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Abstract

We investigate types of turbulence generated during particle acceleration in 3D Harris-type reconnecting current sheets (RCSs)
with magnetic islands, using the particle-in-cell approach. When a guiding magnetic field is present in the RCS, protons and
electrons become separated at ejection into the opposite semi-planes, or footpoints of reconnecting magnetic loops, due to the
opposite gyration. The particles of the same charge (ions or electrons) ejected from the RCS from the opposite side where they
enter called ‘transit’ particles. They are strongly energized and form unidirectional beams in the pitch-angle distribution. While
the particles that move back to the same side where they enter the RCS are called ‘bounced’ particles. They gain less energy and
form more diffusive pitch-angle distributions. In the RCS with magnetic islands, these two groups of particles are ejected from
the X-nullpoint at the end of the islands forming the similar asymmetric distributions in the opposite separatrices. The energy
difference between ‘transit’ and ‘bounced’ particles forms ‘bump-on-tail’ velocity distributions that naturally generate plasma
turbulence. Lower-hybrid waves are generated into the magnetic islands, owing to the two-stream instabilities. The presence
of the anisotropic temperature inside the RCS can introduce whistler waves. High-frequency fluctuations, upper hybrid waves
or electron Bernstein waves, pile up near X-nullpoints, which are consistent with MMS observations. We present the wavelet
analysis and energy spectra of the turbulent electric and magnetic field fluctuations for different frequencies. The results can

be beneficial for understanding in-situ observations of energetic particles in the heliosphere with modern space missions.
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Abstract

We investigate types of turbulence generated during particle acceleration in 3D Harris-
type reconnecting current sheets (RCSs) with magnetic islands, using the particle-in-cell
approach. When a guiding magnetic field is present in the RCS, protons and electrons
become separated at ejection into the opposite semi-planes, or footpoints of reconnect-
ing magnetic loops, due to the opposite gyration. The particles of the same charge (ions
or electrons) ejected from the RCS from the opposite side where they enter called ‘tran-
sit” particles. They are strongly energized and form unidirectional beams in the pitch-
angle distribution. While the particles that move back to the same side where they en-
ter the RCS are called ‘bounced’ particles. They gain less energy and form more diffu-
sive pitch-angle distributions. In the RCS with magnetic islands, these two groups of par-
ticles are ejected from the X-nullpoint at the end of the islands forming the similar asym-
metric distributions in the opposite separatrices. The energy difference between ‘tran-
sit” and ‘bounced’ particles forms ‘bump-on-tail’ velocity distributions that naturally gen-
erate plasma turbulence. Lower-hybrid waves are generated into the magnetic islands,
owing to the two-stream instabilities. The presence of the anisotropic temperature in-
side the RCS can introduce whistler waves. High-frequency fluctuations, upper hybrid
waves or electron Bernstein waves, pile up near X-nullpoints, which are consistent with
MMS observations. We present the wavelet analysis and energy spectra of the turbulent
electric and magnetic field fluctuations for different frequencies. The results can be ben-
eficial for understanding in-situ observations of energetic particles in the heliosphere with
modern space missions.

1 Introduction

Magnetic reconnection is a fundamental phenomenon in plasma, during which mag-
netic field lines change their connectivity releasing magnetic energy in the form of wave,
jets and energetic particles (Priest & Forbes, 2000; Somov, 2000). The processes of mag-
netic reconnection are often observed during eruptive events in the Sun (flares and coro-
nal mass ejections (CMEs)) (Antiochos et al., 1994; Antiochos, 1998; V. V. Zharkova et
al., 2011; Vilmer et al., 2011; Benz, 2017), heliospheric current sheet (V. V. Zharkova
& Khabarova, 2012; Zank et al., 2014; Khabarova et al., 2015, 2017), and Earth mag-
netosphere (Qieroset et al., 2002; Angelopoulos et al., 2008; Chen et al., 2008). Owing
to large magnetic field gradients and curvatures surrounding the reconnection sites, com-
bined with strong gradients of the plasma temperature and density, there are large vari-
ations of the electric and magnetic fields developing inside reconnecting current sheets
(RCSs) during the magnetic reconnection process (Shay et al., 2016; Xia & Zharkova,
2020).

