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ABSTRACT

We perform 2D particle-in-cell simulations of reconnection in magnetically dominated electron—positron plasmas subject to
strong Compton cooling. We vary the magnetization o >> 1, defined as the ratio of magnetic tension to plasma inertia, and the
strength of cooling losses. Magnetic reconnection under such conditions can operate in magnetically dominated coronae around
accreting black holes, which produce hard X-rays through Comptonization of seed soft photons. We find that the particle energy
spectrum is dominated by a peak at mildly relativistic energies, which results from bulk motions of cooled plasmoids. The peak
has a quasi-Maxwellian shape with an effective temperature of ~100 keV, which depends only weakly on the flow magnetization
and the strength of radiative cooling. The mean bulk energy of the reconnected plasma is roughly independent of o, whereas
the variance is larger for higher magnetizations. The spectra also display a high-energy tail, which receives ~25 per cent of the
dissipated reconnection power for o = 10 and ~40 per cent for o = 40. We complement our particle-in-cell studies with a Monte
Carlo simulation of the transfer of seed soft photons through the reconnection layer, and find the escaping X-ray spectrum. The
simulation demonstrates that Comptonization is dominated by the bulk motions in the chain of Compton-cooled plasmoids and,
for o ~ 10, yields a spectrum consistent with the typical hard state of accreting black holes.

Key words: acceleration of particles—black hole physics —magnetic reconnection—radiation mechanisms: non-thermal —

radiative transfer —relativistic processes — X-rays: binaries.

1 INTRODUCTION

The emission mechanism of high-energy non-thermal X-rays from
black hole X-ray binaries (BHXBs) is still unknown. Non-thermal
X-rays are predominantly seen during the so-called ‘hard state’ —
typically observed during the onset as well as the late-time fading
of an outburst. During outbursts, the X-ray luminosity increases by
a few orders of magnitude, with changes in the radiation spectrum
(McClintock & Remillard 2006), light-curve variability (van der Klis
1989), and possible launching of transient radio jets and collimated
outflows (Mirabel & Rodriguez 1999; Fender, Belloni & Gallo 2004;
Fender, Homan & Belloni 2009). An example of the transitions
across different states of an outburst, and their physical origins, in
the archetypal BHXB GX 3394, is demonstrated in Sridhar et al.
(2020).

A typical photon spectrum during the hard state may be roughly
described as dN/dE oc E~T with index I' < 1.8 (where E is the photon
energy) and an exponential cutoff above ~100 keV. The hard X-ray
emission is commonly attributed — based on the quality of spectral
fits — to unsaturated Comptonization of soft photons by a cloud of
hot electrons called ‘corona,” with typical temperature of ~100 keV
(Zdziarski & Gierlinski 2004).
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Yet, the energization mechanism that sustains the coronal electrons
against fast inverse-Compton (IC) losses is still unclear. A number
of works invoked magnetic reconnection as a mechanism for heating
and acceleration of electrons in black hole coronae (e.g. Galeev,
Rosner & Vaiana 1979; Beloborodov 1999; Liu, Mineshige & Shibata
2002). Numerical simulations demonstrate that current sheets can
form as magnetic loops get twisted by the differential rotation
of the accretion flow and the black hole (Parfrey, Giannios &
Beloborodov 2015; Yuan et al. 2019; Ripperda, Bacchini & Philippov
2020; Chashkina, Bromberg & Levinson 2021; Krawczynski 2021).
Fig. 1 illustrates one such possible configuration. Fast magnetic
reconnection (‘relativistic regime’) can occur in the current sheets
above the accretion disc, where the energy density in magnetic
fields B?/8m exceeds the plasma rest-mass energy density pc?,
which corresponds to magnetization parameter o = B> /4w pc® >
1 (for reviews of relativistic reconnection, see e.g. Hoshino &
Lyubarsky 2012; Kagan et al. 2015). Kinetic particle-in-cell (PIC)
simulations show how relativistic reconnection heats and accelerates
plasma particles. Most PIC simulations have been conducted in the
regime of negligible radiative losses (e.g. Zenitani & Hoshino 2001;
Lyubarsky & Liverts 2008; Kagan, Milosavljevi¢ & Spitkovsky 2013;
Guo et al. 2014, 2019; Sironi & Spitkovsky 2014; Nalewajko et al.
2015; Sironi, Petropoulou & Giannios 2015; Sironi, Giannios &
Petropoulou 2016; Werner et al. 2016; Werner & Uzdensky 2017;
Petropoulou & Sironi 2018; Hakobyan et al. 2021; Zhang, Sironi &
Giannios 2021).
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Figure 1. A schematic of the ‘chain Comptonization’ model. The black
sphere embedded in a golden-brown disc represents the black hole-accretion
disc system. Differential rotation of the magnetic field footpoints in the
accretion disc leads to stretching and opening of the field lines. Two oppositely
oriented fields are separated by a current sheet, and the energy in the magnetic
loop is released via reconnection. This process heats the coronal particles,
while the soft disc photons (blue) cool them to non-relativistic temperatures
via inverse Compton (IC) scattering. Reconnection also generates a chain of
coherent magnetic structures called ‘plasmoids’ (magenta blobs), which get
accelerated to trans-relativistic speeds along the layer by magnetic tension.
Comptonization of soft disc photons by the bulk motions of a cold-chain of
plasmoids can reproduce the non-thermal/hard X-ray emission (red) observed
from X-ray binaries.

Some recent studies have incorporated IC cooling effects, e.g.
Nalewajko, Yuan & Chruslinska (2018), Werner, Philippov & Uz-
densky (2019), Sironi & Beloborodov (2020) (SB20, hereafter),
and Mehlhaff et al. (2020). In all these simulations, magnetic
reconnection is developed through fragmentation of the dissipation
layer into a chain of numerous plasmoids (magnetic islands), which
move at relativistic speeds along the layer, as predicted by analytical
models (Uzdensky, Loureiro & Schekochihin 2010).

Radiative cooling of electrons in luminous sources (e.g. Cygnus X-
1), is very fast — the cooling time-scale is much shorter than the light-
crossing time of the corona. Beloborodov (2017) pointed out that in
this regime most of the plasma in the reconnection layer is kept at the
local Compton temperature k7¢c < 100 keV, and Comptonization
of hard X-rays mainly results from the fast bulk motions of the
cold plasmoid chain accelerated along the layer by the tension of
magnetic field lines. Radiation exerts resistance to the plasmoid
motion, as if they moved through a viscous background, and magnetic
energy is passed through the plasmoids directly to photons, with
subdominant heating of individual particles. Monte Carlo simulations
of this Comptonization mechanism suggested an intriguing feature: it
naturally gives an X-ray spectrum peaking at ~ 100 keV, consistent
with the observed hard-state spectra of accreting black holes in
BHXBs and Active Galactic Nuclei (AGNs).

This mechanism was further demonstrated by the kinetic plasma
simulations of SB20. They found that 70-80 percent of the re-
connection power converts to radiation via Comptonization by the
plasmoid bulk motions, and that these motions mimic a quasi-
thermal distribution with k7, ~ 100 keV. Their simulations have
been performed for e* plasma with magnetization ¢ = 10. The
dependence on o and the possible role of ions remained unexplored.
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In this paper, we extend the PIC simulations of SB20 — with
strong radiative (IC) cooling — to a higher ¢ = 40 and quantify
the dependence of particle heating and acceleration, as well as of
reconnection-induced bulk motions, on the flow magnetization and
the strength of cooling. In addition, we evaluate the produced X-ray
spectrum with Monte Carlo simulations for o = 10 and 40.

Like SB20, our PIC simulations are performed for e* plasma. We
assume that the e* are created by the MeV photons in the tail of the
Comptonized radiation spectrum, which requires a sufficiently high
compactness parameter of the magnetic flare (Beloborodov 2017).

Ion density in the high-o coronae of black holes is unknown. Since
ions are not subject to radiative losses, they could store part of the
released magnetic energy and gradually transfer it to the electrons.
This could influence the emission mechanism of the magnetic flare.
As a first step toward understanding the possible effect of ions, we
perform an experiment where positrons play the role of ‘ions’ with
mass m; = m,., and only electrons are subject to radiative losses. More
realistic simulations with m; >> m, are more expensive and deferred
to part II of this series.

