ay observations exhibit a strong harder-when-brighter correlation 
etween the flaring flux and the spectral shape. This could hint at the
mportance of synchrotron cooling in this system. Alternatively, due 
gain to the high radiative compactness, the radiative cooling time- 
cale may be so short that, even in the presence of Klein–Nishina and
air-production effects, the reconnection-energized particles cool 
own instantaneously on the observationally resolved time-scales, 
asking the radiatively stabilized (on presumably faster time-scales; 
ection 4.5 ) spectrum. 
Using our previous estimate of the coronal magnetization 

Mehlhaff et al. 2021 ), σ c,0 ∼ 10 2–4 , we can infer a pair yield
ontrol parameter of γ pp, max /4 σ c,0 ∼ 30 γ KN, disc /4 σ c,0 ∼ 0.08–8, 
ndicating Klein–Nishina reconnection as a potentially important 
ource of electron–positron pairs in the coronae of BHXRBs in their 
igh/soft states. Ho we ver, due to the high radiative compactness, 
nother likely source of pair production is the collision of disc-
omptonized photons with each other (Beloborodov 2017 ). This 

nteraction occurs predominantly among photons both with energies 
 εth , disc = m 

2 
e c 

4 /εdisc , since those with energies beyond εth, disc are 
ost likely to be absorbed by the much denser disc-supplied radiation 
eld. The total pair yield is then the sum of the contributions from
oth channels. 

.2.3 Synopsis of BHXRB discussion 

o summarize, the case for coronal Klein–Nishina reconnection in 
he high/soft states of BHXRBs is excellent on theoretical grounds 
Mehlhaff et al. 2021 ). It is likely, for example, that reconnection in
his regime contributes to the pair content in these objects (Section 5 ).
o we ver, gi ven that e ven in an exceptionally bright source, Cyg X-1,

he gamma-ray flux is far too low to probe corona-scale reconnection- 
owered flaring variability, firm connections with the characteristic 
emporal signatures of Klein–Nishina reconnection (Section 4.5 ) will 
ikely remain out of reach for the foreseeable future. 

.3 The M87 ∗ magnetosphere 

.3.1 Background information 

he M87 galaxy has been monitored in TeV gamma-rays for nearly 
0 yr (e.g. Aharonian et al. 2006 ; MAGIC Collaboration 2020 ; EHT
WL Science Working Group et al. 2021 ). This includes three major

aring periods, one in 2006 (Aharonian et al. 2006 ), one in 2008
MAGIC Collaboration 2008 ; Acciari et al. 2009 ), and one in 2010
Abramowski et al. 2012 ; Aliu et al. 2012 ), that exhibited rapid, one-
ay variability time-scales – of order the light crossing time of the 
alaxy’s central supermassive black hole, M87 ∗. For two of these 
eV-loud periods, observations at longer, more spatially resolved 
av elengths rev ealed (nearly) contemporaneous flux enhancements 

rom the galactic core (Acciari et al. 2009 ; Abramowski et al. 2012 ).
hus, variability considerations combined with the multiwavelength 
ontext suggest M87 ∗ itself (more precisely, its immediate plasma 
nvironment) as a viable site of TeV emission. 

Direct polarized imaging of M87 ∗ suggests that accretion proceeds 
n a so-called magnetically arrested (MAD) state (Event Horizon 
elescope Collaboration 2021 ), characterized, as revealed in large 
art by magnetohydrodynamics simulations, by quasi-periodic cy- 
les of gradual accumulation of magnetic flux onto the black hole, 
ventual flux saturation, and finally abrupt and violent flux expulsion 
e.g. Igumenshchev 2008 ; Tchekhovsk o y, Narayan & McKinney 
011 ; Avara, McKinney & Reynolds 2016 ; Ripperda et al. 2020 ,
022 ; Chashkina, Bromberg & Levinson 2021 ; Porth et al. 2021 ;
izuno 2022 ; Scepi et al. 2022 ). These expulsion events are mediated

n the black-hole magnetosphere by large-scale reconnecting current 
heets (Ripperda et al. 2022 ). The current sheets are irradiated by the
arger-scale accretion flow, which provides a target photon bath for 
econnection-accelerated particles to Comptonize up to the observed 
eV energies (Hakobyan et al. 2023b ). If particle acceleration is
fficient enough, the tail of the Comptonized radiation spectrum 

alls abo v e pair-production threshold with the accretion flow seed
hotons, triggering potentially copious pair creation (Crinquand et al. 
021 , 2022 ). Thus, reconnection in the M87 ∗ magnetosphere is: (1) a
otential source of the observed TeV emission, and (2) likely coupled
o the same radiative physics as treated in this study. 

.3.2 Connection to this work 

e first demonstrate that, in line with point (2) abo v e, the Klein–
ishina hierarchy ( 50 ) is likely realized in the M87 ∗ magnetosphere,
ointing to the importance of Klein–Nishina effects on reconnection 
here. We adopt a black hole mass M BH = 6 × 10 9 M � (Gebhardt et al.
011 ; Event Horizon Telescope Collaboration 2019 ) and horizon- 
cale reconnecting magnetic field strength B BH = 100 G (Yao et al.
021 ; Ripperda et al. 2022 ). We also use the seed photon radiation
eld calculated by Yao et al. ( 2021 ) that is produced in a MAD
ccretion state and illuminates the inner black hole magnetosphere 
ith o v erall ener gy density U BH = 10 er g cm 

−3 and characteristic
hoton energy εBH ∼ 10 −2 eV. Then, using equation ( 7 ), we arrive
t 

KN , BH = 

m e c 
2 

4 εBH 
∼ 1 × 10 7 , (60) 

hile, via equation ( 48 ), we estimate 

(BH) 
rad , T = 

√ 

0 . 3 eB BH 

4 σT U BH 
∼ 2 × 10 7 . (61) 

n addition, adopting a fiducial reconnection current sheet length of 
rder the gravitational radius, r g = GM BH /c 

2 
 9 × 10 14 cm, gives,
y equation ( 38 ), 

max , BH = 

0 . 1 eB BH r g 

m e c 2 
∼ 5 × 10 12 (62) 

nd, through γ 2 
rad , T = γmax γcool [equation ( 49 )], 

cool , BH ∼ 100 , (63) 

hich can be used, via equation ( 51 ), to e v aluate 

γ γ, BH = 

3 γKN , BH 

5 γcool , BH 
∼ 7 × 10 4 . (64) 

hus, the Klein–Nishina scale hierarchy ( 50 ), γ cool < γ KN < γ rad, T 

 γ max , likely holds (though γ KN, BH in these estimates somewhat 
ncroaches on γ (BH) 

rad , T from below). 
Although the abo v e estimates suggest a coupling of reconnection 

o Klein–Nishina physics, synchrotron losses, unlike in our simula- 
ions, are non-negligible in the M87 ∗ magnetosphere. To show this, 
e note that the synchrotron power radiated per particle is 

 syn ( γ ) = 2 σT cβ
2 γ 2 U B sin 2 α , (65) 

here U B ≡ B 

B B 

2 / 8 π is the local magnetic field energy density and
is the pitch angle between the radiating particle’s velocity and 
MNRAS 527, 11587–11626 (2024) 
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he local magnetic field. An approximate lower bound on the ratio
f synchrotron radiation to IC radiation is then, via equations ( 65 ),
 41 ), and ( 42 ), 

P syn ( γ ) 

P IC ( γ ) 
≥ P syn ( γ ) 

P T ( γ ) 
= 

3 U B sin 2 α

2 U BH 
, (66) 

here, in the first step, we ignore potential Klein–Nishina sup-
ression of the IC cross-section. Thus, excepting special re-
ions (such as reconnection X-points) where the magnetic field
eakens ( B 

