PHYSICAL REVIEW LETTERS 131, 115201 (2023)

Fast Ion Isotropization by Current Sheet Scattering in Magnetic Reconnection Jets
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We present a statistical analysis of ion distributions in magnetic reconnection jets using data from the
Magnetospheric Multiscale spacecraft. Compared with the quiet plasma in which the jet propagates, we
often find anisotropic and non-Maxwellian ion distributions in the plasma jets. We observe magnetic field
fluctuations associated with unstable ion distributions, but the wave amplitudes are not large enough to
scatter ions during the observed travel time of the jet. We estimate that the phase-space diffusion due to
chaotic and quasiadiabatic ion motion in the current sheet is sufficiently fast to be the primary process

leading to isotropization.
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Fast plasma flows, referred to as jets, are ubiquitous
phenomena in the Universe [1-3]. The dynamical evolution
of the plasma jets is thought to be driven by changes in the
magnetic field configuration (e.g., the Blandford-Znajek
mechanism [4]). Magnetic reconnection, in particular, is a
topological reconfiguration of the magnetic field, which
results in the conversion of the magnetic field energy into
particle energy through particle acceleration and heating
[5,6]. Complex non-Maxwellian ion velocity distribution
functions (VDFs) characterize collisionless plasmas [7]. For
example, cold Alfvénic counterstreaming ion beams enter-
ing into the reconnection exhaust [8,9] provide a source
of free energy for ion beam-driven instabilities [10].
Simulations [11,12] have shown that as the beams cross
the reconnection jet, heating of the beams results in the
formation of a single VDF with temperature anisotropy
R;=T; /T <1, where T; and T, are the ion

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by Bibsam.

0031-9007/23/131(11)/115201(6)

115201-1

temperature parallel and perpendicular to the local magnetic
field B. Deviations from the thermodynamic equilibrium can
drive microinstabilities [13], contributing to ion heating in
the reconnection region.

Spacecraft observations suggest wave generation in the
reconnection jet due to ion temperature anisotropy-driven
instabilities [14,15]. As the waves grow and saturate, pitch-
angle scattering due to wave-particle interaction limits
deviations from isotropy (T;; = Tj). Simulations indicate
that the growth rate of the electromagnetic ion temperature
anisotropy-driven instabilities is much slower than the
generation of the unstable VDFs [12,16]. Thus, wave-
particle interactions can provide isotropization of the ion
VDF:s in the jets only after hundreds of ion gyroperiods, i.e.,
after the jet has convected hundreds d; downstream of the
reconnection site [12], with d; = ¢/w,,; the ion inertial
length. However, observations show a dominance of iso-
tropic ion VDFs already at distances ~50d; from the
reconnection region [15]. This suggests that other mecha-
nisms relax the temperature anisotropy in the reconnection
jets (e.g., current sheet pitch-angle scattering [17-22]).
Investigating the processes limiting the ion temperature
anisotropy is thus crucial to understanding the energy budget
and partition in the reconnection jets.

Published by the American Physical Society
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In this Letter, we use data from the Magnetospheric
Multiscale (MMS) spacecraft [23] in the Earth’s magnetotail
to study the temperature anisotropy and non-Maxwellianity
of ion VDFs in the reconnection jets. We use 516 jets from a
database of jets observed by MMS in the central plasma
sheet (CPS) of the Earth’s magnetotail (f5; > 0.5 [24], where
Pi = nikgT;/ Py, n; is the ion number density, T; the
ion temperature and P, = |B|*/2uy is the magnetic
pressure) [25]. CPS plasma jets are thought to result from
magnetic reconnection or kinetic ballooning or interchange
instability [26]. It is reasonable to assume that the plasma
jets are primarily reconnection outflows since we observe
the jets relatively close (the median distance is 0x; ~ 2.8Ry)
to the statistical location of the reconnection X line in the
near-Earth magnetotail at Xggy & —25R; in geocentric
solar magnetospheric (GSM) coordinates [25,27]. The
magnetic field is measured by the fluxgate magnetometer
instrument [28], and the ion VDFs are measured by the fast
plasma investigation dual ion spectrometer instrument [29]
with corrections removing a background population to
account for the penetrating radiations [30]. To increase
the counting statistics and thus reduce the measurement
uncertainties, we average the measurements across the four
spacecraft and over a 450 ms (or three ion VDFs) running
time window (see Supplemental Material [31]).