The paper is organized as follows. In Section 2, we describe the
numerical setup of our simulations. In Section 3, we describe the
implementation and parametrization of IC cooling, and the different
time-scales associated with the problem. In Section 4, we present
our PIC results, emphasizing the dependence on magnetization and
strength of IC cooling. The photon spectra derived from our PIC
simulations using Monte Carlo radiative transfer calculations are
presented in Section 5. We summarize our findings in Section 6.

2 PIC SIMULATION SETUP

The simulations are performed with the 3D electromagnetic PIC
code TRISTAN-MP (Buneman 1993; Spitkovsky 2005), with particle
momentum updated via the Vay pusher (Vay 2008). We employ a 2D
spatial domain in the x-y plane, but all three components of velocities
and electromagnetic fields are evolved. The simulation setup parallels
what we have employed in, e.g. Sironi et al. (2016) and SB20. We
refer to Table A1 in Appendix A for the complete set of our numerical
and physical input parameters.

We consider a plasma consisting of two particle species of equal
mass and opposite charge (electrons and positrons). The particles
are initialized with a uniform density ny and a small thermal spread
kTo/m.c* = 107, The reconnection layer is set up with the so-called
Harris equilibrium (Harris 1962), where the initial magnetic field
is B, = —Bptanh (2w y/A), i.e. the field reverses at y = 0 across
a thickness A. We also add a uniform magnetic field aligned with
the electric current (i.e. a guide field B, = 0.1 By along z). This
helps providing pressure support to the cores of plasmoids, which
get significantly compressed due to cooling. Note that the addition
of the guide field does not add free energy to the system, as it does
not get dissipated.

The field strength is parametrized by the plasma magnetization, o .
For a cold plasma — as it is in our case — we define the magnetization
as

B} N\’
o=t = (2], (1)
4rnomec? wp
where w. = eBy/me.c is the electron gyro-frequency, and the plasma
frequency wj, is defined as

4 2
wp = TTnpe . (2)

nme
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Cold-chain Comptonization in black hole coronae 1

The corresponding plasma skin depth is c/w;,. We are interested in the
regime of relativistic reconnection o >> 1 — specifically, we consider
o = 40 (our fiducial case) and o = 10 (SB20’s reference case). The
Alfvén speed is va/c = 4/0 /(0 + 1) ~ 1, i.e. close to the speed of
light.

Initially, magnetic pressure outside the sheet is balanced by ther-
mal pressure in the sheet, by adding a hot population with overdensity
n = 3 relative to the number density 7, of cold particles outside the
sheet. The hot population has a temperature of kg Twimec* = o/2.
Reconnection is triggered by reducing the temperature of the hot
particles near the centre of the domain [(x, y) = (0, 0)] at the initial
time. This results in the formation of a magnetic ‘X-point’ at the
centre of the computational domain. The plasma in the current sheet
separates into two reconnection fronts, that propagate away from
the centre along £X at near the Alfvén speed. The initial current
sheet thickness is chosen to be large enough (A = 30 /o ¢/w,), so
that the tearing mode does not spontaneously grow before the two
reconnection fronts have reached the boundaries of the domain.

We employ outflow boundary conditions along x (e.g. Sironi et al.
2016), so the hot particles initialized in the sheet get evacuated
after ~Ly/va, where Ly is the half-length of the box along x. Along
the y direction of the reconnection inflow, we employ two moving
injectors —receding from y = 0 at the speed of light and continuously
introducing fresh plasma and magnetic flux into the domain — and
an expanding simulation box (see Sironi et al. 2016, for details). The
combination of outflow boundaries in x and continuous injection in
y ensures that, after ~1 Alfvénic crossing time (see Appendix D
for details), reconnection proceeds in a quasi-steady state, which is
independent from the sheet initialization (i.e. from the choices of n
and A), as shown by Sironi et al. (2016). We follow the evolution
until ~5L,/c, such that we have a sufficiently long time to assess the
steady-state properties of the system.

A large dynamic range between plasma scales and the layer length
is essential to obtain astrophysically relevant results. Our reference
box for o =40 has Ly/(c/w,) = 3360, but we also present results from
a wide range of box sizes, 420 < L,/(c/w,) < 6720. We resolve the
plasma skin depth c/wp, with 5 grid lengths. The Courant—Friedrichs—
Lewy number (or equivalently, the numerical speed of light) is set
to 0.45. We employ four particles per cell (including both species),
and we improve particle noise in the electric current density with
32 passes of a ‘1-2-1" low-pass digital filter applied at each step
(Birdsall & Langdon 1991).

3 INVERSE-COMPTON COOLING

Compton cooling is implemented in our code as a ‘drag’ force applied
to the simulation particles (Tamburini et al. 2010). For an electron (or
positron) with velocity v, (= B.c) and energy y.m.c?, the Compton
drag force due to an isotropic distribution of photons is given by

4
Fyc = _ggTVerradﬂcv 3)

where o = 8ne4/(3mgc4) is the Thomson cross-section, y, = (1 —
B2)71/% is the particle Lorentz factor, and U,,q is the radiation energy
density. We parametrize U, by defining a critical Lorentz factor
Y o> at which the Compton drag force balances the force due to the
reconnection electric field Ey. = 1gecBo, Where . ~ 0.1 is the
reconnection rate. For |8.| >~ 1, the balance

4
eEy. = g oT chr Uvraa (4)
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yields yr = «/3enec Bo/ (401U aq)- A low value of y ., implies strong
cooling (i.e. large U,.q). In contrast, the limit of negligible cooling
losses (Upg = 0) corresponds to y. = oo. For our reference
magnetization o = 40, we investigate y ., = 16, 22.6, 32, 45, and the
uncooled case y ¢ = 00.

The IC cooling time for a particle with Lorentz factor y. can be
written as

2
her) = —me¢ L Yo ®)
4'UT Uradyc We MNrecVe

This should be compared with the temporal resolution of our
simulations

At =0.09w," =0.090" 0" (6)

This shows that the IC cooling time for a particle with Lorentz factor
as high as y. = y is well resolved if

At N ]07201/ 2
ZIC(Vcr) Yer
This condition is well satisfied in our simulations, which all have
Yer > /0 (see Table Al in Appendix A).

<1. @)

3.1 Energy and time-scales

Here, we summarize the hierarchy of energy and time-scales of
radiative reconnection in BHXB coronae. We refer to Beloborodov
(2017) and SB20 for additional details.

As long as the Thomson optical depth of the reconnection layer
is not much greater than unity (trt ~ 1 is typically inferred for
black hole coronae'), energy conservation implies that the radiation
density iS Uryg ~ NrecUp ~ 0.1 U, where Ug = Bg/Sn is the energy
density of the reconnecting field. The magnetization parameter o can
be expressed as

2Ug 2reclp

~

o =

2 ; @)
nomeC T
where £y = UgopLy/m.c” is the magnetic compactness. For magnetic
flares near black holes accreting at a significant fraction of the
Eddington limit, the magnetic compactness can approach £g ~ myp/m.
(Beloborodov 2017). Using 9y ~ 0.1 and v ~ 1, equation (8) gives
o ~ 200 (¢g/10%).
Given that Uyq ~ e U, We can quantify the expected value of
Yer as

270, \ M 1/4
Ver = ~10* o s )
16 Lgre 10M,

where 7, is the classical electron radius, £g ~ m,/m. and we have
assumed that the characteristic length of reconnection layers is Ly
~ rg, where ry = 2GMgp/c? is the Schwarzschild radius for a black
hole of mass Mgy.

