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Abstract Magnetic holes (MHs) are localized structures characterized by magnetic field depressions,
accompanied by an enhancement in plasma thermal pressure. These pressure-balanced structures span a broad
range of scales in space, from fluid to kinetic regimes. The kinetic-scale MHs are ubiquitous in the solar wind;
however, the exploration is limited due to the lack of high-resolution particle measurements. Here, we utilize
Solar Orbiter observations to explore ion dynamics within an ion-scale MH. The ion energy spectrum exhibits
enhanced and depressed phase-space densities for ions above and below 10 eV, respectively. The enhancements
of perpendicular and parallel temperatures in this deep MH result in a quasi-isotropic ion pitch angle
distribution. The ion diamagnetic drift contributes to the agyrotropy around the boundaries, forming an ion
vortex consistent with the magnetic field depression. These results align well with a kinetic equilibrium model,
confirming the stability and self-consistency of ion-scale MHs in the solar wind.

Plain Language Summary Localized depressions in the magnetic field strength have been observed
by the satellites in various plasma environments. They are identified as linear magnetic holes or cavities owing
to the negligible variation in magnetic field direction. They are pressure-balanced structures with increased
plasma density and/or temperature. In the solar wind, because of the strong convection, the ion-scale magnetic
holes (MHs) are typically observed for only ~10 s, making it challenging to resolve the associated ion dynamics.
Using high-resolution Solar Orbiter observations, we investigate a deep ion-scale magnetic hole with a
minimum strength of 0.15 nT. Within this structure, the decrease in phase-space densities (PSDs) for ions with
energies below 10 eV is accompanied by an enhancement in PSDs for ions with energies above 10 eV, indicative
of a temperature increase. Notably, the temperature rises simultaneously in both directions perpendicular and
parallel to the magnetic field, and the ion velocity distributions become nearly isotropic at the center. This is
different from the usual pancake distributions observed in the terrestrial magnetosheath. Finally, a kinetic
equilibrium model can well reproduce these observational signatures, suggesting that the self-consistent ion-
scale MH is stable in the solar wind.

1. Introduction

Magnetic holes (MHs) are quasi-symmetric structures characterized by a localized depression in magnetic field
strength and a corresponding enhancement in plasma density and temperature (Shi et al., 2024; Yao et al., 2021).
These pressure-balanced structures span a broad range of spatial scales, from magnetohydrodynamic (MHD) to
electron scales. They are observed ubiquitously in space plasmas, including the solar wind (Turner et al., 1977,
Xiao et al., 2010), terrestrial (Goodrich et al., 2016; Huang et al., 2022; Zhang et al., 2017), planetary (Cattaneo
et al., 1998; Goodrich et al., 2021; Huang et al., 2021; Joy et al., 2006), and cometary environments (Plaschke
etal., 2018; Russell et al., 1987). MHs frequently appear in conjunction with other fundamental phenomena, such
as turbulence (Haynes et al., 2015), magnetic reconnection (Wang et al., 2024), shocks (Karlsson et al., 2022; Yao
et al., 2024), dipolarization fronts (C. Liu et al., 2021), and current sheets (G. Wang et al., 2022).

For MHs at sub-ion scales (i.e., spatial extents smaller than the thermal proton gyroradius, p;), significant progress
has been made in understanding corresponding electron dynamics, largely owing to high-resolution observations
from NASA's Magnetospheric Multiscale (MMS) mission. Such MHs primarily trap pitch angle ~90° electrons,
generating diamagnetic currents that support the observed magnetic field depressions (Yao et al., 2017). The
resulting pancake electron distributions give rise to temperature anisotropies (7', > 7)), which can consequently
excite whistler-mode waves (Yao et al., 2019). Moreover, the electrostatic waves observed inside the sub-ion
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scale MHs, such as solitary waves and electron cyclotron waves, are associated with the electron beams (Yao
etal., 2019). These structures, convected by the ambient plasma flow (Yao et al., 2016), have quasi-circular cross-
sections in the plane perpendicular to the background magnetic field (Liu, Zong, Zhang, Xiao, et al., 2019).
Though their formation mechanisms remain debated (Shi et al., 2024), most properties of sub-ion scale MHs have
been clarified through in situ measurements (Yao et al., 2017), particle-in-cell simulations (Haynes et al., 2015),
and kinetic equilibrium models (Li, Zhou, Yang, et al., 2021; Li et al., 2020).

