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Key Points:

e |ons are primarily energized through the diamagnetic drift in the magnetosheath turbulence.
® |on energization predominantly occurs around the ion inertial scales and on a larger scale than electrons.
e The relationship between ion energization/heating and coherent structures remains unclear and requires further research.

Citation: Xu, Q. Y., Zhou, M., Zhong, Z. H,, Pang, Y., and Deng, X. H. (2026). On the dominant mechanisms of ion energization in
collisionless plasma turbulence. Earth Planet. Phys., 10(2), 280-290. http://doi.org/10.26464/epp2026030

Abstract: Turbulence is ubiquitous in space and astrophysical plasmas, and it plays a crucial role in energy dissipation and plasma
energization. However, the exact mechanism for particle energization in turbulent plasma is not fully understood. This study utilizes a
fluid framework, which does not rely on the guiding-center approximation, to quantitatively analyze ion energization in turbulence by
using observational data from the Magnetospheric Multiscale Mission (MMS) in the Earth’s magnetosheath, revealing the dominant role
of the diamagnetic drift in ion energization. This research further demonstrates that ion energization occurs concentrated around the ion
inertia length. However, in contrast to electrons, the relationship between ion energization/heating and coherent structures remains
unclear and requires further research. This study provides new perspectives for understanding turbulent energy dissipation and particle

heating.
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1. Introduction

Turbulence plays an essential role in space and astrophysical plas-
mas, where energy dissipation and particle heating are central to
understanding plasma dynamics. In turbulent plasmas, energy is
transferred from large scales (e.g., fluid scales) to kinetic scales
(e.g., ion and electron inertial lengths), where energy dissipates,
leading to plasma heating and particle acceleration.

Understanding the physical mechanisms of turbulent energy
dissipation and plasma heating is a fundamental challenge in
plasma turbulence research. One type of dissipation mechanism is
caused by the resonant wave-particle interactions, such as
Landau resonance and cyclotron resonance (Marsch and Tu, 2001;
Sahraoui et al., 2009; Camporeale and Burgess, 2011; He JS et al.,
2015; Li Z et al., 2019; Chen et al., 2019; Afshari et al., 2021, 2024;
Bowen et al., 2022). Previous studies indicate that in solar wind
turbulence, energy is mainly dissipated by electron Landau damp-
ing into parallel electron heating (Sahraoui et al., 2009), and ions
are primarily heated in the perpendicular direction by cyclotron
resonance (Bowen et al., 2022). Building on this, Afshari et al.
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(2021, 2024) further quantified the rates of ion and electron ener-
gization by the field-particle correlation technique, identifying
that electron Landau damping and ion cyclotron damping play a
dominant role in turbulent energy dissipation in the magne-
tosheath turbulence and determining the partitioning of turbulent
energy between species.

Nonresonant wave—-particle interactions have also been identified
as effective dissipation mechanisms in turbulent plasma. For
example, stochastic ion heating occurs when the amplitude of
electromagnetic field fluctuations exceeds a critical value, causing
chaotic ion motion (Chandran, 2010; Vech et al., 2017; Yoon and
Bellan, 2019; Martinovic¢ et al., 2020). Additionally, “viscous” heat-
ing, which refers to dissipation via pressure anisotropy and kinetic
instabilities, is an important mechanism in turbulence (Arzamasskiy
et al., 2023; Bandyopadhyay et al.,, 2023; Yang Y et al., 2024). These
mechanisms demonstrate that in collisionless plasmas, wave-
particle interactions can dissipate energy and heat particles effec-
tively through various pathways.

Dissipation can also occur within intermittent coherent structures,
such as thin current sheets, magnetic islands, and small-scale
vortices (Chasapis et al., 2015; Voros et al., 2017; Yordanova et al.,
2020; Jain et al,, 2021; Xu QY et al., 2023; Xie ZK et al., 2024). Such
structures are usually associated with strong electric currents.
Karimabadi et al. (2013) showed that turbulent energy dissipation
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in high-temperature plasmas is primarily due to parallel electric
fields associated with the current sheets, leading to anisotropic
electron and ion distributions. Their simulation results further
indicated that the heating by the current sheet is several orders of
magnitude more efficient than wave damping.

