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Key Points:

e The focusing effect can result in a rippled peak intensity distribution of energetic particles in corotating interaction regions.

¢ The observed discrepancies in the radial variation of the particle peak intensity can be attributed to the structure of the solar wind.
e Spectral indices at different radial distances may be close in corotating interaction regions.
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Abstract: The effect of a tilted-dipole three-dimensional corotating interaction region (CIR) on the transport and acceleration of solar
energetic particles (SEPs) is studied. In this work, we discussed how the particle intensity longitudinal and radial dependence might be
influenced by the background structures. Moreover, we investigate how the spectral index distribution is modulated by the CIR structure.
We use the focused transport equation (FTE) to describe the propagation and acceleration of SEPs in a tilt-dipole 3D CIR, generated by
the high-resolution 3D magnetohydrodynamic (MHD) model. The forward stochastic differential method is used to solve the FTE. The
protons with the £7** spectrum from 0.5 to 15 MeV are injected uniformly at the heliographic equator of 0.15 AU. Physical quantities are
extracted along each interplanetary magnetic field (IMF) line to show the results. In the tilted-dipole CIR background, if injected from the
solar equator at the inner boundary, particles in the slow flow are transported to higher latitudes due to the extension of the IMF lines to
higher latitudes. The longitudinal patterns of the particles are dominated by the density of IMF lines. The focusing effect modulates the
longitudinal variation of the particle intensity and gives rise to new longitudinal intensity peaks. The adiabatic effect largely increases the
intensity fluctuation along the longitude. The structure of the solar wind can also lead to the difference of the index a in the empirical
function /.., = kR, describing the radial variation of peak intensity according to our simulation. Under the influence of the CIR structure,
the index a varies from 1.9 to 3.4 at 0.3—1.0 AU. The variation of the solar wind speed should be considered when estimating the radial
dependence of the SEP peak intensity. The spectra indices rise near the CIR boundaries and drop near the stream interface (SI). The
adiabatic effect makes the spatial variability of the spectral index larger. The spectral index could be similar at different radial distances in

the CIR structure.
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1. Introduction

During solar eruptions, sudden strong enhancement of the flux of
high energy particles from about 10 keV to a few GeV is occasionally
observed by particle monitors. These events are called Solar Ener-
getic Particle (SEP) events (Reames, 1999; Desai and Giacalone,
2016). Since SEPs affect not only technology but also human
health in modern society, it is important to study the propagation
and acceleration of SEPs. With the development of interplanetary
travel, it is necessary to predict the potential impact of SEPs on
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space crafts. Therefore, the spatial distribution and the time
evolution of SEPs has aroused interest from more and more
researchers.

The spatial variation of energetic particles has been studied by
multi-spacecraft measurements of SEP events. The longitudinal
distributions of the peak intensities in the impulsive events could
be approximated by Gaussian functions near 1 AU (Lario et al.,
2013; Richardson et al.,, 2014). Some research found that the longi-
tudinal distributions are generally asymmetric (He HQ and Wan W,
2017). The longitudinal distribution is also suggested to be Gaus-
sian distributions superposed with narrow peaks (fingers), but the
origin is not clear yet (Klassen et al., 2016). The radial dependency
of peak intensities /(R) is usually described by the functional form
Imax = kR%, where R is the radial distance. The index —a varied in a


http://www.eppcgs.org/
https://doi.org/10.26464/epp2024049
https://doi.org/10.26464/epp2024049
https://doi.org/10.26464/epp2024049

798 Earth and Planetary Physics  doi: 10.26464/epp2024049

wide range in the observations. It was found to be in a range of
—-5.5 to 4.5, with a median value of -2 for 4-13 MeV protons
(Kallenrode, 1997). Lario et al. (2006) found the index —a varying
from —2.7 (considering the absolute maximum intensities) to —2.1
(considering only maximum intensities without local enhance-
ments) for 4—13 MeV protons.

