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Because solar wind plasma flow transports the entire spectrum of magnetic field
fluctuations (from low-frequency inertial range to electron kinetic range), it is a
natural laboratory for plasma turbulence investigation. Among the various wave
modes and coherent plasma structures that contribute to this spectrum, one of
the most important solar wind elements is the ion-scale solar wind discontinuities.
These structures, which carry very intense current, have been considered as a
free energy source for plasma instabilities that contribute to solar wind heating.
Investigations of such discontinuities have been mostly focused on their magnetic
field signatures; much less is known about their role in scattering of energetic ions. In
this study, we consider an observational-based model of ion dynamics and scattering
in force-free rotational magnetic discontinuities. Focusing on quantification of the
scattering effect, we demonstrate that the background sheared magnetic field plays
an important role in determining the efficiency of pitch angle scattering. We provide
a model including statistical properties of solar wind discontinuities and providing
estimates of ion scattering rate.

1 Note

This document and the accompanying website contain outdated information. Please refer
to the published paper for the accurate and updated information.

Introduction

The transport of energetic particles within the heliosphere is significantly influenced by the
turbulent magnetic field present in the solar wind [Giacalone and Jokipii, 1999, Pucci et al.,
2016]. Rather than being a simple superposition of random fluctuations, these turbulent fields
exhibit a structured nature, frequently observed in solar wind data in the form of current
sheets, discontinuities, Alfvén vortices, magnetic holes, and other coherent structures [Perrone
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et al., 2020, 2016]. These structures arise from nonlinear energy cascade processes [De Giorgio
et al., 2017, Meneguzzi et al., 1981] and play a critical role in modulating particle transport.
Specifically, current sheets—often manifesting as rotational discontinuities—act as efficient
scatterers in collisionless plasmas [Artemyev et al., 2020, Malara et al., 2021]. Understanding the
interaction between energetic particles and such coherent structures is essential for accurately
modeling particle transport in the heliosphere [Desai and Giacalone, 2016] and has fundamental
implications for particle acceleration at interplanetary shock waves [Lee and Fisk, 1982].

Despite extensive research on solar wind turbulence, the quantitative impact of coherent
structures on particle transport remains insufficiently explored. Previous studies have primarily
focused on idealized turbulence models [Giacalone and Jokipii, 1999, Matthaeus et al., 2003],
often neglecting the specific role of coherent structures such as current sheets. This study aims
to bridge this gap by providing a detailed analysis of particle interactions with current sheets
using a simplified analytical model of the magnetic field configuration, incorporating realistic
statistical parameters derived from solar wind observations at 1 AU. By leveraging an exact
Hamiltonian formulation that accounts for the rotational effects of the magnetic field, alongside
test particle simulations, we investigate the evolution of particle pitch angle and the statistical
long-term behavior of pitch-angle scattering across different particle energies. This approach
allows us to extend prior works [see review about energetic particles modelling Whitman et al.,
2023, and references therein| by incorporating realistic coherent structures.

The structure of this paper is as follows: In Section , we present a detailed description of the
magnetic field model and the fundamental equations governing particle motion. In Section ,
we introduce the concept of adiabatic invariance and discuss its violations due to separatrix
crossings. Section presents numerical simulation results and statistical observations of current
sheets in the solar wind. In Section , we analyze the long-term evolution of particle pitch
angles due to multiple scatterings by current sheets. Finally, a discussion and conclusions are
provided in Section .

Basic Equations

We assume the following 1-D force-free magnetic field configuration where B depends only on
the z coordinate:

