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ABSTRACT

We perform non-radiative two-dimensional particle-in-cell simulations of magnetic reconnection for various strengths of the
guide field (perpendicular to the reversing field), in magnetically dominated electron—positron plasmas. Magnetic reconnection
under such conditions could operate in accretion disc coronae around black holes. There, it has been suggested that the
transrelativistic bulk motions of reconnection plasmoids containing inverse-Compton-cooled electrons could Compton-upscatter
soft photons to produce the observed non-thermal hard X-rays. Our simulations are performed for magnetizations 3 < o < 40
(defined as the ratio of enthalpy density of the reversing field to plasma enthalpy density) and guide field strengths 0 < B,/By
< 1 (normalized to the reversing field strength Bj). We find that the mean bulk energy of the reconnected plasma depends only
weakly on the flow magnetization but strongly on the guide field strength — with B,/By = 1 yielding a mean bulk energy twice
smaller than B,/By = 0. Similarly, the dispersion of bulk motions around the mean — a signature of stochasticity in the plasmoid
chain’s motions — is weakly dependent on magnetization (for o = 10) but strongly dependent on the guide field strength —
dropping by more than a factor of two from By/By = 0 to By/By = 1. In short, reconnection in strong guide fields (Bs/Bg ~ 1)
leads to slower and more ordered plasmoid bulk motions than its weak guide field (By/Bg ~ 0) counterpart.

Key words: acceleration of particles —black hole physics —magnetic reconnection —relativistic processes — X-rays: binaries.

1 INTRODUCTION

Stellar-mass black holes are observed in ‘soft’ and ‘hard’ X-ray
states. The high-energy, non-thermal X-rays are detected typically
during the early-time onset and late-time fading of black hole
binary outbursts (i.e. hard states). This emission is traditionally
attributed to the unsaturated Comptonization of soft photons by
the corona, a cloud of hot electrons with typical temperatures of
~ O(100) keV (Bisnovatyi-Kogan & Blinnikov 1977; Dove et al.
1997; Zdziarski & Gierlinski 2004). Observations of X-ray spectral
and temporal properties have indicated that the coronal properties
(e.g. temperature, geometry, location, size) evolve depending on the
phase of the outburst (Kara et al. 2019; Sridhar et al. 2020; Connors
et al. 2021; Wang et al. 2022). Yet, the emission mechanism that
powers the hard X-rays is still largely unknown.

Magnetic reconnection has been suggested as a mechanism for
heating and accelerating electrons in black hole coronae (Galeev,
Rosner & Vaiana 1979; Di Matteo, Celotti & Fabian 1997; Be-
loborodov 1999; Merloni & Fabian 2001a, b; Liu, Mineshige &
Shibata 2002), especially in the ‘relativistic’ regime where the
magnetic energy density is larger than the particle rest-mass energy
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density (Lyubarsky 2005). Recently, Beloborodov (2017) proposed
that the transrelativistic bulk motions of reconnection plasmoids —
i.e. magnetic islands / flux ropes resulting self-consistently from
the fragmentation of the reconnection layer — could Comptonize the
soft disc photons to produce the non-thermal X-ray emission.! The
relative contribution of the particles’ internal versus bulk motions
to the Comptonized emission can be assessed only with particle-in-
cell (PIC) simulations of radiative reconnection, including inverse
Compton losses. Yet, most PIC simulations of relativistic recon-
nection 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; 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; Sironi 2022; Zhang et al. 2023).
Among the few PIC studies of inverse Compton-cooled reconnec-
tion (Werner, Philippov & Uzdensky 2018; Sironi & Beloborodov
2020; Sridhar, Sironi & Beloborodov 2021, 2023), the first three

! Alternatively, Groselj et al. (2023) performed radiative PIC simulations
of turbulence in plasmas of moderate optical depth and showed that most
of the turbulence power is transferred directly to the photons via bulk
Comptonization, shaping the peak of the emission around 100 keV.
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focused on electron—positron plasmas while the latter focused on
electron—ion plasmas. Sridhar et al. (2023) confirmed that, regardless
of the plasma composition, the bulk motions of the plasmoid chain
dominate the inverse Compton power in the regime of strong cooling.
Previous papers in this series (Sironi & Beloborodov 2020; Sridhar et
al. 2021, 2023) had studied the properties of plasmoid bulk motions
assuming a weak ‘guide field’ Bo/By = 0.1, where By is the strength
of the guide field perpendicular to the reversing field By.

In this work, we extend the previous papers in this series (Sironi &
Beloborodov 2020; Sridhar et al. 2021, 2023) and study, with non-
radiative simulations, the dependence on the guide field strength, by
considering B,/By = 0, 0.1, 0.3, 0.6, and 1. This paper focuses on the
effect of the guide field on the plasmoid bulk motions, to understand
the processes that dominate Comptonization in black hole coronae
(note that Werner & Uzdensky 2017; Rowan, Sironi & Narayan
2019 studied the influence of guide fields on particle heating and
non-thermal acceleration).