Numerical simulations have also been performed to understand
the physical processes underlying the spatial distribution. Accord-
ing to the numerical studies (He HQ and Wan W, 2015; Strauss and
Fichtner, 2015), which included perpendicular diffusion into a
numerical SEP transport model, the longitudinal asymmetry is
attributed to the asymmetry topology of the magnetic field and
the effects of perpendicular diffusion. Lario et al. (2007) solved the
focused-diffusion transport equation in the background described
by an Archimedean spiral magnetic field. They concluded that the
particle energy, the mean free path, and the duration of the particle
injection all contribute to the radial distribution. He HQ and Wan
W (2017) solved the five-dimensional Fokker-Planck transport
equation in a three-dimensional Parker field. They suggested that
the index —a in the function I,,, = kR™® mainly depends on the
separations between the sources and the magnetic field line foot
point of the observers.

In addition, the effect of large-scale solar wind structures has
received more and more attention. The Corotation interaction
region (CIR) is a typical large-scale structure in the interplanetary
space, formed when fast solar wind catches slow solar wind
(Smith and Wolfe, 1979). This configuration was found (Neuge-
bauer, 1962) and has been confirmed with numerous observations
(Richardson, 2004). In the earlier numerical studies, it is found that
the corotating solar wind structures could accelerate SEPs effec-
tively and modify the SEP intensity, energy spectra and anisotropy
(Kocharov, 2003; Kocharov et al., 2008, Tsubouchi, 2014). Recently,
three-dimensional Magnetohydrodynamic (MHD) simulations
were used to describe the background fields with complex inter-
planetary stream structures (Kocharov et al., 2009; Kozarev et al.,
2010). Wei WW et al. (2019) coupled the SEP with realistic solar
wind background and concluded that the multiple flux peaks in
the profiles are mainly caused by the magnetic focusing effect.
Wijsen et al. (2019b) coupled the SEP with a CIR background and
found that the intensity varies strongly along selected IMF lines
and the longitudinal intensity is highly asymmetric near the CIR.

More work is needed to understand how the solar wind back-
ground affects the spatial variation of energetic particles during
propagation. The Parker field is the most commonly used back-
ground for the solar wind in previous studies. The particle spatial
variation is usually attributed to the interplanetary diffusion or
seed populations (Lario et al., 2007; He HQ and Wan W, 2015;
Strauss and Fichtner, 2015; He HQ and Wan W, 2017). The effect of
the background construction on the spatial variation of energetic
particles requires further analysis with a 3D numerical back-
ground. In this work, we construct a dipole-tilted CIR with a three-
dimensional Magnetohydrodynamic (MHD) model and then
couple it to a particle transport model. In the 3D MHD model,
given the boundary conditions, the background physical quanti-
ties, such as solar wind velocity, magnetic field, etc., could be
obtained by solving the MHD equations with Corona-interplane-

tary Total Variation Diminishing (COIN-TVD) model (Feng XS et al.,
2003; 2007, Shen F et al., 2009). The particle transport model
describes particle propagation by solving the focused transport
equation (FTE) (Skilling, 1971; Isenberg, 1997; le Roux and Webb,
2009; Zhang M et al., 2009) with a time-forward Markov stochastic
method (Kopp et al., 2012; Bobik et al., 2016; Strauss and Effen-
berger, 2017). The background parameters in the FTE are
provided by the MHD model. We then use this model to investigate
the effect of large-scale background on particle intensity variability
in flare-only events (since the coronal mass ejections (CMEs) are
not included in the model).

The article is structured as follows. In Section 2, we introduce the
equations in our model and the numerical details. In Section 3 we
present the CIR background condition and discuss the CIR back-
ground effect on the SEP variation with longitude, the radial
dependence of proton peak intensities and the SEP spectra varia-
tion. A summary is given in Section 4.