B = B(cosf e, +sinf(sin p(2) e, +cosp(z) ey))

where B is the magnitude of the magnetic field, 8 is the azimuthal angle between the normal
B, = Bcosf e, = B, e, and the magnetic field. More specifically we assume the following
form, ¢(z) = Btanh(z/L), where L is the thickness of the current sheet and shear angle
is the half of in plane rotation angle w;,,. The transverse magnetic field component B, =
B, sinp(z) e, + B, cosp(z) e, rotates by an angle w,,, from —oc to +oo where B, = Bsin 0.
As an example, we present an observation from the ARTEMIS mission [Angelopoulos, 2011],



which captures a magnetic field transition consistent with our model. Figure 1 shows the
variations in B, 6, and ¢ across the current sheet. The transverse field rotates smoothly,
with ¢ following a hyperbolic tangent profile (note that time is linearly proportional to the
spatial coordinate z ~ v,,t where v,, is the solar wind velocity along the normal to the current
sheet surface), while # remains nearly constant near 7/2, indicating a small normal component
B,,. (A three-dimensional visualization of a typical current sheet magnetic field structure,

represented by the magnetic field line, together with three representative particle trajectories is
provided in Figure 5.)
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Figure 1: Example of a current sheet observed by ARTEMIS [Angelopoulos, 2011]. Top:
magnetic field in the current sheet Imn coordinate system [Sonnerup and Scheible,
1998] where [ represents the maximum variance direcction (B, = B,sing in our
model), m the intermediate variance direction (B, = B, cos ¢), and n the minimum
variance direction (B, = Bcosf). Here, B, and B represent the tangential and total
magnetic fields, respectively (see text for detailed definitions). Bottom: variations of
the azimuthal angle ¢ and the azimuthal angle € across the current sheet. Vertical
lines indicate the current sheet boundaries, and the horizontal line represents 7/2.
The analysis is based on magnetic field data with a 0.25-second resolution from the
Fluxgate Magnetometer [Auster et al., 2008].

The motion of a particle in such a field can be expressed in the Hamiltonian formalism as
follows:
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where A represents the magnetic vector potential, p is the canonical momentum. More
specifically, the magnetic vector potential A can be expressed in an exact integrable form:

Ay = LB f1(2)
A, =LB,fs(z) + 2B,
A =0
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We introduce a dimensionless Hamiltonian H = H/h by normalizing (z, z) = (L + c,, 5L)

and (p,,p,) = p(p,,p,) where p = LC& and h = %. Note that because 0H /dy = 0,
p, = const and we could let ¢, = ;]I;y to eliminate p,:
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It is important to note that this is an exact Hamiltonian of the particle dynamics. We do
not expand it near the neutral plane z = 0 like previous study employing the Hamiltonian
formalism [Artemyev et al., 2020]. This Hamiltonian also accounts for the rotational effect f.
By expanding the Hamiltonian near the current sheet to third order and assuming g =1, it
can be reduced to the form used in [Artemyev et al., 2020], where x = cotf. In this study,
we quantitatively investigate the influence of shear angle () and particle energy (E) on the
efficiency of pitch-angle scattering. For simplicity, the tilde notation over dimensionless variables
is omitted in the following discussion.

Adiabatic invariance and its violations at separatrix crossings

For discontinuities where B, /B, < 1, the variables (kx,p,) evolve significantly more slowly
compared to (z,p,). Assuming that z and p, are effectively frozen, the Hamiltonian describes
a periodic motion within the (z,p,) plane, governed by the effective potential energy U(z) =
H —p?. When variations in (kx,p,) occur on a timescale much longer than the fast oscillations
in (z,p,), the generalized magnetic moment I, = (2)~! § p.d=z is conserved as an adiabatic
invariant with exponential accuracy [Neishtadt, 2000].



This Hamiltonian supports two distinct types of ion motion in the (z,p,) plane, as illustrated
in Figure 2. In the left portrait, there are two potential wells, resulting in one or two possible
orbits in the (z,p,) plane depending on the value of H. In contrast, the right portrait represents
a case with only one possible orbit in the (z,p,) plane for a fixed H. As (kz,p,) evolve slowly,
the particle’s trajectory in the (z,p,) plane undergoes a gradual transformation. Transitions
between motion types can occur, accompanied by significant trajectory reconfigurations when
the particle crosses the separatrix. Near the separatrix, the instantaneous period of motion
increases logarithmically, diverging as the trajectory approaches it. When the timescales
of fast oscillations and variations in the control parameter become comparable, the particle
accumulates a nonvanishing change in the adiabatic invariant, resulting in a jump in 7, of
approximately ~ 1. This jump arises primarily from the geometrical destruction of adiabatic
invariance [Artemyev et al., 2020], and corresponds to the difference in areas enclosed by the
separatrix in the (z,p,) plane which is independent of k. Concurrently, the projection of the
particle’s phase point onto the (kz,p,) plane lies along the so-called uncertainty curve, which
demarcates regions corresponding to different types of motion in the (z,p,) plane.