B B 

2 � B 

2 
BH ) or the pitch angle shrinks (sin 2 α � 1),

ynchrotron cooling typically exceeds IC losses by the factor
 

2 
BH / 8 πU BH ∼ 40. 
Having recognized their importance, let us now reason about

ow strong synchrotron losses may change the observable aspects
f reconnection as unveiled in this w ork. The f act that equation
 65 ) is identical to the Thomson IC formula ( 41 ) but with U ph 

eplaced by 3 U B sin 2 α/2 suggests that efficient synchrotron radiation
nd Thomson IC cooling may play dynamically similar roles. We
ight therefore expect, akin to our simulations of Thomson IC

econnection, radiation from the M87 ∗ magnetosphere to exhibit
 much tighter coupling between spectral shape and total luminosity
that is, ‘harder-when-brighter’ – than when only Klein–Nishina

C cooling and pair production dominate the radiative physics
cf. Section 4.5 ). This would hold whether one observes the syn-
hrotron or the IC radiation, as both probe the same underlying
istribution of reconnection-energized particles. Such an argument
or a prominent harder-when-brighter trend is, ho we ver, in mild
ension with the few M87 TeV flares, which indicate this trend
nly mildly (Aliu et al. 2012 ) and not in every event (Acciari et al.
010 ). 
We next consider the potential ramifications of pair production

etween IC photons and the seed photons from the accretion flow.
o provide a context for this discussion, we briefly summarize
ecent semi-analytic works, Kimura et al. ( 2022 ), Hakobyan et
l. ( 2023b ), and Chen et al. ( 2023 ), on the matter content of the
utative magnetospheric M87 ∗ reconnection layer. Hakobyan et
l. ( 2023b ) conduct a detailed analysis of the possible radiation
nd pair-production channels in this system. They predict that the
rightest radiation emerges through the synchrotron band and peaks
etween roughly 1 and 20 MeV. Though the synchrotron photons
re not abo v e pair-production threshold with the ambient accretion-
ow photons, they are above threshold with themselves. There is,
o we ver, little chance for an individual synchrotron photon to be
bsorbed by another since the optical depth, τ (syn) 

γ γ ∼ 10 −4 , presented
y the synchrotron radiation is small. Thus, whereas the high optical
hickness furnished by the accretion-flow light causes nearly all
f the abo v e-threshold IC photons to be absorbed close to the
econnection current sheet, co v ering it with a thin pair coat, only
 small fraction of the synchrotron radiation is absorbed, leading to
iffuse pair production throughout the magnetosphere. The resulting
airs feed the reconnection layer with a highly magnetized, σ c,0 

5 × 10 7 , plasma. The pictures presented by Kimura et al.
 2022 ) and Chen et al. ( 2023 ) are similar, but those authors predict
ore copious synchrotron–synchrotron pair production, yielding

he reduced magnetizations, σ c,0 ∼ 8.7 × 10 4 and ∼ 6 × 10 4 ,
espectively. 

In the context of our reconnection model, the diffuse synchrotron–
ynchrotron pair production predicted by Kimura et al. ( 2022 ),
akobyan et al. ( 2023b ), and Chen et al. ( 2023 ) supplies the
ackground plasma on top of which pair production between IC
hotons and the radiation impinging from the accretion flow (here-
fter, IC pair production ) may add supplementary pairs localized
NRAS 527, 11587–11626 (2024) 
ear the current sheet. If we naively apply our findings from
ection 5 on the reconnection-powered IC pair yield (temporarily

gnoring potential changes due to synchrotron cooling), we infer
hat a substantial amplification of the background (synchrotron–
ynchrotron) pair density requires 4 σ c,0 ≥ γ pp, max 
 30 γ KN ∼
 × 10 8 . Comparing to σ c,0 ∼ 5 × 10 7 from Hakobyan et al. ( 2023b ),
e estimate γ pp, max /4 σ c,0 
 2, which is slightly too high to attain

n order-unity IC pair yield according to this study (Section 5 ).
ne should keep in mind, ho we ver, that the uncertainties on these
rder-of-magnitude estimates are high, while even a reduction in
he ratio γ pp, max /4 σ c,0 by a factor of 4 is enough to bring the IC
air yield up to unity. Ho we ver, if synchrotron–synchrotron pair
roduction is more efficient, as predicted by Kimura et al. ( 2022 )
nd Chen et al. ( 2023 ), then the inflowing plasma is probably not
ufficiently magnetized to lead to appreciable IC pair production.
n the event that a substantial IC pair yield is realized, it induces
 transverse density gradient on the magnetic field lines forming
he jet funnel, with a higher plasma load on the field lines that
articipate in reconnection near the jet walls. This would then be
otentially important for jet-boundary interactions (e.g. Ripperda et
l. 2020 ; Sironi, Rowan & Narayan 2021 ; El Mellah et al. 2022 ,
023 ; Chow et al. 2023a , b ), such as may power observed limb-
rightening (Ly, Walker & Junor 2007 ; Kim et al. 2018 ; Walker et al.
018 ). 
In the preceding discussion, we simply apply the forecasted

air yield obtained from this study (Section 5 ) to the M87 ∗ case.
e now anticipate, as we did earlier for radiative signatures, how

trong synchrotron losses may alter the picture of pair production as
evealed by this work. First, rapid synchrotron cooling disposes the
C pairs born into the upstream region to cool down much more
efore entering the reconnection layer, which may change them
rom a hot population to a merely warm or even cold one (thus
educing their contribution to the upstream plasma energy density; cf.
ection 4.6 ). Second, the IC pair yield may be restricted since high-
nergy particles are likely to emit fewer pair-producing IC photons
efore radiating away their energy as synchrotron light. Interestingly,
o we ver, the global magnetospheric simulations of Crinquand et al.
 2022 ), which include the same processes of IC emission and pair
reation studied here, find that IC pair production is efficient enough
o fuel the reconnection layer with plasma even when synchrotron
osses are made as strong as numerically possible. This is likely
onnected to the fact that TeV emitting particles are accelerated
ear reconnection X-points (Hakobyan et al. 2023b ) where their
ynchrotron losses are suppressed. Despite these arguments, then,
revious numerical work hints that synchrotron radiation does not
uench IC pair production. 

.3.3 Synopsis of M87 ∗ discussion 

o summarize, the basic Klein–Nishina hierarchy ( 50 ) seems to
e satisfied in the M87 ∗ magnetosphere. Nevertheless, synchrotron
ooling is also an important radiative mechanism for reconnection in
his system. Because we neglect this in our simulations, we cannot
irectly apply our results to the M87 ∗ case. We therefore, in this
ection, attempt to anticipate the modifications synchrotron cooling
ould induce on the radiative signatures and pair yield of Klein–
ishina reconnection as unco v ered in this work (Sections 4.5 and
 ). When formulating these expectations, we find that the resulting
onclusions are not convincingly supported by recent studies. For
xample, we argue that synchrotron losses might induce a tighter
orrelation between spectral shape and total luminosity, making