2. Methods

2.1 MHD Model

The background is obtained by solving the ideal magnetohydro-
dynamic (MHD) equations with total variation diminishing
Lax—Friedrichs (TVD/LF) scheme (Feng XS et al., 2003; 2007, Shen F
etal., 2009). The MHD equations are as followed:

ap
d(pV) B BB |  pGM,
pn +V [(P+2“o 1+ pUU o |= 3 r+U-f (2
o8B
5+ (UB-BU)=0, B3)
%+V-(PU)=—(V—1)PV-U, @

where p is the mass density, U is the solar wind velocity, I is the
unit tensor, B is the magnetic field vector, r is the radial vector, P
is the thermal pressure, and y is the polytrophic index. The empiri-
cal y was derived to be 1.46 (Totten et al.,, 1995). f is the additional
fictitious force density introduced into the momentum equation
as a consequence of the coordinate transformation. We use
geometric meshes in the radial direction ranging from 0.35R, to
6.19R; (R, is the solar radius), with solution region from 0.1 to 10.0
AU. A six-piece grid system (Feng XS et al., 2010) was adopted on
the spherical surface with a spatial resolution of 1° x 1°.

We choose the potential field source surface (PFSS) model to
describe the corona magnetic field (Altschuler and Newkirk, 1969;
Schatten et al,, 1969). The polarity of interplanetary magnetic field
can be predicted very well by the PFSS model. Subsequent
magnetic field models are improved on this basis. In the PFSS
model, we assume that there are no currents above the photo-
sphere, therefore V x B = 0. The magnetic field can be written as
B=-Vy. Since V-B=0, we can obtain the Laplace equation
v2y = 0. The solution in the spherical coordinates for the domain
r = R, (R, is the solar radius) is
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n=1m=0

where P}(6) is Legendre Polynomials, gy and h; are harmonic
coefficients. g,, h, are dipole terms. g9 is the axial dipole term and
g1, h! are equatorial dipole terms. We choose different harmonic
coefficients to construct the coronal magnetic field. In this work,
in order to obtain a dipole field with a tilt angle between solar
rotation axis and dipole axis of about 35 degrees, we set
g):gi=2:1and h; =g; (/" =0and g]" =0 when /> 1).

The inner boundary is set at 0.1 AU. The inner boundary conditions
are given by empirical formulae (Shen F et al,, 2018). We use a
simplified WSA coronal solar wind model (Arge et al., 2003) to set
the radial velocity at the inner boundary (as shown in the left
panel of Figure 1):

U 0
U,: US+W|:’| —O.8exp(—a—zﬂ, (6)

where f, is the corona magnetic field expansion factor, 9, is the
minimum angular distance that an open field foot point lies from
a coronal hole boundary. We calculate £, and 8, from the coronal
magnetic field. a; adjusts the effect of £, and a, determines the
width of the low speed flow. U; is the minimum possible speed

. . 2
and U; determines the maximum speed. We set a; = =, a, = 2,

9
Us =294 km s~ and Us = 387 km s " in this work.

The radial magnetic field is assumed to be uniform at the inner
boundary. The influence of the current sheet on particles is not
included in this work.

Then the radial magnetic field is

B, = %meanwo)(umﬂ, @)

where mean(B,) is the average value of the observed magnetic
field at 1 AU. We set 1Fmean(BO) =4.0 nT in this work. The temper-
2

ature is
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where y = 1.46 is the polytrophic index. R, = 0.1 (the unit is AU) is
the inner boundary radius. The number density is
GMS)

R,
x[(U, + 50)(%(U, + 502+ G;ws W,

S

2, 1,2
N =No(1/Ry) U0(§U0+

where U, =750 kms™', G is the gravitational constant, M, is the
solar mass, R; is the solar radius (Feng et al., 2010). We set N, =
2.0 cm™>. The latitudinal and longitudinal solar wind speeds are

U = 0, Uy = —WRysin(6), (10)

where W is the solar rotation rate, R, is the radial distance of inner

boundary. The latitudinal and longitudinal magnetic fields are set
as

Ys

By =0, By = B, amn

The right panel in Figure 1 shows the snapshot of the radial solar

wind speed in the equatorial and meridional plane simulated with

our model. The magnetic field lines superposed are all with foot-

points on the solar equator. As shown in Figure 1, the magnetic

field lines are compressed in the longitudinal direction and stretch

northward and southward.

Since the magnetic field lines vary in latitude and longitude with
the radial distance, we examine the distribution along each
magnetic field line to present the results more clearly. We extract
the information of background and particles from each magnetic
line and mark each magnetic line with its foot point longitude ¢y,
(All the magnetic field lines we study are derived from the equato-
rial plane at 0.1 AU).