Figure 2: Phase portraits of Hamiltonian at frozen (kx,p,) for 8 = 1: H values of each curve
are shown in the plot; kx = 4,p, = 1 in the left panel and kx = 0,p, = 0.5 in the
right panel.

Due to the symmetry of ion motion about the p, = 0 line, the potential energy U reaches a
local maximum along the z-direction at the saddle point z = z,,p, = 0 where two lobes connect.
At this point, the conditions OU/dz = 0 and §*U /02> < 0 are satisfied. These conditions
allow the expression of the slow variables along the uncertainty curve in the (kz,p,) plane
as functions of z.,. When a particle trajectory crosses the z = 0 plane, the crossing point is
confined within a circular region defined by (p, — f,(0))? + (kx + f5(0))? = 2H. The likelihood
of the trajectory intersecting the uncertainty curve is therefore proportional to the uncertainty
curve length L, , normalized by the square root of the particle energy, V/H, as illustrated in
Figure 3. For fixed H, L./ VH increases with 3, indicating higher scattering probabilities
at larger magnetic field rotation angles. Similarly, at a fixed 5, L./ VH increases with H,
suggesting that high-energy ions are more susceptible to pitch-angle scattering.



Figure 3: Density plot of the uncertainty curve length L,/ V/H as a function of 8 and normalized
particle energy H, overlaid with constant contour curves.

Test particle simulations

To quantitatively analyze how particles are scattered by solar wind discontinuities, we conducted
extensive test particle simulations using a dataset of solar wind current sheets at 1 AU. Since
the primary focus is on protons, the particle mass was set to m,, (proton mass) and the charge
to the elementary charge q. According to the dimensionless Hamiltonian, the critical current
sheet parameters influencing particle dynamics are the angles 6 and § = w,,,/2, along with
the parameter B,L, which appears in the dimensionless factor h = %. By applying a
simple transformation, B, = Bsin#, the key current sheet parameters become 6, w;,,, and

vy = QoL = qByL/(cm,), where Q) is the gyrofrequency associated with the magnetic field
BO.

Using data from the Wind mission, we compiled a dataset of 100,000 discontinuities. The
orientations of these discontinuities were determined using the minimum variance analysis
of the magnetic field (MVAB) method. Accurate orientation determination was crucial for
estimating the discontinuities’ thickness (L) and the in-plane magnetic field rotation angle (w,,),
both of which significantly influence ion scattering. To ensure reliability, only discontinuities
with A|B|/|B| > 0.05 or w > 60° were used in the following analysis, as these conditions
improve the accuracy of the MVAB method, as noted by Liu et al. [2023]. The two parameters
A|B|/|B| > 0.05 and w > 60° are independent of the discontinuity normal and can be calculated
directly from magnetic field data. Figure 4 shows 3D density plots of the azimuthal angle 6, the
in-plane rotation angle w;,,, and the logarithm of the characteristic velocity logv,, categorized
by whether the accuracy conditions are satisfied (left for not accurate, right for accurate).
Current sheets with accurately determined orientations typically have smaller azimuthal angles

6, indicating a smaller B,,, and moderate in-plane rotation angles w,,,. In contrast, current



sheets with potentially inaccurate normal orientations display larger 6 (larger B,,) and larger
w;,,- The most probable values observed in the distribution are a characteristic velocity (v,) of
approximately 500 km/s, an in-plane rotation angle (w;,) near 100 degrees, and an azimuthal
angle () around 85-95 degrees.
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Figure 4: 3D density plots of the azimuthal angle 6, in-plane rotation angle w,,,, and logarithm
of the characteristic velocity logv,. The left panel corresponds to cases where the
accuracy conditions are not satisfied, while the right panel represents cases where

they are satisfied.

