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Abstract

In magnetic reconnection, the ion bulk outflow speed and ion heating have been shown to be set by the available
reconnecting magnetic energy, i.e., the energy stored in the reconnecting magnetic field (B,). However, recent
simulations, observations, and theoretical works have shown that the released magnetic energy is inhibited by
upstream ion plasma beta J—the relative ion thermal pressure normalized to magnetic pressure based on the
reconnecting field—for antiparallel magnetic field configurations. Using kinetic theory and hybrid particle-in-cell
simulations, we investigate the effects of §; on guide field reconnection. While previous works have suggested that
guide field reconnection is uninfluenced by f3;, we demonstrate that the reconnection process is modified and the
outflow is reduced for sufficiently large 3; > (B> + Bgz) /B,z. We develop a theoretical framework that shows that
this reduction is consistent with an enhanced exhaust pressure gradient, which reduces the outflow speed as
Vout X 1 / \/E . These results apply to systems in which guide field reconnection is embedded in hot plasmas, such
as reconnection at the boundary of eddies in fully developed turbulence like the solar wind or the magnetosheath as
well as downstream of shocks such as the heliosheath or the mergers of galaxy clusters.

Unified Astronomy Thesaurus concepts: Solar magnetic reconnection (1504); Interplanetary turbulence (830);

Plasma physics (2089); Plasma astrophysics (1261); Magnetohydrodynamical simulations (1966)

1. Introduction

Magnetic reconnection is a fundamental plasma process that
rapidly converts energy stored in magnetic fields into kinetic
energy in the form of heated and accelerated plasma.
Reconnection is believed to be a potentially important phenom-
enon in disparate plasma environments, from laboratory to
heliospheric to astrophysical systems; from solar/stellar flares to
substorm onset at the magnetotail to impulsive high-energy
emission from astrophysical objects, magnetic reconnection is
frequently invoked to explain the rapid generation of energetic
ions and electrons (J. W. Dungey 1961; E. N. Parker 1963;
M. Yamada et al. 1997; V. Angelopoulos et al. 2008;
E. G. Zweibel & M. Yamada 2009). The theory of how
reconnection heats and accelerates these particles in environ-
ments with infrequent collisions was the subject of numerous
studies (e.g., M. Hoshino et al. 2001; J. F. Drake et al. 2006;
A.Leetal. 2012; T. D. Phan et al. 2013; J. T. Dahlin et al. 2014,
M. A. Shay et al. 2014; J. Yoo et al. 2014; C. C. Haggerty et al.
2015; M. E. Rowan et al. 2017). Recent works have connected
ion energization in collisionless reconnection to a Fermi-like
process in which the reconnection outflow jets, accelerated by
the contracting magnetic field lines accelerate ions, producing
counterstreaming populations and increased heating (E. Fermi
1949; J. F. Drake et al. 2006, 2009b; C. C. Haggerty 2016;
C. C. Haggerty et al. 2017; Q. Zhang et al. 2021). This
energization depends on the reconnection outflow speed, which
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emphasizes the importance of understanding the asymptotic
outflow value.

The jets produced by reconnection are a hallmark feature and
are consistently identified in simulations, observations, and
laboratories (G. Paschmann et al. 1979; T. Sato & T. Hayashi
1979; B. U. O. Sonnerup et al. 1981). Historically, the outflow
speed has been predicted to reach the Alfvén speed based on the
sheared’ component of the magnetic field (E. N. Parker 1963;
B/ J4mp, where B is the magnetic field and p is the mass
density based on the inflowing plasma). However, recent works
have shown that in collisionless, antiparallel reconnection, the
outflow speed is consistently less than the standard prediction
of the inflowing Alfvén speed; this suppression of the outflow
speed and its reconnection rate has been connected to the ion
heating in the exhaust (Y.-H. Liu et al. 2012; C. C. Haggerty
et al. 2018; X. Li & Y.-H. Liu 2021).

This prior research on ion thermal impacts on reconnection
primarily focused on antiparallel reconnection, which demon-
strated a reduction in the outflow jets for low ion beta,® 3;
reconnection, and showed a greater reduction for increasing
values of (3. It was suggested that this effect and the associated
reduction in outflow speed would not occur for reconnection
with a sufficiently large guide field (B, > 0.4B, or a shear angle
between the magnetic field across the current sheet less than
~135°% C. C. Haggerty et al. 2018). C. C. Haggerty et al.
(2018) connected the reduction of the reconnection outflow

5 In this work, we will refer to this as the reconnecting field, i.e., the
component of the magnetic field that changes direction. This is in contrast to
the guide field component, which remains constant across the layer. We refer to
the configuration where there is no guide field component as “antiparallel”
reconnection, which is equivalent to having a shear angle of 180°.