Figure 2 shows the physical quantities of the background
extracted along each magnetic field line as a function of heliocen-
tric radial distance. The left panel shows the reciprocal of focusing
length L' (see Section 2.2 in detail). The right panel shows the
divergence of the solar wind speed (V - U). Their pattern is similar
because of the assumption of the frozen-in field effect
(L' ==b-VInB =V - b since V- B = 0). The negative values in the
graph are the locations of the compression regions. A negative

Z (AU)

Figure 1. The left panel shows the inner boundary conditions of radial solar wind speed U, (km/s) used in this article. The right panel shows v, in
the heliospheric equatorial and meridional plane (from 0.1 AU to 5.0 AU) in this model, superposed with magnetic field lines.
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Figure 2. The left panel shows the reciprocal of focusing length L;' and the right panel shows the divergence of the solar wind speed.

value of V-U indicates that the particles can be accelerated adia-
batically, whereas a negative L;' value suggests that the particles
tend to be reflected back to the smaller radial distances.

We define the stream interface (Sl) as where the solar wind speed
(and the temperature) increases, the magnetic field (and the
number density) is compressed, and the total perpendicular pres-
sure (the sum of magnetic pressure and plasma thermal pressure
perpendicular to the magnetic field) peaks (Jian L et al., 2006). The
boundaries are where the pressure emerges from and decays
back to the background (Jian L et al., 2006). If the solar wind speed
increases, accompanied by simultaneous enhancements in
density and temperature, then the disturbance is a forward
compression; whereas the solar wind speed increases with
decreasing density and temperature in a reverse compression.
The corresponding structures of the magnetic field strength, the
reciprocal of the focusing length, the solar wind speed, etc., are
illustrated in the Fig. 1 of Kocharov et al. (2003).

2.2 SEP Model
We describe the particles with the phase-space distribution func-
tion f(x, p, u, t). We solve FTE to model its evolution.

The full FTE for the particle distribution function can be written as
(without the stochastic diffusion Dypr cross-field diffusion k; and
the drift velocity V,) (Skilling, 1971; Isenberg, 1997; le Roux and
Webb, 2009; Zhang M et al., 2009):

of o of dX du of dp of
=Dy - Ve e - — , 12
ot au Mau dt dtop  dtop 12
where,
dX
pri U+vub, (13)
dp _ [1-4° , 2 kp dU
E—— T(VU—beU)+ybeU p—TEb, (14)
du (1=’ p(1 - ) , 1- 12 du
P + 3 (V-U-3bb:VU)- —; E-b, (15)
where ;' = —b-VInB. X, p and p are the particle spatial location,

momentum and cosine of pitch-angle respectively. v is the particle
speed. D,, is the pitch-angle diffusion coefficient. b is the unit
vector of magnetic field. U is the solar wind velocity. The terms on
the right-hand side of Equation (12) describe the process of pitch-
angle diffusion, changes in spatial location, changes in pitch
angle, changes in momentum magnitude, and the source of the
particles, respectively.

Dy = Dovp (1 = i2){Iul™™" + h}k(x), (16)

where k(x) =
The constant h is introduced to help particles transport through
u=0insimulation. We set h =0.05, g = 5/3.

(B,/B)*, and g > 1 is the slope of the power spectrum.

The parallel mean free path is related to D, through:
v (1)
Ay = =— du. 17
=%, b, 7)

Similar to Droge et al. (2010) and Wijsen et al. (2019b), we set
constant radial mean free path )\f/ =0.3 AU for 4 MeV particles.
We consider neither the cross-field diffusion x, nor the drift
velocity V, in our model.

Equation (12) can be written as follows:
of a2 dX ) 0 [(%uw , du
e ( uuf) = Em +—|f
at dt 6/J u dt

a dp dX o [du d [dp
S (dtf)+[v ar 8u(dt)+ap(dt)]f+s'

S ula) sl

(18)

Since

8u ap
= (1= @A)V U+ (32— 1)bb : VU + E‘Z—U b (19)
__2dp_udu .
Topdt vdt
the Equation (18) can be written as:
of & dx
a_t_a_;ﬂ(D““f)_v (dtf) o0
9 [[ODu  du d (dp
- —|f f] = Lef
il )] 3 () es
2dp udu
where L = bdt +VE b is the loss term.