Another complementary perspective on understanding turbulent
dissipation focuses on tracing energy flow pathways and quanti-
fying conversions between different energy reservoirs. Two
parameters are widely used: the electric work on particles J-E
(Chasapis et al., 2018; Phan et al., 2018), which quantifies the
release of electromagnetic energy, and the pressure-strain inter-
action Pi-D (Yang Y et al., 2017, 2022, 2023; Bandyopadhyay et al.,
2020), which measures the increase in thermal energy. Recent
studies have derived a complete Eulerian fluid decomposition of
J. - E and have demonstrated that the diamagnetic drift term is
the dominant contributor to electron energization in magnetic
reconnection simulations (TenBarge et al., 2024; Steinvall et al.,
2025). Yang Y et al. (2023), assessing how protons and electrons
respond to different ingredients of the pressure-strain interac-
tion, found that the gyrotropic contribution for electrons is domi-
nant over the nongyrotropic contribution, whereas for protons,
nongyrotropic heating is enhanced and protons tend to gain
more heating with increasing B. These parameters provide a
complementary perspective to the previously discussed dissipa-
tion mechanisms.

Identifying all possible mechanisms and their relative contributions
is essential for a full understanding of dissipation physics.
However, the complexity of turbulence makes it challenging to
determine the exact contribution of the different mechanisms.
Our previous study of electron heating in the magnetosheath
calculated the electron energization rate by using the guiding-
center assumption (Xu QY et al.,, 2023). In this study, we aim to
identify the dominant ion energization mechanisms in turbu-
lence. However, ions have a large gyroradius, which leads to the
violation of magnetic moment conservation, and the guiding-
center description is less applicable. To address this, we utilize a
fluid framework derived from the ion momentum equation. This
approach does not require the assumption of magnetic moment
conservation, and it retains the physical terms omitted in the
guiding-center approximation, such as diamagnetic drifts. Using
Magnetospheric Multiscale Mission (MMS) observations in the
magnetosheath, we quantify and compare the contributions of
different ion energization mechanisms and find the critical role of
diamagnetic drift. In combination with a previous analysis of elec-
tron heating in the magnetosheath (Xu QY et al.,, 2023), we show
the differences in energization mechanisms of the electrons and
ions.

2. Methods
To quantitatively analyze the energization mechanisms of ions in
collisionless turbulence, we begin with the ion momentum equa-
tion in a collisionless plasma:
dv;

n,m,d—;+V-P,=n,q,(E+v,xB). (1)
Here, n; is the ion density, m; is the ion mass, v; is the ion velocity,
P;is the ion pressure tensor, g;is the particle charge, E is the electric
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field, B is the magnetic field, and % = 8% +v;-V.To compute the

drifts, we derive the perpendicular component of the ion current
density J; = nq;v; by cross-multiplying the momentum equation
with the magnetic field vector B as

dv; B ExB

(V-P)xB

32 nim; dt 82 32 (2)

JiL=-
On the right-hand side, the three terms correspond to plasma drift
induced by the pressure gradient force, particle inertia, and the
E x B drift effect, respectively. The ion pressure tensor P; can be
decomposed into gyrotropic and nongyrotropic components
(Yang Y et al., 2023):

P; = Py + Png; = pisl + (py) = pir) bb + Pry, 3

where Py; and Py, are the gyrotropic (Chew-Goldberger-Low
[CGL] pressure tensor) and nongyrotropic parts of the pressure
tensor, [ is the identity tensor, p;; and p; are the perpendicular
and parallel ion pressures to the local magnetic field, defined as
pi. = niTi1, and pj; = n;Ty, where T; | and Tj are the perpendicular
and parallel ion temperatures and B = B/B is the unit vector along
the local magnetic field. Following the decomposition of the pres-
sure tensor, Equation (2) can be rewritten as

VpiL X B k. xB V-P,ixB
Ju=—';—2—(Pi||—Pu)CBT—+
4
dv; B ExB “
_nimiaxﬁ"'niqi?/

where k. = (B-V)B is the curvature of the magnetic field. The total
ion energy gain J; - E is evaluated by taking the dot of J and E,
yielding