6 B; = 2n;T,/(B?/4T), where n; is the ion number density, 7; is the ion
temperature or second moment of the ion distribution function in units of
energy, and B, is the reconnecting component of the magnetic field.
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velocity to the increased exhaust temperature, and X. Li &
Y.-H. Liu (2021) demonstrated that the reduction was directly
associated with the exhaust pressure gradient that opposed the
outflow direction. Both of these works predicted that in the
antiparallel limit, the outflow velocity should be less than the
Alfvén speed even in the low 3; limit (voy ~ 0.77v4 and 0.43v,
in C. C. Haggerty et al. 2018 and X. Li & Y.-H. Liu 2021.
respectively). C. C. Haggerty et al. (2018) demonstrated
that when a guide field was present, the outflow speed
reached the upstream Alfvén speed based on the reconnecting
field. However, this prior work focused mainly on simulations
with relatively small ion beta values when including the
guide field, with a maximum value of ;. <0.5 (where
Bitot = 8mn;T; / (Br2 + Bg2), which we refer to as the “total” ion
beta throughout this work). In this current work, we show that
while this trend holds true for lower §; guide field simulations,
it breaks for sufficiently high values of 3;. Thus, the large B,,
large (; 1o region of reconnection parameter space has yet to be
accurately described. These configurations are likely relevant to
a number of different hot systems including the outer
heliosphere or in the intracluster medium (ICM) of galaxy
clusters, systems in which turbulence and correspondingly
guide field reconnection is expected to occur. Recognizing this,
our study examines high ion [, guide field reconnection,
aiming to provide insights into a broader range of astrophysical
phenomena.

To explore this regime, we present results from hybrid
particle-in-cell simulations of guide field reconnection with
increasing total ion beta. We find that for sufficiently large
values of 3, reconnection is modified and the outflow speed
is reduced. The results in this manuscript are organized in the
following way: Section 2 discusses the hybrid code, the
simulation setup, and the survey of simulations performed.
Section 3 presents the results from the simulations and
highlights particular simulations to identify some of the key
physics. And Section 4, supplemented by the Appendix,
develops a theoretical prediction for the effects of increased ion
(; on guide field reconnection, which is shown to match well
with the simulation results. Finally, in Section 5, we discuss the
implications of these results and conclusions.

2. Hybrid Particle-in-cell Simulations

To study the effects of increasing inflowing ion temperature
on guide field reconnection, we perform a survey of
simulations using dHybridR, a kinetic hybrid particle-in-cell
(PIC) code (L. Gargate et al. 2007; C. C. Haggerty &
D. Caprioli 2019). dHybridR treats ions as macro particles that
follow trajectories in phase space defined by the Lorentz force
law. Electrons are treated as a massless charge-neutralizing
fluid whose dynamics are taken to satisfy Ohm’s law,

E--"“ g+t «p-Lvp (1)
c enc en

where E is the electric field, u; is the bulk ion velocity, c is the
speed of light, B is the magnetic field, J is the current density,
e is the ion charge, n =n; = n, is the number density of ions
taken to be equal to the electron number density n,, and VB is
the gradient of the electron pressure. The current density is set
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by the spatial variation of the magnetic field using Ampere’s
law neglecting the displacement current. The electron pressure
is determined using a polytropic equation of state, P, xn”,
where = 5/3. Note that this version of Ohm’s law omits the
electron inertia term. While dHybridR retains the relativistic
dynamics of the ions (D. Caprioli et al. 2020; C. C. Haggerty &
D. Caprioli 2020), the speed of light is set sufficiently high in
these simulations so that relativistic effects can be neglected.
The simulations are 2.5D (2D in real and 3D in velocity
space) on rectangular domains in the x —y plane. The
magnetic field By is the asymptotic reconnecting magnetic
field, number density no, is normalized to an arbitrary
characteristic value, and all other simulation values are
normalized to them through the following plasma para-

meters: lengths are normalized to the ion inertial length
2
d; = ¢/w,;, where w,; is the ion plasma frequency |

m;
Time is normalized to the ion cyclotron time
Q) = m;c/eBy. Speeds are normalized to the Alfvén speed

Va =diQyi = «/Boz/47rm,-no. Electric fields are normalized to

Eo = VABy/c and temperatures to Ty = m; Vz.