Overall, the ion VDFs are predominantly isotropic 7, ~
T; both in the reconnection jets (7, / T; =0. 9+0 25)
[Fig. 1(a)] and in the quiet CPS (T, /Ty = 1.0j3?§)
[Fig. 1(b)]. However, compared to the quiet CPS, a
significant fraction of the ion VDFs in the jets show a
large deviation from T;, =T, (see also Supplemental
Material [31]), indicating that magnetic reconnection gen-
erates anisotropic ion VDFs.

Here, we refer to the anisotropy in the sense of the
gyrotropic, double-adiabatic or Chew-Goldberger-Low
closure [33]. Indeed, quantifying the nongyrotropic
anisotropy [34] A" = (1, — 43)/(4, + 43), where 4; are
the eigenvalues of the temperature tensor such as
A1 > Ay > A3, we observe that the ion VDFs are generally
gyrotropic [Fig. 1(c)]. Hence, in what follows, we use the
gyrotropic, double-adiabatic anisotropy 7', /T

Observations in the solar wind [35] have shown that the
threshold R; for the ion temperature anisotropy-driven
instabilities scales with g = n;kpT;| /Py, With

a
Ri=l4—0 I
- (B — Po)? M

where a, b, and f§, are constants determined from linear
Vlasov analysis of the kinetic dispersion relation in a
homogeneous, magnetized, collisionless plasma with bi-
Maxwellian ion VDFs [13]. We consider thresholds
corresponding to the growth rate y = 102w, for a pro-
ton-electron plasma with isotropic electrons given in
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FIG. 1. Distribution of measurements. (a), (b) Histograms of
R; =T;, /Ty versus B in the reconnection jets and quiet CPS
(B; > 0.5, |V;| < 100 kms™"), respectively. The black line in
panels (a), (b) indicates the median of R; as a function of |, and
the red curves indicate the 10th and 90th percentiles. (c), (d)
Conditional average of nongyrotropic anisotropy A" and non-
Maxwellianity &; in the (f;, R;) space. The black dash line in
panels (a)—(d) indicates the CPS threshold 3; > 0.5. (e) Histogram
of &; versus |B,,|/B.y. (f) Histogram of &; versus R;. The black
line in panels (e),(f) indicates the median of ¢; as a function of
|B,y|/Bex and R; and the red curves indicate the 10th and 90th
percentiles. Gray-shaded bins in panels (a), (b), (e), and (f) indicate
counts below 56 = 5/n.

Ref. [36]. We observe that 70% of the ion VDFs lie within
the instabilities thresholds, which, in analogy to the solar
wind [37], suggests that the temperature anisotropy is
regulated in the reconnection jets by wave-particle inter-
action. Still, we will show below that this is not the case.

Figure 2 presents an example of a reconnection jet
observed by MMS on August 21, 2017. The large amplitude
oscillations of the magnetic field indicate the flapping of the
magnetotail current sheet (CS) [38-40]. The flapping
enables sampling of the ion VDFs across the reconnection
jet. We observe T;, < T at the edges of the CS (local |B|
maxima) and 7';; > T at the CS center (local |B| minima)
[Fig. 2(c)]. Such temperature anisotropies can result from
VDFs consisting of two counterstreaming beams at the CS
edges [11,12] and Speiser-like meandering ions at the CS
center [12,41]. To investigate these large changes in temper-
ature anisotropy, we compute the eigenvalues [Fig. 2(d)] and
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FIG. 2. Example reconnection jet with current sheet flapping
motion. (a) Magnetic field. (b) Ion bulk velocity. (c) Ion temper-
ature anisotropy T, /T;. (d) Ratios of the eigenvalues of the
temperature tensor T; with 1; > 1, > 15. (e) é;.B and é3.B,
where €; and é; are the eigenvectors of T; associated with 1, and
A3. (f) Non-Maxwellianity ;. (g) Adiabaticity parameter « from
four spacecraft method k = \/r./p; (green) and timescales ratio
Kk = 17, f¢ (blue).