Ji-E=JyE +Vpip - ve + (Pi|| - Pu)kc Ve+ Ve Prgi- Ve

dv; (5)
+ nimia c Vg = W” + Wdiag + Wani + an + Win/

where Jj is the parallel component of the ion current density,
defined as Jj = qinyvj, E|| is the parallel component of the electric
field, and ve = E X B/B2 is the E x B drift velocity. On the basis of this
decomposition, the total ion energy gain is ultimately expressed
as the sum of five independent terms. The first term on the right-
hand side of Equation (5) is the direct ion energization by the
parallel electric field. The second term is related to the diamagnetic
drift. The third term is pressure anisotropy and magnetic field
curvature, which work together to drive ion energization, related
to the Eulerian curvature drift. The fourth term is due to the
nongyrotropic part of the pressure tensor. The last term represents
inertial effects. This energization decomposition methodology
builds on the framework of fluid compressional and shear mecha-
nisms established by Li XC et al. (2018), combined with the Eulerian
and Lagrangian perspective analysis developed by TenBarge et al.
(2024). This method is derived from the fluid framework and can
accurately describe J;-E. Here, energization denotes the total
energy transfer from electromagnetic fields to ions, encompassing
both heating (an increase in thermal energy) and acceleration (a
change in bulk kinetic energy).

Here, we use the burst mode data from the MMS mission. The
magnetic field data were available from the Fluxgate Magnetome-
ter (FGM) instrument (Russell et al., 2016), the electric field data
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were from the Electric Field Double Probe (EDP) instrument
(Ergun et al., 2016), and the ion moments were from the Fast
Plasma Investigation (FPI) instrument (Pollock et al., 2016). To
ensure temporal alignment of all variables for subsequent calcula-
tions, the electromagnetic field data, which have a higher temporal
resolution, were interpolated and averaged to 0.15 s to match the
time stamps of the ion data. The well-designed tetrahedral forma-
tion of the four spacecraft enables an accurate determination of
spatial gradients, curvature, and divergence (Paschmann and
Daly, 2000). Other parameters (e.g., electromagnetic field, ion
density, velocity, temperature) are computed primarily based on
the average values from the four MMS spacecraft.

Furthermore, to eliminate the influence caused by the high-speed
flow background of the magnetosheath, calculation of the afore-
mentioned five energization terms is performed in a reference
frame moving with the magnetosheath flow. Consequently, the
ion velocity and electric field transform as v/ = v; — <v;>, E'= E +
<v;> X B, where <v;> represents the average ion bulk velocity over
the entire interval.

3. Results

3.1 Case Study

Figure 1 provides an overview of the MMS spacecraft observations
from 04:38:03 to 04:46:03 universal time (UT) on November 3,
2018. During this interval, the spacecraft was in the magne-
tosheath, as seen by the broad energy distribution of ion differen-
tial energy flux (Figure 1a) and the high ion density (Figure 1c).
The MMS spacecraft was at [-0.2, 23.3, 7.0] Re (Earth radius) in
Geocentric Solar Ecliptic (GSE) coordinates. The tetrahedron quality
factor (TQF), defined as the ratio of the actual tetrahedron volume
to the volume of a regular tetrahedron with the same interspace-
craft distances, is ~0.95. This result indicates that the four satellites
form a nearly perfect tetrahedron, allowing a reliable estimation
of the gradient of the measured quantities by the MMS by using
the multiple spacecraft technique (Paschmann and Daly, 2000;
Fuselier et al., 2016).

As shown in Figures 1b and 1d, the magnetic field and plasma
flows are highly turbulent, with magnetic field fluctuations reach-
ing 8B/ (B) ~ 0.8. During this period, the average plasma flow
velocity is ~273 km/s (Figure 1d). The average separation between
the satellites in the MMS tetrahedron scale is ~15 km, correspond-
ing to ~19 d. and ~0.4 d;, where d, = c/w,,. and d; = c/w,; represent
the electron and ion inertial length, given the average plasma
density of ~42 cm-3,

Figures 1f-1j detail the power densities of the five individual ion
energization terms: the parallel electric field acceleration W), the
diamagnetic drift term Wyiag, the anisotropy term Wan;, the nongy-
rotropic term Wy, and the inertial drift term Wj,. The calculations
are based on multipoint measurements of the electromagnetic
fields and ion moments from the four spacecraft. Figures 1f-1j
show the presence of both positive and negative energization
rates, suggesting a bidirectional energy exchange between elec-
tromagnetic fields and ions. The terms Wqiag, Whg, and Wi, exhibit
greater fluctuations compared with W) and Wjpi.

To compare the effects of different ion energization terms, we
examine the probability distribution functions (PDFs) of the
power densities in Figure 2. The distribution of Wiy (blue line)
shows the widest spread and positive skewness, indicating that
Waiag generally exceeds the other four energization terms. The
average values for W), Wani, Weiag, Whg, and Wi, are -2, -1, 62, —15,
and -5 eV-s~l.cm3, respectively, with the total ion energization
Wsum (sum of the five distinct ion energization terms) averaging
42 eV-s~l.cm=3. This result suggests that Wgi.g is the dominant
contributor to ion energization during this event, whereas the
other four mechanisms, on average, result in ion energy loss
during this event.