The simulation box has doubly periodic boundaries, and the
coordinates X and y correspond to the outflow and inflow,
respectively. The simulations are L, X L, =400d; x 200d; with
two grid points per d;, a time step of At = 0.01€2, and a
reduced speed of light of ¢ = 20V/4. The simulations are initialized
with two force-free current sheets with magnetic profile
B = B,(tanh ((y — 0.25L,)/X) — tanh ((y — 0.75L,)/\)x +
(B, + Bt (y))z, where B, is the strength of the reconnecting
magnetic field (set to 1B, for every simulation), B, is the
strength of the out-of-plane (or guide) field, By(y) varies to
maintain pressure balance across the current sheet and is zero
outside of the current sheet, and ) is the half-thickness of the
current sheet. The ions are initialized with 100 particles-per-
cell (PPC), with some select simulations rerun with a
significantly higher PPC of 10,000 for better counting statistics
and for smoother higher order moments (denoted by the
simulations with a 1 in Table 1). The ions are initialized as a
Maxwell-Boltzmann with constant density and temperature
across the current sheet as well as no initial bulk flow. The
initial ion temperature along with the guide field is varied
between simulations as described in Table 1. The electron
temperature is chosen to be 0.1 for all simulations.

3. Results
3.1. Overview

The results of the simulation survey reproduce many of the
trends found in antiparallel reconnection (J. F. Drake et al.
2009b; C. C. Haggerty et al. 2018; X. Li & Y.-H. Liu 2021);
for relatively low [; the reconnection outflow speed is
decreased in antiparallel systems, yet reaches approximately
the Alfvén speed based on the reconnecting field for the strong
guide field case (B, B,). This trend is demonstrated in
Figure 1, which compares three different simulations across the
first, second, and third rows for B,=0, 1, and 2B,
respectively, with all simulations initialized with (3;=4. The
first column shows the deviation from the mean of the out-of-
plane magnetic field strength, the second column shows the ion
bulk velocity in the x-direction (showing the reconnecting
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Table 1
Table of Simulation Parameters Showcasing a Range of Guide Field Strengths
and Ton Temperatures

Sim Number T; (m; Vao) B,(Bo) B; Bitot
1 1.00 0.00 2.00 2.00
3 1.00 1.00 2.00 1.00
6" 16.00 2.00 32.00 6.40
7t 2.00 0.00 4.00 4.00
8" 2.00 1.00 4.00 2.00
9 4.00 0.00 8.00 8.00
10 4.00 1.00 8.00 4.00
1f 6.00 0.00 12.00 12.00
127 6.00 1.00 12.00 6.00
13 0.10 0.00 0.20 0.20
14 0.25 0.00 0.50 0.50
15 0.50 0.00 1.00 1.00
167 2.50 2.00 5.00 1.00
17 2.00 2.00 4.00 0.80
19 1.00 2.00 2.00 0.40
20 0.30 1.00 0.60 0.30
217 6.25 2.00 12.50 2.50
22 0.62 2.00 1.24 0.25

Note. All simulations are conducted in a simulation box with dimensions
L, x Ly, =400d; x 200d;. The grid resolution is set at two grid points per d;
with a time step of Az = 0.01€,;} and a reduced speed of light ¢ = 20v,. The
PPC count was 100 for standard simulations, while those marked with a dagger
* were additionally run with a PPC of 10,000 to reduce counting statistics
noise. The simulations consistently used a reconnecting magnetic field strength
of 1By, with the out-of-plane (guide) field strength, B,, and ion temperature, T},
varying across different runs.

outflow jets), and the last column shows the xx component of
the ion pressure tensor P,,. The 2D bulk velocity plots show
that the outflow velocity is sub-Alfvénic for the antiparallel
simulation, but increases and saturates near the Alfvén speed
for the stronger guide field simulations. The final column
shows that the xx component of the ion pressure in the exhaust
is anticorrelated with the outflow speed, i.e., the change in the
ion pressure between the exhaust and x-line is much larger in
the antiparallel simulation compared to the guide field
simulation. This point is further quantified in the bottom row,
which shows 1D cuts through the exhaust’ for each of the
simulations (color-coded with brown, blue, and yellow to
B, =0, 1, and 2B,, respectively). The bottom middle panel
shows that as the guide field increases, the outflow speed in the
exhaust increases and asymptotes at the Alfvén speed for the
B, = 2B, simulation. Similarly, the bottom right panel shows

7 Note that the cut is not exactly horizontal for the guide field simulations,

while it is mostly along x it has been slightly tilted in y to align with the
direction of the outflow jet and the pressure enhancement. From Figure 1, it is
clear that the xx component of the pressure is tilted similar to the outflow.
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that this is anticorrelated with the change in P;,, between the
exhaust and the x-line.

