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When a particle crosses a region of space where the curvature radius of the magnetic
field line shrinks below its gyroradius rg, it experiences a non-adiabatic (magnetic
moment violating) change in pitch angle. The present paper carries that observation
into magnetohydrodynamic (MHD) turbulence to examine the influence of intermittent,
sharp bends of the magnetic field lines on particle transport. On the basis of dedicated
measurements in a simulation of incompressible turbulence, it is argued that regions of
sufficiently large curvature exist in sufficient numbers on all scales to promote scattering.
The parallel mean free path predicted by the power-law statistics of the curvature
strength scales in proportion to r0.3

g �0.7
c (�c is the coherence scale of the turbulence),

which is of direct interest for cosmic-ray phenomenology. Particle tracking in that
numerical simulation confirms that the magnetic moment diffuses through localized,
violent interactions, in agreement with the above picture. Correspondingly, the overall
transport process is non-Brownian up to length scales � �c.

Keywords: astrophysical plasmas

1. Introduction

The transport of high-energy charged particles in magnetized, collisionless turbulence
is central to many topics of high-energy astrophysics and space plasma physics, e.g. it
governs the phenomenology of cosmic rays of all energies and on all scales (Berezinskii
et al. 1990; Zweibel 2017; Amato & Blasi 2018, and references therein), including that
of solar energetic particles (Oughton & Engelbrecht 2021, and references therein), just as
it controls the acceleration rate of particles in Fermi-type processes (Blandford & Eichler
1987, and references therein) or dictates the spatial profile of high-energy radiation around
powerful sources (HESS Collaboration et al. 2016; López-Coto et al. 2022; Liu 2022,
and references therein). Most of the phenomenology in those fields has relied on the use
of a quasilinear theory (QLT) description (Jokipii 1966; Hall & Sturrock 1967; Kulsrud
& Pearce 1969; Schlickeiser 2002) and its nonlinear extensions, e.g. Shalchi (2009) and
references therein. While attractive in its convenience and its phenomenological success
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2 Martin Lemoine

when compared with solar wind data (Bieber et al. 1994; Bieber, Wanner & Matthaeus
1996) or to numerical simulations of test particle propagation in synthetic wave turbulence
(Giacalone & Jokipii 1999; Casse, Lemoine & Pelletier 2002; Dundovic et al. 2020;
Mertsch 2020; Reichherzer et al. 2020), this general picture is known to be impaired by a
number of issues.

Within the wave turbulence paradigm, it is recognized that the inherent anisotropy
of MHD turbulence (Goldreich & Sridhar 1995, 1997) leads to the erasure of most
wave–particle resonances (Chandran 2000b), with the exception of those associated with
fast compressive modes (Yan & Lazarian 2002; Cho & Lazarian 2003; Beresnyak, Yan &
Lazarian 2011), although this last statement has itself been recently disputed (Kempski &
Quataert 2022). Furthermore, recent large-scale numerical simulations point to a picture
in which most of the fluctuation power is not concentrated in compressive eigenmodes but
rather, in low-frequency structures (Fu et al. 2022; Gan et al. 2022; Du et al. 2023), see
also Grošelj et al. (2019).

More importantly, developed MHD turbulence cannot be epitomized by a sum of linear
plane waves (e.g. Matthaeus et al. 2015; Vlahos & Isliker 2023), as is implicit to the
quasilinear framework and to the numerical simulations of synthetic wave turbulence
that seek to test it. One particular, key assumption that must be called into question is
that of random phased fluctuations. Figure 18 of Maron & Goldreich (2001) provides a
vivid illustration of that problem by comparing a snapshot extracted from a simulation
of incompressible MHD turbulence with its quasilinear analogue, namely that obtained
by switching to Fourier space, then randomizing the phases of the Fourier modes, then
switching back to configuration space. That exercise washes out the conspicuous coherent
structures of the MHD snapshot; for good reason too, as the rise of phase coherence, which
builds up through nonlinear interactions, the emergence of structures and the development
of intermittency are regarded as three symbiotic features of turbulence. Measurements
conducted in the solar wind support that picture, just as they reveal non-zero phase
coherence among the fluctuations (Hada, Koga & Yamamoto 2003; Koga et al. 2007,
2008; Sahraoui 2008; Nakanotani, Zhao & Zank 2023). Finally, because intermittency
increases toward small scales, the random phase approximation likely becomes worse for
low-energy (small gyroradius) particles.

Those observations bring into question the role that such structures can play with regards
to spatial transport.1 The present study seeks to examine this issue and it argues, in
particular, that the sharp bends of magnetic field lines, which – see below – abound on
all scales in MHD turbulence, can provide an efficient source of pitch-angle scattering.
The argument is in itself rather simple and it can be formulated as follows. As recalled in
§ 2, a particle of gyroradius rg crossing a bend of the magnetic field with curvature radius
� rg sees its magnetic moment vary by an order of unity, entailing a comparable change
in the pitch angle. That effect has received a lot of attention in magnetospheric plasma
physics, see e.g. Gray & Lee (1982), Birmingham (1984), Chen & Palmadesso (1986),
Whipple, Northrop & Birmingham (1986), Büchner & Zelenyi (1986), Anderson et al.
(1997), Delcourt, Zelenyi & Sauvaud (2000) or Artemyev et al. (2013), where it is often
referred to as ‘magnetic field line curvature scattering.’ Interestingly, magnetic moment
violation through localized interactions with regions of weak, tangled magnetic fields has
also recently been observed in a numerical model of a tokamak (Escande & Sattin 2021).
In a turbulent plasma, if one were to rely on the scaling of two-point functions only, e.g. the
magnetic power spectrum, one could argue that such structures do not exist on the relevant

1Meanwhile, velocity structures – rather than waves – have long been regarded as potential agents of diffusion in
momentum space (e.g. Fermi 1949; Bykov & Toptygin 1983; Ptuskin 1988; Kuramitsu & Hada 2000; Chandran & Maron
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scales (as discussed further below). However, such fluctuations are strongly intermittent, so
much so in fact that the extended power-law tails of their probability distribution functions
(p.d.f.s) provide sufficiently many structures to sustain scattering. This is demonstrated
here through direct sampling in a numerical simulation of incompressible MHD without a
mean field (§ 3). These results are summarized and discussed further in § 4.

Shortly after the present paper was submitted, similar considerations regarding the role
of magnetic bends on particle transport have been reported by Kempski et al. (2023).

2. Particle transport in intermittent turbulence
2.1. Perturbations along field lines

Throughout, the particle gyroradius rg is regarded as small compared with the coherence
scale �c of the turbulence and the turbulence is assumed magnetostatic, meaning that
the characteristic eddy velocity 〈δu2〉1/2 � v, with v = |v| the particle velocity. To
describe transport in a turbulence of structures, it is best to break the cascade into three
different intervals of length scales l, as commonly done: the short-scale modes l � rg, the
large-scale ones l � rg and the resonant modes l ∼ rg. Short-scale modes will be found
to exert a negligible influence, while large-scale modes both regulate adiabatically the
evolution of the pitch angle of particles through mirroring effects (Cesarsky & Kulsrud
1973; Chandran 2000a; Malyshkin & Kulsrud 2001; Xu & Lazarian 2020; Lazarian & Xu
2021) and contribute to global transport through the random motion of field lines (e.g.
Jokipii 1971; Bykov & Toptygin 1993; Chuvilgin & Ptuskin 1993). The resonant modes
with l ∼ rg will provide a source of non-adiabaticity that leads to pitch-angle scattering.
Here, the notion of ‘resonant’ means that the mode length scale l ∼ rg and nothing else;
in particular, no gyroresonance to a plane wave.