In contrast, the understanding of ion-scale MHs, structures with spatial scales exceeding p;, is still limited. MMS
has reported that ion-scale MHs in the magnetosheath are supported by ion vortices (Yao et al., 2023), analogous
in structure to electron-vortex MHs. The ion vortex can sometimes embed another electron vortex, where electron
and ion thermal pressures are enhanced, respectively, to maintain pressure balance for corresponding structures
(Liu, Zong, Zhang, Xiao, et al., 2019). Additionally, the ion-vortex MH can have a reversed field direction at the
center, indicating its complex evolution processes (Yao et al., 2023). These ion-scale structures are accompanied
by complicated electron pitch angle distributions (Li, Zhou, Zong, et al., 2021; Yao et al., 2018), which can
consequently drive various plasma waves (Bold et al., 2023; Yao et al., 2023). Thus, ion-scale MHs can impact
the generation of vortices and waves at electron scales, playing a role in the turbulent energy cascade and
dissipation.

A typical turbulent plasma environment is the solar wind, where MHs are routinely observed by numerous
spacecraft from 0.166 AU to beyond 17 AU (Russell et al., 2008; Sperveslage et al., 2000; Yu et al., 2021). The
isolated MHs may represent remnants of the mirror-mode structures (Winterhalter et al., 1994), which are oc-
casionally observed as extended trains referred to as mirror-mode storms (Dimmock et al., 2022). As for the ion-
scale MHs, they are known to be frozen into plasma and convected by the background solar wind flow (Trollvik
et al.,, 2023). MMS observations have further revealed the presence of an ion vortex associated with such
structures (Wang et al., 2021). However, since the MMS spacecraft are optimized for measurements in slow-
moving and high-temperature plasmas, their particle data in the solar wind typically overestimate ion tempera-
tures and underestimate densities (Roberts et al., 2021; Wilson et al., 2022). As a result, although MMS data have
high temporal resolution, detailed investigations of ion dynamics within ion-scale MHs in the solar wind are
limited by measurement accuracy. Here, we present observations from Solar Orbiter (SolO) of an ion-scale MH
embedded in the solar wind. The accurate and high-resolution measurements of ion velocity distributions allow us
to investigate the detailed ion dynamics inside it.

2. Observations

The MH event was observed by the Solar Orbiter (SolO) spacecraft on 2 September 2020, at a heliocentric
distance of 0.9 AU. The MH radius is estimated to be approximately 1,600 km (~ 13p,), identifying it as an ion-
scale structure. Magnetic field measurements were provided by the onboard Magnetometer (MAG) (T. Horbury
et al., 2020). Accurate ion moments and three-dimensional (3-D) velocity distribution functions (VDFs) were
obtained from the Proton and Alpha particle Sensor (PAS) of the Solar Wind Analyzer (SWA) suite (Owen,
Bruno, et al., 2020). Notably, during this event, SWA-PAS operated in burst mode with a high time resolution of
0.25s, offering a unique opportunity to investigate the self-consistency between the depressed magnetic field and
ion dynamics. The high-resolution plasma number density is derived from the probe-to-spacecraft potential based
on the current balance between photoelectron emission from the spacecraft surface and the ambient plasma
electron current. Using reference density measurements, a fitting procedure is applied to establish an empirical
relationship between the two, enabling the determination of high-resolution electron number density from the
potential data acquired by the Radio and Plasma Waves (RPW) instrument (Y. Khotyaintsev et al., 2021;
Maksimovic et al., 2020a).

Vyp The in situ measurements are initially in the spacecraft reference frame (SRF), in which the x axis points from
the spacecraft toward the Sun. The z axis aligns with the electric antenna (ANT1) of RPW, and the y axis follows
the right-hand rule. The measured ion bulk velocity is stable before and after this event, confirming that this
structure is convected by the background solar wind flow. Its velocity v, = (320,17, —9) km/s in SRF
coordinates, averaged from 19:34:00 to 19:34:05 UT, is used to transform the measurements to the solar wind (or
magnetic hole) rest frame. Also, based on the v, and the background magnetic field B, we construct an MH
coordinate system to facilitate the analysis. In this system, the Z axis is aligned with the direction of B;,, which
remains relatively constant throughout this event. The X axis is set opposite to the projection of v, in the plane
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Figure 1. Solar Orbiter observations of an ion-scale magnetic hole. (a) Magnetic field in spacecraft reference frame.