Accelerated particles typically attain a Lorentz factor yx ~ o/4
at X-points. A high value of y. > yx ~ o/4 then implies that
particle acceleration at X-points is not impeded by Compton drag.
The same condition can be expressed by comparing the IC cooling
time-scale for particles with y. = yx with the time-scale 7 for
particle acceleration at X-points,

netr) _vE o, _ e W)
tX V)% ’ eErec

IThe optical depth across the layer is Tt = Hngot, where H ~ nrecLy is the
thickness of the reconnection layer.
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Figure 2. Snapshot of the reconnection layer at time 7 >~ 3.1Ly /c ~ 10621 w, ! for our fiducial model (¢ =40 and Ly, = 3360c/wy,) with strong cooling (Y ¢r =
16, left-hand panel) and moderate cooling (y ¢r = 45, right-hand panel). We only show the region |y| < 0.15 Ly where reconnection occurs. (a) Particle number
density 7 in units of the initialized (upstream) number density ng. (b) Magnetic energy density B>/87 normalized to the upstream plasma rest mass density,
ep = B?/8wngmec?. The overplotted white contours are magnetic field lines. (c) Local average (yezﬂg) = (yez) — 1, which is proportional to the IC power per
particle (the local average is calculated using the patches of 5 x 5 cells). (d) I' 2 _ 1, where " is the bulk Lorentz factor defined in the text. (e) (yez) —I'2, which
represents internal particle motions. The quantities shown in panels (a), (c), (d), and (e) are computed using both electrons and positrons.

On the other hand, the IC cooling time is much shorter than the
advection time along the layer t,4, ~ Ly/va ~ Ly/c. Their ratio is

nc(ye) 3
Tadv 4Ve£rad

<1, 11)
where the radiation compactness is defined as {pq =
Uvad0 1Li/Mec? = nrecfy. We rewrite the ratio of time-scales as

1 T

IC(Ve) _ cool ) (]2)
Tadv Ye

Then, the condition that the time to cool down to non-relativistic

energies is shorter than the advection time-scale may be expressed

as

2
T _ Vcr C/ (L)p
cool =
nrec\/g Ly

In our simulations, we explore both 7., < 1 and 7, > 1 regimes.
In the latter case, T, equals the Lorentz factor of particles that cool
in a dynamical (advection) time. We use 7.y (as an alternative to
¥ or) to quantify the strength of cooling losses.

In the limit of strong cooling, particles in reconnection plasmoids
are cooled down to non-relativistic temperatures (y. =~ 1), well
before the plasmoid bulk motions are decelerated by Compton drag
(Beloborodov 2017). For the cold particles, the ratio of drag time to
advection time is

<1. 13)

Larag oMmec / Ly o
Tady UradUT c Zmd '
Given that o ~ 1. p/TT ~ £1ad/TT (EqUation 8), one can see that the
two time-scales are comparable for rp ~ 1. Their ratio may also be
WIItten as fpe/tady ™~ O Teool When ye ~ 1.

In summary, in order to mimic the conditions in black hole coronae,
our simulations have to retain the following hierarchy of energy and
time-scales: (i) o > 1; (ii) Yo > yx ~ o/4, or equivalently particle
acceleration at X-points occurs faster than IC cooling losses; (iif) T ool

(14)
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< 1, or equivalently the IC cooling time for all particles is shorter
than the advection time along the layer. Most of our simulations do
satisfy the required hierarchy.

4 PIC SIMULATION RESULTS

In this section, we present the main results of our PIC simulations.
We discuss how our PIC results depend on the strength of radiative
IC losses, magnetization, and domain size. Our fiducial runs have
o =40 and Ly/(c/w,) = 3360.

In Section 4.1, we describe the general structure of the recon-
nection layer. We then explore the influence of radiative cooling on
internal and bulk motions in Section 4.2. Particle energy spectra are
presented in Section 4.3. In Section 4.4, we probe the structure of
the reconnection layer and the particle energy spectrum in a ‘hybrid’
experiment, where we consider a pair plasma, but only cool electrons.
This is a first step towards understanding radiative reconnection
in an electron—ion plasma, where only electrons suffer IC cooling
losses.

4.1 Structure of the reconnection layer

In Fig. 2, we present the 2D structure of the reconnection layer
in the strongly magnetized model with o = 40 for two different
levels of IC cooling: strong cooling with y . = 16 on the left, and
moderate cooling with y. = 45 on the right. Regardless of the
cooling strength, the reconnection layer fragments into a hierarchical
chain of coherent structures (plasmoids) separated by X-points, as
a result of the tearing instability (Tajima & Shibata 1997; Loureiro,
Schekochihin & Cowley 2007; Bhattacharjee et al. 2009; Uzdensky
et al. 2010).

Plasmoid mergers lead to the formation of secondary reconnection
layers transverse to the main layer. An example of such transverse
layers can be seen at x/L, ~ 0.35 in the left-hand panel of Fig. 2.
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Cold-chain Comptonization in black hole coronae 1

Overall, the formation of the plasmoid chain proceeds independently
of the degree of IC cooling. We have also verified that in our 0 =
40 runs, the reconnection rate and the distribution of plasmoid sizes
(see Appendix B) are not significantly affected by cooling, similar
to the lower magnetization case (o = 10) discussed by SB20.

In the case of moderate cooling (right-hand panel (a) in Fig. 2),
particles are nearly symmetrically distributed in plasmoids (i.e. front
and back sides are equally populated). On the other hand, under
strong cooling, the plasma density distribution inside plasmoids
becomes strongly non-uniform (left-hand panel (a)). A near-vacuum
region develops at the plasmoid ‘head’ —along the direction of motion
— leaving a ‘tail’ of piled-up particles on the back side. This effect
is caused by Compton drag on the particles. Since the particles can
freely slide along magnetic field lines, Compton drag pushes them
towards the back of the moving plasmoid. The cavities are most
pronounced inside plasmoids that are farther from the centre, because
they typically move faster and have lived longer, allowing more time
for the drag.

The 2D structure of magnetic energy density (eg = B*/8mwngmcc?;
panels (b) of Fig. 2) is similar in models with different levels of
cooling. In particular, the boundaries of plasmoids, defined as regions
of large €, have similar shapes, and the peak value of g inside the
plasmoids is also nearly the same. This peak occurs in the cores
(O-points) of plasmoids, and their measured values for the largest
plasmoids are eg ~ 7 x 10°. Note that the normalized magnetic
energy density in the inflow region is eg ~ /2 ~ 20. Hence, the
magnetic field in the plasmoid cores has been compressed by a
factor of B/By ~ 18 relative to the upstream field. The similarity
of plasmoid chains in all cooling models confirms that the chain
structure is controlled by magnetic stresses, with small effects of
plasma pressure. In short, plasmoids in relativistic reconnection are
fundamentally magnetic structures.

In panels (c), we plot the local average (y2p2) = (y2) —1,
which is proportional to the IC power per particle. In the strongly
cooled case, the plasma has lost most of the energy received from
reconnection, so (y2B2) is strongly reduced. For both strong and
moderate cooling, we find that (y’7) is highest in the thin regions
of the reconnection layer (the sites of X-points and fast outflows
emanating from them) and the heads and tails of the plasmoids.
Note that significant dissipation occurs at the plasmoid boundaries,
because of (i) mergers and (ii) the release of kinetic energy via the
slowdown of outflows launched from a neighbouring X-point and
entering the plasmoid.

In panel (d), we isolate the contribution due to bulk motions alone.
For every cell, we calculate the average particle velocity 8 = (f.)
including all electrons and positrons in the local patch of 5 x 5
cells. In the frame moving with velocity 8, the plasma stress—energy
tensor has a vanishing energy flux (e.g. Rowan, Sironi & Narayan
2019), and we define it as the comoving frame of the plasma. The
corresponding bulk Lorentz factor is I' = (1 — 82)~"2. We find that
the bulk motions of large plasmoids weakly depend on the cooling
strength. The plasmoids move nearly as rigid bodies, and their speed
on average grows with distance from the centre of the layer. This
growth is somewhat limited by Compton drag in the model with
strongest cooling, which results in a slightly slower outflow. Young
plasmoids develop high speeds, as they are pulled toward large
plasmoids. Fast bulk motions also occur in the tails of plasmoids
that accrete the reconnected plasma from nearby X-points (see e.g.
the plasmoid at x/Ly ~ —0.7 in the right-hand panel). Besides the
motions along the layer, we observe high bulk speeds in the secondary
reconnection layers generated by plasmoid mergers (e.g. at x/L, ~
0.35 in the left-hand panel).
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In the case of strong cooling (left-hand column), the similarity
between panels (c) and (d) suggests that most of the IC power comes
from bulk motions. The effect of internal motions of individual
particles may be quantified by the difference (y2) — I'? (panel e).
In the case of moderate cooling, internal motions dominate over
bulk motions almost everywhere in the reconnection layer. In the
model with strong cooling, internal motions are suppressed inside
plasmoids down to a non-relativistic temperature. This is especially
true for large plasmoids, which are long-lived, so their particles
have plenty of time to radiate away their energy.> High-temperature
internal motions are predominant in the thin regions of the main
reconnection layer (and secondary layers generated by plasmoid
mergers) where particles have been recently energized and are yet
to cool down.> As shown by SB20, particles accelerated at X-points
or ‘picked up’ by the fast reconnection outflows are energized on a
time-scale shorter than the IC cooling time.