In general terms, as a particle propagates along a field line, it experiences magnetic
perturbations of the form

b · ∇B ≡ mB + κBn, (2.1)

where b ≡ B/B (B ≡ |B|) represents the unit vector along the (total) magnetic field B.
Together with b, to which it is orthogonal, the unit vector n spans the osculating plane of
the field line. Both scalars κ and m carry the dimension of an inverse length scale; m ≡
B−1 b · (b · ∇)B characterizes the mirror force, while κ ≡ B−1|b × (b · ∇)B| measures the
local curvature of the magnetic field line.

The influence of large-scale modes l � rg can be followed in a guiding-centre
description. It then reduces to the mirror force in a magnetostatic turbulence, ∂tμ =
−v(1 − μ2)m/2, where μ ≡ v · b/v denotes the pitch-angle cosine of the particle. The
particle momentum p is exactly conserved in the magnetostatic approximation, while the
magnetic moment M ≡ (1 − μ2)p2/2B is conserved to order O(rg/l). The mirror forces
influence μ in an adiabatic manner, decreasing it in regions of increasing magnetic field
strength and vice versa. The overall process can lead to spatial diffusion, but it should not
lead by itself to a scaling of the mean free path with rg, given that the dominant effect is
tied to the largest length scales on which most of the turbulent power is concentrated.

Unlike mirror-type fluctuations, field line curvature κ is absent of both QLT and
guiding-centre formalisms, at least for magnetostatic turbulence. Finite-κ effects are
contained to some degree in a wave description, yet the magnitude of κ as predicted
by QLT turns out too modest on the scales of interest (namely l ∼ rg) to play any role,
see below. In the guiding-centre picture, κ contributes to perpendicular drifts leaving

2004; Arzner et al. 2006; Cho & Lazarian 2006; Isliker, Vlahos & Constantinescu 2017; Lemoine 2019, 2021; Bresci
et al. 2022; Lemoine 2022).
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the pitch angle unaffected because the corresponding modes on scales l � rg mostly
renormalize the mean magnetic field that a particle then follows adiabatically, see § 2.2
below. However, it has long been recognized in the community of magnetospheric plasma
physics that regions of sufficiently large curvature can lead to abrupt pitch-angle deflection
(e.g. Speiser 1965; Gray & Lee 1982; Birmingham 1984; Büchner & Zelenyi 1986, 1989;
Chen & Palmadesso 1986; Whipple et al. 1986; Anderson et al. 1997; Delcourt et al.
2000; Artemyev et al. 2013). That association with reconnecting current sheets provides
an explicit connection to structures and intermittency.

Further below, it will be argued that such regions of large enough curvature exist
in sufficient numbers to sustain parallel transport. Those regions emerge out of the
non-Gaussian, power-law tails of the p.d.f. of the curvature strength and they are therefore
directly related to the intermittent nature of the fluctuations. Being localized in space, they
act sporadically on the particle trajectory. To capture their influence, one must therefore
consider their p.d.f.s in their integrity, as measured in terms of strength and length scale;
see Lemoine (2022) for similar developments in the context of particle acceleration. For
the sake of simplicity, the discussion that follows focusses on such localized regions of
high curvature, leaving aside the possible role of small-scale mirrors. As both mirrors and
bends compose the perturbations seen along a field line – (2.1) above – the random fields
κ(x) and m(x) are likely correlated, so that, by tracing the regions of large curvature, we
will also trace those of intense, small-scale mirrors. As a matter of fact, regions of large
κ are commonly associated with low magnetic field strength, i.e. κ ∝ B−2 approximately
(Yang et al. 2019; Yuen & Lazarian 2020). The true physical cause responsible for jumps
in the magnetic moment associated with a loss of adiabaticity is that the particle crosses a
region in which the magnetic field is tangled on scales smaller than the particle gyroradius
and this likely occurs in a region where both κ and m are significant. A key difference
between κ and m, however, is that the former is always positive, while the latter can
take positive or negative values. As a particle crosses a wavepacket of mirror fluctuations,
both positive and negative contributions tend to cancel each other, weakening the overall
influence exerted on the particle. By contrast, a sharp bend of the magnetic field line will
impart a net effect on the particle trajectory. The detailed contribution of magnetic mirrors
on scales l ∼ rg and their interplay with curved magnetic fields is thus deferred to a future
study.

We make use of the short-hand notation κl(x), which characterizes the value of the κ

field on scale l at point x and which corresponds to the value that would be measured
at x by coarse graining the turbulence on scale l, meaning filtering out the scales < l.
In practice, we define κ(x) ≡ b · ∇b and κl(x) = Gl � κ , where the � symbol stands for
spatial convolution and Gl(x) = (2πl2)−3/2 exp(−x2/2l2) represents the coarse-graining
kernel. In weak turbulence, the power spectrum Pκl of κl can then be written to first order
in the perturbations in terms of the power spectrum of magnetic fluctuations PB through

Pκl(k) 	 1
B2

|G̃l(k)|2k2
‖PB(k). (2.2)

Here, B stands for the mean field strength on scales � l. The power spectra are normalized
via (2π)−3

∫
dkPB(k) = 〈δB2〉, with 〈δB2〉 the variance of magnetic field fluctuations,

and (2π)−3
∫

dkPκl(k) = 〈κl
2〉. The parallel wavenumber is defined as k‖ = k · B/B.

In the following, we write 〈κl〉 ≡ 〈κl
2〉1/2 for simplicity. The general scaling of the

characteristic curvature strength 〈κl〉 as a function of scale l can then be obtained
through direct integration of (2.2). For a Goldreich–Sridhar spectrum of the form PB(k) ∝
k−10/3

⊥ g(k‖/k2/3
⊥ k1/3

min), with g(x) a function concentrated in x ∈ [−1,+1] and of integral
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unity over R (Goldreich & Sridhar 1995, 1997), one obtains

〈κl〉 ∼ 〈δB2〉1/2

B

(
l
�c

)−1/3

�−1
c , (2.3)

up to a prefactor of the order of unity. One would obtain a similar result for the mirror
term on scale l, 〈ml〉. Those quantities are here written to first order in the perturbations,
neglecting intermittency effects. One nevertheless expects the above scaling 〈κl〉 ∝ l−1/3 to
remain approximately correct in the limit of large-amplitude turbulence, with the rescaling
B → 〈B2〉1/2, the latter quantity representing the total mean field on large scales.

This definition of the perturbation introduces two length scales, one being l of
course, the other κ−1

l or m−1
l (ml mirror term on scale l). Here, l is understood as the

characteristic length scale over which those scalars depart from zero in some region of
space. The dimensionless number mll then characterizes the magnitude of the magnetic
field perturbation at that point, while κll is related to the ratio of the curvature radius of the
perturbed magnetic field line to the length scale over which the perturbation exists. A value
κll � 1 indicates a weak perturbation of the field line, while κll � 1 rather corresponds
to a sharp cusp. The outcome of an interaction of a particle of gyroradius rg with a bend
of the magnetic field line thus depends on the relative hierarchy of the three length scales
rg, κ−1

l and l. Given that the characteristic fluctuation 〈κl〉 increases with decreasing scale,
and that particles are sensitive to modes with l � rg but insensitive to scales l � rg, one
can already anticipate that the maximum effect will result from interactions at l ∼ rg.