(b) Magnetic field in MH coordinate system. (c) Number density. (d) Ion perpendicular temperature (black) and parallel
temperature (blue). (e) Pressures, including ion thermal pressure (P;, black), magnetic pressure (P, blue), electron thermal
pressure (P,, red), and total pressure (P;, green). (f) Ion energy fluxes in the spacecraft frame. (g) Ion bulk velocity in the
spacecraft frame. (h) Perpendicular components of perturbed ion bulk velocity in MH coordinate system. (i) Vy Components
derived from the curvature of the magnetic field (Vy g, black), ion diamagnetic drift (Vyp, blue), and observations

(Vb,MH’ red).

perpendicular to the Z axis, while the Y axis completes the right-handed triad. Therefore, the spacecraft traverses
the MH along the positive X direction.

For measured VDFs in the spacecraft frame, we first transfer the corresponding ion velocity to the solar wind rest
frame by subtracting v;,, and then rotate it into MH coordinates to obtain v, ;5. This velocity is utilized
throughout this study, unless otherwise specified. It allows us to define the particle energy E,,; in the plasma/solar
wind frame, the pitch angle (PA, deviation between v; y;z and Z axis), and the gyro-phase angle ¢, (the phase
difference between the perpendicular component of v; y;; and the X axis). Thus, the energy E,,; spectrum is given
by the distributions averaged over both the PA and ¢, . The pitch angle spectrum is derived by averaging over ¢,
for the distributions in a specific E,, range. Finally, by restricting both the E,,; and PA ranges, we can compute the

corresponding gyro-phase ¢, spectrum.

Figure 1 shows an overview of this event. The magnetic field measured in SRF coordinates (Figure 1a) is then
transferred into the MH coordinate system (Figure 1b), revealing a pronounced depression with a minimum field
strength of 0.15 nT. The total magnetic strength (B,, green line) closely follows the B; component (red line),
indicative of a linear MH in which the magnetic field direction varies only slightly, as opposed to strongly twisted
or rotating configurations. This magnetic depression is accompanied by enhancements in both plasma number
density and ion perpendicular temperature (Figures 1c and 1d). Consequently, the increase in ion and electron
thermal plasma pressure (P; = n,kT;,, P, = n,kT,, assuming T, = 10 eV and n; = n,) compensates for the
reduction in magnetic pressure Py, leading to a quasi-constant total pressure (P, = P, + P; + P,)in Figure le.
This pressure balance signature indicates a stable ion-scale MH in the solar wind, which is consistent with the
quasi-symmetric properties in Figure 1. The increase in ion temperature is also evident from the slight broadening
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of the ion energy spectrum in the spacecraft frame (Figure 1f), which becomes more pronounced after subsequent
transformation to the plasma frame.

The ion-scale MH is likely associated with an ion vortex, which is usually assumed to have a circular cross-section
in the plane perpendicular to the background magnetic field (Li, Zhou, Zong, et al., 2021; T. Zhang et al., 2008).
To explore this property, we use the measured ion bulk velocity in Figure 1g to calculate its perturbations
Vioun = Vxex,Vyey,Vzez in the MH frame and coordinates, shown in Figure 1h. The observed bipolar signature
of the Vy component reflects an azimuthal ion flow, which is the characteristic feature for the ion vortex (Wang
et al., 2021). Simultaneously, the Vy oscillates around zero (black dashed line), implying that the spacecraft
traversed close to the MH center at 7, 19:34:12.4 UT (Li, Zhou, Yang, et al., 2021; Yao et al., 2023). To further
examine the self-consistency of this structure, we organize its properties as functions of the distance between the
spacecraft and the MH center p = 6t - vy, x, Which is determined based on the observed time difference 6t from
T, and vy, x, the X component of background solar wind velocity vy

At first, we apply Ampere's law, V. X B = p, J, to estimate the ring current density Jy x  surrounding the MH.
This corresponds to a velocity Vy g = Jv x5/ (ne), which represents the theoretical velocity difference between
the ions and electrons. Subsequently, we compute the ion diamagnetic drift velocity based on
Vyp = (B X VP))/neB? (Liu, Zong, Zhang, Xiao, et al., 2019; Yao et al., 2017). Thus, we could compare these
calculated results with the observed Vy in Figure 1i, which is not shown after 19:34:18 due to the perturbation by
the second MH in Figure 1a at 19:34:22 UT. Meanwhile, Vyp is absent at the center because VP; carries large
uncertainty, originating primarily from the determination of the MH center. Given that the MAG absolute
calibration uncertainty (~0.1 nT) is comparable to the magnetic field minimum (~0.15 nT), the inferred center
can shift slightly, which alters the distance p and, consequently, the estimate of VP;. We note that the Y com-
ponents of Vyp, Vyyp and V,, yy are all close to each other, justifying the Vy measurements with small de-
viations. This alignment supports the interpretation that the ion vortex generated by ion diamagnetic drift is
consistent with the magnetic depression of MH. The minor deviation may stem from the calculation, the as-
sumptions made, or the contribution from electrons.