The spatial scale of the magnetic field (Lgs) has been proposed to
delineate the scale at which acceleration occurs (Xu QY et al.,
2023). The Lgp is calculated using multiple spacecraft measure-
ments. It assumes linear spatial variation within the MMS tetrahe-
dron (Chanteur, 1998). As defined in Equation (6), the spatial scale
of the magnetic field is

Lgg = B/|VB, (6)

where |VB| is the norm of the Jacobian matrix of the magnetic
2
field, expressed as |VB| = X (%) (Kress et al., 2007).
i\ Ox;

Figure 3a shows how the W, changes with the spatial scale Lgg.
The Wem exhibits a U-shaped relationship with Lgg—initially
decreasing as the scale increases, stabilizing at intermediate
scales, and finally showing a slight enhancement at the largest
scales. lon energization mainly occurs at scales below the ion iner-
tial scale, where the turbulent energy cascade is expected to dissi-
pate at kinetic scales. Figure 3b further illustrates the variations of
the five individual ion energization terms as a function of Lgg. As
shown in Figure 3b, Wyiag is mostly positive and stronger than the
other four terms across most scales, being the main ion energiza-
tion source. However, at large scales (L > 37 d;), the contributions
from Wi, and W4 rise to levels comparable with those of Weiag.

We further utilized the partial variance of increments (PVI) method
to examine the relationship between ion energization and the
coherent structures. The PVI method was developed for detecting
coherent structures in turbulence (Chasapis et al., 2015; Voros et
al., 2017; Yordanova et al., 2020; Xu QY et al., 2023). The PVI index
can be estimated as follows:

PVI;(t) =

where the subscript i, j = 1, 2, 3, 4 indicates the different MMS
spacecraft.

Figure 3c shows the ion energization conditioned on the PVI
index. As shown in Figure 3c, the average Ws,m exhibits an overall
positive correlation with the PVl index, except for a slight decrease
near PVl ~1.5. This indicates that a larger PVI corresponds to
stronger ion energization. Among the five ion energization terms,
Waiag also shows a trend of increasing with an increase in the PVI
index. In contrast, the other four parameters remain near zero,
with little variation. This finding confirms that the enhancement
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Figure 1. Overview of the turbulence in the magnetosheath observed by the MMS from 04:38:03 to 04:46:03 universal time (UT) on November 3,
2018. Top to bottom: (a) ion differential energy flux by MMS1; (b—e) four spacecraft averages of (b) three components of the magnetic field and (c)
the ion density; (d) three components of the ion bulk velocity; (e) ion parallel and perpendicular temperatures; (f-j) the ion energization terms

appearing in Equation (5): W), Wani, Wdiag: Whng, Win, respectively. The vectors are displayed in the Geocentric Solar Ecliptic (GSE) coordinate system.
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Win (brown).

of Wsum is primarily contributed by Wgiag, with negligible contribu-
tions from the other terms. We also notice that the ion temperature
is positively correlated with the PVI index (Figure 3d), suggesting
that the coherent structures with a large PVI index contribute to
ion energization and heating.
22—
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3.2 Statistical Analysis

To investigate statistical behavior, 35 intervals of MMS burst data
observed in Earth’s magnetosheath between October 2015 and
February 2020 were selected (Table 1 details these intervals).
These intervals were drawn from published magnetosheath
turbulence databases (Wang YW et al., 2021; Stawarz et al., 2022;
Yang Y et al., 2023; Lewis et al,, 2024) and filtered to retain those
longer than 5 min with a tetrahedron quality factor (TQF) greater
than 0.6. Although turbulent energy transfer is bidirectional, this
study focuses on net ion energization ({(W,,,) > 0). Of the 75 inter-
vals meeting the initial criteria, 35 intervals satisfy this condition.

For each interval, we calculate the average ion energization (W;)
over the whole interval, as shown in Table 1. To compare the rela-
tive contribution of different ion energization mechanisms, these
averaged values were normalized as (W) /) |(W;)|, where i, j = ||,
ani, diag, ng, in. This normalization ratio retains the sign informa-
tion of energization terms while transforming ion energization
values into dimensionless relative contributions.