These results are consistent with the theory put forward by
X. Li & Y.-H. Liu (2021), which linked the reduction in
outflow speed to the back pressure gradient created by the ions
heated by reconnection. This demonstrates that the hybrid
simulations used in this work reproduce the results identified in
fully kinetic PIC simulations as well as observations
(C. C. Haggerty et al. 2018; X. Li & Y.-H. Liu 2021); this
reaffirms that ion scale physics is controlling this process and
the validity of the hybrid method for addressing this problem.

3.2. Increasing Total 3

While the low (3; simulations show results consistent with
previous works, the observed behavior changes for larger
values of (3; in the guide field simulations. We find that as (3;
increases, even in the guide field simulations, the outflow speed
is reduced. This is displayed in Figure 2, which shows a
scatterplot of average ion outflow versus inflowing reconnect-
ing beta for all of the simulations. The averages are determined
by taking a cut along y through one of the four exhausts
roughly 70d; downstream of the x-line and the upstream and
downstream averaging regions are determined by eye. The
points are color-coded with the strength of the initial guide field
(gold, pink, and blue for B, =0, 1, and 2B,, respectively). The
antiparallel simulations show the same behavior as previous
works (with the black dashed line the empirical prediction from
C. C. Haggerty et al. 2018); as J; increases, the outflow speed
decreases. Similarly, for the guide field simulations, we find
that as [3; increases, eventually the outflow speed drops in a
manner comparable to the antiparallel simulations. From this
plot, there is an apparent J; threshold, below which reconnec-
tion is unaffected by thermal variation (as demonstrated by all
the pink and blue points with an outflow speed ~Vj,).
Furthermore, this threshold has a dependence on the guide
field strength, as the cut-off corresponds to larger [; values for
stronger guide fields.

Ultimately we find that the physics of the outflow reduction in
antiparallel reconnection is analagous to the guide field case as
well; namely that for large 3; a large ion exhaust pressure
gradient develops and reduces the outflow speed (X. Li &
Y.-H. Liu 2021). This is shown in Figure 3, which shows cuts
along y of the xx component of the ion pressure tensor, through
both the x-line (dashed line) and outflow region (solid line) for
three strong guide field simulations (B, = 2B,) with increasing
inflowing temperature (7; = 2.5, 6.25, 16.0m; Vﬁ for the blue,
green, and red lines, respectively). For the low ;. simulation
(blue), the pressure at the x-line and the exhaust remains small
and roughly constant, meaning that there is no pressure gradient
to reduce the outflow speed. As ;. increases (green and red),
the peak values in the P;,, profile become more pronounced,
while the pressure at the x-line remains roughly unchanged; this
indicates a substantial increase in the pressure gradient between
the exhaust and the x-line, which is consistent with the reduced
outflow speed identified in these simulations. This shows that
increasing the inflow temperature increases the change in
pressure in the exhaust, which enhances the thermal effects on
the reconnection process, even in the presence of a guide field.

It is noteworthy that the result identified in the simulation
(i.e., that AT; ~ mv,,) differs from the typical prediction for
ion heating, which has a quadratic dependence with the outflow
speed, AT; ~ mpv2, (J. F. Drake et al. 2006; T. D. Phan et al.
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Figure 1. Comparison of 3; = 4 simulations with increasing guide field strength. The first three rows correspond to different simulations: antiparallel reconnection (top
row, run 7"), moderate guide field (middle row, 87), and strong guide field (bottom row, 177) displaying a subset of each simulation. From left to right, the columns
show the deviation from the mean guide field strength B, — (B,), outflow speed u,, and the P;,, component of the pressure. The fourth row shows a 1D cut along the
exhaust (mostly along x, but slightly tilted to align with the outflow jet and pressure enhancement) for each of the simulations (B, = 0, 1, and 2B, for brown, blue, and
yellow lines, respectively). The cuts show that the reduction in outflow speed and a pressure gradient between the x-line and the exhaust are anticorrelated with