We focus on the relativistic regime where the magnetization o is
larger than unity, which is likely representative of plasma conditions
in black hole coronae (Beloborodov 2017). We parametrize the
reversing field By by the magnetization o, which we define as the
ratio of magnetic enthalpy density to plasma enthalpy density,

B} o \?
o=—2>—=(—], (1
4 ngmec? wp
where ng is the particle density, w. = eBy/m.c is the Larmor

frequency, and w, = \/4mnge?/m. is the plasma frequency. We
choose not to include the guide field in our definition of o, which

then quantifies the energy per particle available for dissipation (guide
fields get just compressed, and do not transfer energy to the particles).

This paper is organized as follows. In Section 2, we describe the
simulation set-up. In Section 3, we present our results, focusing on
reconnection bulk motions. Finally, our conclusions, the implications
of our work, and future steps are outlined in Section 4.

2 PIC SIMULATION SET-UP

Our simulations are performed with the 3D particle-in-cell (PIC)
code TRISTAN-MP (Spitkovsky 2005) and we use a Vay pusher (Vay
2008) to advance the particle momenta. The set-up of the simulations
mirrors previous papers in this series (Sironi & Beloborodov 2020;
Sridhar et al. 2021, 2023) — we use a 2D x— y domain, but we track
all components of the particles’ velocity and of the electromagnetic
fields. The reconnection layer is configured by initiating the magnetic
field in a ‘Harris equilibrium’, Bj, = BoX tanh(2wy/A), where the
direction of the in-plane magnetic field reverses at y = 0 over a
thickness A = 100 ¢/w.

In this paper, we consider a range of guide fields of magnitude
B,/B;=0,0.1,0.3,0.6, and 1, and we also vary the magnetization o =
3, 10, and 40. The corresponding Alfvén speeds for each o are defined
as vp/c = /o /(1 + o) =0.87,0.95,0.99.2 We choose these three
values of magnetization to ensure some consistency with the previous
papers in this series: o = 10 was the baseline in Sironi & Beloborodov
(2020), 0 = 40 in Sridhar et al. (2021), and low magnetization

2If we were to include the inertia of the guide field in the definition of the
Alfvén velocity, we would have (Melzani et al. 2014):

By

\/4mpc? + B3 + B2

@

’
Vp =

MNRAS 527, 6065-6075 (2024)

cases including ¢ = 3 in Sridhar et al. (2023). We note that the
simulations in Sridhar et al. (2023) were conducted for an electron—
ion plasma while the simulations in this paper employ an electron—
positron plasma. We initialize ny = 4 particles per cell (including
both species), but we have verified that our results are converged
with respect to this choice (more in Appendix A). For all of our
analyses, we only consider cells with >4 particles to ensure sufficient
statistics, e.g. when computing bulk motions. All our simulations do
not include cooling losses. We refer to the table in Appendix B for
the complete set of our input numerical and physical parameters. The
same table contains some of the results we obtain.

We resolve the electron inertial length / skin depth (c/w) with 5
cells. The size of our reference box is L./(c/w,) = 1680, where L,
is the half-length of the box along the x-direction of reconnection
outflows (more in Appendix C). We evolve our simulations until 7,
~4.2L,/va, or 185000 time-steps, for all cases (the numerical speed
of light is 0.45 cells per time-step). We use open boundaries for fields
and particles along the x-direction. The box grows in the y-direction
as the simulation progresses, allowing for more plasma and magnetic
flux to enter the domain. At the end of the simulations, the length
of our box along the y-axis is similar or slightly larger than L,. We
also performed smaller simulations with L/(c/w,) = 840 for o =
10 to confirm convergence with respect to the domain size (more in
Appendix C). As discussed in greater detail in Appendix D, we find
that in strong guide field cases some plasma tends to accumulate near
the x-boundaries. To overcome this spurious effect, all the analyses
in this paper exclude the simulation cells in the vicinity of the x-
boundaries (more precisely, within a distance of 0.08 L, from each
boundary). While the spurious accumulation is significantly only
for strong guide fields, we apply this cut to all our simulations for
consistency.

In the initial set-up of our simulations, the magnetic pressure
outside the layer is balanced by particle pressure in the layer. We
initiate reconnection by artificially cooling the hot particles near the
centre of the domain [(x, y) = (0, 0)] at the initial time. This generates
two reconnection fronts, which after ~1.5 Alfvén crossing times
reach the x-boundaries of the computational domain. After this time,
reconnection attains a ‘quasi-steady state’ (more in Appendix E).

3 RESULTS

3.1 Structure of the reconnection layer

Fig. 1 shows a snapshot of the reconnection layer for different
strengths of guide field and magnetization.® We discuss first the
dependence on guide field strength, and then on magnetization.

For a fixed magnetization (see e.g. o = 40, bottom row in Fig. 1, as
a representative case), the reconnected plasma is far less compressed
in cases with a stronger guide field, since the pressure of the guide
field resists compression. Also, the layer is generally thicker for
stronger guide fields, consistent with the discussion in Zenitani &
Hoshino (2008) on the role that guide fields play in regulating the
width of the reconnection layer. This has an important consequence:
thinner layers — realized for smaller guide fields — are more prone to
fragmentation into plasmoids.