The energetic particles generated by these processes can be detected via hard X-
ray (Holman et al., 2011; V. V. Zharkova et al., 2011) and ~-ray (Vilmer et al., 2011)
emission in solar flares, which are often obscured by various transport effects of parti-
cles or radiations. Much more beneficial can be obtained via in-situ observations of the
heliospheric structures by WIND or ACE spacecraft, or the observations in magnetosphere
current sheets (CSs) by the multi-spacecraft Magnetospheric Multiscale Mission (MMS)
(QDieroset et al., 2001; Burch et al., 2016), which can measure particle distributions in-
side reconnecting current sheets while spacecraft passing through.

The theoretical and numerical studies of magnetic reconnection are typically per-
formed using a simplified system of 2D anti-parallel reconnecting magnetic fields with
an additional guiding magnetic field in the third dimension (2.5D approach). Such RCSs
with a finite B, are not rare in Earth magnetopause (Silin & Biichner, 2006) and flare
CSs at the impulsive phase of CME eruptions (Fletcher et al., 2011). The thin elongated
RCSs formed in a diffusion region between the reversed magnetic field lines are shown
to often break down by tearing instability into multiple islands, or O-type nullpoints, sep-
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arated by X-nullpoints (Furth et al., 1963; Bhattacharjee et al., 2009). The presence of
magnetic islands in reconnecting current sheets was demonstrated by magnetohydrody-
namic (Loureiro et al., 2005; Drake et al., 2006; Lapenta, 2008; Bérta et al., 2011) and
kinetic simulations (Y.-M. Huang & Bhattacharjee, 2010; Karimabadi et al., 2011; Markidis
et al., 2012). Such the periodic magnetic islands were often identified in many solar flares
(J. Lin et al., 2005; Oka et al., 2010; Barta et al., 2011; Takasao et al., 2012; Nishizuka

et al., 2015) and coronal mass ejections (CMEs) (Song et al., 2012). Also, they are con-
firmed by the in-situ observations of CSs in the heliosphere (V. V. Zharkova & Khabarova,
2012; Khabarova et al., 2015) and Earth magnetotail (Zong et al., 2004; Chen et al., 2008;
R. Wang et al., 2016).

In the case of full 3D RCSs, the guiding field is accepted varying in time and space.
In some configurations of 3D RCSs, the out-of-plane variations of the helical magnetic
structures become pretty significant, due to the kink instability, obscuring current sheet
structures and making hard to define clear X-nullpoints (Daughton et al., 2011a; Egedal
et al., 2012). A strong guiding field B, can suppress the out-of-plane kink instability while
leaving the concept of magnetic islands still applicable (Lapenta & Brackbill, 1997; Daughton,
1999; Cerutti et al., 2014; Sironi & Spitkovsky, 2014). Nevertheless, further studies have
shown that both cases do not significantly change the scenarios of energy conversion and
particle acceleration in 3D RCSs, because the dominant mechanisms of particle energi-
sation remain the same as in the 2.5D scenario (Hesse et al., 2001; V. V. Zharkova et al.,
2011; Guo et al., 2014; Dahlin et al., 2017).