The statistical distribution of these values for net ion energization
events is shown in Figure 4. The unnormalized <Ws,> is
displayed in Figure 4a. We see that it is distributed between 0

T(b)
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0 107 107 10 10% 100 107 10 10
Lgg/d,
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Figure 3. (a) The average of total ion energization <Wsum>1/<Wsum> and (b) each ion energization term W; (j = ||, ani, diag, ng, in) as a function of
Lgg, where < >; denotes the bin-averaged value of W over scale L, normalized by <Ws,m>, the global average of Wgynm. (c) The average of each ion
energization term and (d) the ion temperature conditioned on the binned partial variance of increments (PVI) index. The notation <W/|PVI>
denotes the average of W calculated over all samples where the local PVI value exceeds the value indicated on the horizontal axis. The ion
temperature is normalized by <T;> in a moving window with a duration of 4 s. The vertical bars in the panels represent the standard errors of the

mean.
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Table 1. The time intervals of net ion energization events in magnetosheath turbulence.?

Index Time range (UTC) <B> <Wsum> <w> <Wani> <Wiag> <Whg> <Win>
1 2015-10-21/06:55:10-07:03:45 5.7 362 4 31 410 66 =142
2 2015-10-29/14:48:05-14:53:55 1.8 15 4 -1 24 -3 -8
3 2016-12-09/09:26:25-09:34:57 4.7 668 =132 -9 350 —231 692
4 2016-12-18/07:08:34-07:18:14 4.8 46 =25 11 135 51 -129
5 2017-01-27/00:52:47-01:02:36 55 539 -4 =51 522 533 —-500
6 2017-01-27/08:02:03-08:08:03 8.0 481 -94 -19 21 587 -3
7 2017-01-28/09:05:25-09:11:12 9.0 168 -24 18 20 98 57
8 2017-11-16/15:36:06-15:44:09 6.4 114 48 8 125 7 -67
9 2017-12-06/11:06:03-11:12:43 4.6 50 =1 2 59 3 =13
10 2017-12-09/06:12:33-06:18:22 6.7 26 -8 0.1 76 =12 -26
11 2017-12-21/06:41:50-07:03:51 8.0 7 4 4 -0.3 1 =12
12 2017-12-26/05:46:16-06:03:00 52 49 =15 0.001 73 -4 -5
13 2017-12-26/06:12:43-06:52:23 4.1 13 -19 -3 48 -10 =5
14 2018-01-21/06:50:53-06:56:33 6.5 695 73 -1 240 281 103
15 2018-02-10/00:55:03-01:00:34 20.0 16 -1 -26 55 40 =51
16 2018-02-18/12:52:43-13:03:02 5.1 73 2 -1 110 =21 =15
17 2018-03-01/20:19:23-20:27:43 14.5 26 -6 1 31 4 -3
18 2018-03-15/21:25:43-21:32:53 4.9 48 -2 1 67 -5 =12
19 2018-04-14/23:00:13-23:06:15 4.6 9 1 -2 35 7 -29
20 2018-04-23/07:50:12-08:33:41 6.3 14 -4 1 28 6 -16
21 2018-04-27/17:56:24-18:03:50 8.0 71 16 13 31 32 -16
22 2018-04-28/21:29:05-21:34:21 7.4 0.4 0.1 -0.2 2 1 -2
23 2018-05-23/14:35:25-14:41:42 9.9 21 1 0.2 -2 4 8
24 2018-05-28/22:23:39-22:30:31 1.0 1 0.1 -0.05 5 1 -4
25 2018-10-27/09:13:14-09:57:41 135 31 5 -1 17 15 -5
26 2018-11-03/04:38:03-04:46:03 6.1 42 -2 -1 62 =15 -5
27 2018-11-29/22:42:34-23:31:01 9.4 38 23 10 9 25 -28
28 2018-12-05/14:53:23-15:20:13 7.1 47 47 30 =5 24 —48
29 2018-12-18/20:02:03-20:16:01 8.3 63 2 17 74 -2 =27
30 2018-12-18/20:36:03-20:45:21 11.0 49 2 3 41 18 -14
31 2018-12-22/13:12:03-13:22:53 6.2 15 40 -5 =22 4 -5
32 2019-10-09/07:12:14-07:18:00 7.4 14 0.3 0.2 15 -3 2
33 2019-10-10/09:02:44-09:10:00 14.7 75 3 3 41 32 5
34 2019-12-24/01:33:04-01:46:11 16.1 2 6 1 -7 -2 3
35 2020-02-26/00:23:54-01:20:00 59 54 42 2 17 9 =17

aThe table lists the average ion beta and the mean values of the ion energization terms, with units of electron volts per second per cubic centimeter.