increasing guide field.
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Figure 2. Average outflow speeds from reconnection simulations plotted against the reconnecting beta (; for various initial guide field values (B, = 0B,, gold triangle,
B, = 1B,, pink circle, and B, = 2B,, blue square). The outflow speed is reduced for sufficiently high inflowing ion temperatures, even in the limit of a strong guide
field. The black dashed line represents the prediction for antiparallel reconnection as proposed by C. C. Haggerty et al. (2018), serving as a benchmark for comparison.
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Figure 3. Pressure profiles from simulations 167, 217, and 67, each represented by a unique color: blue for B; o = 1, green for ;o = 2.5, and red for ;o = 6.4. All
simulations share a common guide field of B, = 2B,. The solid lines denote the cuts along the exhaust, while the dashed lines signify the x-line cuts. A key observation
is the amplifying disparity between the peak values in these regions with increasing total initial beta [3;,.. The exhaust pressure increases along with the upstream
temperature, while the pressure at the x-line remains roughly constant, corresponding to a pressure gradient opposing the outflow.
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Figure 4. Simulation survey of the outflow dependence on total beta ;.. The vertical axis represents outflow speed, while the horizontal axis shows the total
inflowing beta. Different shapes correspond to varying initial guide field values. The gray area illustrates the range of predictions from this work depending on the
anisotropy of the ion pressure in the exhaust. The lower boundary corresponds to all of the exhaust heating occurring in the xx of the ion temperature tensor, while the
upper bound is if the exhaust heating is isotropic; the black dashed line corresponds to the ion pressure anisotropy inferred from simulations.

2014; M. A. Shay et al. 2014). This deviation in behavior is
because not all of the upstream ions reach the exhaust because
of the larger thermal speed for ions flowing away from the
reconnection region. The resulting exhaust distribution is then
made up of hotter segments of inflowing ions and forms a non-
Maxwellian distribution (J. F. Drake & M. Swisdak 2014; X. Li
& Y.-H. Liu 2021); this is discussed further in Section 4.

In analyzing the different simulations, we find that the ratio
of the inflow speed to the outflow speed is on the order of ~0.1,
which would correspond to a “fast” reconnection rate if the
outflow was comparable to the Alfvén speed. However, the
outflow speed can be significantly reduced for increasing
values of [3;, as is demonstrated in Figure 2. As a result of the
decreasing outflow speed, the asymptotic reconnection rate
(=CE,/BrVA ~ vin/Va~0.1v5,/Vs) also decreases with

increasing values of (; (E. N. Parker 1963; J. Birn et al.
2001; Y.-H. Liu et al. 2017, 2024).

From the simulations we find that the reduction in outflow is
well correlated with rotal ion (i, as opposed to the
reconnecting 3;, where ;. is based on the magnetic pressure
of both the reconnecting and guide field. This is shown in
Figure 4, which is nearly the same plot as Figure 2, except that
the x-axis is in terms of F; . Plotted in this way, the variation
due to guide field strength vanishes, and the pink and blue
points follow roughly the same relation as the gold points.
Furthermore, we find that the threshold between Alfvénic and
sub-Alfvénic behaviors lies at a value of approximately
Biror = 1. For B <1 (the pink shaded region), the outflow
speeds converge on the Alfvén speed, for each guide field
strength.
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It is notable that we identified a sharp transition around
Biwot~1, as it is the boundary for other processes in
reconnection. This transition could be related to whether the
physics of the diffusion region is mediated by whistler-wave-
like, or kinetic Alfvén-wave-like physics (B. N. Rogers et al.
2001, 2003; J. M. TenBarge et al. 2014; P. Sharma Pyakurel
et al. 2019).

4. Theory

To understand the behavior observed in the simulations, we
need a theory to include the presence of a guide field. Figure 2
demonstrates that for sufficiently large (3;, even guide field
simulations have a reduced outflow. This behavior is under-
stood by considering the ion heating mechanism discussed in
J. F. Drake et al. (2009a); for sufficiently large reconnecting 3;
values (8;Z0.2), heating in the strong guide field limit is
attributed to the counterstreaming beams of ions inflowing
parallel to magnetic field lines. This heating is estimated by
boosting into the reference frame moving with the outflowing
plasma and then determining the temperature increment for the
counter-streaming populations,

Bz
ATy = mivozutﬁ, AT, =0, (2)

where || and L are relative to the local magnetic field direction
and |IBI> = Bg2 + B2 For guide field reconnection, this
increased heating corresponds to the 7;. term of the
temperature tensor near the center of the exhaust. The outflow
is reduced by the pressure gradient along the outflow direction,
so only the P;, =n;T;, term should contribute. This implies
that the outflow speed should not be reduced in the strong
guide field limit, consistent with the guide field simulations in
the shaded violet region in Figure 4. However, from Figure 4,
this behavior does not hold for ;o < 1.