4.2 Bulk and internal motions

We now explore in more detail how the bulk and internal motions
depend on the flow magnetization and the cooling level. We exclude
the cold, slow inflow and examine motions in the ‘reconnection
region,” which is defined using the following density-mixing criterion
(e.g. Rowan, Sironi & Narayan 2017; Ball, Sironi & Ozel 2018):
the region that contains a mixture of particles coming from above
and below the reconnection midplane y = 0, with both populations
contributing at least 1 percent to the mixture. All results presented
below refer to particles and cells from this region unless otherwise
specified.

First, we calculate the bulk 4-velocities parallel (u, = I'8x) and
orthogonal (u, = I"By) to the reconnection layer. Fig. 3 shows the
distributions of u, and u, measured across different cells. To ensure
sufficient statistics, we only use cells containing >4 particles, and
the distributions are averaged over time interval 2 < T/(Ly/c) < 5,
when reconnection proceeds in a quasi-steady state. Fig. 3 presents
the resulting distributions in the x — uy space (left-hand panel) and
in the uy, — uy space (right-hand panel), for a sequence of models
with different cooling levels.

The observed behaviour in our fiducial model with o = 40 is
similar to the model with o = 10 described in SB20. Bulk motions
are primarily oriented along the layer, i.e. they are dominated by
uy. The mean value of uy(x) is nearly independent of the cooling
level. It starts from zero near the centre of the layer and approaches
a constant value |uy| ~ 1 at |x|/Ly 2 0.25. Most of the reconnected
plasma moves with transrelativistic |uy| ~ 1. Only a small fraction
moves with ultrarelativistic bulk speeds, approaching the Alfvénic
limit (Lyubarsky 2005): |uy| ~ /o ~ 6.3 (only small plasmoids can
reach |uy| &~ /o, as discussed in Appendix B). We note that this fast
fraction is reduced for (i) stronger cooling, due to Compton drag, and
(ii) larger magnetization o = 40, compared with the o = 10 model
investigated by SB20; a similar effect was discussed by Sironi et al.
(2016) for uncooled simulations.

A fraction of the reconnected plasma is flowing towards the centre
of the layer (i.e. opposite to the mean motion). This is seen in Fig. 3
[left-hand panel] as localized spikes with ux < 0 at x > 0 (and uy >

2The effect of IC cooling on plasmoids as a function of their size in
investigated in Appendix B.

3Significant internal motions are also observed near the core of merging
plasmoids, likely due to compression (e.g. see the bright regions in panel (e)
of the left-hand column at x/Ly ~ 0.3 and 0.9).
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Figure 3. Left-hand panel: bulk motions along the reconnection layer, viewed in the phase space x — uy. Colour represents particle density in the phase space.
The measurements were made for our fiducial model with o = 40, Ly/(c/wp) = 3360, and different panels correspond to different levels of cooling: y ¢ = 16,
22.6, 32, 45 (strongest to weakest from top to bottom). The solid black curve in each panel shows the mean value of u as a function of x, and the black dotted
curves show the standard deviation around the mean. Right-hand panel: bulk motions along x and y, viewed in the momentum space ux — uy, for the same
simulations as in the left-hand panels. Colour represents the particle density in the ux — uy space. In all (left-hand and right-hand) panels, the black dashed lines
indicate the Alfenic limit 4/ . The distributions were time-averaged during the time interval 2 S T/(Ly/c) S 5, when the reconnection layer was in a quasi-steady

State.

0 at x < 0). These motions are caused by large plasmoids attracting
and accreting small young plasmoids ahead of them. As a result,
a small fraction of plasma motions opposite to the mean outflow
motion.

The stochastic character of plasmoid motions plays an important
role for Comptonization calculations (see Section 5) and it is further
quantified in Fig. 4. We use half of the reconnection region (x >
0), and compute the global mean and standard deviation of the bulk
4-velocity uy for o = 10 and 40 and for a variety of cooling levels,
0.06 S Teoo1 S 1.0. For each o and 7.y, we show the result for
the largest available simulation (which also has the highest y ., see
equation 13). We verified that the results remain nearly the same
when varying L, and y, for given o and .., (see Appendix A).

MNRAS 507, 5625-5640 (2021)

One can see from Fig. 4 that the global mean (i) ~ 1 is
similar in all models, and the standard deviation has a significant
systematic dependence on both 7., and o: it increases for larger
Teool (i-e. weaker cooling) and for higher o. Thus, bulk motions are
more ordered for lower magnetizations and stronger cooling. The
dispersion in bulk motions for o = 40 is roughly twice that for o =
10, at a given T¢oo-

Bulk motions in the y-direction (orthogonal to the main reconnec-
tion layer) are quantified by the distribution in the u, — u, space
(Fig. 3 [right-hand panel]). The u, component is mostly produced by
the secondary transverse reconnection layers created during plasmoid
mergers. Most mergers occur between plasmoids with moderate x-
velocities, which explains why the largest u, are observed at moderate
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Figure 4. Statistics of bulk motions along the reconnection layer in the
models with various 7o}, foro = 10 (red) and o =40 (black). The red squares
and black circles indicate the mean (density-weighted) bulk 4-velocity uy for
o = 10 and 40 respectively, and the error bars indicate its standard deviation.
The measurements were performed along one half of the reconnection layer
(x > 0) and averaged during the time interval 2 < T/(Ly/c) < 5.

uy. However, overall the y-motions in the reconnection layer are
weaker than the x-motions, and u, never reaches the Alfvén limit.
This may be explained by the fact that the transverse reconnection
layers are shorter than the main layer (their extent is limited by
the width of the largest plasmoids, ~ 0.1 Ly), and the reconnected
plasma may fail to reach the expected Alfvén limit. In addition,
the secondary reconnection occurs in already heated plasma, which
tends to reduce the effective magnetization and the corresponding
Alfvén speed in the layers between merging plasmoids. However,
strong cooling increases the local magnetization, and so models with
lower 7o display faster y-motions. Furthermore, strong Compton
drag creates density cavities (see Section 4.1), boosting the local
magnetization parameter. Overall, the reduced temperature and
density result in faster reconnection outflows.

Next, we examine how the energy in bulk motions compares with
the internal energy of the plasma (heat). In each cell, the mean bulk
energy per particle (in units of the rest mass energy) is simply I' —
1. The mean internal energy per particle is obtained as described in
Appendix C (e.g. Rowan et al. 2017). We Lorentz boost the particle
energy density from the simulation frame to the plasma rest frame,
which moves at velocity . The mean internal energy per particle
Eine (normalized to the rest mass energy) is then calculated assuming
that the pressure tensor is isotropic in the plasma rest frame. Using
the values obtained in each cell, we find the global mean values
(' — 1) and (&), first by (density-weighted) averaging over the
reconnection region, and then by time-averaging over the interval 2
S TI(Ly/c) 5.