and 700 eV:s~l.cm3 and predominantly concentrated within
100 eV-s~.cm=3. Figures 4b-4f show that the Wgi.g exhibits a
significantly positive and dominant contribution ratio, whereas
the other four terms predominantly cluster near zero. The bias in
statistical distributions, such as W), Wi,, and W, is a positive bias,
whereas Wi exhibits a negative bias. This reflects their respective

ion energization enhancements or suppression effects, although

weaker than Wyiag. The largest and positive <W;> in each interval
is considered the dominant term. The statistical results of 35 inter-

Xu QY and Zhou M et al.: On the dominant mechanisms of ion energization in collisionless plasma turbulence

vals show that diamagnetic drift (Wgiag) Serves as the predominant
ion energization mechanism, accounting for 62.9% of all the
examined events (22 intervals). The contributions of other terms
are less: nongyrotropic pressure (W,), the parallel electric field
(W)), and inertial effects (W,) dominate 7 (20%), 5 (14.3%), and 1
(2.8%) intervals, respectively.

To present a complete picture of turbulent energy transfer, we
extend our analysis to intervals exhibiting net ion energy loss
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Figure 4. Statistical results of 35 net ion energization intervals in magnetosheath turbulence. (a) Histogram distribution of (W), where (..)
means the average of each whole interval. The vertical axis indicates the frequency of event occurrences. (b—f) Histogram distribution of ion
energization terms. The horizontal axis shows the normalized relative contribution of ion energization ((W;) / Y [(W)|, where i = ||, ani, diag, ng, in),

Y W represents the sum of the absolute values of all energization terms.

({Weum) < 0). The corresponding statistical distribution for these 40
net energy loss intervals is provided in the Supplementary Materi-
als (Figure S1). A key finding is that the diamagnetic drift (Wgiag)
remains the dominant mechanism not only for energy gain but
also for energy loss, confirming its role as a primary and reversible
energy channel in the turbulence.

By aggregating data from all 35 intervals, we statistically studied
the scale dependence of ion energization by a similar method. As
shown in Figure 5a, Wqum is predominantly concentrated at small
scales (~0.2 d)) and descends with an increment of the spatial
scale. The characteristics are similar to those of electrons but
occur on a wider scale (~10'* d;). Notably, the ion energization

exhibits significant uncertainties at scales L < 10798 d;, which are
consequently ignored in our analysis.

However, no clear relationship is observed between ion energiza-
tion/heating and coherent structures, as is found in electrons.
Figures 5b and 5c present the variation in ion energization and
ion temperature with the PVI index, each line representing an
interval. We see positive correlations, negative correlations, and
weak correlations, with no unified conclusion.

4. Discussion and Conclusions
Previous studies have shown that energy dissipation and ion heat-
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Figure 5. (a) The average <Wym> as a function of L4, sampled by MMS, corresponding to the 35 intervals. (b, c) The total ion energization Wsym
and the ion temperature conditioned on the binned PVl index, each line representing an interval.
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ing in turbulence may occur through processes such as Landau
resonance, cyclotron resonance, and stochastic ion heating (He JS
et al., 2015; Vech et al., 2017; Yoon and Bellan, 2019; Bowen et al.,
2022; Afshari et al., 2024). Landau damping is linked to parallel
electric field acceleration; however, our results indicate that W is
not the dominant mechanism for ion energization. Wave-particle
interaction through cyclotron resonance typically results in
temporal variation of the bulk velocity and the electric field, which
essentially corresponds to the energization quantified by Wi,.
Here, we see that W, is often negative, causing ions to lose
energy. In addition, the cyclotron resonance is closely connected
to the temperature anisotropy, corresponding to Wap;, which is
always smaller than the other terms. Stochastic ion heating occurs
when electromagnetic field fluctuations exceed a critical level at
the ion cyclotron scale, making ion motion chaotic and causing
perpendicular heating, corresponding to Wng. We found that this
term plays a role in ion energization but is not the dominant one.

In contrast, our study finds that diamagnetic drift is the dominant
ion energization mechanism, contributing to 62.9% of the net ion
energization events. This finding provides a crucial new perspec-
tive on ion energy gain. Although Wgiag dominates the energiza-
tion, diamagnetic drift itself is not a direct heating mechanism but
represents the work done via the E x B drift acting on ion pressure
gradients. This is a macroscopic, fluid-scale energy conversion
process that includes the energy fluxes and fluid drifts whose
dominance does not rely on rapid microscopic particle responses.
Consequently, even though individual ions have a large mass and
respond slowly, the ion fluid can efficiently extract energy
through this channel.