This is apparent when comparing the leftmost and rightmost
panels in Fig. 1. Stronger guide field cases exhibit smoother outflows

3 As described above, the images in Fig. 1 exclude the simulation cells in
the vicinity of the x-boundaries (within a distance of 0.08 Ly from each
boundary). 2D images of the full x-extent of the layer are shown in Fig. D1.
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Figure 1. 2D snapshots of the reconnection layer at time 7va/L, ~ 4 for magnetizations o = 3, 10, and 40 (increasing from top to bottom) and guide field
strengths Bg/By = 0, 0.3, and 1 (increasing from left to right). All simulations are performed with our fiducial box size Ly/(c/wp) = 1680. The panels show

particle number density, n, in units of the upstream number density, ng.
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Figure 2. Reconnection rate in units of the Alfvén speed, vin/va, as a function of time (in units of L,/va). Colours represent guide field strengths (Bg/By):
purple = 0, red = 0.1, green = 0.3, yellow = 0.6, blue = 1. The magnetization increases from left to right panel (o = 3, 0 = 10, o = 40).

without many plasmoids (right column). In contrast, weaker guide
field cases display a hierarchical chain of plasmoids of various sizes
(left column). Smaller plasmoids merge with each other and form
larger plasmoids (occasionally even monster plasmoids).* This is
particularly apparent in the left and middle columns: e.g. in panel
[g], we see two large plasmoids exiting the simulation box at x/L, ~
—0.75 and another large plasmoid near the centre at x/L, ~ 0.1; in
panel [h], there is one large plasmoid near x/L, ~ —0.1; in contrast,
in panel [i] there are no large plasmoids. Looking specifically at
panels [g] and [h], one concludes that the structure of the plasmoid
chain for B,/By < 0.3 is similar to the case B,/By = 0.1 explored in
previous papers in this series (Sironi & Beloborodov 2020; Sridhar
et al. 2021, 2023), i.e. the layer exhibits a prominent fragmentation
into plasmoids.’

At low guide field strengths, the dependence on magnetization is
consistent with previous works in this series: higher o leads to more

4We define monster plasmoids as large plasmoids whose extent is 10—
20 percent of the total length of the reconnection layer — similar to the
definition in Loureiro et al. (2012).

5As the plasma in our simulations is not radiatively cooled, particles are
nearly symmetrically distributed in plasmoids. In contrast, the strongly cooled
simulations by Sridhar et al. (2021) showed a non-uniform plasma density
distribution inside moving plasmoids, with near-vacuum regions at the front.

fragmentation. This is most evident by comparing panels [a], [d],
and [g] in the leftmost column (for B,/By = 0). In panel [a], we
see small, elongated plasmoids streaming steadily from the central
region towards the boundaries, while panel [g] shows large round
plasmoids throughout the reconnection layer, merging with each
other and moving in a more stochastic way.

3.2 Reconnection rate

We define the reconnection rate as the upstream plasma’s inflow
velocity vj, into the layer. This rate is computed by taking the spatial
average of the inflow velocity, vy, over a rectangular box located at
—0.90 <x/L, <0.90 and 0.15 < y/L, < 0.20.

For all magnetizations and guide field strengths, we notice a
similar time evolution in Fig. 2: a small bump in the reconnection
rate at Tva/L, ~ 0.2 (a consequence of our choice for initiating
reconnection), followed by an increase until 7va/L, ~ 2, and, finally,
a quasi-steady reconnection rate with some fluctuations. The steep
increase in the reconnection rate below Tv,/L, ~ 2 occurs while the
reconnection fronts are on their way from the centre to the boundaries
(only the plasma between the two fronts is inflowing into the layer).
The fluctuations seen during the quasi-steady state (e.g. purple and
red lines in the right panel of Fig. 2) are caused by the mergers of
large plasmoids and their escape from the domain (see Fig. 1). While
all cases exhibit some level of fluctuations during the quasi-steady

MNRAS 527, 6065-6075 (2024)
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Figure 3. Bulk motions of the reconnected plasma, viewed in the x — uyx phase space. Colour represents the particle number density. The magnetization
increases from top to bottom (o = 3, 0 = 10, o = 40) and the guide field increases from left to right (Bg/Bo = 0, Bg/By = 0.3, Bg/By = 1). The solid black curve
in each plot shows the density-weighted mean of uy along the x-axis, while the dotted curves show the corresponding standard deviation. The dashed horizontal
lines show the Alfvén limit, ux = #+/o. All phase space plots are time-averaged over 2 < Tva/Ly < 4.2 when the layer is in a quasi-steady state.

state, we find that the fluctuation amplitude is largest for high o
and/or low B,. As discussed in the previous section, this is because
the tendency for fragmentation into plasmoids is most pronounced
for high o and low B,.

As seen in Fig. 2, the reconnection rate exhibits a strong de-
pendence on the guide field strength for all magnetizations: cases
with strong guide fields have lower reconnection rates than those
with weak guide fields. As an example, in the rightmost panel of
Fig. 2, we find that the peak reconnection rate (attained momentarily
during the quasi-steady state) for By/By = 1 is vis/va ~ 0.04,
whereas for B,/By = 0 it is much larger, vi,/va ~ 0.17. This trend is
consistent across all magnetizations, as the B,/By = 0 case (purple
curve) consistently reaches quasi-steady values that are 3—4 x higher
than than the B,/By = 1 case of the same magnetization (blue
curve). This trend also persists if the Alfvén speed is defined as
in equation (2). In Table B1, we quote the average reconnection
rate during the quasi-steady state for all the simulations of this
work.