Fig. 5 shows how the measured (I'" — 1) and (&) depend on
Teool-} The similarity of bulk motions in all models of o > 1 and
IC cooling results in a nearly universal (I" — 1) ~ 0.4. The only
exception is the decrease observed in the strongest cooling cases of
o =10, down to (I' — 1) ~ 0.1 for 7.y, = 0.06. This decrease is the

“4Fig. 5 also demonstrates that variations in y and Ly do not appreciably
change the results as long as they give the same 7T¢o. This fact is not
surprising, as variation in y > o/4 directly affects only very energetic
particles, with Lorentz factors far beyond the mean post-reconnection value
~o/4.
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Figure 5. Average particle energy (in units of mec? = 511 keV) resolved
into two components: internal (blue) and bulk (red), plotted versus T¢q01. The
dashed curves refer to o = 40, and dotted to o = 10. For given o and 7 o1,
different symbols correspond to different sizes of the simulation domain (see
legend), which equivalently correspond to different y ... Where more than
one simulation is available with the same o and 7. (Table Al), the curve
passes through the mean value. The measurements were performed using
density-weighted averaging over the reconnection region and averaging over
time interval 2 < T/(Lx/c) < 5.

result of Compton drag. Since the ratio of drag time to advection time
1S fdrag /tadv ™~ O Teool (Se€ equations 14 and Section 3.1), we expect
Compton drag to affect the average bulk motions when 7., < 07!,

As one can see from Fig. 5, the ‘hot regime’ with (E,) > (I — 1)
occurs for large T cool, Namely Tcoo 2, 1 for o = 10 and 740 2 0.5 for
o = 40. In the limit of negligible cooling losses, the mean internal
energy per particle (&) should approach the mean Lorentz factor
~c/4 of particles heated by reconnection. We speculate that this
asymptotic limit should be approached when 7., 2 0/4, i.e. when
the majority of particles heated/accelerated by reconnection do not
appreciably cool before advecting out of the system.’

4.3 Particle energy spectra

In this section, we investigate how the particle energy spectrum varies
with o and cooling strength. Note that the cooling effects depend on
the cooling rate (parametrized by y ;) and the characteristic time
L,/c available for cooling before the particles are advected out of the
layer. Therefore, we examine the dependence on both y ., and L.

For each particle, we identify the energy contribution from the
local bulk motion. Then, we can compare the spectrum of bulk
motions with the total energy spectrum and see where bulk motions
dominate. The spectra are extracted from the reconnection region
and averaged in time over the interval 2 < T/(Ly/c) < 5, when the
layer has achieved a quasi-steady state. They are normalized by L2
to allow a fair comparison of simulations with different L.

Fig. 6 presents the results for ¢ = 40. Each row corresponds
to a chosen value of y (increasing from top to bottom; so, the
cooling rate decreases from top to bottom), and each column has a
chosen domain size (increasing from left to right). The parameter
Teool X yczr /Ly varies diagonally (bottom left-hand to upper right-
hand) in this 4 x 3 set of models. For completeness, we present in
Fig. 7 the corresponding simulations without cooling, i.e. y = 00.

SWe remind that for T¢go > 1, the cooling parameter 7.y equals the Lorentz
factor of particles that cool in a dynamical (advection) time.
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Figure 6. Particle energy spectra extracted from the reconnection region and averaged over time 2 S T/(Ly/c) < 5. Twelve simulations are shown with
magnetization o = 40 and different values of y .. and domain size Ly. The background radiation density decreases from top to bottom (y, increases from 16
to 45) while the domain size increases from left to right (from Ly = 840 ¢/wj to Ly = 3360 ¢/wp). The corresponding value of 7o is indicated in each panel.
The spectra are normalized by L2 for proper comparison of models with different Ly. Each panel shows the total energy spectrum (red; ¥ = y.), the bulk motion
spectrum (golden-brown; y = I'), and their difference (dash-dotted blue), i.e. the part not accounted for by bulk motions; the fractional IC power contributed by
this component is denoted in each panel as fyg. For comparison, we also plot a Maxwellian distribution with temperature of 100 keV (dashed black), normalized
so that its peak matches the peak of the bulk energy spectrum. The dotted grey lines indicate the —2 slope that corresponds to equal IC power per decade in
Lorentz factor.
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Figure 8. Fraction of the IC power contributed by high-energy particles fug
VErsus Tcool, Mmeasured in the simulations with o = 10 (red dotted) and o0 =
40 (black dashed). Each data point was calculated by averaging over the
reconnection region and then averaging over the time interval 2 < T/(Ly/c)
< 5. Different symbols represent simulations with different domain sizes Ly
(see legend) or, equivalently, different y .. The curves show the average result
of all simulations available for given o and 7 ¢o].

In the absence of IC cooling (Fig. 7), the total particle spectrum
peaks at y. — 1 ~ 10 ~ ¢/4 regardless of the domain size, and the
mean Lorentz factor of particles heated by reconnection is determined
by energy conservation, y, & o /4. With increasing cooling, the
spectral peak progressively shifts to lower values (Fig. 6). Its position
and shape are primarily controlled by ... In fact, the total particle
spectra for simulations with the same ., are remarkably similar. At
Teool K 1, the strong cooling results in a non-relativistic temperature
(see also Fig. 5), and the total energy spectrum converges towards
the bulk energy spectrum, i.e. the particle energies are dominated by
the bulk motions. This is especially clear in the top right-hand panel,
which has the lowest T oo >~ 0.12.

While the total energy spectrum changes drastically for different
levels of cooling, the bulk energy spectrum is barely affected. In the
absence of IC cooling (y . = 00), the peak of the distribution of bulk

They are present even in the case of strongest cooling (7 o <K
1), and such particles need to be sustained by a process of non-
thermal particle acceleration operating on time-scales shorter than
the cooling time. Their origin is described by SB20: the particles are
energized either by the non-ideal reconnection electric field at X-
points or by being picked up by fast reconnection outflows from the
X-points.

We define the high-energy component of the particle spectrum as
the difference between the total and bulk spectra, as shown in Figs 6
and 7. This component radiates an interesting fraction fyg of the
total IC luminosity from the reconnection layer. The value of fyg is
quoted in each panel of Fig. 6 and also presented in Fig. 8, where we
compare the results for o = 40 and o = 10. For both magnetizations,
the high-energy component is dominant ( fyg = 90 per cent) in the
limit of weak cooling, and drops with increasing cooling level. In
the simulations with the lowest T, = 0.06, fyg ~ 25 per cent for
o =10, and fyg ~ 40 per cent for o = 40. Fig. 8 also demonstrates
that fyg is controlled by oo X yczr/ Ly rather than separately by
Yo and Ly.

5The fact that the bulk spectrum peaks at lower energies in the smallest
uncooled box (Lx/(c/wp) = 840 in Fig. 7a) is due to the stochastic formation
of a nearly stationary ‘monster’ plasmoid. In the simulations with cooling,
the slow monsters also produce local maxima at low I' — 1 < 0.1 (Fig. 6).
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p  for electrons (left-hand panel) and positrons (right-hand panel), in the

hybrid simulation with magnetization o = 10 and box size Ly/(c/wp) = 1680. Only electrons are cooled, with a radiation energy density parametrized by
Yere— = 16. (a) Particle number density 7, in units of the initialized (upstream) number density ng; (b) Local average (yczﬂcz) = (ycz) — 1, which is proportional
to the IC power per particle (the local average is calculated using the patches of 5 x 5 cells). (c) I'> — 1, where T is the bulk Lorentz factor. (d) (Ve2> -T2,

which represents internal particle motions.

4.4 Hybrid experiment: cooled electrons and uncooled
positrons

Magnetic reconnection in electron—ion plasmas gives the electrons
the average energy ~o .1, 2, where o, = Bg /4mn.c? is the ‘electron
magnetization’ (Rowan et al. 2017, 2019; Werner et al. 2018;
Petropoulou et al. 2019). Bulk motions are primarily determined
by the ‘ion magnetization’ o; = (m./m;)o . and become significantly
slower when o; < 1. This case will be studied separately. Here, as a
first step, we consider the simpler regime o; > 1.

As known from the simulations without cooling, the different
particle masses become unimportant when o; >> 1 and reconnection
proceeds very similarly to that in pair plasma, with nearly equal
energy spectra of ions and electrons. Cooling, however, breaks this
symmetry, because only electrons can be efficiently cooled while
ions retain the energy acquired from field dissipation. Then, a
two-temperature plasma forms. A key question is whether there is
energy transfer from the hot ions to the cool electrons. It could
provide gradual electron heating inside plasmoids, keeping them
at a much higher temperature than found for reconnection in pair
plasmas. Then, thermal electron motions could dominate over the
bulk plasmoid motions, and thus also dominate the IC power of the
reconnection layer.