In the following, we focus on the evolution in time of the magnetic moment M(t), rather
than that of the pitch-angle cosine μ(t), because this allows us to isolate the contribution
of small-scale structures, which affect both M and μ, from that of large-scale mirrors,
which influence μ only (Kunz, Schekochihin & Stone 2014). At constant B, �M/M =
−μ�μ/(1 − μ2), therefore magnetic moment violation evinces pitch-angle scattering,
of course. Determining the mean free path to order-unity violation of M thus provides a
means to determine the mean free path to scattering by those regions of high curvature.

2.2. Interaction of a particle with a localized bend of the field line
To capture the role of curvature and coarse-graining scale, consider first the geometry
of a magnetic reversal across a current sheet, characterized by a Harris profile B =
B0{κl<tanh(z/l<), 0, 1}, including here a guide field along z (e.g. Büchner & Zelenyi
1986, 1989; Chen & Palmadesso 1986). The curvature takes its maximum value κ at
z = 0 and vanishes away from the current sheet on scales � l<. Yet, in such a profile,
the magnetic field line direction rotates by a finite angle θ across the sheet, with cos θ =
(1 − κ2l2

<)/(1 + κ2l2
<), so that the influence of the curvature persists on large length

scales � l<, i.e. the perturbation takes the form of a kink rather than a cusp. In effect,
coarse graining of the profile through a convolution with a Gaussian kernel of width
l � l< – nothing changes if l � l< – does not modify the overall profile substantially,
but renormalizes the length scales according to the substitutions l< → l and κ → κl</l.

In § 3 below, we extract the statistics of field line curvature from a numerical simulation
of incompressible MHD turbulence and categorize those statistics according to the
coarse-graining scale l. The presence of current sheets of width l< with a profile similar to
the above will be properly recorded on all scales l � l< with a coarse-grained curvature
properly rescaled. For the time being, however, we focus on a bend laid on a single
scale l. The above Harris profile can be modified to this effect, e.g. B = B0{1 + κll(z/l −
1)e−(z2/2l2), 0, 1}. Here, the curvature vanishes on (parallel) length scales � l, while at
z = 0, it takes value κl. Integrating the motion of particles in such a magnetic geometry
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(a) (b) (c)

FIGURE 1. Simple cartoon illustrating the interaction of a particle (trajectory in blue) with a
localized bend of the magnetic field line (in black), for three different cases: (a) small-scale mode
l � rg; (b) near-resonant mode l ∼ rg and κlrg � 1; (c) large-scale bend l � rg and κlrg � 1.
In (a), the particle crosses the perturbation ballistically while, in (c), the particle follows the
bend adiabatically; in both cases, the magnetic moment is approximately conserved, |�M̂| ≡
|M(t)/M(0) − 1| � 1; in (b), the interaction gives rise to substantial non-adiabatic evolution of
M, with |�M̂| ∼ O(1).

gives a behaviour illustrated in figure 1. We emphasize that this figure is a sketch, presented
for illustrative purposes only. The form and the shape of the bend may vary, but to the
extent that the physics is captured by the two scales κ−1

l and l, it captures the generic
behaviour. Namely, for l/rg � 1 (case a), the particle crosses the perturbation ballistically,
without suffering significant deflection, while in the opposite limit l � rg (case c), the
particle follows the field line adiabatically. In both cases, the normalized magnetic moment
M̂(t) ≡ M(t)/M(0) remains approximately constant. On the contrary, when l ∼ rg and
κlrg � 1, the interaction becomes non-adiabatic and |�M̂| ∼ O(1).

The variation of the magnetic moment of a particle that crosses a region of high
curvature κ , independently of the evolution of magnetic field lines on scales � 1/κ , is
captured by the analysis of Birmingham (1984) in the limit rg < l. The strength of the
interaction depends critically on the parameter max(κrg), because the magnetic moment
changes by an amount

�M
M

	 α cos Φ exp

[
− β

max
(
κrg

)
]

, (2.4)

with α, β coefficients determined in (21) of that reference, and Φ the particle gyrophase
at the location where B finds its minimum. The interaction thus becomes non-adiabatic
whenever max(κrg) � 0.1 and it can either reduce or increase the magnetic moment,
depending on the sign of the cosine factor. The exact value of the curvature does not
play a significant role provided it exceeds that threshold.

As will be shown in § 3, regions with curvature κll � 1 are rare, all the more so at small
scales l � �c, since 〈κll〉 ∝ l2/3 (2.3). Ignoring the statistics beyond the root-mean-square
(r.m.s.) 〈κl〉 as one would do in a quasilinear context, one would conclude that κlrg �
(l/rg)

−1/3(rg/�c)
2/3 � 1 for all l � rg, hence that curvature is everywhere weak and

negligible. However, once we consider the full extent of the statistics of κl (§ 3), we find
a non-vanishing probability of observing κlrg � 1, with a maximum for l ∼ rg. Regarding
small scales l � rg, their contribution can be ignored, because the gyromotion of the
particle leads to an effective coarse graining on scales rg.

To model the influence of high-curvature regions, we consider in the following a
simplified version of (2.4), namely �M/M = ±1 for particles such that max(κlrg) � 1,
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and �M/M = 0 otherwise. Since the local value of the gyroradius is what matters, in
particular its maximum at maximum curvature, it proves important to distinguish rg from
its mean value r̄g measured in the r.m.s. magnetic field strength 〈B2〉1/2. To this effect, we
introduce a renormalized curvature that incorporates the dependence on the local strength
of the magnetic field, as follows:

κ̂l(x) ≡ κl
〈B2〉1/2

B(x)
. (2.5)

Hence, for a particle of average gyroradius r̄g, defined with respect to the r.m.s. 〈B2〉1/2,
the product max(κlrg) 	 r̄g max(κ̂l).

3. Analysis of a direct numerical simulation of incompressible MHD

This section extracts and analyses the statistics of field line curvature from a direct
numerical simulation of incompressible MHD without guide field. This simulation
(hereafter referred to as JHU-MHD) is that made available for public use from the Johns
Hopkins University Turbulence Database2 (Eyink et al. 2013). Its spatial resolution reaches
1 0243, for a ratio of the coherence scale �c to the box size Lbox of �c/Lbox 	 0.14. In the
absence of a mean field B, such a simulation effectively mimics large-amplitude, nonlinear
turbulence with 〈δB2〉1/2 � a few × B, since in each coherence volume, the random
component defines an effective large-scale field that governs the physics on smaller
scales. Clearly, additional simulations sampling compressive driving, lower amplitude
δB/B and moderate or low β cases are warranted to gain a better grasp of the dependence
of the curvature statistics on particular physical conditions. Nonetheless, the apparent
mild dependence of the statistics of field line curvature on the physical set-up, recalled
further below, suggests that the present simulation suffices for the present discussion.
The turbulence in that simulation develops a strong cascade in the sense of Goldreich &
Sridhar (1995), as velocity and magnetic perturbations are comparable on the outer scale.
We may therefore expect the scaling 〈κl〉 ∼ l−1/3�−2/3

c to hold, at least approximately. A
sample of 24 000 particles have been tracked in a single time snapshot of the simulation
volume to follow the evolution of their pitch-angle cosine μ and magnetic moment M
in magnetostatic turbulence. Those particles have been injected at random places in the
simulation volume, with a single μ(0) = 0.5, gyroradius r̄g = 0.016�c and velocity v 	 c.
This gyroradius has been chosen to be as small as possible, while remaining in the inertial
range. The pitch-angle cosine μ(t) is defined with respect to the local magnetic field B(x)
measured at each point along the particle trajectory, not with respect to some reference
magnetic field.