Klein–Nishina reconnection simulations 11619 

t
a
t
l  

e  

a  

t
(
e  

2  

s
t
c
s
a
t
y

6

6

G
s  

t  

i  

e  

b  

T  

2
t
p

a
q
c  

B  

2
2  

p  

D  

g  

i
t  

p
g
G
w  

e  

2
t
h
2  

2

p  

t  

t
e

ε

a

U

w  

1  

c

γ

a

ε

T
t

6

L  

h  

n  

K  

2
s  

2  

i
s
p
a
s
fl

 

s
b  

I  

s
f

B

F  

t
A  

a  

t  

c  

t  

w  

a  

s  

(  

c  

∼  

p
b
r  

t
t  

c
 

t  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/11587/7485926 by guest on 21 April 2024
he radiative signatures of reconnection more Thomson-like (with 
 more prominent harder-when-brighter trend). Ho we ver, observ a- 
ional evidence for this is somewhat ambiguous, providing, at best, 
imited support (Aliu et al. 2012 ) and, at worst, mild tension (Acciari
t al. 2010 ; Beilicke & VERITAS Collaboration 2012 ). We further
rgue that synchrotron cooling may shut down the IC pair yield, but
his seems to be in conflict with first-principles global simulations 
Crinquand et al. 2022 ). In short, comparing to observations (Acciari 
t al. 2010 ; Aliu et al. 2012 ; Beilicke & VERITAS Collaboration
012 ) and simulations (Crinquand et al. 2022 ) suggests that our
imple arguments do not satisfactorily generalize the results of 
his study to reconnection where efficient synchrotron cooling also 
omes into play. This creates fertile ground for future reconnection 
imulations to self-consistently incorporate synchrotron radiation on 
n equal footing with Klein–Nishina effects to illuminate how the 
wo conspire together to shape the gamma-ray signatures and pair 
ield in the M87 ∗ magnetosphere. 

.4 Gamma-ray binaries 

.4.1 Background information 

amma-ray binaries consist of a relativistic compact object (neutron 
tar or black hole) and a massive stellar companion (generally of
ype O or Be) and are defined by a spectral energy density peaking,
n the νF ( ν) representation, abo v e 1 MeV (e.g. Dub us 2013 ; Dub us
t al. 2017 ). Of the handful (less than a dozen) of known gamma-ray
inaries, only two are directly observed to host pulsars (Dubus 2013 ;
am et al. 2018 ; Chern yako va et al. 2019 ; Chern yako va & Malyshev
020 ). Ne vertheless, se veral general observed features suggest that 
he compact object in these systems is generically a rotation-powered 
ulsar (Dubus 2006 , 2013 ). 
Adopting this view, two often-invoked gamma-ray emission sites 

re the pre- and post-shocked pulsar wind, where the shock in 
uestion interfaces between the winds of the pulsar and the massive 
ompanion (e.g. Kirk, Ball & Skjæraasen 1999 ; Ball & Kirk 2000 ;
all & Dodd 2001 ; Sierpowska & Bednarek 2005 ; Cerutti et al.
008 ; Sierpowska-Bartosik & Bednarek 2008 ; Khangulyan et al. 
012 ) and not, as would be the case in isolated pulsars, between the
ulsar wind and the interstellar medium. As argued in the re vie w by
ubus ( 2013 ), the fact that the high-energy (0 . 1 − 10 GeV) spectra of
amma-ray binaries are often similar in terms of slope and cut-off to
solated pulsars could hint at a similar emission mechanism between 
he two object classes, moti v ating an investigation of the unshocked
ulsar wind, and perhaps even of the pulsar magnetosphere, as 
amma-ray production sites in gamma-ray binaries. Ho we ver, the 
eV spectra also exhibit modulations on the binary orbital period, 
hich would seem to disfa v our the magnetosphere as the dominant

mission zone, since it is insensitive to the orbit of the binary (Dubus
013 ). Therefore, in this section, we consider the possibility that 
he unshocked pulsar wind significantly contributes to the observed 
igh-energy gamma-rays in gamma-ray binaries (cf. Ball & Kirk 
000 ; Ball & Dodd 2001 ; Cerutti et al. 2008 ; Khangulyan et al.
012 ). 
The unshocked pulsar wind behaves exactly as that of an isolated 

ulsar except for one key difference: it is illuminated from beyond by
he hot massive companion star. The temperature, T � ∼ 40 000 K, of
he companion’s surface produces a characteristic blackbody photon 
nergy, 

� ∼ 3 k B T � ∼ 10 eV , (67) 
nd radiation energy density, 

 � = 

σSB T 
4 
� 

c 

(
R � 

d 

)2 

∼ 1 × 10 3 erg cm 

−3 , (68) 

here d = 0 . 1 au is the typical separation at periastron and R � =
0 R � is the stellar radius (Dubus 2013 ). Equation ( 67 ) implies a
ritical Klein–Nishina Lorentz factor in the pulsar wind of 

KN , w ≡ m e c 
2 

4 ε� 

∼ 1 × 10 4 (69) 

nd that pair production becomes possible abo v e the threshold 

th , w = m 

2 
e c 

4 /ε� = 30 GeV . (70) 

he typical photon energy emitted by particles with γ = γ KN, w is 
hen γKN , w m e c 

2 / 2 = εth , w / 8 ∼ 3 GeV. 

.4.2 Connection to this work 

et us consider the effect that illumination by the companion may
ave on the pulsar wind. Here, we adopt the theoretical picture (Coro-
iti 1990 ; Michel 1994 ; Bogo valo v 1999 ; Lyubarsk y & Kirk 2001 ;
irk & Skjæraasen 2003 ; Lyubarsky 2003 ; Kirk, Lyubarsky & Petri
009 ), brought into sharper focus by recent first-principles kinetic 
imulations (Cerutti & Philippo v 2017 ; Philippo v & Spitko vsk y
018 ; Cerutti et al. 2020 ), that this wind is not purely cold, but
s instead striped – laced with a large-scale reconnecting current 
heet that expands radially outward while undulating about the 
ulsar’s rotational equator. The angular excursions about the equator 
pproximately equal the obliquity angle between the magnetic and 
pin pulsar axes. Reconnection converts the outgoing wind Poynting 
ux into a combination of bulk acceleration and NTPA. 
An isolated pulsar is not bathed in the intense light of a companion

tar, and so cooling of accelerated wind particles remains dominated 
y synchrotron losses. In the present case, ho we ver, cooling via
C scattering of the intense radiation bath ( 68 ) likely outpaces
ynchrotron cooling once the local magnetic field energy density 
alls below U � . This occurs at a critical magnetic field strength, 

 IC ≡
√ 

8 πU � ∼ 200 G . (71) 

or a pulsar rotational period P ∼ 100 ms (characteristic of the
wo confirmed pulsars in gamma-ray binaries: PSR J2032 + 4127, 
bdo et al. 2009a ; and PSR B1259 −63, Johnston et al. 1992 ) and
 surface magnetic field B surf = 10 12 G, the magnetic field is diluted
o B LC 
 B surf ( R psr /R LC ) 3 ∼ 9 × 10 3 G, at the light cylinder, R LC =
P /2 π , where R psr = 10 km is the assumed pulsar radius. Beyond
he light cylinder, the magnetic field falls off slower, as R LC / R
here R is the cylindrical radius measured from the pulsar’s spin

xis, and, hence, even for the strong surface field B psr = 10 12 G, the
triped wind’s radiative losses become IC dominated at R / R LC 

 B surf / B IC )( R psr / R LC ) 3 ∼ 60. This is far before the shock with the
ompanion’s wind, which is expected to occur on scales R ∼ d

10 3 R LC (Dubus 2013 ). Moreo v er, R ∼ 60 R LC is also before the
oint where the pulsar wind’s electromagnetic flux is expected to 
e fully dissipated, which kinetic simulations anticipate at R / R LC 

oughly between 10 2 and 10 4 (Cerutti et al. 2020 ). Taken together,
hese estimates suggest that most of the pulsar wind’s dissipation 
akes place before the shock with the companion’s wind, but after the
ritical radius where IC losses surpass synchr otr on losses . 