Then, we investigate the detailed ion distributions in the solar wind frame. Figure 2a shows the ion energy
spectrum of phase-space densities (PSDs), displaying enhancements inside the MH for tens of eV ions. To
highlight variations inside and outside MH, we compute the normalized residual PSDs in Figure 2b. They are
defined as P = %3, where P and op represent the average and standard deviation of PSDs. This spectrum

highlights a depletion of ions below 10 eV and a significant enhancement above 10 eV. Such a variation indicates
that low-energy ions have been accelerated by the MH, resulting in an increase in temperature. Similar signatures
have been observed for the electrons inside the sub-ion MH (Yao et al., 2017).

The pitch angle distributions of PSDs and residual PSDs for 20-100 eV ions are shown in Figures 2¢ and 2d. The
pronounced PSD enhancement indicates that more ions are trapped within the MH. In addition to the contribution
from increased number density, the enhancement spanning approximately 0°-180° in pitch angle is also
consistent with simultaneous increases in both parallel and perpendicular ion temperatures (Figure 1d). The
resulting quasi-isotropic ion distribution is further supported by the reduced 2-D velocity distribution in the X-Z
plane (Figure 2h), which displays nearly circular PSD contours in the spacecraft frame. This quasi-isotropy is
quantitatively confirmed by the eigenvalues of the temperature tensor (Richard et al., 2025), which are closely
spaced: 4; = 6.9,4, = 6,43 = 5.3. The isotropic signature differs markedly from MMS observations of ion-
scale MHs in the magnetosheath, which often exhibit strong temperature anisotropies (Ahmadi et al., 2018;
Yao et al., 2019).

This discrepancy is possibly related to the width of the loss cone. The MHs are usually embedded within a mirror-

mode wave environment, accompanied by a local loss cone defined by sin a = 1/B,/ B, (see the black lines for
a in Figures 2¢ and 2d), where B,,, represents the maximum of magnetic strength along the field line. As B,
approaches zero, the loss cone at the center spans nearly 0° to 180°, indicating a significant trapping process. As a
result, the synchronous trapping of perpendicular- and parallel-moving ions leads to the formation of quasi-
isotropic ion distributions. In contrast, the shallow MH in the magnetosheath traps particles with pitch angles
~90°, leading to the temperature anisotropy with 7, > 7).
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Figure 2. Observed ion distributions of phase-space densities (PSDs) and residual PSDs ( P). (a, b) Ion energy spectra of PSD
and P in MH frame. The blue line represents the total magnetic field strength. (c, d) Ton pitch angle spectra of PSD and P in
MH frame for 20—-100 eV ions, averaged over the plane perpendicular to the background magnetic field. The black lines indicate
the loss cone angles a, defined by sin @ = /B,/Bmax. (e, f) Ion gyro-phase spectra of PSD and P in MH frame, for 20—40 eV
ions with pitch angles of 90 °© + 40°. (g, h) Reduced 2-D distributions in the X — Y and X — Z planes and in the spacecraft
frame. The black lines denote the PSD contours.
Figures 2e and 2f display the gyro-phase (¢,) spectra of PSDs and residual PSDs for 20-40 eV ions with pitch
angles between 90° = 40°. The distributions are gyrotropic at the center (see Figure 2g), but become increasingly
agyrotropic toward the boundaries. As seen from Figure 2f, enhanced PSDs are observed at ¢, ~ 90° at the
leading boundary, in comparison with the peak ¢, ~ 270° at the trailing boundary. This agyrotropy aligns with
the bipolar Vy ion flow in Figure 1h, further demonstrating the presence of an ion vortex (Li et al., 2020).
The combined Solar Orbiter measurements of the magnetic field, ion moments, and VDFs provide a self-
consistent characterization of the ion-scale MH in the solar wind, which can trap the protons and form the
diamagnetic current to maintain the depressed magnetic field.
LI ET AL. 5 of 10
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3. Model Results and Comparison With Observations

Solar Orbiter provides measurements along a single spacecraft trajectory, offering only a one-dimensional cut
through the MH. A complete understanding of it, therefore, requires the application of kinetic models capable of
reconstructing its full three-dimensional configuration. To achieve this aim, we apply a kinetic equilibrium model
to reconstruct the observed MH (Li et al., 2020; Shustov et al., 2016).