In general, the electron—ion energy exchange may occur via
Coulomb collisions (at sufficiently high densities) or via collisionless
plasma processes. We defer a complete analysis of this problem to
a future work and here use our PIC simulations to study only the
collisionless energy exchange (see also Zhdankin, Uzdensky & Kunz
2021, for a discussion of a similar problem in the context of plasma
turbulence).

We devise a hybrid experiment mimicking a plasma composed of
radiatively cooled electrons and hot ions. This experiment adopts the
electron—positron composition, leveraging on the fact that reconnec-
tion in o; > 1 electron—ion plasmas is virtually indistinguishable
from o > 1 electron—positron reconnection (e.g. Guo et al. 2016),
however we cool only one species (the electrons). This may be a
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useful first step for understanding collisionless energy exchange in
electron—ion radiative reconnection.

Fig. 9 shows the structure of the reconnection layer in our hybrid
experiment with o = 10. Electrons are cooled with radiation density
that corresponds to Y.~ = 16 (same as the fiducial value of y, in
SB20). We observe that the two species have identical bulk motions
(panels c), and significantly different internal motions (panels d).
Positrons, which are not cooled, are especially hot inside plasmoids
— the average Lorentz factor of positrons is comparable to o, which
is typical for reconnection models without cooling. By contrast,
electrons are cooled to a non-relativistic temperature, and their energy
is dominated by the plasmoid bulk motion.

Fig. 10 shows the electron and positron spectra averaged over the
reconnection region and time. The positron spectrum is similar to
what was found in previous simulations with no cooling. It peaks at
ye — 1 ~ 4 and has a high-energy tail extending beyond y. ~ 10%.
By contrast, the electron spectrum is similar to the simulations with
full cooling (Section 4.3). Electrons have ultrarelativistic internal
motions only in the thin regions of the main reconnection layer or in
the secondary layers in between merging plasmoids, where particles
are being actively heated/accelerated. In the hybrid experiment,
these high-energy electrons carry a fraction fuyg ~ 59 per cent of
the total IC power, remarkably similar to fyg ~ 52 per cent found in
a corresponding simulation where both species are cooled.

The main result of the hybrid simulation is that the behaviour of
electrons is nearly the same as in the simulation with full cooling
of both e and e~. This demonstrates that the energy transfer from
the hot positrons to the cool electrons is inefficient, in the sense that
it is unable to counteract the radiative losses of the electrons. This
suggests that the electron component inside plasmoids will be kept
cold also in electron—ion reconnection, at least when o; >> 1. Then,
Comptonization of radiation in the reconnection layer will remain
dominated by the bulk motions of the plasmoid chain.

In the simulation that had strong cooling of both e and e~
we observed the formation of density cavities inside plasmoids
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Figure 10. Particle energy spectra extracted from the reconnection region and averaged over time 2 < 7/(Ly/c) < 5 for three different simulations with
magnetization o = 10 and box size Ly/(c/wp) = 1680. Two left-hand panels show the results of our hybrid experiment (same simulation as in Fig. 9): (a)
positrons and (c) electrons. For comparison, two other simulations are shown on the right: (b) model with no cooling (Y = 00) and (d) model where both
species are strongly cooled (y . = 16). In these two models, both species are treated equally and the e*/e™ spectra are identical. Each of the four panels shows
the total energy spectrum (red; ¥ = y,), the bulk motion spectrum (golden-brown; y = I'), and their difference (dash-dotted blue). Each panel also shows a
Maxwellian distribution with temperature of 100 keV (dashed black), normalized so that its peak matches the peak of the bulk energy spectrum. The dotted grey
lines indicate the —2 slope that corresponds to equal IC power per decade in Lorentz factor.

(Section 4.1). These cavities practically disappear in the hybrid
simulation. This is because, the inertia of the quasi-neutral plasma
inside plasmoids is now much higher (the effective mass per particle
is ~om, because of the hot positrons) and therefore, the drag effect
on the plasma distribution inside plasmoids is weaker.

5 MONTE CARLO RADIATIVE TRANSFER
CALCULATIONS

We perform Monte Carlo simulations of X-ray emission expected
from the reconnection layer using the radiative transfer code Comp -
Pair (Beloborodov 2020). In the simulation, seed soft radiation is
injected in the mid-plane of the reconnection layer, with a Planck
spectrum of temperature kT = 10~>m,.c?, and the code follows the
scattering of photons in the reconnection region, leading to formation
of a Comptonized, hard X-ray spectrum. The radiative transfer is
calculated in the region of [x| < H = L,/3, where most of the
scattering is expected to occur in a self-consistently produced e*
plasma (Beloborodov 2017).

We use here a simplified setup of the transfer simulation which
does not calculate e* production self-consistently. The inflow density
ng is fixed in our PIC simulations, with no pair annihilation or
injection of new e* pairs. We use seven snapshots of the PIC

simulations spaced with time intervals of 0.5L,/c between T/(Ly/c) =
2 and T/(Ly/c) = 5. The region |x| < Ly, |y| < H is divided
into 60 x 20 patches, and for each scattering event, the particle
momentum is drawn from the local distribution function in the patch.
The transfer simulation is then evolved in time with updating the
distribution function every 0.5Ly/c. The result of the radiative transfer
depends on the overall normalization of the plasma density, which
we parametrize using Thomson optical depth Tt = Ho rnyg, defined
in terms of the inflow density ny. The optical depth is expected to
be 7t ~ 1, depending on the compactness of the magnetic flare.
Therefore, the photons sample the particle population on the photon
mean free path to scattering, which is not smaller than H. We adjust
71 to achieve the Compton amplification factor’ A ~ 10, which is
typically required for reproducing observed hard state spectra of
accreting black holes, with a photon index of I" ~ 1.5 (Beloborodov
2017). The corresponding optical depth is 7t = 1.5 for 0 = 10, and
Tt = 0.5 for o = 40.

Fig. 11 shows the spectrum of radiation escaping from the
reconnection region for the two models, with ¢ = 10 and o =

"The factor A is the ratio of the average energy of escaping photons to the
average energy of injected soft photons.
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Figure 11. X-ray/y-ray spectrum of Cygnus X-1 during its hard state, Efg =

E2N(E). The 0.7-25 keV data (blue) are from BeppoSAX (Di Salvo et al. 2001;

Frontera et al. 2001), and the 25-3500 keV data (orange) are from CGRO/OSSE (McConnell et al. 2002). The black dashed and dotted curves show the spectra
formed by Comptonization in the reconnection layer in the models with o = 10 (dashed) and o = 40 (dotted), with the same strength of radiative cooling losses
(Yo = 16) and Compton amplification factor (A = 10). The dashed red line indicates the power-law N(E) E~15. All the data are normalized with respect to

OSSE.

40, adopting the same y. = 16. The emitted spectrum varies with
time as the reconnection proceeds, and Fig. 11 shows the emission
averaged over the time interval 2 < T/(Ly/c) < 5. We observe that
the spectrum peaks around 100 keV and has a steeply decaying tail
at higher energies. The model with 0 = 10 is remarkably close
to the typical hard-state of Cygnus X-1 observed in a broad-band
of 1 — 1000keV. For comparison, we overplot in Fig. 11 the data
available from BeppoSAX and CGRO/OSSE. The deviation of the data
from the model at low photon energies (< 1keV) is expected from
interstellar absorption. The excess at higher energies (=1 MeV) may
be interpreted as a contribution from coronal regions with o > 10.
Our simulations demonstrate that with increasing o the Comptonized
spectrum develops a stronger high-energy tail (compare the models
with 0 = 10 and 0 = 40 in Fig. 11). The increased o also shifts
the spectral peak to above 100 keV. This shift is caused by the
combination of two effects: the increased dispersion of the plasmoid
speeds at high o (Fig. 4), and the fact that high-energy particles
contribute a larger fraction of IC power at higher magnetizations
(Fig. 8).