For the (2 1 regime, the decreased outflow velocity is
consistent with an increase in the xx component of the pressure
tensor (as shown in the bottom right panel of Figure 1, and
Figure 3). This implies that Equation (2) is incorrect for
Biwor > 1. However, Equation (2) can be updated for this limit
by including two additional considerations; the ion exhaust
temperature increases with the inflowing ion temperature, and
the ions in the exhaust demagnetize and scatter as they pass
through the center of the current sheet.

The demagnetization occurs around 3;, £ 1 because the ion
gyroradius becomes approximately larger than the current layer
(re % ¢/wyi; M. A. Shay et al. 1999). This is discussed and
demonstrated in the Appendix. This scattering allows for ion
heating along the outflow direction, rather than only the parallel
direction as is typically predicted for the strong guide field
case. While one would expect that this scattering would simply
cause the ion exhaust temperature to become isotropic, in the
simulations we find a slight preferential heating in the xx
direction.

The increased ion exhaust heating due to larger values of
Bior Occurs because of the larger fraction of ions that are able
to “outrun” the exhaust. For larger temperatures, ions with a
large field-aligned velocity directed away from the exhaust
move away from the reconnection region faster than the
inflowing field lines can bring these ions into the exhaust.
Because of this, the ion exhaust is made up of two populations
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that have been accelerated by the reconnection process (see
Figure 3(d) in X. Li & Y.-H. Liu 2021), and these two effects
contribute to increasing the ion exhaust pressure.

The theory of X. Li & Y.-H. Liu (2021) can be updated to
include a guide field, and we show that in the guide field limit
the reduction in the outflow speed depends on the total
upstream ion plasma beta §; o = 87m; T; / (B,2 + Bgz). We start
with the force balance equation in the exhaust determined at the
point between the x-line and the outer edge of the ion diffusion
region (see X. Li & Y.-H. Liu 2021, Equation (6) and
Appendix C for details, noting their different coordinate system
convention).

2
nom; \102ut By AP;,,
2Ax 8T Ax

B, me
= 2l 3)
Ax 81 Ay

where B,,, is measured at the inflow edge of the ion diffusion
region, Ax and Ay are the width and height of the diffusion
region, respectively, € is the firehose parameter, n, is the
density in the exhaust, and AP;,, is the difference in the xx
component of the pressure gradient between the x-line and
exhaust. This equation can be simplified by normalizing by
m;ny Vs, and using B, /By, == Ay/Ax, we find

1n - B? (Ay)2
——0 i+ APy + =||—| — €| =0, 4
21’!0 out 2 [ A)C ‘ ( )

where Vo = Vou/Va» Bx = Bu/Byo and AP, = (Pp—
B,x,lme)/ (BXZO/47T), and P;x jine 1S the xx component of the
ion pressure tensor at the x-line. This equation is not modified
by including a guide field, as the out-of-plane magnetic field
does not contribute to the magnetic tension force. This equation
can be used to solve for the normalized outflow if the pressure
can be described as a function of the outflow velocity. Such an
equation can be determined in the strong guide field limit by
considering two cases.

In the low (3, < 1 regime, the heating due to reconnection
is predicted to be anisotropic, and ions are expected to be
preferentially accelerated parallel to field lines. This implies
that AP,, ~ 0, as is demonstrated by the blue lines in Figure 3.
Additionally, in the guide field limit, the density at both the
x-line and the exhaust are comparable so n, ~ ngy, motivated by
the higher beta limit and verified in the simulations. Taking the
diffusion region aspect ratio to be small (Ay/Ax< 1, B, — 1
and € — 1), we find

Vout A 1= Vout ~ VA’ (5)

consistent with what is shown for 3; . < 1 in Figure 4.