3.3 Bulk motion profile

In this subsection, we discuss the effect of magnetization and guide
field on the bulk motions of the reconnected plasma. For the rest of the
paper, we define the reconnected plasma as the region where particles

MNRAS 527, 6065-6075 (2024)

starting from above and below the mid-plane (y = 0) contribute at
least 1 per cent to the mixture (Rowan, Sironi & Narayan 2019).

Bulk motions are calculated as follows. For every cell, the mean
particle velocity, 8, is computed as an average over all electrons and
positrons in the local patch of neighbouring 5 x 5 cells (Rowan,
Sironi & Narayan 2019). We then calculate the bulk 4-velocities
uy = I'By and u, = I'By, where T = 1/+/1 — B2. Here, uy is the
component along the reconnection outflow, whereas u, is along the
inflow. The phase-space plots x — uy, averaged over the quasi-
steady-state 2 < Tva/L, < 4.2, are presented in Fig. 3 for different
magnetizations and guide fields. The array of guide fields and
magnetizations presented here mirrors that in Fig. 1. The solid black
curve in each plot shows the density-weighted mean (i) computed
at each x, while the dotted curves show the corresponding standard
deviation. The dashed horizontal lines show the Alfvénic limits,
uy = £./o. For completeness, we also compute the 1, — uy phase-
space plots, which can be found in Appendix F.

Regardless of the strength of the guide field or the magnetization,
the general spatial trend of the density-weighted mean (u) is similar:
a fast increase away from the central region that then levels off at a
nearly constant ‘saturation’ value. We now discuss the dependence
on magnetization, and then on guide field strength.

At fixed guide field, we notice that magnetization plays a key role
in the fraction of reconnected plasma that reaches the Alfvénic limit
(this also holds true if the Alfvén speed is defined as in equation 2).
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Figure 4. Bulk energy spectra of the reconnected plasma, averaged over 2 < Tva/L, < 4.2. The colours represent guide fields strengths (Bg/By): purple = 0,
red = 0.1, green = 0.3, yellow = 0.6, blue = 1. The magnetization increases from left to right (6 = 3, o0 = 10, 0 = 40). The vertical dashed line in each panel

shows the Alfvénic limit, ' — 1 =+1+4+0 — 1.

For higher o cases, the fraction of plasma reaching the Alfvénic
limit decreases. This effect can be clearly seen by comparing the
o = 3 (panel [b]) and ¢ = 40 (panel [h]) cases in the middle
column of Fig. 3. While it is always true that the fastest motions
are Alfvénic, as in Sironi, Giannios & Petropoulou (2016), most of
the bulk motions are transrelativistic, regardless of magnetization. At
fixed guide field, the saturation value of (u) is not strongly dependent
on magnetization. However, we notice that different o yield a rather
different dispersion of bulk motions around the mean (at a given
x), suggesting that the layer’s stochasticity is strongly dependent
on magnetization. For instance, when comparing panel [g] to panel
[a], we see that, at fixed x, the reconnected plasma spans a much
wider range of uy at higher o. This can be quantified by computing
the ratio X, /(ux) between the average standard deviation and the
average mean (averaged over the region where (i) attains a quasi-
constant value). For panels [a] and [g], we find X, /(uy) ~ 0.25
and X, /(ux) ~ 1, respectively. In short, at higher magnetizations
the bulk motions are less likely to reach the Alfvénic limit, but they
exhibit a wider range of variations (i.e. higher stochasticity).

The guide field strength has a strong influence on the profile of
(ux). We find that bulk motions are generally slower when increasing
the guide field strength, with a negligible fraction of plasma that
reaches the Alfvénic limit for strong guide fields.

As the guide field increases, bulk motions slow down to transrela-
tivistic speeds. For instance, in panel [a] (Bg/By = 0), the saturation
speed is [{uyx)| = 1.5, while in panel [c] (By/By = 1), the saturation
speed is | (uy)| = 1. In fact, the inertia of the larger guide field leads to
slower bulk motions. This is also reflected in the gradient of (uy) near
the centre: Bg/By = 0 cases reach their saturation speeds closer to
the central region than for larger guide fields. The magnetic tension
of the reconnected field has a harder time accelerating the plasma in
stronger guide field cases, due to the additional inertia of the guide
field.

We see an important trend in the stochasticity of bulk motions
when varying the guide field strength. This is most apparent when
comparing either panels [a] and [c] or panels [g] and [i]. We see
that the dotted curves (denoting standard deviation) in panels [a] and
[g], B¢/By = 0, are much farther from the solid curve (denoting the
mean) than in panels [c] and [i], Bg/By = 1. As the guide field strength
increases, the outflow becomes more ordered and the stochasticity
of bulk motions significantly drops. As discussed above, this is
ultimately related to the fact that layers with stronger guide fields
are far less prone to fragmentation into plasmoids.