Depending on magnetic field topologies, the presence of a guiding field in an RCS
was revealed to cause partial or full charge separation between electrons and ions (V. V. Zharkova
& Gordovskyy, 2004; Pritchett & Coroniti, 2004) due to the opposite directions of gy-
ration based on their opposite charges. This, in turn, can lead to the preferential ejec-
tion of the oppositely charged particles into the opposite semiplanes of CSs, or opposite
footpoints of reconnecting loops. It makes the hard X-ray sources to be spatially sep-
arated from the y—ray sources in the opposite footpoints of reconnecting magnetic loops
(R. P. Lin et al., 2003; Hurford et al., 2003, 2006). This charge-separation phenomenon
is also confirmed in the laboratory experiments (Zhong et al., 2016). Furthermore, the
separation of particles of the opposite charges introduces the polarisation electric field
across the reconnection midplane, which is much larger (by two orders of magnitude) than
reconnecting electric field itself (Zenitani & Hoshino, 2008; Siversky & Zharkova, 2009;
Cerutti et al., 2013). The presence of polarisation electric field in RCSs has been con-
firmed by in-situ observations of the ion velocity profiles during the spacecraft crossings
of the heliospheric CSs, which always follow the profile of polarisation electric field (V. V. Zharkova
& Khabarova, 2012; V. Zharkova & Khabarova, 2015).

The neutral ambient plasmas are dragged into CSs by the magnetic diffusion pro-
cess from both sides of reconnecting current ssheet. Although, entering the RCS from
the opposite boundaries of a CS would also lead to different energy gains by the parti-
cles with the same charge (Siversky & Zharkova, 2009; V. V. Zharkova & Khabarova,
2012). The particles that enter an RCS from the side opposite to the that, from which
they to be ejected, are classified as “transit” particles, while the particles entering the
RCS from the same side where they to be ejected, are classified as “bounced” particles.

The transit particles gain significantly more energy because they become acceler-
ated on their way to the midplane where the main acceleration occur, while bounced par-
ticles lose their energy while they approach the midplane and become gaining energy from
reconnection electric field (V. V. Zharkova & Gordovskyy, 2005; Siversky & Zharkova,
2009; V. V. Zharkova & Khabarova, 2012). The energy difference between the transit
and bounced particles creates particle beams with ‘bump-on-tail’ energy distributions,
which could trigger the Buneman instability (Buneman, 1958) and generate plasma tur-
bulence. In turn, this plasma turbulence can potentially contribute to further particle
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acceleration or modify the parameters of accelerated particles (V. V. Zharkova & Agapi-
tov, 2009; Drake et al., 2010; Munoz & Biichner, 2016; C. Huang et al., 2017).

The target of this research is to study plasma instabilities in RCSs due to the pres-
ence of energetic particle beams extending from the X-nullpoint into magnetic islands.
Because the plasma turbulence introduced by instabilities, in general, is inherently a 3D
problem in realistic systems (Goldreich & Sridhar, 1995), it requires the simulation do-
main to be 3D. As mentioned before, the out of reconnection plane variations in 3D could
obscure the CS structures, such as a clear X-nullpoint. Hence we implemented a strong
B, to the RCSs to suppress the development of the kink mode and to stabilize the mag-
netic island structures along the out-of-plane direction (Xia & Zharkova, 2020). Further-
more, anisotropic electric and magnetic fluctuations are expected in the presence of a
local mean magnetic field B’ (Howes et al., 2008; Boldyrev et al., 2013). Thus we will
explore the variances developed both along and perpendicular to the mean magnetic field.
Besides, particles have non-Maxwellian distributions in the phase space due to the de-
veloped instabilities. Ng et al. (2011) has shown that a triangular-shaped distribution
could found close to the diffusion region in the electron velocity space, in which the fil-
amentary structures correspond to different groups of particles oscillating across the RCS
midplane. However, such structures would disappear outside of the diffusion region in
the presence of a weak By (Ng et al., 2012; S. Wang et al., 2016). Thus, the implemen-
tation of a strong By could also help the energetic particle beams to maintain the pres-
sure anisotropy (Le et al., 2013).

Similar to our previous study of electron pitch-angle distributions (PADs) in the
RCSs (Khabarova et al., 2020; Xia & Zharkova, 2020), we intend to consider the data
collected by a hypothetical spacecraft crossing the simulation domain, which allow us
to analyze the electric and magnetic field fluctuations with respect to the local mean mag-
netic field B’. Because the streaming instabilities can be generated in the separatrices
and later extend to the exhaust region (Cattell et al., 2005; Lapenta et al., 2011; Markidis
et al., 2012; Zhang et al., 2019), the positions of the virtual spacecraft are set to be in
the exhaust close to the separatrices at different distances away from the X-nullpoints
that form magnetic island. So we can obtain the evolution of plasma turbulence from
the X-nullpoint to the O-nullpoint.