Note that the form of the Equation (20) is not "completely" conser-
vative. The remaining terms that cannot be included in the
conservative terms are included in the linear loss term L. We treat
these terms as linear losses in the transport processes. We then
solve the FTE by the time-forward stochastic difference equation
(SDE) (Kopp et al., 2012; Bobik et al., 2016; Strauss and Effen-
berger, 2017).

The corresponding forward SDEs are

Zhu YJ and Shen F et al.: SEP variations associated with a 3D CIR



dXx
dX = Edt'
dp
dp = Edt, (21)

where dw, describes the Wiener process. In the forward case,
there are two methods to release the pseudo-particles (Kopp et
al., 2012; Bobik et al.,, 2016). In the first method, the initial weight
of each pseudo-particle is set to a; = 1. The initial position and
time are determined by the rejection sampling from source or
boundary distribution function S(g,t) (normalized to unity). The
second method generates the initial positions and time according
to a specific distribution. The initial weights are set to aq; =
S(g,t)g”', where g is the generated distribution. For a uniform
distribution, g = 1. We use the second way to release the pseudo-
particles.

With the loss term Lg, the weight a; changes along the trajectory
following

a(nt) = aj(nt - 1)e_LF("t)dr, (22)

where dt is the time step and nt is the number of time step. If dt
doesn't change, we have

—Lg(nt)dt _

nt
aj(nt) = aj(nt— 1)e =aj(t=0)e" ZieLesdt) (23)

To obtain the results, we apply a binning procedure (Kopp et al.,
2012). Note that the FTE is written in the mixed coordinate (the
spatial coordinate is measured in the stationary frame while the
momentum and pitch angle are in the solar wind co-moving
frame), so does our binning procedure. We record the weight q;
passing through each of the bins, which can be defined in our
cases as

AbinX Abinx

_ Abiny Abiny

khmn,
IO = [ — > Xt —=—1xl=—==y+—==]
Ay, Ay A Ay
X[z = =3, 20+ 2521 x [ = =5, p + 3]
Jive! JAYS Apint Apint
X[Nn_ b2|nU,“n+ bzlnu]x[to_ t;n,to+ k;n ]

(24)

Because the time step dt may change with time and the result

should not depend on dt, for the same particle, we only calculate
Dpint Apint
—=, t,+

2 fo 2
Apint is larger than every dt and is not too large. The same pseudo-
particle may be counted several times in the same phase space
bin later. To increase the statistics, we average over a time period

dt. We choose 6t = MA,;,t, M € N.

once during the time period [t, —

1. We make sure

In the time-forward case, we follow the steps: Firstly, release the
pseudo-particles uniformly in the source areas. Set weight
a; = S(x;, yir zi pir W, t). Secondly, the trajectories of pseudo-particles
follow the forward SDEs (21). Weight a; changes along the path
following a;(nt) = a;(nt — 1), Thirdly, for each bin defined in
Equation (24), we record the weights a; of all the pseudo-particles
passing. Fourthly, we normalize the results to ensure that the
results do not change as the numbers of pseudo-particles
released (the sizes of the injection intervals) and the sizes of bins
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change. The normalized result in each bin can be expressed as
f(Xkr Yir Zhs Prms My to) =

DinjxinjyAinjzAinjpAinj it (25)

AbinXAbinyAbinZAbinpAbinP’ ’

N
2 ai(k I, h,m,n,0)
i=1

where A, is the injection interval. Finally, we average the results
over a time period &t = MAy.t, M € N

1
<flxyzppt)>= & g fXks Vi Zhy Py e to)- (26)

We then obtain the particle differential intensity (per unit of
kinetic energy) by

je =P holxy.zpt), 27)

where
1 1
fo = 5/1 fix v,z p, u, t)du. (28)

The anisotropy is calculated by
1 1
A=3 / 1 pfix,y, 2 p, w, t)du / / 1 fix.y.z p, p, t)du. (29)

The validation of our code is included in Appendix A.