However, for a sufficiently large temperature, the ions
demagnetize as they cross the current sheet, causing an increase
in the xx component of the pressure. This transition occurs
when the gyroradius becomes comparable to the current sheet
width of roughly ~d,, or r,/d; 2 1, or equivalently \/B; ot 2 1.
In this higher beta limit, the exhaust pressure is set by two
competing effects; first, the ion heating will be enhanced by the
increased upstream ion temperature as discussed in both
J. F. Drake & M. Swisdak (2014) and X. Li & Y.-H. Liu
(2021), and the heating is reduced by the guide field (as
discussed in J. F. Drake et al. 2009a). We combine these two
effects to calculate the normalized exhaust pressure as
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APig = (voul ;,)2 N [(V IBI)

Bx vout
X expl| — .
p( IBI A/ﬁ,-)

where erf is

2 X
= j(; dx and Y is a dimensionless scattering parameter

that 1s between 0 and 1. The y parameter is introduced because
it is uncertain how much energy scattering transfers into the
T:.. component. As discussed above, if no scattering occurs
x =0 and we recover the Alfvén speed for v, If all of the
energy is channeled into the xx component, then x =1, and if
the exhaust temperature is isotropic, then y = 1/3, because the
xx component of the temperature only gets one-third of the total
energy that went into heating. From the hybrid simulations, we
find the xx component to be roughly a factor of 2 larger than the
yy components (with the zz component remaining small), which
implies that y=2/3. In Equation (6), the ratio of the
reconnection field to the magnitude of the total magnetic field
appears in the equation because the ion parallel velocity that
increases the exhaust temperature is reduced when changing
into the outflow’s reference frame (J. F. Drake et al. 2009b).
Note that this equation converges to the results of X. Li &
Y.-H. Liu (2021) in the antiparallel limit (their Equation (10)).
This equation can be used in Equation (4) to develop an
equation whose roots provide the prediction for the outflow
speed.

In the large §; limit, we can simplify our expression for the
2 B voul

VT Bl \/—
and taking the exponential as 1. Substituting this into
Equation (6) and keeping only the highest order terms in [3;,
we can derive a rather simple relationship for the exhaust
pressure,

APiyy = 2X— b — mingVou Va = 2| B mingVou Va, (7)
IBIN 7 T

which is consistent to the prediction of J. F. Drake &
M. Swisdak (2014) up to a constant factor of order unity.
The increased pressure in the exhaust opposes the magnetic
tension force and reduces the outflow speed. Substituting
Equation (7) into Equation (4), we can derive a prediction for
the outflow speed in the high 0; limit,

the error function defined as erf(x)=

pressure by approximating the error function by —

0. 664
Vout ( (8)
4X ﬁz |B| 4X 5: tot ﬁz tot

where the last step is evaluated in the limit where y =2/3 and
€ = 1. This prediction shows that the outflow velocity should
decrease with the roral ion beta, rather than reconnecting ion
beta, a prediction that is consistent with what is found in the
simulations. This prediction is shown as the black dashed line
in Figure 4 and is found to be in excellent agreement with the
simulation data. A notable result of this prediction is that the
outflow speed depends on (3; 1, rather than 3;, which is why the
guide field simulations roughly follow the same curve,

Giai et al.
4 2 ﬂl erf Bx Vout 47 _oul B ﬂi
2 IBI \/5; IBI\ 7
(6)

regardless of guide field strength. It should be noted that the
prediction in Equation (8) depends on the fraction of heating
that is channeled into the xx component, as parameterized by x.
While we determine this value with the simulations, we can
identify sensible upper and lower bounds for this parameter as
shown in the shaded gray region in Figure 4. The lower
corresponds to a scattering parameter of x = 1, which would
mean that the temperature increase is strictly in the xx direction
and the upper bound corresponds to a scattering parameter of
x = 1/3, which would correspond to isotropic heating.® The
strong agreement between theory and simulation in Figure 4
and the increasing pressure demonstrated in Figure 3 shows
that the reduction in the outflow velocity is consistent with
magnetic tension force being opposed by the back pressure
gradient of the heated ions in the exhaust. This further supports
a growing consensus that thermal contributions to the
reconnection process can be significant and that the outflow
speed is frequently sub-Alfvénic, especially when the recon-
necting plasma is hot.

5. Discussion and Conclusion

Our findings show that the outflow speed in guide field
reconnection undergoes a reduction akin to that observed in
antiparallel reconnection configurations when subjected to
sufficiently high ion temperatures. This highlights the role of
upstream plasma beta in modulating outflow speeds during
magnetic reconnection, encompassing both antiparallel and
guide-field conditions. While the analysis and associated results
of this manuscript were found for hybrid-PIC simulations, we
have verified these results by performing a fully kinetic PIC
simulation with a higher total beta, (; =2, and guide field,
B, =2B,. This simulation was performed with Tristan-mp-v2
(H. Hakobyan et al. 2023)° with initial and boundary
conditions similar to the hybrid simulations. The results of
the PIC simulation were consistent with the findings of this
work, with the outflow speed being reduced to roughly 0.2V,
which reinforces the validity of these results.