This paper is organized as follows. The magnetic field topology and the simulation
model are described in section 2. The results of simulations are analyzed in section 3.
A general discussion and conclusions are drawn in section 4.

2 Simulation model

To investigate turbulence generated inside RCSs with magnetic islands, let us re-
produce a 3D RCS model and explore the dynamics of particles accelerated during their
passage through this magnetic field topology. We used the models described in our pre-
vious papers including (Xia & Zharkova, 2020), which studied particle acceleration in
coalescent and squashed magnetic islands. Similarly to (Siversky & Zharkova, 2009), the

authors introduced static background electric and magnetic fields in the PIC code (Verboncoeur

et al., 1995; Bowers et al., 2008). Then they followed particle acceleration and their in-
duced electric and magnetic fields in 3D RCSs with a single or multiple X-nullpoints (mag-
netic islands). This approach allowed us to separate the original magnetic field config-
uration of the reconnection from that induced by the plasma feedback due to the accel-
erated particles and to discover triggers of plasma turbulence inside these complex mag-
netic configurations.

In the current paper, we do not separate the original and induced electromagnetic
fields and adopt the self-consistent PIC simulation to investigate particle acceleration
in magnetic islands generated by magnetic reconnection. We extend the 3D simulation
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region to a larger domain comparing to the previous 2.5D studies by Munoz and Biichner
(2016). The simulations start with a Harris-type current sheet (CS) in the x—z plane:

2L, ) z—0.5L, x
Ba’: = - LZ 5BQ Sin <27T_LZ> (o)) <7TLI> s
By = B0y7 (1)
T z—0.5L x
B, = Bgy,tanh | — 0B om—F ) s — |,
02 tan (dcs> + ) COS ( s . ) S1n (ﬂ'Lx>

where d., is the half thickness of RCS. The By, is the initial guiding field, which is per-
pendicular to the reconnection plane. In the presented simulation b, = By, /By, = 1.0.
The initial density variation across the CS is:

n:nb—l—nosechQ(di). (2)

cs

We chose a mass ratio m;/m, = 100, a temperature ratio T;/T, = 5, a background
plasma density n,/ng = 0.2, and a frequency ratio wpe /e = 1.5. The RCS initially
has d.s = 0.5d;, where d; is the ion inertial length. The simulation box size is Lj X L, x
L, =51.2d; x 1.6d; x 12.8d; with grid number 2048 x 64 x 512 using 100 particles per
cell. Along z, the conducting boundary condition for the electromagnetic field and open
boundary condition for particles are used. The periodic boundary conditions are applied
to both the electromagnetic field and particles along z— and y—directions.

To trigger magnetic reconnection, let us introduce a small interruption at the be-
ginning of the simulation, which is written in terms of (6By...) in Eq. (1), where 6By =
0.03By.. It comes from an out-of-plane vector potential, By = VxJ§A,, where A4, o

z—0.5L, x
L.

cos (27r ) cos (WL—T) satisfying V - A = 0. This spatial distribution helps us to

set the fast reconnection to occur near the centre of the simulation box in Figure. 1(a-
d), similar to that reported earlier (Daughton et al., 2011b). Multiple small magnetic
islands formed, and later merged into the island across the periodic boundary as shown
in the density and energy distributions of electrons in Figure. 1(c - h). The width of this
crossing-boundary island increased with time. Due to the periodic boundary condition
at both ends of the z—axis, the simulation domain represents the RCSs with a chain of
magnetic islands, rather than a single X-nullpoint geometry with open exhausts. The
energy distributions of electrons at t = 24, 329;-1 show a clear asymmetry with respect
to the midplane, due to the presence of the strong guiding field.