6 SUMMARY

In this paper, we have performed 2D PIC simulations of relativistic
magnetic reconnection with strong IC cooling, for conditions appro-
priate to the strongly magnetized regions of black hole coronae. Our
main goal was to explore whether Comptonization by the Compton-
cooled plasmoid chain in the reconnection layer can explain the
observed hard X-ray spectra of accreting black holes, as proposed by
Beloborodov (2017). Our work extends the investigation of SB20 to
higher magnetizations up to o = 40 and includes the Monte Carlo

MNRAS 507, 5625-5640 (2021)

radiative transfer simulations of Comptonization in the reconnection
region using the particle momentum distribution directly derived
from the PIC simulations. Our main results are as follows.

(1) For a given magnetization o, the energetics of the plasma
in the reconnection layer is uniquely determined by the parameter
Teool = teool/tadys Where f.o0 1s the time-scale for particles to cool to
a non-relativistic energy (due to IC scattering), and #,qy & Ly/c is the
advection time-scale along the layer of size L. In the relevant limit
of T¢ool K 1, the majority of particles found inside the plasmoids are
cooled to a non-relativistic internal energy per particle ~0.57 ¢o0l mec?
(if it still exceeds the Compton temperature of the radiation field, kT
<« mgc?). This makes thermal Comptonization unable to generate
100 keV X-rays.

(i1) In the strongly cooled regime, the IC power output is dom-
inated by the bulk motions of a cold-chain of plasmoids, which
are pulled against Compton drag by the magnetic stresses in the
reconnection layer. The mean bulk 4-velocity along the layer is nearly
independent of the cooling strength 7., or the magnetization o >
1, while the dispersion of bulk motions around the mean value tends
to increase with increasing magnetization and 7.4 (i.e. for weaker
cooling).

(iii) Particles accelerated in the reconnection layer on a time-
scale faster than the IC losses form a high-energy tail in the particle
spectrum. They are localized in thin regions of the main layer or of
secondary layers between merging plasmoids. In the limit of strong
cooling, we find that the fraction of radiated IC power contributed
by the high-energy tail is ~25 per cent for ¢ = 10 and ~40 per cent
for o = 40.
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(iv) Comptonization of seed soft photons in the reconnection layer
with o = 10 closely reproduces the typical X-ray spectrum observed
in the hard state of accreting black holes (e.g. with a power-law index
of photon flux density < 1.8). It has a peak near 100 keV, which is
shaped by the bulk motions of cold plasmoids. At higher o the peak
shifts to higher energies and the MeV tail of the spectrum increases.

Our simulations adopt an electron—positron plasma, and we defer
a study of radiative reconnection in electron—ion plasmas to Part II of
this series. However, in this work, we have also presented a strategy
for mimicking a plasma composed of radiatively cooled electrons
and hot ions, by performing a hybrid experiment in which we still
adopt an electron—positron composition, but cool only one species
(the electrons). Then, the positrons play the role of ions (which
do not suffer radiative losses) with a reduced mass m; = me. This
experiment is likely to bear similarities to the full electron—ion model
with m; > m., in view of the known similarity of electron—positron
and electron—ion relativistic reconnection in the regime of o > 1
and negligible cooling.

Our hybrid experiment shows that the two species do not equili-
brate, i.e. energy transfer from the uncooled positrons to the cooled
electrons is not sufficiently fast to offset the IC losses of the electrons.
As a result, the electron energies remain dominated by the bulk
motions in the plasmoid chain. Thus, the cold-chain Comptonization
model may also apply to radiative relativistic reconnection in
electron—ion plasmas.

Our simulations are 2D, and we refer to SB20 for a demonstration
of the fact that radiative 3D simulations lead to the same conclusions
as their 2D counterparts. We refer to Part II of this series for an
investigation of radiative reconnection in electron—ion plasmas, in
the transrelativistic regime o ~ 1. In the future, it may also be useful
to investigate how the results change in the presence of a strong guide
field, comparable to the reconnecting fields.
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Zhang H., Sironi L., Giannios DA, 2021, preprint (arXiv:2105.00009) APPENDIX B . PLA SMOID PROPERTIES
Zhdankin V., Uzdensky D. A., Kunz M. W., 2021, ApJ, 908, 71

We identify plasmoids based on the z-component of the magnetic
APPENDIX A: SIMULATION PARAMETERS vector potential (A,), as described in Sironi et al. (2016). We first
identify O-points as maxima of A,, which correspond to the plasmoid

We present in Table Al the input parameters of our simulations X o
centres. Along the reconnection layer, the two local minima around

(left-hand side) and the main outcomes (right-hand side).

Table Al. List of numerical input parameters corresponding to different simulations, and the resulting plasma properties.

ol v Domain sizel’l G =1 s ()
(per
Ly/(clewy)® Li/(ro, no)® cent)

Very strongly magnetized regime

40 16 840 132.8 0.48 0.46 0.38 0.98 0.76 71
40 22.6 840 132.8 0.96 0.75 0.30 0.80 0.77 89
40 32 840 132.8 1.92 1.18 0.38 0.72 0.76 92
40 45 840 132.8 3.85 1.71 0.36 0.78 0.68 96
40 (o) 840 132.8 (o) 7.52 0.26 0.56 0.76 100
40 16 1680 265.6 0.24 0.19 0.40 1.04 0.72 59
40 22.6 1680 265.6 0.48 0.39 0.39 0.94 0.82 78
40 32 1680 265.6 0.96 0.64 0.39 0.86 0.82 88
40 45 1680 265.6 1.92 1.21 0.41 0.88 0.82 93
40 () 1680 265.6 () 7.20 0.44 1.08 0.96 100
40 16 3360 531.2 0.12 0.13 0.35 0.92 0.60 51
40 22.6 3360 531.2 0.24 0.20 0.36 1.04 0.80 64
40 32 3360 531.2 0.48 0.39 0.42 1.10 0.82 77
40 45 3360 531.2 0.96 0.76 0.36 0.92 0.82 89
40 () 3360 531.2 () 8.29 0.41 0.93 0.86 100
40 16 6720 1062.4 0.06 0.06 0.43 0.99 0.69 39
Strongly magnetized regime
10 11.3 420 132.8 0.96 0.35 0.36 0.48 0.25 71
10 8 840 265.6 0.24 0.09 0.17 0.58 0.34 44
10 11.3 840 265.6 0.48 0.19 0.32 0.80 0.44 58
10 16 840 265.6 0.96 0.32 0.43 1.02 0.56 71
10 22.6 840 265.6 1.92 0.53 0.46 1.04 0.58 84
10 32 840 265.6 3.84 0.82 0.51 1.28 0.62 89
10 8 1680 531.2 0.12 0.03 0.13 0.58 0.30 34
10 11.3 1680 531.2 0.24 0.08 0.22 0.82 0.48 46
10 16 1680 531.2 0.48 0.15 0.27 0.84 0.52 52
10 167 1680 531.2 0.48 0.09 0.20 0.72 0.50 59
10 22.6 1680 531.2 0.96 0.39 0.40 1.02 0.58 77
10 32 1680 531.2 1.92 0.64 0.50 1.20 0.62 87
10 8 3360 1062.4 0.06 0.01 0.08 0.52 0.20 23
10 11.3 3360 1062.4 0.12 0.03 0.16 0.68 0.30 28
10 16 3360 1062.4 0.24 0.07 0.37 1.06 0.48 39
10 11.3 6720 2124.8 0.06 0.02 0.12 0.68 0.26 25
10 16 6720 2124.8 0.12 0.03 0.24 0.90 0.36 30