We also notice that a small fraction of reconnected plasma flows
opposite to the mean motion (i.e. we see spikes with u;, < 0 in

places where (uy) > 0 and vice-versa). We see this feature mostly in
cases with low guide fields and/or large magnetizations, i.e. where
fragmentation into plasmoids is most pronounced. As in previous
papers of this series, we interpret the signature of plasma flowing
opposite to the mean motion as due to the accretion of a smaller,
leading plasmoid by a larger, trailing one. In this case, the large
plasmoid pulls back the small plasmoid, which then moves against
the mean motion. For instance, we can map the central panel [e] of
Fig. 3 with the corresponding panel [e] of Fig. 1. In the latter, we
see a large plasmoid near the centre accreting small plasmoids from
its two sides. This is reflected in the two spikes at x/Ly ~ £0.25 in
directions opposite to the mean outflow direction at the same x.

We conclude this subsection with a cautionary note. For weak
guide fields, the mean bulk speeds at |x|/Ly > 0.2 (i.e. once they
attain their saturation values) are nearly constant. In contrast, for
strong guide fields (e.g. panel [c]), we observe faster flows at 0.2 <
|x|/Lyx < 0.6, followed by a decline when approaching the boundary of
the box. We attribute this effect to the artificial accumulation of guide
fields and particles near the x-boundaries described in Section 2. This
appears to slow down the motions near the boundaries (at |x|/Ly >
0.7) for strong guide fields, especially at later times. However, in
Appendix E, we show that the overall trends in the properties of bulk
motions reported in this paper are extremely robust during the quasi-
steady state, so the late-time slow-down near the boundaries for large
guide field cases does not appreciably change our conclusions.

3.4 Bulk energy spectra

We construct particle spectra accounting for bulk energy alone and
we present them in Fig. 4. The spectra are time-averaged over the
quasi-steady state. We test the dependence of the bulk energy spectra
on the initial number of computational particles per cell and the
size of the simulation box in Appendices A and C, respectively,
to demonstrate convergence of our results. Here, we present the
dependence on magnetization and guide field strength.

We find that both the spectral width and the peak location have a
strong dependence on magnetization. With regard to the former,
we see that the bulk spectra get much broader with increasing
magnetization, at fixed guide field. For example, the well-defined,
sharp peak in the left panel (o = 3) for By/By = 0.3 (green line)
transitions to a broad plateau extending fromI" — 1 =0.05to I' —
1 = 5 in the rightmost panel (¢ = 40). This is due to the fact that
higher magnetizations have an enhanced tendency for fragmentation
into plasmoids, which in turn generates more stochastic motions.
With regard to the location of the spectral peak, in the weak guide
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Figure 5. Bulk motion statistics of the reconnected plasma in models with
various Bg/Bo and magnetization. Yellow circles, purple squares, and green
diamonds indicate mean bulk outflow energy for a range of guide field
strengths (0 < Bg/By < 1) for o = 3, 0 = 10, and o = 40, respectively. The
error bars indicate the standard deviation. Both mean and standard deviation
are time-averaged over the quasi-steady state, 2 < Tva/Ly < 4.2.

field cases (By/By < 0.1), the peak of the bulk spectrum is near the
Alfvénic limit for low magnetizations (left), but it is much lower than
the Alfvénic limit for high magnetizations (right). In other words, at
higher o most of the particles move at bulk speeds well below the
Alfvénic limit.

Similar arguments explain the trend with guide field strength,
at fixed magnetization. At lower guide fields, the more copious
fragmentation into plasmoids results in more stochastic motions and
in wider bulk spectra; in contrast, the ordered motions we observe
for strong guide fields produce sharper-peaked spectra. This holds
for o 2 10, e.g. in the rightmost panel (o = 40), spectra of low
guide fields (purple and red curves) are much wider than those for
strong guide fields (yellow and cyan). This trend is not observed for
our lowest magnetization, o = 3 (leftmost panel), where motions are
rather ordered even for low guide fields, and so the bulk spectrum
has a similar shape for all B,/By. We also notice that the spectral
cut-off generally reaches higher energies for weaker guide fields.
For instance, at o = 40 the spectral cut-off for By/By = 0 reaches
I — 1~ /o ~ 6, whereas for By/By = 1 itis transrelativistic, I' — 1
~ 1 (consistent with Fig. 3). In summary, with increasing guide field
strength at fixed magnetization, the bulk energy spectra generally
shift to lower energies and get narrower.

We separately comment on the low-energy tails (I' — 1 <0.1) seen
in some cases, which we attribute to the presence of larger, slower
moving plasmoids. For instance, in the middle panel (o = 10), the
low-energy tail of the green spectrum (for B,/By = 0.3) is due to
the formation of the massive central plasmoid seen in panel [e] of
Fig. 1.

Fig. 5 shows the time-averaged and density-weighted (I" — 1)
computed from the spectra in Fig. 4. The error bars illustrate the
dispersion away from the mean bulk motion, as quantified through
the standard deviation of the time-averaged spectra in Fig. 4. We
summarize our findings on the dependence of the bulk motions’
properties on o and guide field strength here, aided by Fig. 5: (1)
There is an overall decrease in (I" — 1) with increasing guide field
strength, for all magnetizations. (I" — 1) drops by nearly a factor of
two from By/By = 0 to Bg/By = 1. (2) While 0 = 3 and 10 have a
monotonic decrease in (I" — 1) with increasing guide field strength,
the o = 40 case shows a decline from B,/By = 0 to B¢/By = 0.1,
followed by an increase from By/By = 0.1 to By/By = 0.3, and then a
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steady decrease for even stronger guide fields. This non-monotonicity
is due to the formation of a slow-moving monster plasmoid for
B,/By = 0.1 (akin to, but larger than the plasmoid seen in panel [g] of
Fig. 1). (3) The standard deviation X _ ;, denoted by the error bars,
is significantly dependent on both guide field and magnetization.
It should be interpreted as a signature of the stochasticity of bulk
motions. We find that bulk motions are more stochastic (i.e. less
ordered) for smaller B,/B, and/or larger magnetizations. For o 2 10,
the dispersion in bulk motions drops by more than a factor of five
from By/By = 0 to By/By = 1.