This model is a self-consistent solution to the coupled Vlasov-Maxwell system in the cylindrical coordinates
(p,®,z). The magnetic field B possesses only a B,e, component, which is determined by the magnetic vector
potential A = A, (p)e,. The electric field E is derived from the electric scalar potential ¢(p). To describe cor-
responding particle distributions, we introduce two invariants. One is the particle energy
H, = ﬁ(P - qu)z + g,¢, where P represents the canonical momentum. Here, @ = e,i denotes electrons
and ions, respectively. Since H, is independent of the azimuthal coordinate ¢, the canonical angular momentum
P,y = p(M,,v,/, + q,,A,/,) (azimuthal component of P) is also conserved (Li et al., 2020). Utilizing these two

invariants H, and P,,, we construct the electron/ion VDF,

pa>

[

H,—Q,P,
exp(— a J ‘o (/mr)7 (1)

a,l

M, \ H, M
= a —a 1= a
f{‘l oN (2R0a_0> xp ( 00!,0 ) * ( 5)N (2759(1, 1 )

which naturally satisfies the Vlasov equation.

The ion/electron distribution consists of a Maxwellian background population (denoted by subscript 0) and a
shifted-Maxwellian current-carrying population (denoted by subscript 1) (Yao et al., 2023). Some model pa-
rameters are directly obtained based on the observations, such as the total ion number density N =11.3 cm™3,
background ion temperature 6;, = 4.5 eV, and electron temperature 8,5 = 6,; = 10 eV. Assuming the
background ion population accounts for 93% (6 = 0.93) of the total ion density, the observed 7; = 5.7 eV at the
MH center is actually a weighted average of 6, and 0; ;, consistent with 6, ; = 22.6 eV for the current-carrying
population. Subsequently, we adjust the angular velocities of the current-carrying populations to best match the
model with the spacecraft observations, setting Q; = —0.013 s™! for ions and Q, = 0.0013 s™! for electrons,
respectively. Thus, we can integrate the ion/electron VDF to derive profiles of number density and bulk velocity,
which are then substituted into Maxwell's equations to obtain self-consistent electromagnetic fields.

Figure 3 presents the virtual spacecraft observations of the modeled MH as solid lines. Based on the p derived
above, we can correspondingly extract model properties along the path of the SolO. The top three panels show that
the magnetic field depression is accompanied by enhancements in ion number density and temperature. The total
pressure, comprising magnetic, ion thermal, and electron thermal contributions, remains constant throughout the
structure (Figure 3d). As for the bulk velocity, the bipolar Vy in Figure 3e confirms the presence of an ion vortex.
For comparison, we overplot the in situ Solar Orbiter observations as dashed lines in Figures 3a—3e, which exhibit
great agreement with the model predictions.

The bottom three panels display the modeled ion energy, pitch angle, and gyro-phase spectra of PSDs, which are
in the same format as the corresponding observations in Figure 2. The energy spectrum in Figure 3f reveals a clear
PSD enhancement for ions above 10 eV. These energized ions are trapped across all pitch angles around the MH
center (Figure 3g). Adjacent to the boundaries, strong agyrotropy appears in Figure 3h, which is associated with
the ion azimuthal drift in the perpendicular plane (Figure 3e). Collectively, the signatures for the observed MH are
well reproduced by the kinetic equilibrium model, demonstrating the self-consistency and stability of ion-scale
MH in the solar wind.

4. Discussions

We have investigated an ion-scale MH event in the solar wind with detailed ion distribution measurements. This
MH exhibits quasi-isotropic ion distributions at its center, in contrast to the typically anisotropic distributions in
the solar wind. The observations also differ from the pancake pitch angle distributions reported inside magne-
tosheath MHs, suggesting that MHs follow distinct evolutionary pathways in different plasma environments
(Li et al., 2020). The discrepancy is possibly associated with the deep MH, which has a large loss cone spanning
from 0° to 180° in this event, leading to significant trapping. As the magnetic field strength approaches zero,
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Figure 3. Comparison between model results and solar orbiter observations. The solid lines denote the virtual spacecraft
observations, while the actual observations are shown as dashed lines. (a) Magnetic field. (b) Number density.