The reconnection process is still weakly affected by the kink instability at a larger
time, as evidenced in the isosurface of the electron energy distribution in Figure. (2a).
The distributions are similar in the different £—z planes along the y—direction. If the
guiding field is weak, the flux ropes would be strongly interrupted. For example, we ob-
served the twist of the flux ropes in the simulation box after the same running time in
the By = 0 case shown in Figure. (2b). Thus the locations and the sizes of magnetic
islands, if there is any, in different z — z planes would change, which makes it hard to
make statistical analysis depending on the distance from the X-nullpoint on different z—
z planes along the y—direction. Therefore, we will stick to b; = 1 case in the follow-
ing discussions as we explained in the Introduction.

3 Simulation results
3.1 Wavenumber spectra of electromagnetic fields

During the magnetic reconnection events as shown in Figure. 1(a-h), ion-scale mag-
netic islands are formed in our simulations. For example, the size of the largest magnetic
island reaches ~ 36d; after t = 329;-1 in Figure. 1(g, h). It thus allows us to study
the plasma turbulence developed in the downstream > 15d; from the X-nullpoint.
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Figure 1. Density (left column) and energy (right column) distributions of electrons on the
x — z plane at y = 0 at different time: (a, b) ¢t = SQc_il, (c,d) t = 169;.1, (e, f) t = 24(2;.1, (g, h)
t =320 for b, = 1.

In Figure. (3), the power spectrum of electric (magnetic) fields of the whole box
are measured at t = 32Q_;" as |[E|>(k) (|B|?(k)) in the Fourier space, where k stands
for the wavenumber in the reconnection plane. In this session, we did not discuss the anisotropic
problem (kj, kL to the local magnetic field) in this session, because there is no uniform
background magnetic field across the domain as studied in homogeneous plasma turbu-
lence problem, where the local magnetic field B(z,y, 2) ~ B’ 4+ 6B(z,y, 2) (Goldreich
& Sridhar, 1995).

In this model, the wave-number spectrum of the magnetic field formed a quasi-stable
range from kd; = 1 down to above kd, = 1. A least square fitting of |[B|?(k) o k¢
over this range indicates the slope a & —2.7. The spectrum of the electric fields drops
significantly at scales near the electron inertial scale (the solid line, kq_(ng), and dashed
line, kq_(np), on the right side of the spectra are calculated from the RCS density and
background density). It suggests that during the selected time the large-scale waves are
quasi-stable. Meanwhile, the spectra show that the electromagnetic energy is strongly
damped at the electron characteristic scale.

3.2 Phase space distributions

As soon as particles became accelerated and were ejected from the X-nullpoint, they
form the beams with different energies defined by the difference in energy gains of tran-
sit and bounced particles (Xia & Zharkova, 2020) forming ‘bump-on-tail’ energy distri-
butions. These beams with two-peak energy distributions can naturally trigger Bune-
man instabilities. In addition, highly anisotropic energy distributions in the beams, and
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Figure 2. Upper plot: Isosurface of the electron energy distribution (the 35% contour of the
max energy) in the simulation box of Figure. (1) at t = 28Q.'. Bottom plot: Isosurface of the

electron energy distribution after the same running time from a similar simulation using by = 0.

the presence of a large density gradient between the beams and ambient plasma would
introduce other instabilities, which tend to prevent beams from propagating as beams
and generate plasma turbulence.

We examined the changes in the v, — z phase space for both ions and electrons
along the cuts perpendicular to the reconnection midplane at different distances away
from the X-nullpoint as shown in Figure 4. The non-Maxwellian feature first showed up
in Figure 4(c): at z =15 (or Az ~ 7 away from the main X-nullpoint), electron holes
are formed in the phase space near x = —1.5 to 1.0, which is triggered by the beam-
driven lower hybrid instability.

Then as the inspecting plane moves deeper into the magnetic island, the pertur-
bation in the ion phase space was found at z = 10 (orAz ~ 12 away from the X-nullpoint)
in Figure 4(b), where the arcs in the x = 0 to 2 region represent different groups of ion
beams. We did not find any clear ion holes in the phase space, but those arcs disappear
quickly further in the downstream, which suggest the ion beams are also suppressed by
plasma turbulence.