For each magnetic field configuration, we initialize an ensemble of particles far away from the
current sheet center (i.e., with an initial 2 position satisfying [2,| > 6L + 27, where r, is the
gyro radius). The particles are uniformly binned in pitch angle (¢) from 0° to 180° in 180
bins of size Ao = 1°, with gyro phase (1)) uniformly sampled from 0° to 360° in 120 bins of
size Ay = 3°. In this simulation, the current sheet is consistently configured with a positive
B, component. Consequently, particles with an initial positive pitch-angle cosine u = cos«
(g < 90°; po > 0) are interpreted to originate below the current sheet (and move toward
the current sheet), while those with a negative cosine (o > 90°; p, < 0) are considered to
come from above it (and move toward the current sheet). The particle trajectories are then
numerically integrated until each particle fully exits the current sheet (|z(f)| > |zq| + 27,).
Figure 5 shows three representative particle trajectories in a typical magnetic field configuration
characterized by 8 = 75° and 6§ = 85°. All particles have the same initial pitch angle oy = 90°
and velocity v, = 8vg, but differ slightly in their initial gyrophases: ¢, = 163.3°,164.4°, and
165.6°. These cases illustrate distinct scattering behaviors: one particle exhibits a negligible
change in pitch angle, another undergoes a finite pitch-angle deflection, and the third is reflected
by the current sheet. For each trajectory, the final pitch angle a4 is recorded. These pitch
angles are then organized into bins to construct a transition matrix (TM), also known as a
stochastic matrix [Durrett, 2016], which represents the probability distribution of pitch-angle



changes resulting from a single particle interaction with the current sheet.
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Figure 5: Three particle trajectories (T1, T2, T3) with identical initial pitch angles (¢, =
90°) and velocity v, = 8vpg, but slightly different initial gyrophases (¢q =
163.3°,164.4°,165.6°) in a representative magnetic field profile (§ = 75°,0 = 85°).
The orange star marks the initial particle position. The black and gray lines represent
the magnetic field lines to which the reflected particle (T3) is initially and finally
attached, respectively, before and after interaction with the current sheet.

Figure 6 illustrates the transition matrix for 100 keV particles (velocity v, ~ 4000 km/s) under
four magnetic field configurations: (i) v, = 500 km/s, 6 = 85°, 5 = 50°; (ii) v, = 500 km/s,
0 = 85°, B = 75°% (iii) v, = 500 km/s, 8 = 60°, 8 = 50°; and (iv) v, = 4000 km/s, 6 = 85°,
B = 50°. Enhanced probability along the diagonal corresponds to weakly scattered particles
(Aa = a3 — ay = 0), while spreading around the diagonal reflects diffusive scattering. Large
pitch-angle jumps are represented by non-diagonal elements.

The transition matrix profiles for various current sheet configurations reveal that particle
pitch-angle evolution during multiple current sheet crossings is influenced by a combination of
weak /strong diffusion and large jumps. For instance, in current sheets with a typical shear
angle 8 = 50° and azimuthal angle § = 85° (configuration (i)), particles entering from above the
sheet (assuming positive B,,) often experience significant pitch-angle jumps or strong diffusion.
In contrast, particles entering from below the sheet typically undergo minimal pitch-angle
changes. Occasionally, interactions with current sheets having very large shear angles (8, e.g.,
configuration (ii)) or smaller azimuthal angles (6, e.g., configuration (iii)) result in enhanced
diffusion and the reflection of certain particles from the current sheet, indicated by a reversal
in the sign of cos «. For high-energy particles, interactions with current sheets of comparable
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Figure 6: Transition matrix for 100 keV protons under four distinct magnetic field configurations
(i) v, = 8vy, O = 85°, B = 50 (ii) v, = 8vy, 0 = 85°, B = 75°% (iii) v, = 8v,, O = 60°

P
B = 50°% and (iv) v, = vy, 0 = 85°, B = 50°.



characteristic speed (vy ~ v, configuration (iv)) are rare, with scattering occurring only weakly
and over a narrow range of pitch angles. The interplay between non-diffusive jumps and
continuous diffusive processes drives a dynamic evolution of the particle ensemble. Over time,
this leads to a broadened and redistributed pitch-angle profile, reflecting the statistical nature
of interactions with solar wind current sheets.