4 CONCLUSIONS

In this paper, we have investigated with 2D non-radiative PIC
simulations the impact of the guide field strength on relativistic
reconnection and, in particular, on the properties of plasmoid bulk
motions. Our main results and their implications for astrophysical
plasmas are as follows.

(1) Reconnection rate: The reconnection rate has a strong depen-
dence on the guide field strength, with the case of zero guide field
consistently having the highest reconnection rate. During the quasi-
steady state, the reconnection rate in weaker guide fields displays
larger temporal fluctuations, which we attribute to a more pronounced
fragmentation into plasmoids (see next point).

(ii) Fragmentation: In stronger guide fields (By/By = 1), the
reconnection layer displays little fragmentation, showing smoother,
more uniform, and less compressed outflows. In agreement with pre-
vious works (Werner & Uzdensky 2017; Rowan, Sironi & Narayan
2019), we find that lower magnetizations result in less fragmented
layers.

(iii) Bulk energies: We find that the mean bulk energy depends
weakly on the flow magnetization (for ¢ = 3) and strongly on
the guide field strength — with B,/By = 1 yielding a mean bulk
energy twice smaller than B,/B, = 0. The dispersion of bulk motions
around the mean — a signature of stochasticity in the plasmoid
chain — is nearly independent of magnetization for o 2 10, and
it is strongly dependent on the guide field strength — dropping by
more than a factor of two from B,/By = 0 to By/By = 0 (for large
magnetizations, o 2 10, it drops by more than a factor of five).
The bulk energy spectrum has a clear, narrow peak for strong guide
field cases, while it is quite broadly peaked for weak guide field
cases.

This paper, as well as previous papers in this series (Sironi &
Beloborodov 2020; Sridhar et al. 2021, 2023), aims at exploring
whether magnetic reconnection can power the observed hard, non-
thermal X-rays from the coronae of accreting black holes. The
Comptonized X-ray emission has a high-energy cut-off at ~100 ke V.
If Comptonization is powered by plasmoid bulk motions, we would
require the bulk energy spectrum to extend at least up to =100 keV.
‘We have demonstrated that the mean bulk energy of the reconnected
plasma is strongly sensitive to the guide field strength, dropping
by roughly a factor of two from B,/By = 0 to By/By = 1, largely
independent of magnetization. It follows that reconnection in strong
guide fields might not be able to reproduce the observed ~100 keV
peak in the Comptonized X-ray spectrum. We conclude that a
scenario based on Comptonization from plasmoid bulk motions in
pair plasma requires both a strong magnetization (o 2 3) and a weak
guide field strength (By/By < 0.3), in order to explain the 100 keV
peak seen in X-ray binaries.

In the future, we plan to extend this work by adding Compton
cooling and extracting self-consistent radiative spectra, as a function
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of magnetization and guide field strength. Based on the weak guide
field case investigated by Sironi & Beloborodov (2020) and Sridhar et
al. (2021, 2023), we expect that cooling losses will remove internal
motions, but leave bulk motions nearly unaffected. It will also be
useful to investigate how the properties of plasmoid bulk motions
change for an electron—ion plasma, and extend our study to three-
dimensional simulations, as a function of the guide field strength.
In the regime of weak guide fields, Sironi & Beloborodov (2020)
discussed the similarity between 2D and 3D IC-cooled reconnection
simulations and found that the particle energy distributions were
consistent between the two cases. We speculate that the same will
hold for strong guide fields. However, recent studies of weak-
guide-field relativistic reconnection (Zhang, Sironi & Giannios 2021;
Zhang et al. 2023) have emphasized that in 3D a new acceleration
mechanism can operate, capable of accelerating particles much more
rapidly than in 2D. If this mechanism were to operate also for stronger
guide fields, it would be worth exploring whether this can change the
results presented here.
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APPENDIX A: PARTICLE NUMBER DENSITY

We use L,/(c/w,) = 1680 and o = 10 as our fiducial case for studying
the effect of ny on bulk motions. Fig. A1 demonstrates that the
spectral features and trends for different guide field cases are similar
for np = 4 and ny = 16. Comparing the top and bottom panels, we
barely notice any difference in the spectra, with the overall shape
being consistent for different ny.

Fig. A2 shows the effect of different particle densities at initializa-
tion on the plasmoid bulk energy. Overall, we notice that both choices
of ngy follow the general downward trend we observed in Fig. 5. This
is further supported by the overlap between data points for nop = 4 and
16 for strong guide fields. We also notice similar standard deviations
for nyp = 4 and 16 across the whole range of guide field strengths,
suggesting that there is little dependence on ny. Thus, we conclude
that the results shown in the main text for ny = 4 are robust.