the eigenvectors of the temperature tensor [34]. We find that
the eigenvectors are nearly constant throughout the interval
with &; =[-0.99,0.13, 0.03], and &3 = [-0.01,-0.28,0.96]
in GSM coordinates, and it is the rotation of B with respect
to the constant eigenvectors [Fig. 2(e)] causing the large
spikes in T;, /T;. Such behavior is consistent with the
demagnetization of the ions in the CS center.
Figure 2(f) shows the ion non-Maxwellianity

g = (2n;)™! / \fi = fomldv, (2)

which is the normalized (¢; € [0, 1]) zeroth-order moment
of the difference between the observed ion VDF f; and a bi-
Maxwellian model f;,,; with the same moments [32]. The
ion counting statistics are below the instrument noise floor

at speeds v < vy;/3, where vy; = \/2kgT;/m;, due to the
high ion bulk energy. For this reason, we compute ¢; using
energy channels K; > T;/9. ¢ peaks at the CS edges
[Fig. 2(f)]. Simulations have shown that at the exhaust
boundaries, the ion VDFs typically consist of cold Alfvénic
counterstreaming beams [11,12]. Such VDFs do not fill the

velocity space and thus yield a large ¢; consistent with our
observations. In contrast, &; drops at the center of the CS,
consistent with Speiser-like meandering ions filling the
velocity space and resulting in a lower ¢;.

We observe that ¢; increases with decreasing f
[Fig. 1(d)]. We estimate the background value &; = 0.35 &
0.09 in the quiet CPS for comparison (see Supplemental
Material [31]). The same analysis repeated for a longer time
averaging windows (5, 7, and 9 ion VDFs) gives similar
results (see Supplemental Material [31]). Figure 1(e)
presents &; as a function |B,,|/B.y, which is a proxy of
the distance to the CS center [42,43], and where B =
V14 p;|B| is the external field obtained from pressure
balance assumption [44]. We observe that ¢; increases with
|Byy|/Bex [Fig. 1(e)], meaning that deviations from a bi-
Maxwellian are statistically more pronounced at the CS
edges similar to that seen in Fig. 2(f). In addition, enhance-
ments of &; are associated with large temperature anisotropy
[Figs. 1(d) and 1(f)], indicating that the magnetic recon-
nection drives both the temperature anisotropy and non-
Maxwellianity.

The nonequilibrium VDFs can be unstable to a range of
instabilities. To investigate this, we compute the magnetic
field fluctuations |6B|/B, normalized to the background
magnetic field By = B.y/2 [41]. To eliminate the large-
scale fluctuations, such as flapping, we high-pass filter 6B at
f = 0.1 Hz, which corresponds to the highest expected
flapping frequency [39]. Since the energy of the magnetic
field fluctuations cascades to smaller scales, the power is
dominated by the fluctuations at f =~ 0.1 Hz, i.e., assuming
Taylor’s hypothesis applies [45], kp;o~ 1.4 +0.8 where
Pio = ri/ w0 With w0 = eBy/m;. We observe strong
magnetic wave activity in concert with the unstable ion
VDFs [Fig. 3(a)] consistent with previous observations
[14,15]. This enhanced wave activity associated with unsta-
ble VDFs indicates the growth of the instabilities in the
reconnection jets.