3.1. Particle trajectories

Figure 2 presents a selection of four different histories of μ(t), M̂(t) and κ̂(t) measured
along particle trajectories. Those examples have been chosen because they are illustrative
of the different types of histories that can be observed in that simulation. That sample is
not meant to be representative, in the sense that one type of trajectories shown here may
be encountered more frequently than another. Figure 2(a) shows one example in which
μ(t) hardly evolves in time over 3 coherence lengths of the turbulence. The normalized
curvature κ̂ (orange line) does not take values larger than 	 0.2 here, and its variation takes
place on scales of the order of the coherence scale �c. The absence of noticeable variation
of M̂ is thus of no surprise. In panel (b), κ̂ undergoes excursions up to values slightly

2Available from: http://turbulence.pha.jhu.edu/Forced_MHD_turbulence.aspx.
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(a)

(b)

(c)

(d)

FIGURE 2. Examples of histories of the pitch-angle cosine μ(t) (solid purple) as a function of
time, drawn from the numerical simulation of incompressible MHD discussed in the text. In
green solid line, the variation of the normalized magnetic moment M̂(t) − 1 ≡ M(t)/M(0) − 1;
in orange, the log10 of the normalized curvature κ̂(x) ≡ κ(x)〈B2〉1/2/B(x) measured at each
point along the trajectories of those four particles. The gyroradius is such that 2πr̄g/�c = 0.1.

larger than unity, yet on scales � 0.2�c (judging from the full width at half-maximum),
significantly larger than r̄g. Those excursions do not impact M̂ significantly, up to a
slight quiver during the interaction. Nonetheless, μ(t) evolves strongly, if adiabatically
(�M/M ∼ 0) between the points of maximum κ̂ , which are likely associated with
large-scale magnetic mirrors. Panels (c,d) show particles crossing more active regions.
In (c), the magnetic moment undergoes two abrupt jumps, each of approximately ∼20 %,
at respectively ct/�c = 1.1 and 2.6. Interestingly, the variation in magnetic moment occurs
over a few gyroradii, as indicated by the oscillations, at locations where κ̂ reaches values
∼ 10. At those points, the conditions guaranteeing non-adiabaticity, see (2.4), l ∼ r̄g,
κ̂ r̄g > 1 are fulfilled. Outside of those regions, the particle seems to be influenced, here
as well, by large-scale mirrors. Finally, in panel (d), the particle undergoes one localized
violent interaction that leads to a large jump in magnetic moment, �M/M ∼ 1. Not visible
in this figure, the largest value of κ̂ is here of the order of 3 × 103 and the interaction takes
place over a few gyroradii, ensuring a non-adiabatic transition.

3.2. Statistics of the field line curvature
In numerical simulations, the curvature κ – as calculated without coarse graining – is
observed to be distributed as a broken power law (Schekochihin et al. 2001; Yang et al.
2019; Yuen & Lazarian 2020) with an index sκ ∼ 2 → 2.5 at large values of κ , for a p.d.f.
pκ ∝ κ−sκ . Interestingly, these studies have been performed in rather diverse conditions:
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(a) (b)

FIGURE 3. (a) Statistics of the curvature κl coarse grained on scale l (multiplied by l), as
measured through direct sampling in the JHU-MHD simulation, for various coarse-graining
scales, as indicated. Note that the y−axis shows xpκll(x) where x ≡ κll. The dotted line shows a
scaling pκll(x) ∝ x−2.5, for reference. (b) Same, for the normalized curvature κ̂l l. The dotted line
shows a scaling pκ̂ll(x) ∝ x−2.0, for reference. See text for details.

Yang et al. (2019) discuss two- and three-dimensional incompressible MHD as well
as two-dimensional kinetic simulations of large-amplitude turbulence (〈δB2〉1/2/B ∼ 1),
which yield sκ 	 2 in two dimensions and sκ 	 2.5 in three dimensions; Yuen & Lazarian
(2020) investigate compressible MHD turbulence with varying amplitudes to observe a
trend of slightly softer spectra with decreasing turbulence level; finally, Schekochihin et al.
(2001) examines a wholly different configuration, i.e. the sub-viscous range of high-Pm
turbulence, where the weak, small-scale magnetic field is stirred by a large-scale velocity
field; the observed index, sκ 	 2, agrees nicely with the theoretical model developed
therein. Quite remarkably, recent in situ measurements of the statistics of field line
curvature in the magnetosheath confirm those findings, in particular sκ 	 2.5 at large
curvature (Bandyopadhyay et al. 2020; Huang et al. 2020). That property thus appears
robust.

The coarse-grained variables κl span a family of distributions pκl
, each characterized

by the coarse-graining scale l. These distributions, more precisely the p.d.f.s of the
dimensionless quantities κl l (pκl l) and κ̂ll (pκ̂l l) are displayed in figure 3. They have been
obtained by direct sampling in the JHU-MHD simulation of incompressible turbulence,
as follows: for a given coarse-graining scale l, we extract at most (Lbox/l)3 data points
and at each point x, we compute κnum

l (x) = |bl × bl · ∇Bl|/|Bl| where Bl(x) denotes the
coarse-grained magnetic field on scale l at x; that quantity can be directly accessed using
the numerical tools of the database. Sampling variance implies that data on l ∼ �c (red
points in figure 3) display a substantial level of shot noise. The grid size �x also affects
the estimate, by introducing an effective maximal curvature scale κl ∼ 1/�x at all values
of l.

On scales l ∼ �c, the distribution of pκl l can be approximately described as Gaussian,
with a mean value 〈κll〉 ∼ 1, as could be expected on dimensional grounds. On smaller
length scales, the p.d.f.s develop power-law tails, signalling intermittency. For such broken
power-law distributions, the value of x = κll, where x pκll(x), finds its peak value provides
a fair estimate of 〈κll〉. That quantity is observed to scale approximately as predicted by
(2.3), i.e. (l/�c)

2/3. That mean value would provide a faithful description of the p.d.f. if the
latter were Gaussian, but it is not, and if one were to measure higher-order moments, they
would depart sharply from Gaussian scalings. At large values, the statistics of κll indeed
follow an approximate power law pκl l ∝ (κll)−2.5, while that of the normalized curvature
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κ̂ll is harder, roughly pκ̂ll ∝ (κ̂ll)−2.0. This is not surprising because κ̂l ≡ κl〈B2〉1/2/B, and B
and κl are anti-correlated (Yang et al. 2019; Yuen & Lazarian 2020). This anti-correlation
between κl and B formalizes the intuition that magnetic field tension opposes the stretching
and folding motions that would push the curvature to large values, i.e. that it is easier to
bend a weak magnetic field than a strong one. More quantitatively, from κl ∝ B−2 and
pκl l ∝ (κll)−2.5, one derives κ̂l ∝ κl/B ∝ κ

3/2
l , hence pκ̂ll ∝ (κ̂ll)−2.0 indeed.