Long-term pitch angle evolution

Long-term modeling of particle pitch-angle distributions resulting from current-sheet scattering
involves simulating the dynamics of a large number of particles through multiple current-sheet
interactions over extended periods. To reduce computational time and complexity, we derive
a simplified probabilistic description of pitch-angle evolution for modeling energetic particle
transport under current-sheet scattering. The scattering process depends on the particle’s initial
conditions, (r,v), as well as the configuration of the current sheet, B. In the 1D model, these
initial conditions can be expressed in terms of z, F, o, and v,. Since our primary interest
lies in the pitch angle after the particle exits the current sheet, and the energy E, remains
constant in the absence of an electric field, the initial energy E, and position z (provided the
particle is sufficiently far from the center of the current sheet) can be omitted from further
consideration.

The final pitch angle, however, is highly sensitive to initial conditions (o), 1), where small
variations in the gyro phase can lead to significantly different final pitch angles [Malara
et al., 2021]. Therefore, the scattering process II : (o, 1,) — (aq, ;) is better represented
as a probabilistic transition p(aq|ag,II), with the probability derived through numerical
interpolation of the transition matrix. Here, II characterizes the current sheet configuration.
This probabilistic representation is further justified by the fact that the gyro phase depends on
the particle’s location and may undergo random shifts during the crossing of a current sheet.
Additionally, numerical integration methods, such as the Boris method, introduce a phase error
proportional to At, making the gyro phase less reliable. Thus, it is more appropriate to model
the gyro phase as a random variable. This probabilistic approach eliminates the dependence on
the gyro phase, instead focusing on the statistical relationship between the initial pitch angle
o and the final pitch angle o, as governed by the properties of the current sheets.

For particles with a specific energy, a weighted transition matrix (WTM) can be constructed
over the observed distribution of SWDs: p(a;|ag) = >_, p(ay|ag, IL;)w;, where the weight
w,; corresponds to the occurrence probabilities of specific SWD configurations. The WTM
accounts for the varying likelihoods of particles encountering SWDs with different properties
and encapsulates the overall probability of a particle undergoing a pitch-angle jump at 1 AU
due to interactions with an ensemble of SWDs.

As illustrated in Figure 7, the WTM for 100 keV protons at 1 AU shows a strong likelihood
of minimal pitch-angle changes, evidenced by the bright diagonal. Additionally, it highlights
significant probabilities associated with diffusive scattering, alongside a non-negligible likelihood
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Figure 7: Weighed transition matrix for 100 keV particles constructed from the observed
distribution of current sheet at 1 AU.
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of large pitch-angle changes. These large-angle jumps mainly arise from interactions with
current sheets whose characteristic scales (L) are comparable to or smaller than the gyroradius
of 100 keV protons. Such strong scattering cannot be adequately described by diffusion alone.
However, the stochastic difference equations described in Equation 1 allow direct application of
the WTM to simulate the long-term evolution of particle pitch-angle distributions:

Qi1 = W(an,i7§n,i> (1)

where n is the number of interaction (interaction with SWD), ¢ is the particle index within
the ensemble, and W(ozm, fm») determines pitch-angle change from the WIM and a given
random variable §,, ;, which is sampled from a uniform distribution.

Figure 8 illustrates two representative solutions of the dynamical pitch-angle mapping equation
derived from the WTM at 1 AU for 100 keV and 1 MeV protons. A key feature of the pitch-angle
dynamics is the occurrence of infrequent but substantial jumps, including rare, large-angle
changes that can lead to particle reflection from the current sheet.