Not only does most of the pulsar wind dissipate through reconnec-
ion subject to strong IC cooling, but, as we show now, reconnection
ay occur in the Klein–Nishina regime of this study, attaining the
MNRAS 527, 11587–11626 (2024) 
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ritical scale hierarchy ( 50 ), γ cool < γ KN < γ rad, T < γ max . Assuming
 LC = 9 × 10 3 G, P = 100 ms, and that the reconnecting magnetic
eld strength, B w , is B w = B LC R LC / R , as well as identifying the

ength, L , of the reconnection layer with the local radius, R , in the
ulsar wind, we have, by equation ( 38 ), 

max , w ≡ 0 . 1 eB w R 

m e c 2 
∼ 3 × 10 8 , (72) 

hich is independent of R . Similarly, we have, by equation ( 48 ), 

(w) 
rad , T ≡

√ 

0 . 3 eB w 

4 σT U � 

∼ 3 × 10 6 
(

R 

60 R LC 

)−1 / 2 

. (73) 

e then can use γ 2 
rad , T = γcool γmax [equation ( 49 )], to estimate 

cool , w ∼ 3 × 10 4 
(

R 

60 R LC 

)−1 

. (74) 

inally, using equation ( 51 ), we estimate the pair-production optical
epth as 

γ γ, w ≡ 3 γKN , w 

5 γcool , w 
∼ 0 . 3 

(
R 

60 R LC 

)
. (75) 

ote that we have normalized R to the critical radius where IC losses
 v ertake synchrotron losses. The pulsar wind extends much farther
han this, which pushes τγ γ, w abo v e unity at the largest radii. The
eometry of the striped wind is somewhat peculiar , however , in that
he spacing between stripes is ∼R LC � R and, hence, even if the
 v erall current sheet length is optically thick to pair production, the
pacing between current sheets is thin, such that photons emitted in
ne stripe may be absorbed inside another. 
Let us now examine what the implications of Klein–Nishina

econnection are on the pre-shocked pulsar wind of gamma-ray
inaries. We discuss first the potential effect of pair production on
he wind. The cold magnetization at the light cylinder is 

(w) 
c , 0 = 

B 

2 
LC 

4 πκn GJ m e c 2 
= 

eP B LC 

4 πκm e c 
= 1 × 10 5 

(
B LC 

9 × 10 3 G 

) ( κ

10 4 

)−1 
, (76) 

here n GJ ≡ B LC / ecP is the Goldreich–Julian number density and
= 10 4 is a fiducial pair multiplicity (e.g. Timokhin & Harding

015 , 2019 ). This magnetization is ‘frozen-in’ at the light cylinder
n the sense that, because B w ∝ 1/ R and n 0 ∝ 1/ R 

2 beyond the
ight cylinder, σ (w) 

c , 0 remains constant (modulo pair production) in
he unreconnected plasma of the wind throughout its expansion.
he pair yield control parameter in the pre-shocked wind is then
pp , max / 4 σ

(w) 
c , 0 
 30 γKN , w / 4 σ

(w) 
c , 0 ∼ 0 . 7, which is in the regime of

rder-unity pair yield. Furthermore, if the pulsar magnetosphere
ails to launch the pulsar wind with κ ∼ 10 4 , but instead with
 lower multiplicity, the magnetization σ

(w) 
c , 0 increases, leading

o potentially copious in situ pair production in the expanding
ind. Using our results from Section 5 , we infer a critical self-

egulated magnetization of σ ( γ γ ) 
c 
 γpp , max 
 30 γKN , w ∼ 4 × 10 5 . If

he plasma is injected with a higher magnetization than this (e.g. by
irtue of an underdense multiplicity), Klein–Nishina pair production
lls in the plasma deficit, pulling up the multiplicity toward κ =
 P B LC / 4 πm e c σ

( γ γ ) 
c ∼ 3 × 10 3 . This critical multiplicity depends

olely on the pulsar properties and those of the ambient radiation
eld. 
Let us close by examining prospects for observing signatures of

lein–Nishina reconnection in gamma-ray binaries. The temporal
bservables unco v ered in Section 4.5 likely manifest themselv es
ost clearly during transient flares. Of the known gamma-ray

inaries, PSR B1259 −63 is known to flare once per 3.4-yr orbit
e.g. Abdo et al. 2011 ; Tam et al. 2011 , 2018 ; Caliandro et al.
015 ; Chang et al. 2021 ). Ho we ver, this binary is far less compact
NRAS 527, 11587–11626 (2024) 
han others, with d ∼ 0 . 9 au � 0 . 1 au, ev en at periastron. Moreo v er,
he flares occur significantly later in the orbit than the time of
eriastron. Such wide separations dilute the radiation field from
he stellar companion, tending to mo v e reconnection out of the
lein–Nishina regime. The binaries LS 5039, LS I + 61 ◦303, and
FGL J1018.6 −5856 are all much more compact ( d ∼ 0 . 1 au at
eriastron; Dub us 2013 ), b ut, instead of sudden flares, GeV gamma-
ay observations reveal smooth modulations on each binary’s orbital
eriod (for LS 5039, Abdo et al. 2009c ; for LS I + 61 ◦303, Abdo
t al. 2009b ; for 1FGL J1018.6 −5856, Fermi LAT Collaboration
012 ). Such modulations likely probe quasistatic changes to the
nshocked pulsar wind, including its orbit-dependent illumination
y the companion, rather than variability intrinsic to reconnection
a situation anticipated in the concluding remarks of Section 4.5 ).
n order to interpret these modulations, one needs to go beyond
he flaring-centric treatment of observable signatures adopted in
his work and conduct explicit global modelling of the steady-state
ind. 

.4.3 Synopsis of gamma-ray binary discussion 

o summarize, we have shown that Klein–Nishina reconnection
ik ely tak es place in short-period gamma-ray binaries if the com-
act object in the binary is a pulsar. In that case, reconnection
ccurs in the pre-shocked striped pulsar wind and is immersed
n a bright seed photon bath supplied by the companion star.
s a result, the reconnecting stripes produce a minimum pair-
lasma density, setting a multiplicity/density floor in the wind
even if it is launched underdense from the pulsar). Observational
upport for this scenario is somewhat limited, as the few observed
right flares occur in configurations where the stellar companion
s too far remo v ed to supply a sufficiently dense radiation bath for
lein–Nishina reconnection. More compact systems, on the other
and, do not exhibit rapid flares, but rather smooth modulations
o their GeV signal o v er the entire orbit. Detailed predictions of
his signal require global modelling, which we leave to a future
tudy. 