This observation finds a particular importance when one recalls that κ̂l, not κl, is the
quantity that governs the strength of the interaction of a particle of mean gyroradius r̄g
with a sharp bend of the magnetic field line. The apparent anti-correlation between κ and
B implies that particles see their gyroradius enlarged by a factor of a few or more when
interacting with a localized bend of the magnetic field, which relaxes the constraint to
achieve non-adiabatic interactions, κ̂ll � 1 at l ∼ r̄g, see (2.4).

Finally, those κ̂l statistics allow us to calculate the mean free path to magnetic moment
violation, by noting that the cumulative distribution function Pκ̂l l(> x) provides the filling
fraction of space where values κ̂ll > x can be found. Accordingly, the quantity l/Pκ̂l(> x)
defines the mean free path to interaction with one such region. Hence

λs ≡ l∫ +∞
1 dxpκ̂l l(x)

(
l ∼ r̄g

)
, (3.1)

determines the mean free path λs to interaction with order-of-unity variation of the
magnetic moment according to (2.4). That mean free path, which is measured along the
field line, neglects the influence of perpendicular drifts which, if sufficiently strong, might
move the particle out of the region on a crossing time ∼ l/v. This appears reasonable,
as the magnitude of the drift velocity is vD ∼ vrg/(3L) for a mode on length scale
L > rg, so that the corresponding perpendicular displacement is of order ∼ (l/L) rg/3 with
l ∼ rg < L. Such drifts nevertheless offer a potentially interesting source of perpendicular
transport on long time scales.

In the present description, the global transport of the particles is controlled by a complex
interplay of phenomena acting on different scales, in particular, confinement by large-scale
mirrors, magnetic diffusivity associated with the meandering motion of field lines and
scattering on highly curved regions. While the former two do not depend on particle
rigidity, the latter becomes increasingly important at low rigidities, suggesting that those
localized interactions that violate M and thus regulate parallel transport will also regulate
the general transport properties at sufficiently small rigidities. In effect, approximating pκ̂ll
via

pκ̂ll(x) ∼ 1
〈κ̂ll〉

(
x

〈κ̂ll〉
)−ακ̂

, (3.2)

with ακ̂ ∼ 2 at x � 〈κ̂ll〉, one obtains

λs 	 l〈κ̂ll〉1−ακ̂ ∼ r̄g
(
r̄g/�c

)2(1−ακ̂ )/3 ∼ �0.7
c r̄0.3

g . (3.3)

The first equality derives from the power-law approximation of pκ̂l l, while the second
makes use of (2.3) and the third further assumes α 	 2. This scaling is written as r0.3

g

and not r1/3
g to emphasize the uncertainty related to the value of α. A rigorous evaluation

of λs, based on its definition (3.1) and the statistics measured in the JHU-MHD simulations
(figure 3) confirms the above approximate scaling λs ∝ r0.3

g , see figure 4. It should be clear
that the above result has nothing to do with the usual quasilinear result λs ∝ r̄g[k〈|δBk|2〉]−1

at k ∼ r̄−1
g and 〈|δBk|2〉 ∝ k−5/3 (Berezinskii et al. 1990), even though it shares a similar
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FIGURE 4. Numerical evaluation of the mean free path for order-of-unity violations of the
magnetic moment through scattering, as defined in (3.1) and using the statistics of κ̂ll extracted
from the JHU-MHD simulation. This mean free path, written here in units of �c, is plotted as a
function of rigidity 2πrg/�c, using the correspondence l ∼ rg in defining the threshold beyond
which M̂ can change by an order-of-unity factor, as expressed by (2.4). The dotted grey line
indicates a scaling ∝ r̄0.3

g for reference.

scaling with momentum.3 Interestingly, in the conditions of incompressible, strong
turbulence of the JHU-MHD simulation, the quasilinear calculation predicts a very mild
scaling of λs with momentum (Chandran 2000b; Yan & Lazarian 2002).

It must also be emphasized that figure 4 does not constitute a measurement of the mean
free path to scattering vs rigidity by itself. It rather indicates what scaling one would
expect on the basis of the theoretical model proposed in § 2.2, given the p.d.f. of the
normalized curvature extracted from the JHU-MHD simulation. The following section
extracts, however, this mean free path for one value of the rigidity through particle tracking
in that same simulation.

3.3. Magnetic moment diffusion

Figure 5 presents the p.d.f. of M̂, as measured from the sample of particles propagated
through the turbulence volume. As indicated earlier, those particles have all been injected
with a unique pitch-angle cosine μ(0) = 0.5, a unique rigidity 2πr̄g/�c = 0.1, albeit at
different locations drawn at random; all particles are relativistic with v 	 c. The trajectory
of those particles has been followed for 3�c/c by integrating the equation of motion using
a Boris pusher, see Lemoine (2022) for details. Recalling that the length of the simulation
volume is Lbox 	 7�c, the particles cannot cross the simulation box during the integration.
Periodic boundary conditions are applied on all three sides of the simulation cube.

The p.d.f. shown in figure 5(a) broadens in time through the development of a power-law
tail. This signals encounters with intermittent, localized regions of high curvature. These
power-law tails are indeed reminiscent of those observed in the momentum distribution
of particles accelerated in strong turbulence, for which it was shown, on the basis of a
large deviation argument, that rare interactions of substantial energy gain generically lead
to power-law behaviour for the distribution, quite unlike a Brownian motion characterized

3Test particle simulations have been employed to test quasilinear theory in large-amplitude turbulence, and so far
provide conflicting results; while Casse et al. (2002) measures λs ∝ r1/3

g as in weak turbulence, a recent study rather
reports a Bohm scaling λs ∝ rg (Reichherzer et al. 2020).
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(a) (b)

FIGURE 5. (a) The p.d.f. of the normalized magnetic moment M̂ (times M̂) at various times, as
measured from the sample of particles propagated through the turbulence volume. All particles
are injected with a same pitch-angle cosine μ(0) = 0.5 and rigidity 2πrg/�c = 0.1. Although
the sampling noise becomes substantial at large excursions of M̂, the overall trend can be
properly captured thanks to the large number of bins. (b) Cumulativedistribution function for
|�M̂| = |M̂ − 1|, emphasizing the deviations of M̂ from its initial value (= 1). This cumulative
distribution function shows that, by ct/�c 	 2, approximately 20 %–30 % of particles have seen
their magnetic moment change by an order of unity or more. The slight glitch apparent at
|�M̂| = 1 results from the fact that M̂ is a positive quantity, which makes �M̂ bounded from
below by 1.

by frequent interactions of modest energy change, which rather lead to Gaussian type
distributions (Lemoine 2021).

Figure 5(b) presents the cumulative distribution function of |�M̂| ≡ |M̂ − 1|, to offer
a closer look on the statistics of the deviations of M̂. The connection between the p.d.f.
shown in the left panel and the cumulative distribution function is not straightforward,
because the p.d.f. derives from the sample of values of M̂ at a given time, while the
cumulative distribution measures the fraction of particles that have experienced a change
of M̂ by a given amount in the time interval [0, t]. This cumulative distribution function
shows that, by ct/�c 	 1, approximately 15 % of particles have suffered a order-of-unity
change in M̂; this fraction increases up to 	25 % at ct/�c 	 2.

Finally,figure 6 displays the evolution in time of the variance of the distribution shown in
figure 5(a), to probe the possible diffusive regime of M̂. While the values at early times are
dominated by numerical noise, associated with the narrow core of the distribution of M̂,
a clear diffusive regime sets in at ct/�c � 0.1 with a scaling regime 〈�M̂2〉 	 0.8ct/�c �
0.1, corresponding to a diffusion coefficient DM̂ 	 0.4c/�c. When translated into a mean
free path to M̂-violation, as λs, the corresponding value is 2.5�c, i.e. a factor of a few
larger than the theoretical value shown in figure 4 for that rigidity 2πr̄g/�c = 0.1. This
lends overall consistency to the picture presented here.