3. Results and Discussion

We uniformly and isotropicly inject the protons from 0.5 to
15 MeV at the heliographic equator of 0.15 AU. The injection time
profile is assumed to be (Reid, 1964)

1 c
fo(t) = Qg?exp {—TT - %}, (30)

where . and 7, are the rise and decay timescales of the injection
time profile, respectively. Q, is the normalization constant. We fit
the profile after the event Parker Solar Probe (PSP) observed at
0.17 AU on DOY 094 of 2019 (see Leske et al,, 2020). The 1, is
assumed to be 0.21 days and the 1, is assumed to be 0.08 days
(Zhao LL et al.,, 2020). The spectral index for the power-law fits is
assumed to be —4.4. We use arbitrary units for the particle intensity
because the specific value of the particle intensity does not affect
our results in this work. The particles are uniformly injected at the
inner boundary. We propagate particles with and without adiabatic
cooling to investigate the effect of acceleration and transport on
particle distribution. In the cases without adiabatic cooling, Equa-

d
tion (14) is not included (i.e., @ _ 0) in the simulation. The radial

dt
mean free path is constant (A, = 0.3 AU for 4 MeV protons), and

the cross-field diffusion is not included. Since neither cross-field
diffusion nor velocity drift is included, particles move along a
single magnetic field line.

3.1 CIR Effect on SEP Variation with Longitude

3.1.1 The intensity of energetic particles

Figure 3 shows the particle intensity of corotating points varying
with time at 1 AU. In the rising phase, the intensity increases at a
similar rate. The peak intensity in the CIR (the green, yellow, and
purple lines) is higher than that outside the CIR (the dark blue,
light blue, and red lines). Moreover, the intensity inside the CIR

Zhu YJ and Shen F et al.: SEP variations associated with a 3D CIR
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Figure 3. The intensity-time profile for 1-10 MeV protons at 1 AU.
The lines with different colors represent the points at different IMF
lines. The legend labels are the foot-point longitudes of the IMF lines.

decreases more slowly. Specifically, the intensity in the IMF line
with @, ~ 270° decreases and then increases due to the accelera-
tion by the reverse compression wave.

Figure 4 shows the particle peak intensity varying with the longi-
tude at 1 AU. As we can see, several longitudinal peaks appear on
account of this solar wind structure. This result provides an expla-
nation for the concept of a rippled peak intensity distribution
suggested by Klassen et al. (2016). Klassen et al. (2016) suggested
a scenario of a Gaussian intensity distribution with narrow peaks
(fingers). They proposed that this is due to the extension of open
magnetic lines from the flare region into the interplanetary
medium. Our results suggest that solar wind structures may also
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Figure 4. The peak intensity of 1-10 MeV protons varying with
longitude at 1 AU.

be responsible for this pattern. The peak intensity distribution
does not show systemic east—west asymmetry due to the back-
ground structure, as discussed by He HQ and Wan W (2017). The
effect of the cross-field diffusion is not considered in our study.
The strong cross-field diffusion effect, which is not considered in
our study, may smear the variation. Nevertheless, we provide a
possible explanation for the variation in the observation.

Figure 5 shows the simulated solar wind speed, the number
density, the temperature, the magnetic field magnitude, and the
reciprocal of focusing length as a function of footpoint longitude,
together with the corresponding 1-10 MeV proton intensity and
anisotropy (in the descent phase of profiles in Figure 3). The physi-
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Figure 5. The radial solar wind speed (U,), the number density (N), the temperature (T,), the magnetic field intensity (|B|), the reciprocal of
focusing length (1;'), the particle intensity, and the anisotropy distribution at 1 AU (a) and 4.5 AU (b). In Panel (a6—7) and (b6-7), the blue and red
lines represent the results at 20 and 80 hours. The solid and dotted lines show the cases with and without the adiabatic effect.
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cal quantities in the background are the results when the MHD
simulation reaches a steady state. The left and right columns show
these quantities at heliocentric radial distances of 1.0 AU and 4.5
AU, respectively. The vertical dashed lines indicate the boundaries
(B1 and B2) and stream interface (Sl) of the CIR. The method to
define the boundaries and Sl is described in Section 2.1.