Note. The first five columns contain numerical and physical input parameters, and the last five columns contain the plasma parameters
obtained from the simulations. All simulations are performed for a duration of 7'~ 5Ly/c. The description of each column is as
follows. ["Magnetization in the upstream plasma; [?!Critical Lorentz factor — a proxy for the intensity of incident photon field
(y o = oo implies no IC cooling, and smaller y . implies greater IC cooling; see equation (4)); [3/Half-length of the computational
domain along the x-direction in units of *plasma skin depth, and ?post-reconnection Larmor radius 70.hot = /0 ¢/wp, respectively;
4] 7,001, as defined in equation (13); [5-6lmean internal and bulk energy per particle in units of rest mass energy (mec? =511 keV);
Tbulk outflow dimensionless 4-velocity along the reconnection layer averaged over one half of the box; [8lspread of the 4-velocity
distribution averaged over one half of the box; P fractional IC power contributed by high-energy particles. The symbol T indicates
the hybrid experiment (see Section 4.4) where only electrons are subjected to IC cooling while positrons are not, i.e. Y. - = 16 and
Yer,et = OQ.
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Figure B1. Plasmoid properties in a strongly magnetized (o = 40) plasma,
as a function of their width w/Ly and of the cooling strength y ¢ (red: y o = 16,
green: Yo = 22.6, blue: y ¢ = 32, golden brown: y ., = 45). The simulations
are performed with a Ly/(c/wp) = 3360 box, and each of the quantities
displayed is averaged over 2 < T/(Ly/c) < 5. Top panel (a): Each circular
marker denotes the 90" percentile of plasmoid dimensionless 4-velocities for
plasmoids of a given size. The solid black and coloured lines indicate the
upper limit in the absence (equation B1) and presence (equation B2) of IC
cooling, respectively. For comparison, the Alfvén limit is shown by the dashed
horizontal line. Middle panel (b): Cumulative distribution of plasmoid widths
F(w) = dN /dlog w. The expectations F(w) o< w® (Huang & Bhattacharjee
2012) and F(w) w’l(Uzdensky et al. 2010; Loureiro et al. 2012) are
depicted by the grey dotted and dashed lines, respectively. Bottom panel (c):
Internal energy per particle (in units of m.c> = 511 keV), averaged over all the
particles inside a plasmoid. The filled circles denote the median values for a
given plasmoid width, and the error bars denote the 10" and 90" percentiles.

each O-point correspond to two X-points. The largest of the two
values of A, at these two X-points identifies the equipotential line
that we use as the plasmoid contour.

We define the plasmoid width w in the direction transverse to
the main layer, and the plasmoid bulk velocity as the velocity of
its O-point (plasmoids move nearly as rigid bodies). In Fig. B1, we
describe the properties of plasmoids as a function of their width w,
for different levels of IC cooling. Panel (a) quantifies the plasmoid
maximum bulk 4-velocity (more precisely, circles indicate the values
of the 90" percentile in each size bin). In the absence of IC cooling,

5639
the plasmoid 4-velocity when exiting the layer® is

~ T]I'CC LX
Fﬁ_ﬁtanh<ﬁw) (B1)
which is indicated by the black line in panel (a). When strong
Compton drag is included, the plasmoid bulk motion is regulated by
the competition between bulk acceleration by magnetic field tension
and Compton drag. As shown by SB20, this leads to a maximum
4-velocity

’
ny w T

2
I8 ~ /o tanh (2"" e/ Q) (B2)

where n;,] /no is the plasmoid compression factor, defined as the
ratio of the mean rest-frame density in the plasmoid to the upstream
density. The curves corresponding to different levels of cooling
are shown in panel (a) by the different colours (see legend). At
each value of w, the maximum 4-velocity of a plasmoid will be
controlled by the smallest between equation (B1) and equation (B2).
The data points shown in panel (a) demonstrate that Compton drag
does not appreciably slow down the plasmoids in our simulations.
Also, regardless of the cooling level, smaller plasmoids are faster
than larger plasmoids, yet they barely reach the Alfénic limit
B ~ /o ~ 6.3 predicted by Lyubarsky (2005) (indicated by the
horizontal dashed line).

In the middle panel (b) of Fig. B1, we present the cumulative
plasmoid size distribution F(w) = dN/dlog (w). Regardless of the
level of cooling, this can be modelled as a broken power law, with
F(w) o« w® (Huang & Bhattacharjee 2012) for small sizes and
F(w) oc w™! (Uzdensky et al. 2010; Loureiro et al. 2012) for larger
plasmoids, w/L; 2 0.07.

The bottom panel (c) of Fig. B1 shows the mean internal energy
per particle inside plasmoids of different sizes. We generally find that
larger plasmoids, which live longer, have time to cool down to lower
temperatures. This effect is less pronounced for moderate cooling
(yellow points for y ., = 45; here, all plasmoids stay rather hot), and
more evident for stronger cooling. As expected, for plasmoids of
a given size, the average internal energy per particle decreases for
stronger cooling.

APPENDIX C: COMPUTATION OF THE
INTERNAL ENERGY PER PARTICLE

The probability distribution function of a plasma described by a
Maxwell-Jiittner distribution is

e\ Vez — lexp(—ye/6) 1)

_ Y
Smi(ve, 6e) = 6K, (er) s

where 6. = kT./m.c? is the dimensionless temperature parameter and
K, is the modified Bessel function of the second kind. The internal
energy per particle (in units of m.c?) can be written as

& = floo Ve Sms(Ve, 6c)dye 3
" A G0de
For values of 6, in the range [10~?, 10°], equation (C2) is solved for

Eint(6:). This can be used to find a mapping between the adiabatic
index y.(&n) and &y using the relation 0, = [Pe(Ein) — 11E . We

(C2)

8For plasmoids that do not end their life by merging into a bigger plasmoid,
this corresponds to the time when they are largest and fastest.
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then model this mapping by assuming that the adiabatic index is of
the form
A A+ Bgim
Ve = C+ D&y’
where the best-fitting values of the numerical coefficients are found
to be A >~ 1.187, B >~ 1.251, C >~ 0.714, and D >~ 0.936. Note
that the numerical coefficients satisfy A/C >~ 5/3 and B/D =~ 4/3 in
the non-relativistic (£;,; — 0) and ultrarelativistic (;,; — ©0) limits,
respectively.

In order to estimate the internal energy per particle (&) and the
temperature (6. ) in the fluid frame, we assume a perfect and isotropic
fluid for which the stress-energy tensor is given by

" = (e + p)UHU" — pg"”, (C4)

(C3)

where p is the pressure, U" is the fluid dimensionless four-velocity,
g"¥ is the flat-space Minkowski metric, and e = némec2 + u. is
the rest-frame energy density of electrons, where n, is the particle
number density in the fluid frame, and u. = p./(7 — 1) is the internal
energy density (like electron pressure pe, it is also defined in the fluid
frame). The dimensionless internal energy per particle in the fluid
frame is e = ./ n;mgcz. Using the transformation of 7"V one can
express &y in terms of the lab-frame quantities,

_ [TQOO/nemecz - F]F _ [779, - r]r
T+ -D @ =1
where I is the fluid Lorentz factor, . is the average particle Lorentz

factor, T = J.nmec? is the energy density, and n, = I'n, is the
number density, all measured in the lab frame.

(C5)

APPENDIX D: ASSESSMENT OF
QUASI-STEADY STATE

Many of the results presented in this paper are obtained by averaging
in the interval 2 < T/(Ly/c) S 5. As we describe in Section 2, at even
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earlier times (7/(Ly/c) < 2), the reconnection layer is not in steady
state — this is the time needed for the two reconnection fronts to
advect out of the box the hot plasma initialized in the current sheet.

In Fig. D1, we subdivide the range 2 < T/(L/c) < 5 in intervals of
duration Ly/c, and in each interval we compute the time-averaged
total [left] and bulk [right] spectrum. We employ our reference
simulation with o = 40, y. = 16, and L,/(c/w,) = 3360, whose
spectrum is shown in Fig. 6(c). The figure convincingly demonstrates
that the layer has achieved a quasi-steady state.

0=40;y,=16
—— 2sT [Ly/c]=3 —— 4sT[Ly/cls5
—— 3=<T [Ly/cl<4 ---- 100 keV Maxwellian
Total Bulk
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Figure D1. Total (panel a) and bulk (panel b) energy spectra, time-averaged
in the intervals 2 < T/(Lx/c) < 3 (golden-brown), 3 < T/(Ly/c) < 4 (green),
and 4 < T/(Lx/c) < 5 (blue). We employ our reference simulation with o =
40, yor = 16, and Ly/(c/wp) = 3360. Panel (b) also shows a representative
100 keV Maxwellian (dashed black curve). Both panels demonstrate that the
system achieves a quasi-steady state for 7/(Ly/c) = 2.
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