.5 Overall discussion summary 

e supply a graphic recapitulation of the discussion in this section in
able 4 . In all four types of systems – FSRQs, (high/soft-states of)
lack hole accretion disc coronae, the M87 ∗ magnetosphere, and
amma-ray binaries – a strong case can be made that the basic Klein–
ishina reconnection scale hierarchy ( 50 ), γ cool < γ KN < γ rad, T <

max , is realized. Ho we ver, only for the FSRQs [particularly the
C(BLR) scenario] do suitable observations exist for comparing with
he expected temporal signatures of Klein–Nishina reconnection.
or these objects, we find that Fermi -LAT data are, on the whole,
onsistent with the picture of a reconnection-powered flaring spectral
nergy density stabilized by pair production (Section 4.5 ). For
he other object classes, more detailed observational connections
re inhibited by: current instrumental sensitivity for the FSRQ
C(HDR) scenario (see Section 6.1 ; the coming online of the CTA
ay soon alleviate this); intrinsically dim sources for the accretion

isc coronae of BHXRBs (see Section 6.2 ; this difficulty will
robably not be o v ercome); and modelling details for the M87 ∗

agnetosphere and gamma-ray binaries (see Sections 6.3 and 6.4 ;
he most pressing needs here are to account for synchrotron cooling
n the case of M87 ∗ and for the global geometry of gamma-ray
inaries). 
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 C O N C L U S I O N S  

n this work, we construct (Section 3 ) a numerical model of Klein–
ishina reconnection . We consider a reconnection system immersed 

n a background radiation bath that is static, homogeneous, isotropic, 
nd monochromatic, characterized solely by its total energy density 
 ph and individual photon energy εph [equation ( 4 )]. We restrict to a
D reconnection setup, a consequence of the large box sizes needed 
o maintain an adequate separation between the many scales in the 
roblem, several of which are introduced by the QED physics. In
articular, we need to satisfy the critical hierarchy of Lorentz factor 
nergy scales ( 50 ), γ cool � γ KN � γ rad, T � γ max . This hierarchy, 
hich is apparently satisfied in a variety of astrophysical systems 

Section 6 ; Mehlhaff et al. 2021 ), permits: (1) efficient IC radiative
osses on time-scales much shorter than the light crossing time, L / c ;
2) copious particle acceleration abo v e the energy, ∼γ KN , where 
articles emit photons abo v e pair-production threshold; and (3) a 
igh optical depth, τ γ γ ∼ γ KN / γ cool � 1, such that nearly all of the 
bo v e-threshold radiation is absorbed inside the system. 

To model Klein–Nishina effects, we use a QED-enabled version 
f the ZELTRON PIC code, the development of which is presented in
ection 2 . We employ two main numerical optimizations to speed up

he Monte Carlo IC scattering and pair production (Section 2.2.3 ): the
ull collision method and an approximation to the IC cross-section. 
f these two, the former is widely used, while, prior to this work, the

atter has, to our knowledge, only been implemented in GRZELTRON 

see the supporting information of Crinquand et al. 2020 ), and we
upply here the first e xhaustiv e description. 

We deploy the capabilities developed in Section 2 to run simula-
ions of Klein–Nishina reconnection, which we present in Sections 
 and 5 . These include various control runs – one non-radiative, 
ne Thomson-radiative, and one Klein–Nishina-radiative with pair 
roduction artificially suppressed – to elicit the unique properties 
nduced by the no v el QED physics. We draw the following main
onclusions for Klein–Nishina reconnection: 

(i) From Sections 4.1 and 4.2 : The added Klein–Nishina and 
air-production physics does not substantially change the large- 
cale qualitative aspects of reconnection: the reconnection rate and 
ierarchical plasmoid chain remain essentially unchanged. 
(ii) From Section 4.3 : Reconnection-powered NTPA remains 

fficient but is somewhat inhibited by radiative cooling. On time- 
verage, the reconnection-energized plasma is colder, and the particle 
nergy distribution’s extended non-thermal tail steeper, compared 
o the non-radiative regime, but the plasma is not as cold, nor the
istribution as steep, as in the Thomson radiative regime. 
(iii) From Section 4.4 : The time-averaged IC emission spectrum 

s steeper than in the non-radiativ e re gime but e xhibits little change
n slope from the Thomson-cooled case. This owes to Klein–Nishina 
ffects suppressing the IC cross-section, and, hence, largely can- 
elling the hardening of the underlying particle energy distribution 
ith respect to the Thomson case (cf. Moderski et al. 2005 ). 
(iv) From Section 4.5 : The intrinsic IC emission peaks abo v e pair-

roduction threshold, meaning that most of the initially radiated 
nergy is reprocessed (by radiative cooling and pair production) to 
onger wavelengths before escaping the system. This leads, despite 
imilarities in time-averaged spectra, to profound differences in 
he time-dependent signatures of reconnection between the Klein–
ishina and Thomson radiative regimes. In the latter case, the ob- 

erv ed spectrum e xhibits a tight correlation between total luminosity 
nd prominence of the high-energy non-thermal tail (i.e. harder- 
hen-brighter). In the Klein–Nishina case, ho we ver, the spectral 

hape becomes virtually independent of total luminosity, including in 
he decaying phase after reconnection-powered particle energization 
as ceased. 

(v) From Section 4.5 : When particle energization is shut off, 
lein–Nishina IC cooling and pair production conspire to produce 
 universal spectral shape, with the particle energy distribution 
caling as d N /d γ ∝ γ −2 for γ < γ KN and IC emission spectrum
s εF IC ( ε) ∝ ε1/2 for ε < γ KN m e c 2 . 

(vi) From Section 4.6 : The upstream plasma enthalpy – and, 
ence, the upstream hot magnetization – is not sufficiently loaded 
y newborn pairs to trigger the limit cycles sketched by Mehlhaff
t al. ( 2021 ), according to the pair-loading efficiency requirement
erived by those authors. This conclusion, however, applies only 
hen the newborn upstream pairs are hot and tenuous, contributing 

ignificantly to the pressure of the reconnection inflow plasma but not
o its number density. In regimes (suggested to exist by our findings
oncerning the pair yield below) where pair production loads the 
pstream plasma number density – and, thus, the cold magnetization 
n addition to the hot magnetization – the possibility of limit cycles
emains an open issue. 

(vii) From Section 5 : The pair yield (per reconnection-processed 
epton) follows an empirical exponential decay law, equation ( 53 ),
n the parameter, γ pp, max /4 σ c,0 
 30 γ KN /4 σ c,0 . When γ pp, max � 

 σ c,0 , reconnection-powered NTPA cuts off at γ ∼ γ X ≡ 4 σ c,0 , 
ar beyond the energy, γ pp, max , where typical Comptonized photons 
ie at peak pair-production cross-section with the seed photons, 
nabling an order-unity pair yield. We speculate that the exponential 
ormula breaks down in the limit, 4 σ c,0 � γ pp, max (not probed by 
ur simulations), where reconnection would instead produce copious 
airs. In such a case, the population of newborn pairs would no longer
e hot and tenuous as in Section 4.6 , but rather hot and abundant. 
(viii) From Section 6 : The Klein–Nishina reconnection scale hi- 

rarchy ( 50 ) is likely satisfied in at least four classes of astrophysical
ystems: FSRQs, high/soft states of BHXRBs, the magnetosphere 
f M87 ∗, and gamma-ray binaries. Of note are FSRQs, where the
ften-observed spectral stability during GeV flaring states could be 
ue to Klein–Nishina effects as discussed (and summarized abo v e) in
ection 4.5 . For the other object classes, further modelling or instru-
ental development will enable firmer observational connections. A 

ore detailed summary of Section 6 can be found in Section 6.5 and
able 4 . 

A few broad implications of Section 4.5 ’s results merit additional
iscussion. The spectral stability properties in that section stem 

rom the similar shape of the Klein—Nishina reconnection IC 

pectrum to that produced when an initial population of particles is
llowed to passively cool through IC emission and pair production. 
his introduces a fundamental degree of degeneracy in efforts to 

everage astrophysical observations to learn about plasma physical 
article acceleration processes. Namely, any Klein–Nishina-coupled 
article accelerator with an IC spectrum resembling that to which the
adiative physics inevitably relaxes (i.e. after the accelerator is turned 
ff) may yield the same spectral stability as reconnection. Ho we ver,
his de generac y is, thankfully, incomplete, because acceleration 
rocesses with softer intrinsic spectra would instead likely yield an 
symmetry between the rising side of a gamma-ray flare (where 
he steep particle acceleration spectrum would be visible) and 
he decaying phase (where the shallower Klein–Nishina-decaying 
pectrum would probably dominate). 