However, directly incorporating stochastic difference equations and the WTM into classical
numerical schemes for transport-diffusion equations is a complex task. To facilitate comparison
with other scattering processes and enable the inclusion of SWD-induced scattering effects
in such models, we evaluate the effective scattering rate, D,,,. This rate acts as a global
diffusion coefficient, independent of the local pitch angle, since high-energy particles frequently
experience large pitch-angle jumps, leading to strong mixing. The scattering rate depends on
the particle energy and the WTM (i.e., the distribution of current sheets). Using the mapping
described in Equation 1 for an ensemble of particles, we calculate the evolution of the second
moment of the pitch-angle distribution for the ion energy range from 100 keV to 1 MeV for
current sheets at 1 AU:

N
My(n) = N"" Z(an,i —ag;)
i—1
N
My(n) = N Z(an,i —ag;)? — M{(n)
i—1

where M, (n) represents the mean shift in pitch angle, and M,(n) quantifies the spreading in
pitch angle. The function M,(n) increases linearly with the number of interactions with current
sheets before reaching saturation, where the pitch-angle distribution is adequately mixed. This
behavior is illustrated in Figure 9.

We fit M,(n) using an exponential model, My(n) = ¢ — aeP»n" where c is the saturated

second moment and a is the slope of the exponential fit. The derived scattering rates are
analogous to diffusion coefficients for pitch-angle scattering and can be directly incorporated
into transport-diffusion simulations. This approach provides a simplified yet effective means to
account for current-sheet-induced scattering in broader models of energetic particle dynamics.

12
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Figure 8: Examples of ion pitch angle scattering by solar wind discontinuities for 100 keV and
1 MeV protons.
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Figure 9: Mixing rates of particles as a function of interaction number (n) for different particle
energies (~100 eV, ~5 keV, ~100 keV, ~1 MeV). The mixing rate is characterized by
the second moment of the pitch-angle distribution, M,(n), quantifying the spreading
of particles in pitch-angle space.
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Conclusion

In this study, we have investigated the scattering of energetic particles by current sheets and
developed a model that incorporates the rotational effects 3, the magnetic field magnitude,
and the current sheet thickness L. Our findings indicate that current sheets characterized by
large rotation angles or relatively small characteristic velocities, defined as v, = q]iflL,
effectively scatter energetic particles. These scattering effects go beyond the conventional
diffusion framework, as large pitch-angle jumps lead to rapid particle mixing. Leveraging
extensive observations of solar wind current sheets at 1 AU, we have provided a statistical
estimate that quantifies the long-term scattering rate of energetic particles due to current

sheets.

can

In the heliosphere, the magnetic field strength decreases approximately with radial distance as
~ 1/r , while the current sheet thickness scales with the ion inertial length, which increases with
radial distance. Consequently, the characteristic velocity v, remains nearly constant with radial
distance, indicating that energetic particles will continue to experience significant scattering
by current sheets as they propagate through the heliosphere. The higher occurrence rate of
current sheets closer to the Sun implies an even more pronounced impact on the transport of
solar energetic particles.

These findings have significant implications for the dynamics of energetic particles in both
space and astrophysical plasmas. Efficient pitch-angle scattering plays a crucial role in particle
transport parallel to the magnetic field, as the parallel spatial diffusion coefficient is inversely
proportional to the pitch-angle diffusion coefficient. Enhanced pitch-angle scattering, therefore,
leads to shorter acceleration timescales in diffusive shock acceleration mechanisms. Observations
frequently reveal broad spatial distributions of solar energetic particles and the formation of
particle reservoirs [Cohen et al., 2021], suggesting either reduced diffusion rates along magnetic
field lines or highly efficient cross-field diffusion [Zhang et al., 2009]. The influence of current
sheets on parallel and perpendicular transport will be addressed in future work.

Data availability

The code and data used for the findings and figures in this study are available at https:
//github.com/Beforerr/ion scattering by SWD. ARTEMIS and Wind data are available at
NASA’s Space Physics Data Facility (SPDF) https://spdf.gsfc.nasa.gov.
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