APPENDIX B: SIMULATION PARAMETERS

Table B1 displays the input parameters of all the simulations
presented in the main text as well as some of the output parameters.

APPENDIX C: SIMULATION BOX SIZE

Fig. C1 shows the bulk energy spectra for different box sizes (at fixed
o = 10 and ny = 4): we consider L,/(c/wp) = 840 and L./(c/wp) =
1680 (top and bottom panels, respectively) — the latter is the reference
domain size used in the main text of this paper. We present these data
to convey that L./(c/w,) = 1680 is sufficiently large for the purposes
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Figure Al. Bulk energy spectra averaged over 2 < Tva/L, < 4.2, for a
simulation domain size of L,/(c/w,) = 1680 and magnetization o = 10. The
colours represent the guide field strength (Bg/By) and are as follows: purple
=0, red = 0.1, green = 0.3, yellow = 0.6, blue = 1. Top: 4 particles per cell;
Bottom: 16 particles per cell. Spectra are normalized by the initial particle

density, ng.
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Figure A2. Dependence of the bulk motion energies on different guide fields
and different number of particles per cell: green circles and purple squares
are for ng = 4 and ng = 16, respectively. The error bars indicate the standard
deviation of (I — 1). All means and standard deviations are computed by
averaging over 2 < Tva/Ly < 4.2.

of our study. Comparing the top and bottom panels, we notice only
minor differences in the spectra, while the main trends remain.

Fig. C2 shows the effect of varying box size on the average bulk
energy and the stochasticity in the plasmoid motions. Overall, we
notice that both box sizes follow a similar downward trend in (I" —
1) with increasing guide fields strength. In fact, the values of (I" — 1)
are almost equal between the two box sizes, for strong guide fields.
Finally, we notice consistency in the level of stochasticity in bulk
motions from the size of the error bars. This suggests that our results
are converged with respect to box size.

APPENDIX D: SIMULATION BOUNDARIES

In simulations with a strong guide field, our outflow boundary
conditions are not able to optimally advect the compressed guide
field in the reconnected plasma out of the box. This leads to a gradual
increase in the guide field strength near the boundaries, which inhibits
a perfectly smooth exhaust of the outflowing plasma. As a result, we
notice clumping of plasma along the x-edges of the simulation box
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(see panels [c, f, i] of Fig. D1). To overcome this spurious effect,
all the analyses in the main paper excluded the simulation cells in
the vicinity of the x-boundaries (more precisely, within a distance of
0.08 Ly from each boundary).

APPENDIX E: ASSESSMENT OF THE
QUASI-STEADY STATE

Throughout this paper, many of the results are obtained by taking the
time average over the quasi-steady state, defined as 2 < Tva/Lx <
4.2. This spans the range from the time when the two reconnection
fronts have exited the box, until the end of our simulations.

In Fig. E1, we sub-divide the range 1.3 < Tva/Ly < 4.2 into four
time intervals — 1.3 < Tva/Ly < 2,2 < TvalLy <2.7,2.7 < TvalLy
< 3.5, and 3.5 < Tva/Ly < 4.2 — and compute both the average, (I"
— 1), and the standard deviation, X _, for each time range. We
choose to include the first panel, which refers to 1.3 < Tva/Ly < 2,
to check whether our conclusions would be different, if we were to
consider a time interval before the establishment of the steady state
(at Tva/Ly < 2, the two outflowing reconnection fronts have yet to
exit the domain).

Overall, we notice trends consistent with those in Fig. 5 as well as
Figs C2 and A2, with a general decrease in mean bulk energy as the
guide field increases. This trend is observed in all the time ranges
(i.e. all panels). Thus, Fig. E1 convincingly demonstrates that our
results are robust, and that the spurious accumulation of plasma at
the x-boundaries (which worsens with time, as discussed in the main
text) does not impact the main trends in the bulk motion properties
(the results from the last three panels are nearly identical).

APPENDIX F: MOMENTUM SPACE PLOTS

In Fig. F1, we use bulk 4-velocities both parallel and orthogonal to
the reconnection layer, respectively uy, = I'8x (along the outflow
direction) and uy = I 8, (along the inflow direction).

We confirm the two main results of Fig. 3: (1) the outflow motions
(i.e. in uy) are slower for stronger guide fields; (2) a smaller fraction
of the reconnected plasma reaches the Alfvénic limit |uy| ~ /o
at higher magnetizations. Bulk motions of the reconnected plasma
along y are expected as a result of secondary current sheets formed
perpendicular to the primary current sheet, at the interface of merging
plasmoids. Generally, we find that bulk speeds along y are much
smaller than along x. For a given magnetization, we find the average
|uy/uy| increases with stronger guide fields. This effect is less so due
to an increase in uy, and more so due to the decrease in u, with
increasing guide field strength (e.g. see Fig. 3).