In the face of such de generac y, observations of temporally resolved 
pectra provide precious information. Already in this study, such 
pectra provide crucial and obvious distinctions between Thomson 
nd Klein–Nishina reconnection – two regimes whose time-averaged 
MNRAS 527, 11587–11626 (2024) 
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pectra have practically identical photon indices – and, in the case of
SRQs (Section 6 ), supply compelling evidence for the operation of

he latter o v er the former. In the future, time-resolved spectra may
e necessary to distinguish among different possible Klein–Nishina-
oupled particle acceleration mechanisms. Hence, this work strongly
oti v ates collection of time-resolved (versus simply time-averaged)

pectra whenever possible, as well as new instruments for which such
bservations are more frequently feasible. 
This study also lays the groundwork for a broad range of further

heoretical exploration. As detailed in Section 6 , future efforts can
arget the M87 ∗ magnetosphere by explicitly treating synchrotron
adiative cooling; firmer connections to gamma-ray binaries can
e made by considering global properties of irradiated striped
ulsar winds. Additional modelling may also verify the potential
xistence, outlined here (Section 5 ), of a Klein–Nishina reconnection
egime featuring copious electron–positron pair production, which
ould have important implications for systems with a high fidu-

ial cold magnetization, σ c,0 � γ pp, max /4. Ho we ver, e ven with a
ore modest order-unity pair yield (realized, in our simulations,
hen γ pp, max /4 σ c,0 � 0.25), Klein–Nishina reconnection could still

unction as an important source of in situ antimatter, taking, for ex-
mple, an initially electron–proton plasma and injecting a prominent
ositron count. Such potential modifications to the composition of
he reconnection plasma environment can be rigorously probed by
pplying the Klein–Nishina radiative physics studied here to the case
f an initial electron–ion plasma. 
More broadly, the theoretical framework established by this work

and the preceding article, Mehlhaff et al. 2021 ), especially the
ystematic recasting of Klein–Nishina physics as dimensionless
nergy scales, provides a paradigm for coupling the same physics
o other particle acceleration processes (e.g. turbulence and shocks).
hat is, apart from factors of the reconnection rate, β rec = 0.1,
ntering into γ max and γ rad, T , the Klein–Nishina scale hierarchy ( 50 )
lso applies to other plasma physical processes, indicating when
hey, too, may couple to Klein–Nishina effects. The physical and
bservable consequences of this coupling, ho we v er, may be v ery
ifferent than in the context of reconnection as unco v ered here and
an only be elucidated via future dedicated simulations. This work
hus represents only the first step toward a much larger suite of
umerical investigations into Klein–Nishina-coupled particle accel-
ration, and, even more broadly, constitutes one of a growing number
f theoretical and technological stepping stones (e.g. Hakobyan et
l. 2019 , 2023b ; Schoeffler et al. 2019 , 2023 ; Crinquand et al. 2020 ,
021 ; Cruz et al. 2021 ; Crinquand et al. 2022 ; Chen et al. 2023 ;
roselj et al. 2023 ; Xie et al. 2023 ) toward a richer understand-

ng of QED-coupled plasma physics in high-energy astrophysical
nvironments. 
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PPENDI X  A :  APPROX IMATE  SCATTERE D  

H OTO N  E N E R G Y  A  C C U R A  C Y  

ere, we demonstrate that approximation ( 26 ) preserves the average
nergy, 〈 εscat 〉 , to which seed photons are IC scattered by a particle of
 given Lorentz factor, γ . This is done in Fig. A1 , where we compare
he exact mean scattered photon energy to the one obtained after
any Monte Carlo trials using equation ( 26 ). The curves overlap
ell across the presented range of γ / γ KN , which co v ers the entire

ange of γ / γ KN encountered across all simulations presented in the
ain text. Because the total cross-section ( 23 ) is not approximated,

he preservation of 〈 εscat 〉 demonstrated here also implies the correct
otal IC power ( 42 ). 

http://dx.doi.org/10.1051/0004-6361/202039687
http://dx.doi.org/10.1146/annurev-astro-081913-040044
http://dx.doi.org/10.1086/186531
http://dx.doi.org/10.1093/mnras/staa2346
http://dx.doi.org/10.1093/mnras/stab2745
http://dx.doi.org/10.1086/167382
http://dx.doi.org/10.1051/0004-6361/201424193
http://dx.doi.org/10.3847/1538-4357/ab1651
http://dx.doi.org/10.1086/174493
http://dx.doi.org/10.3390/universe8020085
http://dx.doi.org/10.1111/j.1365-2966.2005.09494.x
http://dx.doi.org/10.3390/galaxies4030028
http://dx.doi.org/10.1111/j.1365-2966.2010.18140.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21721.x
http://dx.doi.org/10.1017/S0022377818000624
http://dx.doi.org/10.3847/1538-4357/ac1c76
http://dx.doi.org/10.1086/590482
http://dx.doi.org/10.1086/590483
http://dx.doi.org/10.1063/1.3268771
http://dx.doi.org/10.1093/mnras/stw1208
http://dx.doi.org/10.1093/mnras/staa1899
http://dx.doi.org/10.1093/mnras/sty2702
http://dx.doi.org/10.1093/mnras/stw1832
http://dx.doi.org/10.3847/1538-4357/aaabbc
http://dx.doi.org/10.1093/mnras/stab163
http://dx.doi.org/10.3390/galaxies10010035
http://dx.doi.org/10.1016/0375-9601(68)90251-X
http://dx.doi.org/10.3847/1538-4357/ababab
http://dx.doi.org/10.3847/2041-8213/ac46a1
http://dx.doi.org/10.1093/mnras/stac337
http://dx.doi.org/10.3847/1538-4357/aaf1b9
http://dx.doi.org/10.1093/mnras/stad1588
http://dx.doi.org/10.1111/j.1365-2966.2004.08490.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13002.x
http://dx.doi.org/10.1086/173633
http://dx.doi.org/10.1088/0004-637X/704/1/38
http://dx.doi.org/10.1103/PhysRevLett.128.145102
http://dx.doi.org/10.3847/1538-4357/aba622
http://dx.doi.org/10.1088/2041-8205/783/1/L21
http://dx.doi.org/10.1093/mnras/stw1620
http://dx.doi.org/10.3847/2041-8213/abd9bc
http://arxiv.org/abs/1508.04580
http://dx.doi.org/10.1093/mnras/stab562
http://dx.doi.org/10.1093/mnras/stab2534
http://dx.doi.org/10.1093/mnras/stac2730
http://dx.doi.org/10.1088/2041-8205/736/1/L10
http://dx.doi.org/10.3847/1538-4357/aacf00
http://dx.doi.org/10.1088/1367-2630/12/12/123005
http://dx.doi.org/10.1111/j.1365-2966.2008.13072.x
http://dx.doi.org/10.1111/j.1745-3933.2011.01147.x
http://dx.doi.org/10.1088/0004-637X/810/2/144
http://dx.doi.org/10.3847/1538-4357/aaf050
http://dx.doi.org/10.1007/s11214-011-9744-5
http://dx.doi.org/10.1017/S0022377822000046
http://dx.doi.org/10.1086/588812
http://dx.doi.org/10.1103/PhysRevLett.105.235002
http://dx.doi.org/10.1016/j.cpc.2015.01.020
http://tevcat.uchicago.edu
http://dx.doi.org/10.3847/1538-4357/aaafcc
http://dx.doi.org/10.1086/507520
http://dx.doi.org/10.3847/2041-8213/aa7892
http://dx.doi.org/10.3847/2041-8205/816/1/L8
http://dx.doi.org/10.1093/mnras/stx2530
http://dx.doi.org/10.1093/mnrasl/sly157
http://dx.doi.org/https://doi.org/10.1016/j.scib.2023.06.005
http://dx.doi.org/10.1093/mnras/stab2462
http://dx.doi.org/10.1093/mnras/stx1846
http://dx.doi.org/10.1086/337972
http://dx.doi.org/10.1086/528708
http://dx.doi.org/10.3847/1538-4357/ac2e08
http://dx.doi.org/10.3847/1538-4357/ac3669
http://dx.doi.org/10.3847/2041-8213/acfe7c
http://dx.doi.org/10.1093/mnras/staa284
http://dx.doi.org/10.3847/1538-4357/abcf31