4. Summary and discussion

The present paper has examined the possibility that localized, intermittent regions
of highly tangled magnetic fields, in particular sharp bends of the magnetic field lines
characterized by the curvature κ ≡ B−1|b × (b · ∇)B|, can contribute to the scattering
of particles with gyroradius r̄g < �c (�c is coherence scale). The argument relies on the
observations that (i) a bend of large curvature κl > 1/rg (rg is the local gyroradius) laid
on a spatial scale l ∼ r̄g can induce an order-of-unity change in the magnetic moment
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FIGURE 6. Evolution of the variance of �M̂ in time, as measured from the sample of tracked
particles through the turbulence volume. The values at ct/�c � 0.1 are dominated by numerical
noise, whose magnitude is of the order of ∼ 0.1, while the transition to a diffusive regime
at ct/�c � 0.1 is manifest. The dotted line in that region indicates a linear (diffusive) scaling
〈�M̂2〉 	 0.8ct/�c.

of particles and that (ii) the extended (non-Gaussian) distributions of κl on all scales
l < �c, characteristics of the sharp gradients and coherent structures of MHD turbulence,
guarantee that such regions exist and abound. The statistics of κl (more precisely κ̂l, see
text), which have been extracted from a simulation of incompressible MHD turbulence
without a guide field, display a hard power-law tail pκ̂l l ∝ (κ̂ll)−2.0. When combined
with (i), this predicts a mean free path λs to magnetic moment violation of the form
λs ∼ �0.7

c r̄0.3
g (for 〈δB2〉1/2/〈B2〉1/2 ∼ 1). Net diffusion of the magnetic moment M has been

demonstrated by tracking particles for one value of the rigidity in the MHD simulation
and the inferred scattering frequency agrees, within a factor of a few, with the above. In
this picture, the pitch-angle cosine of particles (μ) evolves under the conjunct influence
of large-scale mirrors, which can modify μ by order unity on scales ∼�c while leaving M
unchanged, and of localized, violent interactions with sharp bends of the magnetic field
lines on scales ∼ r̄g, which affect both. The latter can be regarded as ‘resonant’, in the
sense that they are maximized at l ∼ r̄g, however, nowhere do we make reference to a
resonance with a travelling wave.

The main result of the present paper is thus to demonstrate that coherent structures, in
particular regions of high curvature, can play a key role in mediating particle diffusion
in magnetized turbulence. This provides ample motivation to extend the present model
toward a theory of transport based on interactions with intermittent structures, and
more work appears to be needed in that regard. In particular, one should explore the
statistics of κ̂l and related quantities in simulations of compressible turbulence with
varying amplitudes to better connect them to the main characteristics of the turbulence,
better characterize the topology of regions of large curvature as well as repeat the above
exercise of particle tracking using very high resolution simulations following e.g. Cohet
& Marcowith (2016). The present description of particle scattering also bears important
consequences for perpendicular transport, notably because the apparent anti-correlation
between large curvature and weak magnetic field strength implies that, while suffering
magnetic moment violating interactions, the particles are more likely to jump to a
neighbouring field line. Additionally, the strong perpendicular drifts imparted by those
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structures on scales > rg provide a new source of transport whose role deserves close
scrutiny.

With respect to phenomenological applications, it is interesting to note that the
stochastic process that describes pitch-angle evolution departs markedly from a Brownian
motion, and indeed, visual inspection of individual particle trajectories suggests that this
is the case; see for instance figure 2, which illustrates vastly different histories for different
particles over several �c. On asymptotic time scales, however, the process will eventually
converge to central-limit behaviour, meaning that the intermittency effects will eventually
blend in, leaving λs ∝ r̄0.3

g as the sole parameter governing the random walk. This appears
of direct interest to cosmic-ray phenomenology, which infers a similar mean free path
from the observed chemical composition, just as the former observation of non-Brownian
transport on short length scales may directly impact the phenomenology of cosmic-ray
halos around sources and their radiative signatures.

Acknowledgements

It is a pleasure to acknowledge insightful discussions with A. Marcowith, S. Xu and
E. Zweibel and to thank the referees for their detailed reports. The possibility to use
the resources of the JH Turbulence Database (JHTDB), which is developed as an open
resource by the Johns Hopkins University, under the sponsorship of the National Science
Foundation, is gratefully acknowledged.

Editor A. Schekochihin thanks the referees for their advice in evaluating this article.

Funding

This work has been supported by the ANR (UnRIP project, Grant No. ANR-20-
CE30-0030).

Declaration of interests

The author reports no conflict of interest.

REFERENCES

ABRAMOWSKI, A., AHARONIAN, F., BENKHALI, F.A., AKHPERJANIAN, A.G., ANGÜNER, E.O.,
BACKES, M., BALZER, A., BECHERINI, Y., TJUS, J.B. & BERGE, D. 2016 Acceleration of
petaelectronvolt protons in the Galactic Centre. Nature 531 (7595), 476–479.

AMATO, E. & BLASI, P. 2018 Cosmic ray transport in the Galaxy: a review. Adv. Space Res. 62 (10),
2731–2749.

ANDERSON, B.J., DECKER, R.B., PASCHALIDIS, N.P. & SARRIS, T. 1997 Onset of nonadiabatic particle
motion in the near-earth magnetotail. J. Geophys. Res. 102 (A8), 17553–17569.

ARTEMYEV, A.V., ORLOVA, K.G., MOURENAS, D., AGAPITOV, O.V. & KRASNOSELSKIKH, V.V. 2013
Electron pitch-angle diffusion: resonant scattering by waves vs nonadiabatic effects. Ann. Geophys.
31 (9), 1485–1490.

ARZNER, K., KNAEPEN, B., CARATI, D., DENEWET, N. & VLAHOS, L. 2006 The effect of coherent
structures on stochastic acceleration in MHD turbulence. Astrophys. J. 637 (1), 322–332.

BANDYOPADHYAY, R., YANG, Y., MATTHAEUS, W.H., CHASAPIS, A., PARASHAR, T.N., RUSSELL,
C.T., STRANGEWAY, R.J., TORBERT, R.B., GILES, B.L., GERSHMAN, D.J., et al. 2020 In situ
measurement of curvature of magnetic field in turbulent space plasmas: a statistical study. Astrophys.
J. 893 (1), L25.

BERESNYAK, A., YAN, H. & LAZARIAN, A. 2011 Numerical study of cosmic ray diffusion in
magnetohydrodynamic turbulence. Astrophys. J. 728 (1), 60.

BEREZINSKII, V.S., BULANOV, S.V., DOGIEL, V.A. & PTUSKIN, V.S. 1990 Astrophysics of Cosmic
Rays. Elsevier.

https://doi.org/10.1017/S0022377823000946 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377823000946


Particle scattering on sharp magnetic field bends 15

BIEBER, J.W., MATTHAEUS, W.H., SMITH, C.W., WANNER, W., KALLENRODE, M.-B. &
WIBBERENZ, G. 1994 Proton and electron mean free paths: the palmer consensus revisited.
Astrophys. J. 420, 294.