The majority of the observed ion VDFs are nearly
isotropic T;, ~T; [Fig. 1(a)], meaning that there must
be a physical mechanism capable of reducing the anisotropy
on timescales of the order of the time it takes for a plasma
parcel to travel from the reconnection region to the space-
craft, which is the maximum existence time of the aniso-
tropic ion VDFs. For this to be the ion kinetic instabilities,
they must first grow to large amplitudes and then have
sufficient time to scatter the ions. Assuming that the
reconnection outflow is Alfvénic, we estimate the travel
time of the jet as 7, = 6x,/V 49, where V 49 = By/\/Hon;m;
is the Alfvén speed and dx;, is the jet travel distance between
the location of the spacecraft and the statistical location of
the reconnection X line at Xggy = —25R g [27]. We normal-
ize 7, 10 foo = Weio/ 27, Tif o = (27)~'6x,/d;. The regions
beyond the instabilities thresholds correspond to 7, f ;o ~ 10,
and slightly higher z, f ;o values in the region bounded by the
thresholds [Fig. 3(b)]. Thus, for the instability to grow to a
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FIG. 3. Comparison of diffusion timescales and travel time of
the jet. (a) Magnetic field fluctuation normalized to the back-
ground field. (b) The travel time of the jet z,. (c) Pitch-angle
scattering time 7z, due to Alfvénic fluctuations versus t,.
(d) Phase-space diffusion time 7, versus 7,. Gray-shaded bins
in panels (¢) and (d) indicate counts below 56 = 5/n.

sufficiently large amplitude, the growth rate needs to be very
large, y > 10~'w,;, which requires substantial temperature
anisotropy [46]. There is a small fraction of points with
anisotropies compatible with such high growth rates for
T; > Ty, but none for 7 < T;;. Therefore it is unlikely
the fluctuations can grow to sufficiently large amplitudes.

The pitch-angle scattering time 7, due to ion scale,
kp;y ~ 1, Alfvénic fluctuations can be estimated as 7, f ;o ~
(|6B|/By)~% [37,47]. We find that 7, is typically much
larger than the jet travel time 7, [Fig. 3(c)], indicating that
the wave amplitudes are not sufficiently large to scatter
ions over the travel time of the jet. In particular, the
time required for waves to scatter ions is 7,f o ~ 7sf cio
and during that time, the jet would travel a distance
ox ~ 2r(|6B|/By)~% d; ~ 2m x 103 d; ~ 400R, which is
much larger than the average distance from reconnection
region to spacecraft ox; ~ 2.8R. This suggests that another
more efficient isotropization mechanism is at play.

The isotropization can be provided by scattering in the
CS. Observed ion VDFs are close to isotropic, and ¢; is
minimum at the CS center [Fig. 2] suggesting efficient
scattering in highly curved magnetic fields (r, < p; where
r. = |b.Vb|~! is the magnetic field curvature radius with
b = B/|B|). Such scattering results from the breakdown
of the conservation of the first adiabatic invariant y =
m;v? /2|B| of the ion motion, which transitions to a
chaotic regime, in the sense of exponentially diverging
ion phase-space trajectories [48], when the curvature
radius r. approaches p;, i.e., k = +\/r./p; ~1 [18,21].
Alternatively, the ion motion in the CS can be described in
terms of competition between bouncing motion across the

CS and gyromotion in the CS around a finite normal
magnetic field B, [49,50]. Hence, the curvature parameter
K is equivalent to the ratio of bouncing and gyromotion
timescales k =1,fy [11,21], where 1, =2xn/w, =
27/ \/ voweio/ L with v, the characteristic particle velocity
and L the CS thickness. We estimate x as the ratio of
bouncing to the gyromotion timescale, assuming L = 20p;
the average CS thickness from statistical studies [51].
Since we observe T; > T, at the CS edges, we assume
that the ion population entering and escaping from the CS
consist of two cold Alfvénic counterstreaming beams [8]
so that vy = V,o. We also estimate x using the multi-
spacecraft methods [52,53]. We find excellent agreement
between the two estimates indicating that the assumptions
of vy =V, and L =~ 20p; are reasonable.