3.3 Frequency analysis

3.3.1 Wawvelet analysis

The plasma turbulence introduced by beam instabilities can also be studied using
electric and magnetic fluctuations in the frequency domain. After we identified the in-
stability signals in the particle phase space, we took the advantage of wavelet analysis,
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which is a powerful tool to analyse time-series data collected by a pinpoint in the do-
main, to study the fluctuations using discrete wavelet transform (Farge, 1992).

We explored the fluctuations of electric and magnetic fields in the exhaust obtained
during the acceleration of particles in the RCS. The signals at different grids along the
y—direction were transformed to wavelet power spectra using Morlet wavelet. Then the
results were averaged along the out-of-plane y—axis. The wavelet power spectra of both
electric and magnetic field components shared the same features. For example, Figure.

(5) shows the results using the data of the B, component recorded at point B (z = 15,z =
0.25, where the electron holes were observed in the phase space in Figure. 4(c)) for a pe-
riod of 50"

Comparing to the wavenumber spectra of electromagnetic fields from the whole re-
gion (section 3.1), the wavelet analysis showed that the dominant fluctuations have long
periods (or low-frequency, < €..). Furthermore, the wavelet transform revealed richer
features in the high-frequency region. Figure. (4) depicts several high-frequency signals
represented by dark purple stripes, which reached electron characteristic frequency. Thus,
the electromagnetic fields spectra in wavenumber and via wavelet transform both indi-
cate the important role of electrons in plasma turbulence developed in magnetic islands.
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3.3.2 Frequency spectra of electromagnetic fields

Furthermore, let us split now the electric and magnetic fields to the parallel and
perpendicular components based on the local mean magnetic field B’. This idea comes

—O—
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from plasma turbulence concepts that fluctuations exhibit anisotropic features in the pres-
ence of a strong background field (sometimes also called the guide field, but it is differ-
ent from the concept of the guiding field B, in magnetic reconnection). In this section,
this local mean magnetic field was averaged over both the space and the time: the sur-
veyed box size was AL, (= 0.2d;) x L, x AL, (= 0.2d;) surrounding the selected points

in Figure. (4); the values were also averaged over 59&1 period of simulation time. Then
the B and E components on every grid are projected to this B’ to get the parallel and
perpendicular components. The the results in Figure. (6) were averaged over the Fourier
spectra of the electric and magnetic field components from the surveyed grid points.

In this session, we assumed virtual spacecraft staying at three different locations:
A, B, and C as shown in Figure. 4. From point C — A, the selected points are further
away from the X-nullpoint. The most obvious changes are in the low-frequency part: right
below €., we could find large enhancement in the amplitude of B, (and a spike in Ej)),
which could contribute to the generation of whistler waves in the region near points A
and B. Further down in the lower frequency region, the amplitudes of B, B, , and E
are much larger over a large range. The small bump near wy;, (especially in the electric
fields near point A at z = 10,2 = 1) represent the lower hybrid waves.

In the very-high-frequency part (> wpe), we first noticed that the perpendicular
electric field E| at f > wpe is damped significantly as it moves away from the X-nullpoint.
In other words, these waves represented by E, are only observable near X-nullpoints.
Furthermore, both high-frequency fluctuations of §E and §B are mainly perpendicular
to B’. Further analysis of the fluctuations on the perpendicular plane showed that E |, B}
are right-hand polarized, which are consistent with electron circular direction in the plane.
In the sub-high-frequency region, Q.. < f < wpe, we found several distinct spikes in
all the fields at three locations. Considering that the periodic boundary condition along
z—axis stands for simulating a chain of magnetic islands, it suggests that the magnetic
island pool is fulfilled with these electromagnetic fluctuations above €)... Besides, we also
noticed that the enhancement near f ~ wyp, f < Q¢e, and Qce < f < wpe are consis-
tent with the dark horizontal stripes in the wavelet power spectrum in Figure. (5). By
splitting the electromagnetic fluctuations into the parallel and perpendicular direction,
here we further identified the differences between those stripe signals appeared in the
wavelet analysis.