BIEBER, J.W., WANNER, W. & MATTHAEUS, W.H. 1996 Dominant two-dimensional solar wind
turbulence with implications for cosmic ray transport. J. Geophys. Res. 101 (A2), 2511–2522.

BIRMINGHAM, T.J. 1984 Pitch angle diffusion in the Jovian magnetodisc. J. Geophys. Res. 89 (A5),
2699–2707.

BLANDFORD, R. & EICHLER, D. 1987 Particle acceleration at astrophysical shocks: a theory of cosmic
ray origin. Phys. Rep. 154, 1–75.

BRESCI, V., LEMOINE, M., GREMILLET, L., COMISSO, L., SIRONI, L. & DEMIDEM, C. 2022
Nonresonant particle acceleration in strong turbulence: comparison to kinetic and MHD simulations.
Phys. Rev. D 106 (2), 023028.

BÜCHNER, J. & ZELENYI, L.M. 1986 Deterministic chaos in the dynamics of charged particles near a
magnetic field reversal. Phys. Lett. A 118 (8), 395–399.

BÜCHNER, J. & ZELENYI, L.M. 1989 Regular and chaotic charged particle motion in magnetotaillike field
reversals. 1. Basic theory of trapped motion. J. Geophys. Res. 94 (A9), 11821–11842.

BYKOV, A.M. & TOPTYGIN, I.N. 1983 Cosmic rays acceleration by large scale compressible and
incompressible motions of plasma. Intl Cosmic Ray Conf. 9, 313.

BYKOV, A.M. & TOPTYGIN, I. 1993 Particle kinetics in highly turbulent plasmas (renormalization and
self-consistent field methods). Phys. Uspekhi 36 (11), 1020–1052.

CASSE, F., LEMOINE, M. & PELLETIER, G. 2002 Transport of cosmic rays in chaotic magnetic fields.
Phys. Rev. D 65, 023002.

CESARSKY, C.J. & KULSRUD, R.M. 1973 Role of hydromagnetic waves in cosmic-ray confinement in the
disk. Theory of behavior in general wave spectra. Astrophys. J. 185, 153–166.

CHANDRAN, B.D.G. 2000a Confinement and isotropization of galactic cosmic rays by molecular-cloud
magnetic mirrors when turbulent scattering is weak. Astrophys. J. 529 (1), 513–535.

CHANDRAN, B.D.G. 2000b Scattering of energetic particles by anisotropic magnetohydrodynamic
turbulence with a Goldreich–Sridhar power spectrum. Phys. Rev. Lett. 85, 4656–4659.

CHANDRAN, B.D.G. & MARON, J.L. 2004 Acceleration of energetic particles by large-scale compressible
magnetohydrodynamic turbulence. Astrophys. J. 603, 23–27.

CHEN, J. & PALMADESSO, P.J. 1986 Chaos and nonlinear dynamics of single-particle orbits in a
mangetotaillike magnetic field. J. Geophys. Res. 91 (A2), 1499–1508.

CHO, J. & LAZARIAN, A. 2003 Compressible magnetohydrodynamic turbulence: mode coupling, scaling
relations, anisotropy, viscosity-damped regime and astrophysical implications. Mon. Not. R. Astron.
Soc. 345, 325–339.

CHO, J. & LAZARIAN, A. 2006 Particle acceleration by magnetohydrodynamic turbulence. Astrophys. J.
638, 811–826.

CHUVILGIN, L.G. & PTUSKIN, V.S. 1993 Anomalous diffusion of cosmic rays across the magnetic field.
Astron. Astrophys. 279 (1), 278–297.

COHET, R. & MARCOWITH, A. 2016 Cosmic ray propagation in sub-Alfvénic magnetohydrodynamic
turbulence. Astron. Astrophys. 588, A73.

DELCOURT, D.C., ZELENYI, L.M. & SAUVAUD, J.A. 2000 Magnetic moment scattering in a field reversal
with nonzero BY component. J. Geophys. Res. 105 (A1), 349–360.

DU, S., LI, H., GAN, Z. & FU, X. 2023 On the Interpretation of the Scalings of Density Fluctuations
from In-situ Solar Wind Observations: Insights from 3D Turbulence Simulations. Astrophys. J.
946 (2), 74.

DUNDOVIC, A., PEZZI, O., BLASI, P., EVOLI, C. & MATTHAEUS, W.H. 2020 Novel aspects of cosmic
ray diffusion in synthetic magnetic turbulence. Phys. Rev. D 102 (10), 103016.

ESCANDE, D.F. & SATTIN, F. 2021 Breakdown of adiabatic invariance of fast ions in spherical tokamaks.
Nucl. Fusion 61 (10), 106025.

EYINK, G., VISHNIAC, E., LALESCU, C., ALUIE, H., KANOV, K., BÜRGER, K., BURNS,
R., MENEVEAU, C. & SZALAY, A. 2013 Flux-freezing breakdown in high-conductivity
magnetohydrodynamic turbulence. Nature 497 (7450), 466–469.

FERMI, E. 1949 On the Origin of the cosmic radiation. Phys. Rev. 75, 1169–1174.

https://doi.org/10.1017/S0022377823000946 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377823000946


16 Martin Lemoine

FU, X., LI, H., GAN, Z., DU, S. & STEINBERG, J. 2022 Nature and scalings of density fluctuations of
compressible magnetohydrodynamic turbulence with applications to the solar wind. Astrophys. J.
936 (2), 127.

GAN, Z., LI, H., FU, X. & DU, S. 2022 On the existence of fast modes in compressible
magnetohydrodynamic turbulence. Astrophys. J. 926 (2), 222.

GIACALONE, J. & JOKIPII, J.R. 1999 The transport of cosmic rays across a turbulent magnetic field.
Astrophys. J. 520 (1), 204–214.

GOLDREICH, P. & SRIDHAR, S. 1995 Toward a theory of interstellar turbulence. 2. Strong alfvenic
turbulence. Astrophys. J. 438, 763–775.

GOLDREICH, P. & SRIDHAR, S. 1997 Magnetohydrodynamic turbulence revisited. Astrophys. J.
485, 680–688.

GRAY, P.C. & LEE, L.C. 1982 Particle pitch angle diffusion due to nonadiabatic effects in the plasma
sheet. J. Geophys. Res. 87 (A9), 7445–7452.

GROŠELJ, D., CHEN, C.H.K., MALLET, A., SAMTANEY, R., SCHNEIDER, K. & JENKO, F. 2019 Kinetic
turbulence in astrophysical plasmas: waves and/or structures? Phys. Rev. X 9 (3), 031037.

HADA, T., KOGA, D. & YAMAMOTO, E. 2003 Phase coherence of MHD waves in the solar wind. Space
Sci. Rev. 107 (1), 463–466.

HALL, D.E. & STURROCK, P.A. 1967 Diffusion, scattering, and acceleration of particles by stochastic
electromagnetic fields. Phys. Fluids 10, 2620–2628.

HUANG, S.Y., ZHANG, J., SAHRAOUI, F., YUAN, Z.G., DENG, X.H., JIANG, K., XU, S.B., WEI, Y.Y.,
HE, L.H. & ZHANG, Z.H. 2020 Observations of magnetic field line curvature and its role in the
space plasma turbulence. Astrophys. J. 898 (1), L18.

ISLIKER, H., VLAHOS, L. & CONSTANTINESCU, D. 2017 Fractional transport in strongly turbulent
plasmas. Phys. Rev. Lett. 119 (4), 045101.