We use the measured « as a proxy for the regime of ion
motion. The ion motion is adiabatic for x > 1 with the
magnetic moment yu conserved when the gyromotion is
faster than the bouncing motion. For « ~ 1, the ion motion
becomes stochastic [18,21,54]. For k < 1, the ion motion is
quasiadiabatic with the generalized magnetic moment /, =
(27)~! [ p.dz as an integral of motion, where (z, p,) are
the variables of the fast bouncing motion [21,55,56]. We
observe in Fig. 2(g) that x < 1 near the CS center, which
implies that the ions are in the chaotic and quasiadiabatic
regime in a thin [ = p; [41] layer in the vicinity of the CS
center consistent with the observed demagnetization of the
ions in the CS center [Fig. 2(e)]. Consistent with previous
observations [57], we find k < 1 for 73% of the measured
ion VDFs, which implies that the majority of the ions in the
reconnection jets are in the chaotic and quasiadiabatic
motion regime.

We expect strong pitch-angle scattering in the CS in these
regimes (x < 1), which reduces the anisotropy and is related
to the destruction of 7, [17-22]. Studies of the Hamiltonian
of the ion motion in the CS showed that the characteristic
phase-space diffusion time is 7pfo ~ k> [21,50]. As the
solution of the diffusion equation is exponentially decaying
in time, the steady (99%) state isotropic VDF is reached
after + = 2 log(10)zp. Since the effective ion pitch-angle
scattering occurs in the thin (I ~ p; ~ L/20) layer where
k <1 [41], the diffusion time is increased by a factor of 20
compared to scattering in the entire thick CS. These yield the
effective diffusion time 7 ~ 40 log(10)zp ~ 1007,. From
Fig. 3(d), we find that 7z, ~ 0.017,, so that the effective
diffusion time is similar to the travel time of the observed
jets, 7, = .. In particular, we find that the effective
characteristic scattering time is z.¢ ~ 18 s~ 3.3f5). Thus,
the travel distance from the X line necessary to scatter
the ions is 6x ~ 27 x 3.3d; ~ 20d; % 1.5R; < 6x, ~ 2.8Rp.
This indicates that the interaction with the CS can efficiently
scatter ions during the observed travel time of the jets.

In summary, we have presented a statistical investigation
of the ion VDFs in reconnection jets. Our results show
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that overall the observed ion VDFs are isotropic
(T /Ty = 0.9fgj325 ) but are driven out of thermal equilib-
rium by magnetic reconnection compared to the quiet CPS.

Our primary finding is that the phase-space diffusion due
to chaotic and quasiadiabatic ion motion in the CS is
sufficiently fast to be the primary process leading to
isotropization. In particular, the travel distance needed to
scatter ions is only dx = 20d,. Similar isotropization scales
~10d; are found in simulations [58,59]. Studies of the
Hamiltonian of the ion motion [60,61] have shown that in
the presence of a guide field such as at astrophysical plasma
jets, the phase-space diffusion is even faster, suggesting that
for these environments the ion isotropization may be very
efficient.

The unstable VDFs excite microinstabilities resulting
in enhanced wave activity, which is however too weak to
explain the observed isotropization. We observe an
enhancement of wave activity for plasma conditions corre-
sponding to y < 1072w, meaning that the instabilities
generated waves can grow to large amplitudes after
~10-100/7). Then, wave-particle interaction can isotropize
ion VDFs after ~10° f1. This implies that during this time,
the jets would need to travel a distance dx ~ 27 x 103d;,
much larger than the observed distance to the X line. Thus,
wave-particle scattering is too slow to explain the predomi-
nantly isotropic ion VDFs within the observed jets. We note
that the wave-particle scattering is more efficient in denser
environments, allowing the wave-particle interaction to
scatter ions over shorter distances compared with the system
size (e.g., for coronal loops 1; ~ 1 x 101 m™3, d; ~7 m [62],
so that 6x ~ 27 x 103d; ~ 45 km < Ligop ~ 10° km).

MMS data are available at the MMS Science Data
Center; see Ref. [63]. Data analysis was performed using
the PYRFU analysis package [64].

We thank the MMS team and instrument PIs for data
access and support. This work is supported by the Swedish
National Space Agency Grant No. 139/18.
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