Furthermore, the electric field used in this study, measured
directly by the MMS, is a composite field encompassing multiple
physical processes. We may infer the origin of the electric field
through the ion momentum equation. Because the Wyiag term is
the dominant term in ion energization, the ion pressure gradient
term is significantly larger than the ion inertial term in the ion
momentum equation. The ion convection electric field —V; x B is
generally thefirst-order term; thus, the electric field in the turbulent
magnetosheath is probably contributed mainly by the motional
electric field from ion bulk flow and the divergence of the ion
pressure tensor.

Crucially, Wgiay dominates both ion gain energization and loss
energization. This symmetry confirms its role as a primary and
reversible energy channel in turbulence, facilitating efficient bidi-
rectional energy exchange between the electromagnetic fields
and ions.

A further question is the difference in the energy gain between
ions and electrons. We find that the main energy transport chan-
nels for electrons and ions are different. Afshari et al. (2021) found
that 95% of the intervals have velocity-space signatures of electron
Landau damping in the magnetosheath. Xu QY et al. (2023)
reported that electrons are primarily accelerated by the parallel
electric field around the ion inertial length within coherent struc-
tures. However, this study shows that ions mainly gain energy
through diamagnetic drift and that parallel electric field accelera-
tion W) dominates in only 14% of intervals. Another difference is
that ion energization occurs on a larger scale than electron accel-
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eration. The case study shows that ion energization occurs not
only at small scales but also at large scales, where it is enhanced
by inertial effects (Win) and nongyrotropic pressure (Whng)
processes. Statistical results show that ion energization is mainly
concentrated at small scales and descends with an increment of
the spatial scale. This is similar to the previously reported scale
characteristics of electron acceleration, but ion energization
occurs on a wider scale than electrons, extending up to approxi-
mately 30 d; (Xu QY et al., 2023).

Although both ion energization and ion temperature are strongly
positively correlated with PVl in the representative cases, the
statistical analysis shows more possibilities. On one hand, coherent
structures often maintain internally organized correlations and
can therefore be less sensitive to background fluctuations (Yao ST
etal, 2017; Shi QQ et al., 2024). On the other hand, such structures
may also be influenced by turbulence through complex interac-
tions (Yao ST et al.,, 2020). Therefore, from a holistic statistical
perspective, the relationship manifests as considerable uncer-
tainty.

This result might be due to different background conditions, such
as amplitude of turbulent fluctuations, plasma B, and so forth.
Additionally, structures such as magnetic holes, mirror modes,
and current sheets typically occur in weakly magnetized environ-
ments where the magnetic moment is not conserved (Liu J et al.,
2020, Yao ST et al.,, 2021). Thus, differences in magnetization state
may also influence the behavior of energization mechanisms,
representing a potential direction for future research. The results
suggest the complexity and diversity of energy dissipation and
particle acceleration in turbulence, offering a richer perspective
on understanding space plasma heating.

In summary, this study systematically quantifies the effects of
different mechanisms on ion energization in magnetosheath
turbulence by using MMS observations. We find that diamagnetic
drift is the dominant mechanism for ion energization and that it
occurs mainly around the ion inertial length, but on a larger scale
than electrons. The relationship between ion energization/heating
and coherent structures remains unclear and requires further
research. This study provides key observational evidence to
advance the understanding of turbulent energy dissipation and
particle heating mechanisms.
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energy loss. Figure S1 shows the statistical distribution of net ion nating in 18 out of the 40 intervals (45% each). This finding is
energy loss intervals. Diamagnetic drift (Wgiag) and inertial effects pivotal: Wyiag is the dominant mechanism for energy gain; it is also
(Win) are the primary mechanisms for ion energy loss, each domi- the most prevalent mechanism for energy loss. It confirms that

Table S1. The time intervals of net ion energy loss events in magnetosheath turbulence. The units are the same as in Table 1.