JOKIPII, J.R. 1966 Cosmic-ray propagation. I. Charged particles in a random magnetic field. Astrophys. J.
146, 480.

JOKIPII, J.R. 1971 Propagation of cosmic rays in the solar wind. Rev. Geophys. Space Phys. 9, 27–87.
KEMPSKI, P., FIELDING, D.B., QUATAERT, E., GALISHNIKOVA, A.K., KUNZ, M.W., PHILIPPOV, A.A.

& RIPPERDA, B. 2023 Cosmic ray transport in large-amplitude turbulence with small-scale field
reversals. arXiv:2304.12335.

KEMPSKI, P. & QUATAERT, E. 2022 Reconciling cosmic ray transport theory with phenomenological
models motivated by Milky-Way data. Mon. Not. R. Astron. Soc. 514 (1), 657–674.

KOGA, D., CHIAN, A.C.L., HADA, T. & REMPEL, E.L. 2008 Experimental evidence of phase coherence
of magnetohydrodynamic turbulence in the solar wind: GEOTAIL satellite data. Phil. Trans. R. Soc.
Lond. A 366 (1864), 447–457.

KOGA, D., CHIAN, A.C.L., MIRANDA, R.A. & REMPEL, E.L. 2007 Intermittent nature of solar wind
turbulence near the Earth’s bow shock: phase coherence and non-Gaussianity. Phys. Rev. E 75 (4),
046401.

KULSRUD, R. & PEARCE, W.P. 1969 The effect of wave-particle interactions on the propagation of cosmic
rays. Astrophys. J. 156, 445.

KUNZ, M.W., SCHEKOCHIHIN, A.A. & STONE, J.M. 2014 Firehose and mirror instabilities in a
collisionless shearing plasma. Phys. Rev. Lett. 112 (20), 205003.

KURAMITSU, Y. & HADA, T. 2000 Acceleration of charged particles by large amplitude MHD waves:
effect of wave spatial correlation. Geophys. Res. Lett. 27 (5), 629–632.

LAZARIAN, A. & XU, S. 2021 Diffusion of cosmic rays in MHD turbulence with magnetic mirrors.
Astrophys. J. 923 (1), 53.

LEMOINE, M. 2019 Generalized fermi acceleration. Phys. Rev. D 99 (8), 083006.
LEMOINE, M. 2021 Particle acceleration in strong MHD turbulence. Phys. Rev. D 104, 063020.
LEMOINE, M. 2022 First-principles fermi acceleration in magnetized turbulence. Phys. Rev. Lett. 129 (21),

215101.
LIU, R.-Y. 2022 The physics of pulsar halos: research progress and prospect. Intl J. Mod. Phys. A 37 (22),

2230011.

https://doi.org/10.1017/S0022377823000946 Published online by Cambridge University Press

arXiv:2304.12335
https://doi.org/10.1017/S0022377823000946


Particle scattering on sharp magnetic field bends 17

LÓPEZ-COTO, R., DE OÑA WILHELMI, E., AHARONIAN, F., AMATO, E. & HINTON, J. 2022
Gamma-ray haloes around pulsars as the key to understanding cosmic-ray transport in the Galaxy.
Nat. Astron. 6, 199–206.

MALYSHKIN, L. & KULSRUD, R. 2001 Transport phenomena in stochastic magnetic mirrors. Astrophys.
J. 549 (1), 402–415.

MARON, J. & GOLDREICH, P. 2001 Simulations of incompressible magnetohydrodynamic turbulence.
Astrophys. J. 554, 1175–1196.

MATTHAEUS, W.H., WAN, M., SERVIDIO, S., GRECO, A., OSMAN, K.T., OUGHTON, S. & DMITRUK,
P. 2015 Intermittency, nonlinear dynamics and dissipation in the solar wind and astrophysical
plasmas. Phil. Trans. R. Soc. Lond. A 373 (2041), 20140154–20140154.

MERTSCH, P. 2020 Test particle simulations of cosmic rays. Astrophys. Space Sci. 365 (8), 135.
NAKANOTANI, M., ZHAO, L. & ZANK, G.P. 2023 Phase coherence of solar wind turbulence from the

Sun to Earth. Front. Astron. Space Sci. 10, 1161939.
OUGHTON, S. & ENGELBRECHT, N.E. 2021 Solar wind turbulence: connections with energetic particles.

New Astron. 83, 101507.
PTUSKIN, V.S. 1988 Cosmic-ray acceleration by long-wave turbulence. Sov. Astron. Lett. 14, 255.
REICHHERZER, P., BECKER TJUS, J., ZWEIBEL, E.G., MERTEN, L. & PUESCHEL, M.J. 2020

Turbulence-level dependence of cosmic ray parallel diffusion. Mon. Not. R. Astron. Soc. 498 (4),
5051–5064.

SAHRAOUI, F. 2008 Diagnosis of magnetic structures and intermittency in space-plasma turbulence using
the technique of surrogate data. Phys. Rev. E 78 (2), 026402.

SCHEKOCHIHIN, A., COWLEY, S., MARON, J. & MALYSHKIN, L. 2001 Structure of small-scale magnetic
fields in the kinematic dynamo theory. Phys. Rev. E 65 (1), 016305.

SCHLICKEISER, R. 2002 Cosmic Ray Astrophysics. Springer.
SHALCHI, A. 2009 Nonlinear Cosmic Ray Diffusion Theories. Astrophysics and Space Science Library,

vol. 362. Springer.
SPEISER, T.W. 1965 Particle trajectories in model current sheets, 1, analytical solutions. J. Geophys. Res.

70 (17), 4219–4226.
VLAHOS, L. & ISLIKER, H. 2023 Formation and evolution of coherent structures in 3D strongly turbulent

magnetized plasmas. Phys. Plasmas 30 (4), 040502.
WHIPPLE, E.C., NORTHROP, T.G. & BIRMINGHAM, T.J. 1986 Adiabatic theory in regions of strong field

gradients. J. Geophys. Res. 91 (A4), 4149–4156.
XU, S. & LAZARIAN, A. 2020 Trapping of cosmic rays in MHD turbulence. Astrophys. J. 894 (1), 63.
YAN, H. & LAZARIAN, A. 2002 Scattering of cosmic rays by magnetohydrodynamic interstellar

turbulence. Phys. Rev. Lett. 89 (28), 281102.
YANG, Y., WAN, M., MATTHAEUS, W.H., SHI, Y., PARASHAR, T.N., LU, Q. & CHEN, S. 2019 Role of

magnetic field curvature in magnetohydrodynamic turbulence. Phys. Plasmas 26 (7), 072306.
YUEN, K.H. & LAZARIAN, A. 2020 Curvature of magnetic field lines in compressible magnetized

turbulence: statistics, magnetization predictions, gradient curvature, modes, and self-gravitating
media. Astrophys. J. 898 (1), 66.

ZWEIBEL, E.G. 2017 The basis for cosmic ray feedback: written on the wind. Phys. Plasmas 24 (5),
055402.

https://doi.org/10.1017/S0022377823000946 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377823000946

	1 Introduction
	2 Particle transport in intermittent turbulence
	2.1 Perturbations along field lines
	2.2 Interaction of a particle with a localized bend of the field line

	3 Analysis of a direct numerical simulation of incompressible MHD
	3.1 Particle trajectories
	3.2 Statistics of the field line curvature
	3.3 Magnetic moment diffusion

	4 Summary and discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