4 Discussion and Conclusions

In this paper, we simulated 3D RCSs with magnetic islands generated from a Harris-
type CS equilibrium. Our goal was to track the plasma turbulence development follow-
ing the ejection of energetic particles in magnetic islands, from the X-nullpoint to the
O-nullpoint. This can provide more signatures for us to identify RCS structures, which
is a challenging problem in space plasma due to the limited opportunities of spontaneous
multiple spacecraft observation within a single RCS. In our previous study, we have stud-
ied the pitch-angle distributions of electrons and found characteristic signals, such as counter-
streaming strahls and heat flux dropouts, which depends on the specific magnetic field
topology (Khabarova et al., 2020; Xia & Zharkova, 2020). Here we shift our attention
to the electric and magnetic field fluctuations in the frequency domain, with growing in-
terests and available data in the community.

Particles that drift into the RCSs from opposite boundaries would gain different
energy gains in the presence of a magnetic guiding field Siversky and Zharkova (2009).
Previous 2.5D PIC simulation by Siversky and Zharkova (2009) of particle acceleration
near a single X-nullpoint have shown these accelerated particle beams with different en-
ergies form a bump-on-tail distribution at the ejection, which leads to Buneman insta-
bilities (Buneman, 1958) and generates turbulence (Jaroschek et al., 2004; Siversky &
Zharkova, 2009; Drake et al., 2010). Later Mufioz and Biichner (2016) showed that non-
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Figure 6. The spectra of different E and B components at selected points (marked in corre-
sponding colors in Figure. 4) as functions of the frequency (normalized to wy:): By, By, B1, E.
with respect to the local mean magnetic field in 3D. The characteristic lower-hybrid frequency

wih, electron gyro frequency €2.., and electron plasma frequency wp. are labelled as vertical dot-

ted lines.

Maxwellian distributions appeared in the electron phase space at a distance ~ 6d; away
from the X-nullpoint, generating lower hybrid waves. Therefore, we set a larger 3D sim-
ulation domain, in which magnetic reconnection generated a large magnetic island with
size ~ 32d;. A strong guiding field B, is implemented to suppress the kink instability
and keep the geometry quasi-similar on each x — z plane. It allows us to get statisti-
cal results by averaging the data collected from 64 grid points along the y—direction.

In this large 3D simulation box, the turbulent magnetic field in the RCS formed
a steady spectral slope oc k=27 near the ion inertial length, and a steeper cascade at
electron scales at ¢ = 36Q_;', which is consistent with the other 3D PIC simulations(Karimabadi
et al., 2013; X. Li et al., 2019), suggesting quasi-stable turbulence is built up at this mo-
ment. Hence we inspected the phase space of particles at this selected time, and iden-
tified two regions with clear non-Maxwellian distributions: the electron beams evolved
into phase-space holes ~ 7d; away from the main X-nullpoint, which indicates that stream-
ing instabilities broke the beam structures. This was consistent with the previous nu-
merical findings (Drake et al., 2003; Muioz & Biichner, 2016) and observations in the
Earth’s magnetotail (Khotyaintsev et al., 2010). Furthermore, we also that found the
arc-shape distributions, which represent different ion beams, showed up in the phase space
at 12d; from the X-nullpoint and disappeared shortly in the further downstream. Thus
the ion beams would also be quickly suppressed by two-stream instabilities. The differ-
ence between the electron and ion phase space suggests that to understand the full pic-
ture of plasma turbulence due to magnetic reconnection, it requires the simulation size
to be much bigger than the diffusion region (Eastwood et al., 2018; Zhang et al., 2019).
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By analysis the changes of the electric and magnetic fields at different locations,
we could connect these non-Maxwellian features with distinct fluctuations. The electric
and magnetic field information collected by a virtual spacecraft between the X-nullpoint
and the O-nullpoint were transformed to the frequency domain. The wavelet power spec-
trum in the exhaust showed that low-frequency fluctuations dominate the region. Sev-
eral distinct groups of fluctuations with higher frequencies could be identified within the
surveyed period. Because of the anisotropy of plasma turbulence in the presence of a strong
magnetic field (Boldyrev et al., 2013; Loureiro, Nuno F. & Boldyrev, Stanislav, 2017),
we compared the parallel and perpendicular components of the electric and magnetic field
data separately. These data are collected by three virtual spacecraft, which are positioned
from near X-nullpoint to deep in the exhaust region.