(c) Temperatures, including the modeled ion temperature (black solid line) and observed ion perpendicular (black dashed
line) and parallel temperatures (blue dashed line). (d) Pressures, including magnetic pressure (P, black), ion thermal
pressure (P;, blue), electron thermal pressure (P,, red), and total pressure (P,, green). () Y Component of ion bulk velocity. (f~h)
Modeled ion energy, pitch angle, and gyro-phase spectra of phase-space densities in the same format as Figure 2.

particles become largely decoupled from magnetic control and tend toward an unmagnetized state, a regime of
particular interest for investigating formation and evolutionary processes. Another possible mechanism is the
field line scattering process, which can also contribute to the quasi-isotropic distribution (Richard et al., 2023). In
this event, the ion gyroradius at the MH center exceeds the spatial scale of the structure, so the ions experience
strong magnetic field gradients during gyration, which perturbs their magnetic moments (Treumann et al., 2004).
Additionally, the deviation between the parallel magnetic field component B, and the total magnetic field strength
B, (see Figure 1b) and the measurement uncertainties indicate an abrupt change in magnetic field direction near
the MH center, leading to possible scattering by the field curvature (Biichner & Zelenyi, 1989; Richard
et al., 2023). Thus, the trapping and scattering effects can both contribute to the observed isotropic and gyrotropic
ion distributions, but distinguishing their corresponding contributions requires multi-spacecraft observations.
Notably, in both mechanisms, the extremely low magnetic field of 0.15 nT plays a crucial role in significantly
affecting ion dynamics. Therefore, understanding how such a deep magnetic depression forms and what de-
termines the evolutionary paths in different environments are important directions in the future.

The ion energy spectrum indicates that the temperature increase arises from accelerating ions with energies below
10 eV up to around 100 eV. This acceleration may be related to the MH formation and evolution processes. In situ
observations have demonstrated the shrinking evolution of sub-ion MHs (Liu, Zong, Zhang, Sun, et al., 2019),
which are accompanied by the azimuthal electric fields. As the electron gyroradius becomes comparable to the
structure size, electrons can be accelerated during their gyromotion by the shrinking sub-ion MH (Liu
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etal., 2020). By analogy, electric fields within ion-scale MHs may be critical to impacting ion dynamics, although
further detailed observations and simulations are necessary to confirm this.

Ion-scale MHs may also influence energy dissipation at electron scales. In the terrestrial magnetosheath, electrons
are preferentially heated in the perpendicular directions, forming an anisotropic distribution and thereby exciting
whistler waves (Kitamura et al., 2020; Yao et al., 2019). In contrast, Solar Orbiter observations reveal a high
occurrence rate of Langmuir waves inside ion-scale MHs in the solar wind, indicating an interaction with strahl
electrons (Boldi et al., 2023; Briand et al., 2010; Liu et al., 2025). Thus, the ion-scale MHs in different plasma
environments can impact distinct electron populations. On the other hand, since the electron temperature is
generally greater than the ion temperature in the solar wind, electron thermal pressure makes a significant
contribution to the total pressure. Therefore, the electron distribution is critical for the stability of ion-scale MHs
in the solar wind.

5. Conclusion

In summary, we use Solar Orbiter observations to investigate ion dynamics within an ion-scale MH in the solar
wind. We find that the MH is accompanied by an ion vortex, which is generated by the ion diamagnetic drift and
drives the agyrotropy appearing at the MH boundaries. Notably, we observe energized ions inside the MH, as
evidenced by significant PSD enhancements for the ions with energies exceeding 10 eV in the solar wind frame.
As the magnetic field strength diminishes toward zero, the ion temperatures are increased simultaneously in both
perpendicular and parallel directions, generating quasi-isotropic distributions. Subsequently, we employ a kinetic
equilibrium model to reconstruct the MH, which matches well with the actual observations, supporting the
interpretation that ion-scale MHs are self-consistent, stable structures in the solar wind. The agreement between
the equilibrium model and observations explains why these ion-scale structures can be widely observed in the
solar wind. Moreover, this self-consistent model provides a useful framework for future investigations of the
formation mechanisms, evolutionary processes, and connections to ion energization.
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