Klein–Nishina reconnection simulations 11625 

Figure A1. The exact (solid line) and approximate (points) mean final photon 
energy, 〈 εscat 〉 , after a seed photon (energy εph ) undergoes IC scattering with a 
particle of Lorentz factor γ . The e xact curv e (cf. fig. 3 of Mehlhaff et al. 2021 ) 
is computed by dividing equation ( 42 ) by equation ( 5 ). The approximate data 
are obtained by av eraging o v er 10 5 Monte Carlo trials per γ value, each one 
using the procedure described in Section 2.2.3 that employs approximation 
( 26 ). 
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8 In fact, the σ h = 0.1 σ h,0 contour lies slightly farther from the main 
reconnection X-point than the one for U prod . = 0 . 01 B 

2 
0 / 8 π . The small 

discrepancy originates from the in-plane magnetic field slightly weakening 
near reconnection X-points, an effect visible in the cold magnetization 
maps of Fig. 14 . This effect owes to the inflowing magnetic field lines 
draping themselves across plasmoids, hanging from them like the cables of a 
suspension bridge, and, hence, thinning out as they sink toward the X-points 
in between. 
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PPEN D IX  B:  L I K E L I H O O D  O F  LIMIT  C Y C L E S  

ere, we expand on Section 4.6 , using measurements from our 
C(KN) + PP run (Section 3 ) to fill in the main quantitative un-
ertainties from the work of Mehlhaff et al. ( 2021 ) on the pair-
oading efficiency – the parameter ξ in what follows – including its 
mplications for the pair-loaded magnetization, σ ∗

h , and on the pos- 
ibility of σ h -mediated limit cycles. We report first the expressions 
or the produced-particle energy density, U prod. , and the pair-loaded 
ot magnetization, σ h , flowing into the reconnection layer from the 
pstream region (thus, in the context of Fig. 14 , both quantities should
e e v aluated along, or perhaps just upstream of, the reconnection
eparatrix). Mehlhaff et al. ( 2021 ) found that U prod. e v aluated at this
ocation can be written as 

 prod . = ξF 

B 

2 
0 

8 π
. (B1) 

ere, F is the fraction of the IC power, emitted by particles in the
econnection layer, that is radiated abo v e pair-production threshold, 
nd ξ is the pair-loading efficiency, which we refer to from here 
nward according to a more precise name signifying its role in 
quation ( B1 ), the energy recapture efficiency : how much of the
bo v e-threshold radiation is recaptured by the reconnection layer 
rom the inflow region as hot pairs. Accounting for the newborn pair
nergy density U prod. , the hot magnetization, σ h , can be written in
erms of F and ξ as 

h = 

σh , 0 

1 + 2 Fξσh , 0 / 3 

 

3 

2 Fξ
, (B2) 

here the approximation holds when Fξσh , 0 � 1. Provided that the 
econnection layer responds only to the present – as opposed to the 
ast – magnetization of the plasma feeding it, equation ( B2 ) encodes
 universal ( σ h,0 -independent) pair-loaded magnetization , 

∗
h ≡

3 

2 Fξ
, (B3) 

hich we first introduced qualitatively in Section 4.6 . The pair- 
oaded magnetization σ ∗

h is determined self-consistently by the (po- 
entially σ ∗

h -dependent) values of F and ξ . As discussed in Section 
.6 , any Klein–Nishina reconnection layer with initial magnetization 
h , 0 > σ ∗
h will try to self-regulate to σ ∗

h , but, if the self-regulation is
oo efficient, the system will enter a limit cycle between a high and
ow magnetization on either side of σ ∗

h . 
One major uncertainty in the model developed by Mehlhaff et al.

 2021 ) was the energy recapture efficiency, ξ . This parameter is
articularly important for two reasons. First, it is one of the key
uantities deciding the pair-loaded magnetization, σ ∗

h . Second, it 
etermines how strongly the reconnection layer is coupled, via the 
pstream plasma, to its own NTPA, and, in particular, whether this
oupling is strong enough to drive the system into a limit c ycle. F or
 wide range of assumptions, Mehlhaff et al. ( 2021 ) found that limit
ycles require ξ of order unity – at least 0.3 or so in the most lenient
ase, but often even higher. In order to make contact with these two
ssues – the value of σ ∗

h and the existence (or not) of limit cycles –
e now proceed to measure ξ and σ ∗

h from our simulation. 
We estimate the abo v e-threshold power fraction, F , as the part of

he average IC emission spectrum in Fig. 9 radiated abo v e pair-
roduction threshold, measuring F 
 0 . 5. This agrees with the
rediction one arrives at by taking, from Fig. 7 , a particle distribution
ower law, d N /d γ ∝ γ −2 , with a cut-off at 200 γ KN and consulting the
orresponding F -value from fig. 10 of Mehlhaff et al. ( 2021 ). Armed
ith F , we can estimate ξ by measuring U prod. along the reconnection 

eparatrix in Fig. 14 and plugging the result into equation ( B1 ).
rom the figure, we see that, once the pair coat is built up around

he reconnection layer, it presents an inflowing produced-particle 
nergy density of about 0 . 01 B 

2 
0 / 8 π at the separatrix crossing. This

mplies that ξF ∼ 0 . 01 and, hence, ξ ∼ 0.02. Finally, inserting
F ∼ 0 . 01 into equation ( B3 ) yields σ ∗

h ∼ 150. This is about a
actor of 10 smaller than σ h,0 = 1250 in the IC(KN) + PP run,
nd, hence, the contour σ h = 0.1 σ h,0 in Fig. 14 nearly o v erlaps
he U prod . = 0 . 01 B 

2 
0 / 8 π contour. 8 

According to Mehlhaff et al. ( 2021 ), our measured value of ξ
s much too low (by about an order of magnitude) for limit cycles
o occur: the coupling between the inflow region and the layer is
oo mild. This is consistent with our simulations, from which we
dentify no evidence of cyclic behaviour, neither in the reconnection- 
owered NTPA, nor in the pair loading and resulting magnetization, 
h , presented to the reconnection layer. 
Let us now examine how our measured value of ξ , including its

mplications on the existence of limit cycles, may generalize under 
hanges of the reconnection parameters (such as to those of real
strophysical systems). To inform this discussion, we summarize 
ere the basic physics that determines ξ . Mehlhaff et al. ( 2021 )
xplain that ξ can be written as the product, ξ = f inj f nocool f noesc , where
he three factors on the right-hand side correspond to the three main
oss mechanisms that inhibit abo v e-threshold radiation from being 
ecaptured by the reconnection layer from the upstream region. First, 
 inj is the fraction of the layer-produced abo v e-threshold radiation that
uccessfully traverses the reconnection separatrix into the upstream 

egion. The f actor f inj f alls below unity when some photons – for
xample, in the case of extreme beaming of reconnection-accelerated 
articles along the reconnection layer (e.g. Cerutti, Uzdensky & 