The electron beams are found to introduce high-frequency electromagnetic fluctu-
ations above .., which are observed through all of the three surveyed points in Figure.
(3). These fluctuations spread from the electron gyro frequency to upper hybrid frequency.
Similar signals are found in the inflow region close to the X-nullpoint rather than the
exhaust by Lapenta et al. (2020). It suggests that these high-frequency harmonic sig-
nals could result from the periodic boundary condition, which represents a region filled
with magnetic island structures in the RCS. It thus prevents the waves from escaping
to the open field regions.

Such high-frequency harmonics above .. have recently been discovered by MMS
satellites near the electron diffusion region in the magnetopause (Dokgo et al., 2019). The
authors identified these high-frequency fluctuations as the harmonics of upper hybrid waves,
although they exhibited electromagnetic features. On the other hand, W. Y. Li et al. (2020)
reported the signals in £, and B, power spectra peak at the harmonics of nf.., where
n =1,2,3, ... near an electron diffusion region in the magnetotail. Thus they are con-
tributed to electron Bernstein waves. One difference in the observation is that wpe/Qce &~
27 in the magnetosphere, which keeps those two signals well separated. But this ratio
is much low in most PIC simulations (here it is 3.5) so we could not distinguish them-
clearly.

The frequency spectra of electric and magnetic fields obtained at different locations
also revealed that turbulence was changing in the outflow from the X-nullpoint to O-nullpoint.
The ultra-high frequency electrostatic fluctuations in the F, component, e.g. the high
harmonics of electron Bernstein waves (Bernstein, 1958; Gusakov & Surkov, 2007), were
found to only exist near the X-nullpoint. This is consistent with the MMS observations
mentioned above. As the observer moved away from the X-nullpoint, the whistler waves
were developing into peaks near the sub-.. (Fujimoto & Sydora, 2008; Mufioz & Biichner,
2016; Graham et al., 2016). These waves could be generated by the temperature anisotropic
instabilities (Gary & Karimabadi, 2006) and are also consistent with the electron holes
in the phase space (Goldman et al., 2014). Meanwhile, low-frequency waves dominated
the regions further in the outflow. The amplitudes of the fluctuations increased near the
lower-hybrid frequency (Rogers et al., 2000). The lower-hybrid waves could be generated
by two-stream instabilities as shown in the energy distribution of Figure. (2b) (Papadopoulos
& Palmadesso, 1976; Zhou et al., 2014; Xia & Zharkova, 2020), or due to the strong den-
sity gradient near the separatrices and in the outflow (Scholer et al., 2003; Divin et al.,
2015).

In summary, we have identified the plasma turbulence in the RCS with magnetic
islands and linked the characteristic fluctuations to the non-Maxwellian distributions of
particles in phase space. The observed waves vary as a function of the distance away from
the X-nullpoint. The high-frequency perpendicular fluctuations damp quickly out of the
electron diffusion region, and the lower-frequency whistler and lower-hybrid waves are
developing because of the streaming instabilities and strong plasma temperature anisotropy
and density gradient. These signals offer new observational evidence of the existing of
local particle acceleration due to magnetic reconnection in the solar wind. These works
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388 potentially benefit the in-situ study of RCSs near the Sun from Parker Solar Probe (Phan
389 et al., 2020).
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