Our findings support the theory proposed by X. Li &
Y.-H. Liu (2021), indicating the pressure gradient’s role in
suppressing reconnection outflow. For sufficiently high tem-
peratures (5o 2 1), ions demagnetize as they cross the current
sheet, leading to heating and increased pressure along the
diagonal outflow component of the tensor P;,. This effect is
evident across various guide-field strengths and temperatures.
Additionally, when (;,, falls below 1, the exhaust speed

# Note we do not include the bound for the scattering parameter going to zero,
as the equation is derived in the limit where the pressure term is large compared
to the energy density in the outflow.

Public source code for Tristan-mp-v2 can be found here: https://github.
com/PrincetonUniversity /tristan-mp-v2.
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matches the Alfvén speed in the presence of a guide field
because the ions remain magnetized; this is in contrast to the
antiparallel case in which the outflow is always reduced
because there is always heating in the exhaust.

The results of this investigation are likely impactful for our
understanding of reconnection as a turbulence dissipation
mechanism (P. Dmitruk & W. H. Matthaeus 2003; S. Servidio
et al. 2009; M. Wan et al. 2014; C. C. Haggerty et al. 2017;
A. Mallet et al. 2017; M. A. Shay et al. 2018). As the turbulent
cascade proceeds, smaller-scale reconnection sites are likely to
occur with a larger scale mean field, i.e., with greater guide
field strengths. Additionally, the ongoing dissipation of the
turbulent energy will likely have heated the ions undergoing
reconnection. This implies that many smaller scale, guide field
reconnection sites may have ;o 2 1, and as such the results of
this work are directly applicable for how reconnection
dissipates energy in turbulence if the reconnection process
has ion coupling. This effect is more likely to affect hotter
turbulent systems such as the ICM, which has been heated by
galaxy cluster mergers (A. Cavaliere & R. Fusco-Femiano
1976; K. Roettiger et al. 1996) or for reconnection downstream
of any shock wave, where the plasma thermal pressure likely
exceeds the magnetic pressure (C. C. Haggerty & D. Caprioli
2020), such as in the heliospheric termination shock or in
Earth’s bow shock, where reconnection has been observed to
occur in situ (I. Gingell et al. 2019).

In summary, this investigation underscores the crucial role of
the temperature of the inflowing plasma as a modulator for the
heating and outflow dynamics in the case of guide field
reconnection. Broader implications are expected for astrophy-
sical phenomena such as collisionless turbulence where guide
fields are expected to be important. Future research should
continue to explore the role of increasing ion temperatures on
reconnection dynamics in various astrophysical settings.
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Appendix
Current Sheet Width

In the manuscript, we argue that the outflow component of
the ion pressure tensor increases in the large guide field and
large (3; o regime because of the increasing ion gyroradius. As
the inflowing temperature increases, the gyroradius becomes
larger until its diameter becomes comparable to the length scale
over which the magnetic field changes rapidly. We verify this
assertion in Figure 5, which shows the out-of-plane current
density J, for four different, large guide field simulations
(B, =2B,). The simulations span from g =04 to 6.4,
corresponding to the four rightmost blue points in Figure 2.
The peak in J, corresponds to the region where the magnetic
field changes most rapidly; the width of the region over which
the magnetic field rotates does not change appreciably between
simulations. The colored bands show the diameter of a gyro-
orbit for their color-corresponding simulations. The red and
purple bands correspond to simulations where the outflow
speed is reduced, demonstrating that the gyroradius is
comparable to the current sheet thickness.

0.5 1
] — Bitot=0.4
0.4 ] — Bi,tot=0-8
— Bitt=2.5
0.3 .E —— Bitot=6.4
0.2
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Figure 5. Cuts of J, through the x-line, along y for reconnection simulations 19, 17, 21, and 6 (in order of increasing [3; o). The simulations correspond to different
initial beta values, but a constant guide field strength of B, = 2B,. The banded purple and red regions show the diameter of the gyro-orbit for the corresponding
simulation. As the gyroradius changes, the approximate width of the current sheet stays roughly the same, on the order of a few d;.
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