egelman 2012a ; Cerutti et al. 2012b , 2013 , 2014a , b ; Mehlhaff
MNRAS 527, 11587–11626 (2024) 
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t al. 2020 ) – produce pairs in the downstream region. 9 Second,
 nocool is that part of the energy deposited into the upstream region
s newborn pairs that is not radiated away while those pairs are re-
dvected toward the layer. Finally, f noesc is the fraction of newborn
pstream particles that do not escape the system (e.g. by travelling
long a field line in the ±x -directions) before being swept (in the
y -directions) into the layer. 
To determine how ξ may change with the reconnection parameters,

e sketch the dependence of the three go v erning factors f inj , f nocool ,
nd f noesc , on these parameters as revealed both by analytic theory
Mehlhaff et al. 2021 ) and by our simulations. Given the periodic
oundaries of our setup, particle escape is impossible. Hence, f noesc ,
erhaps artificially, equals 1 in the simulations, which are then
estricted to probing f nocool and f inj . Of these two, Mehlhaff et al.
 2021 ) provide analytic estimates of f nocool , showing that, similarly
o F , it depends only on the shape of the reconnection-energized
article distribution – for a power law, d N /d γ ∝ γ −p , on the index,
 , and on the high-energy cut-off, γ c , normalized by γ KN . Those
uthors found that, for p > 2, f nocool is controlled by the low-energy
articles, and its value, f nocool ∼ 0.1, is therefore independent of γ c .
or p < 2, f nocool acquires a weak dependence on γ c – signalling the
nhanced importance of particles in the high-energy tail – but even
hen does not reach order unity unless γ c � 10 3 γ KN and p 
 1.
n the context of our IC(KN) + PP run, the Mehlhaff et al. ( 2021 )
stimates (e.g. their fig. B2) suggest that f nocool ∼ 0.1 for p 
 2 and
c ∼ 200 γ KN (as in Fig. 7 ). If we adopt this value, we can derive the
mpirical measurement, f inj ∼ ξ / f nocool ∼ 0.2. 

Now, while f nocool depends on the details of reconnection-powered
TPA, f noesc and f inj are dictated instead mostly by the large-

cale geometry and kinematics of reconnection. For example, f noesc 

epends on the free-streaming time, ≤L / c , for a newborn upstream
article to vacate the system by following an unreconnected magnetic
eld line (a more complete discussion of the factors influencing
 noesc can be found in the appendix C of Mehlhaff et al. 2021 ). As
nother example, the factor, f inj , depends on the ef fecti ve width of the
econnection layer and on beaming, both that associated with bulk
e.g. plasmoid-chain) motion and that stemming from kinetic effects
ear reconnection X-points. These remarks suggest that f noesc and f inj 

re constants (at least for σ h,0 � 1), because the processes deciding
hem are either generic byproducts of relativistic reconnection (in the
ase of kinetic beaming; Cerutti et al. 2012b ; Mehlhaff et al. 2020 )
r tied to the large-scale evolution (e.g. of the plasmoid chain),
hich seems rather insensitive to Klein–Nishina radiative physics,

s discussed in Sections 4.1 and 4.2 . 
This, then, makes clear the utility of introducing the individual

actors f inj , f nocool , and f noesc : two of them, f noesc and f inj , are expected
o be roughly constant regardless of the exact reconnection parameter
alues (as long as we are in the Klein–Nishina reconnection regime),
nd the remaining factor, f nocool , is one that we can estimate based on a
ubstantially reduced set of parameters – the NTPA power-law index,
 , and cut-off energy, γ c . This enables us, as we seek to extrapolate
ur simulation results to reason about ξ and σ ∗

h in astrophysical
lein–Nishina reconnection, to skip an e xhaustiv e e xploration of
NRAS 527, 11587–11626 (2024) 

 Mehlhaff et al. ( 2021 ) did not include f inj explicitly in their model, but 
iscuss its effect in their appendix C. 
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( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
he high-dimensional radiative reconnection parameter space (e.g.
ll orderings of the energy scales, σ c , γ max , γ rad, T , γ cool , γ KN , etc.).
nstead, we can focus on just p and γ c . While it is true that these two
re still determined self-consistently by the much larger underlying
arameter space, we leave a quantitative characterization of this
ependence to future work, having already noted several general
rends in Section 4.3 . 

The established logical framework in terms of f inj , f nocool , and f noesc 

with just the two independent variables p and γ c – equips us to
stimate a global upper bound on ξ . In the abo v e-mentioned case of
xtreme NTPA wherein p 
 1, γ c � 10 3 γ KN and, thus, f nocool ∼ 1,
he combined factor, ξ = f nocool f inj f noesc , reduces to ξ ∼ f inj f noesc ≤
 inj ∼ 0.2. Thus, even in the most fa v ourable circumstances, ξ is still
maller than the most lenient minimum required value, 0.3, found
y Mehlhaff et al. ( 2021 ) to produce limit cycles. We emphasize the
ritical role played by simulations in reaching this result, for they
rovide the necessary bound on the factor, f inj , that caps ξ to beneath
he limit cycle value range. In view of this combined input from
nalytic theory and simulations, we speculate that σ h - mediated limit
ycles are unlikely, even in astrophysical instances of Klein–Nishina
econnection . 

Finally, let us comment on how varying system parameters may
mpact the pair-loaded magnetization, σ ∗

h = 3 / 2 ξF . The discussion
hus far can be translated into an expected lower bound on σ ∗

h as
ollows. We have already seen that extreme NTPA ( p 
 1 and γ c ≥
0 3 γ KN ) yields f nocool ∼ 1 and, if one also fa v ourably posits f noesc =
, a global maximum, ξ ∼ 0.1. In the same NTPA re gime, the abo v e-
hreshold power fraction, F , attains order unity (fig. 10 of Mehlhaff
t al. 2021 ). Thus, with ξF as large as possible given numerical
easurements and analytic expectations, we arrive at the minimum

ossible pair-loaded magnetization, σ ∗
h 
 3 / (2 × 0 . 1 × 1) ∼ 15. 

If we now relax these extreme assumptions and allow for the
likely) possibility that NTPA is not quite as efficient, we may
stimate a more typical value of σ ∗

h . As explained previously, once the
ower-la w inde x of the particle distribution softens and/or the high-
nergy cut-off, γ c , falls below ∼10 3 γ KN , f nocool loses dependence on
hese two parameters and becomes closer to 0.1. In the same regime
again referring to fig. 10 of Mehlhaff et al. 2021 ), F becomes more
trongly dependent on NTPA, but still attains ∼0.5 when p ≤ 2 for a
road range of γ c . This gives a more typical pair-loaded magnetiza-
ion (realized in our simulation) of σ ∗

h ∼ 150(0 . 5 / F )(1 /f noesc ). 
To summarize, our IC(KN) + PP run allows us to measure the all-

mportant energy recapture ef ficiency, ξ , re vealing a value that is
oo low, in the context of the work by Mehlhaff et al. ( 2021 ), to
xpect violent limit cycles mediated by pair regulation of σ h . Such
imit cycles are consequently unlikely in real astrophysical systems.
he expected evolutionary pathway taken by astrophysical Klein–
ishina reconnection (as long as the newborn pairs remain few in
umber) is then the same as that of our main IC(KN) + PP run:
rovided σh , 0 > σ ∗

h , the system will self-regulate directly to the σ h,0 -
ndependent value, σ ∗

h , without o v ershooting. Howev er, if σh , 0 < σ ∗
h ,

he system remains at its initial magnetization. 
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