Index Time range (UTC) <Bi> <Wsum> <w> <Wani> <Weiag> <Whg> <Win>
1 2016-01-24/23:36:14-23:47:34 9.8 -142 -26 -1 82 16 —48
2 2016-09-28/16:00:00-16:08:52 1.3 =15 -5 1 -10 6 -10
3 2016-09-28/16:50:14-17:00:14 20 -283 -7 -1 -256 43 =51
4 2016-09-30/17:50:34-18:01:50 1.2 -53 -5 -0.5 -137 115 -39
5 2016-10-01/18:30:00-18:40:00 1.6 —348 3 1 -349 46 -50
6 2016-12-09/09:01:40-09:07:00 5.2 -300 44 —-67 —-96 127 —279
7 2016-12-11/15:20:14-15:32:34 10.7 -523 29 0.4 -128 —-288 -134
8 2017-01-28/05:29:14-05:34:50 54 -966 -62 65 -781 78 —234
9 2017-01-31/04:19:33-04:35:13 42.7 —846 920 92 —-690 —288 -82
10 2017-09-28/06:31:33-07:01:43 5.7 -152 -8 0.3 -96 -32 -23
11 2017-09-28/10:43:00-10:53:30 9.9 =31 -18 1 —24 16 -3
12 2017-09-28/20:42:00-20:51:21 7.1 -38 23 -2 =21 9 -46
13 2017-11-10/22:04:43-22:15:33 8.1 -176 -38 -1 —-47 -35 -48
14 2017-11-10/22:35:43-22:52:03 7.0 -20 4 9 10 27 -73
15 2017-11-13/19:30:42-19:38:43 6.5 -9 -1 -0.1 =27 33 -13
16 2017-12-01/13:12:07-13:23:38 9.8 -16 -20 -12 44 8 -38
17 2017-12-21/07:21:54-07:48:01 4.4 -10 -5 13 -5 267 =37
18 2018-02-21/07:48:53-08:01:43 6.2 =5 37 13 178 17 -239
19 2018-03-15/20:32:00-20:38:42 23 -10 -1 0.5 16 -5 -19
20 2018-04-19/05:08:04-05:41:53 125 -10 -7 0.03 3 7 -14
21 2018-04-24/21:44:14-21:52:32 5.2 -58 -20 -3 3 -6 -29
22 2018-04-27/17:35:43-17:41:52 15.2 -194 =27 -4 -155 1 =23
23 2018-04-28/21:02:04-21:09:21 5.8 -14 1 1 -10 3 -10
24 2018-04-28/22:22:45-22:29:41 10.7 —28 2 -1 -39 4 5
25 2018-10-16/14:22:13-14:32:13 13.1 -25 -0.1 2 -28 1 1
26 2018-10-22/07:23:23-07:35:03 7.0 —47 7 -2 =21 4 -34
27 2018-10-28/11:26:33-11:45:23 4.0 =51 9 -7 -16 3 -40
28 2018-11-01/22:16:13-22:31:43 6.8 —45 -0.3 0.1 -20 -6 -19
29 2018-11-07/13:13:03-13:37:33 43 -129 41 27 -59 =51 -84
30 2018-11-21/16:10:14-16:55:31 5.1 -9 4 0.1 4 -04 =17
31 2018-12-01/23:04:03-23:12:23 10.1 —258 =50 11 -169 -12 -35
32 2019-04-02/21:54:33-22:05:23 49 -103 -9 3 3 -6 -91
33 2019-04-05/11:30:53-12:03:12 4.2 -8 42 -3 =37 48 -62
34 2019-10-10/15:00:00-15:07:21 5.6 =21 0.2 2 =17 -7 0.1
35 2019-10-16/12:54:24-13:16:00 1.4 -32 -22 -1 -3 1 -7
36 2019-11-05/22:04:54-22:13:42 7.5 -55 10 -1 -57 -6 -2
37 2019-11-19/21:45:00-21:53:00 123 -17 -0.1 -1 -7 -9 -0.03
38 2019-11-25/13:20:00-13:40:00 8.6 -12 -3 -0.3 0.1 -8 -2
39 2019-12-07/09:50:01-10:30:00 7.1 -58 -8 5 -10 -18 -26
40 2019-12-31/23:46:00-23:57:00 36 -30 -2 5 -1 -1 -21
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Figure S1. Statistical results of net ion loss energy intervals in magnetosheath turbulence. (a) Histogram distribution of <Wsym>. (b—f) Histogram
distribution of ion energization terms. The panel arrangement is consistent with that of Figure 4.

Waiag is a reversible energy channel in plasma turbulence. Energy
is efficiently transferred back and forth through this mechanism.
The bias in the statistical distribution of Wi, is always negative bias
for both netion gain and loss events. The processes with ion inertia
consistently facilitate ion loss energy on average, regardless of the
overall energy state of the interval.
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