These results are consistent with previous papers of this series
(Sironi & Beloborodov 2020; Sridhar et al. 2021), in the regime
of negligible cooling. Sironi & Beloborodov (2020) and Sridhar et
al. (2021), on the other hand, found faster bulk motions along y
(comparable to uy) in strongly cooled simulations. This is likely
related to the effective magnetization of plasmoids (which, in the
case of merging plasmoids, serve as the upstream regions for
the current sheet at the merger interface). In the uncooled case,
plasmoids have comparable magnetic and thermal energies, so their
effective magnetization is around unity (here, we normalize the
magnetic field enthalpy density to the overall plasma enthalpy
density, including thermal contributions). In a strongly cooled
case, instead, the effective magnetization is comparable to the
value of the primary layer, which leads to faster y-directed bulk
motions.

$20Z Jaquiaoa(] 6| UO Ja8sNn uolepuno- suowis Aq Z1L0St1//S909/E//2S/a101e/seluw/woo dno olwapeoe//:sdiy Wolj papeojumoc]



Bulk motions in guide field magnetic reconnection 6073

Table B1. Table of numerical and physical parameters.

By/Bo* ob Ly/(clwp)” no‘l (' = 1)¢ Xr_ 1f Reconnection rate, v,/ vi
0 3 1680 4 0.582 0.210 0.114
0 10 1680 4 0.880 0.525 0.135
0 40 1680 4 0.579 0.790 0.171
0.1 3 1680 4 0.559 0.205 0.103
0.1 10 1680 4 0.596 0.479 0.119
0.1 40 1680 4 0.391 0.588 0.135
0.3 3 1680 4 0.477 0.207 0.086
0.3 10 1680 4 0.597 0.426 0.091
0.3 40 1680 4 0.605 0.495 0.103
0.6 3 1680 4 0.366 0.156 0.056
0.6 10 1680 4 0.440 0.212 0.060
0.6 40 1680 4 0.442 0.217 0.067
1 3 1680 4 0.177 0.115 0.033
1 10 1680 4 0.198 0.123 0.038
1 40 1680 4 0.208 0.120 0.042
0 10 1680 16 0.509 0.522 0.146
0.1 10 1680 16 0.329 0.452 0.129
0.3 10 1680 16 0.326 0.346 0.097
0.6 10 1680 16 0.401 0.198 0.071
1 10 1680 16 0.176 0.099 0.042
0 10 840 4 0.523 0.506 0.151
0.1 10 840 4 0.416 0.447 0.129
0.3 10 840 4 0.552 0.398 0.105
0.6 10 840 4 0.417 0.200 0.071
1 10 840 4 0.226 0.110 0.045

Note. All simulations are performed for the same duration of 5, ~ 4.2 Ly /va, with the same spatial resolution of 5 cells
per c/wp,. The description of each column is as follows: “strength of the guide field By normalized to Bo; bmagnetization
in the upstream plasma; “half-length of the computational domain in units of c/wp; 4initial particle number density in
the upstream; °time- and density-averaged bulk energy in units of rest mass energy; /standard deviation of bulk energy;
$average reconnection rate during the quasi-steady state (see Fig. 2).
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Figure C1. Bulk energy spectra averaged over 2 < Tva/Ly < 4.2, for ng =
4 and o = 10. The colours represent the guide field strength (By/By) and are
as follows: purple = 0, red = 0.1, green = 0.3, yellow = 0.6, blue = 1. Top:
simulation domain size of Ly/(c/wp) = 840; Bottom: simulation domain size
of Ly/(clwp) = 1680.

Ly/(c/wp)
1.0 840
+ 1680
0.5 H’
0077510 0.2 0.4 0.6 0.8 1.0
Bg/Bo

Figure C2. Dependence of the bulk motion energies on different guide fields
and different sizes of the simulation box: purple squares and green circles

represent Ly/(c/wp) = 840 and Ly/(c/wp) = 1680, respectively. We fix o =
10. The error bars indicate the standard deviation of (I' — 1). All means and

standard deviations are computed by averaging over 2 < Tva/Lx < 4.2.
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Figure D1. 2D snapshots of the reconnection layer at time Tva/Lx =~ 4 for magnetizations increasing from top to bottom (o = 3, o = 10, o = 40) and guide
fields increasing from left to right (By/By = 0, Bg/Bo = 0.3, Bg/By = 1) without removing the cells adjacent to the outflow boundary walls (as done, instead, in
Fig. 1). The figures display the normalized particle number density, n/ng.
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Figure E1. Time-averaged plots of mean and standard deviation of I' — 1 derived using bulk spectra as in Fig. 4, but focusing on different time ranges. Left:
1.3 < Tva/Lx < 2; Left-middle: 2 < Tva/Lx < 2.7; Right-middle: 2.7 < Tva/Lx < 3.5; Right: 3.5 < Tva/Lx < 4.2. Yellow circles, purple squares, and green
diamonds refer to 0 = 3, o = 10, and o = 40, respectively.
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Figure F1. Bulk motions of the reconnected plasma, viewed in the ux — uy phase space. The colour represents the particle number density in phase space. The
figures are arranged as follows: magnetization increases from top to bottom (o = 3, o = 10, o = 40) and guide field increases from left to right (By/By = 0,
Bg/By = 0.3, Bg/By = 1). The dotted vertical lines show the Alfvénic limit, J/o. All phase space plots are time-averaged over 2 < Tva/Lx < 4.2, when the
reconnection layer is in a quasi-steady state.
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