At 1.0 AU (Panel (a6-7) in Figure 5), for the case without adiabatic
cooling (the dotted lines), the variety of proton intensity at 20 and
80 hours along the longitude is consistent with that of the
magnetic field magnitude. Since particles are uniformly injected
at the inner boundary and move along the IMF lines, the particle
intensity increases where the magnetic field lines are compressed.
For the case with adiabatic cooling (the solid lines), the shape of
the intensity profile is similar to that without adiabatic cooling but
the variety becomes larger at 80 hours. An obvious dip forms near
SI (gg, ~ 290°) at 80 hours due to the spatial distribution of the
adiabatic cooling effect (the pattern of V - U is shown in the right
panel of Figure 2). The particles in the left IMF lines (¢, < 290°)
could be accelerated in the compressed region at larger radial
distances. The particles in the right (¢4, > 290°) experience less
adiabatic cooling effect within 1.0 AU. In this way, a dip is formed
near Sl. Wijsen et al. (2019b) also found a decrease in the Sl inside
the CIR in their simulation. They explained that the IMF lines at the
Sl do not intersect the compression or shock waves that bound
the CIR. The particles without the adiabatic cooling effect are
nearly isotropic at 1.0 AU. Our results show that the formation of
the dip is not exclusively attributed to the presence of the pair of
shock waves. The anisotropy with the adiabatic cooling is nega-
tive. The particles decelerate faster at smaller radial distances,
where the adiabatic cooling effect is stronger. As a result, more
particles in the same energy range come from larger radial
distances, and the anisotropy becomes negative.

At 4.5 AU (Panel (b6-7) in Figure 5), for the case without adiabatic

-2 T T T

Earth and Planetary Physics  doi: 10.26464/epp2024049 803

cooling, we note that the proton distribution at 80 hours is not
completely consistent with the profile of magnetic field magni-
tude. The intensity peak is on the IMF lines with ¢, ~ 263°, while
the magnetic field magnitude peak is on the IMF lines with
@, = 247°. Moreover, a new peak appears on the IMF lines with
@5, = 322°. We infer that it attributes to the focusing length since
the same seed particle population and radial mean free path is
assumed on each IMF line. Smaller or negative focusing lengths
could prevent particles from spreading to a larger radial distance
(the pattern of L; is shown in the left panel of Figure 2). More
particles remain and the intensity is greater on the IMF lines with a
smaller focusing length after 80 hours. For the case with adiabatic
cooling (the solid line), the profile remains a similar pattern but
the longitudinal variation range is much larger. The anisotropy
drops in the compressed region. On the one hand, the negative
focusing length may reflect the particle backward. On the other
hand, particles can be accelerated in the compressed region and
move back.

In general, the particle intensity is influenced by the density of the
magnetic field lines, the focusing effect, and the adiabatic effect.
The focusing effect can change the shape of the distribution of
particle intensity with longitude, and the adiabatic effect can
increase the fluctuation of particle intensity with longitude.

3.1.2 The spectra variation

Figure 6 shows the spectra index at 1 AU varying with the foot
point longitude. The spectral indices are obtained from a power-
law fit to 1-10 MeV protons. The lines with different colors repre-
sent the results at different times. The solid and dashed lines
represent the results with and without the adiabatic cooling
effect. In the absence of adiabatic cooling effects, the spectral
index increases with time in the IMF lines across the forward or
reverse compression region, while it decreases with time in the
IMF lines near the SI. This is because the negative focusing length

| B2

'
o

Spectra index
ey

-7 + | —— 6 h, with adiabatic effect
—— 30 h, with adiabatic effect

60 h, with adiabatic effect
—— 80 h, with adiabatic effect

60 h, without adiabatic effect
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180 200 220 240 260

280 300 320 340 360

Footpoint longitude (°)

Figure 6. The spectra indices along the longitude evolving with time at 1 AU. The solid and dotted lines represent the results with and without

adiabatic effect, respectively.
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in the compressed region preserves more particles with higher
energies at small radial distances. Due to the long focusing length
near Sl, the higher energy particles are transported faster to large
radial distances, and few returned during this period.

In the presence of adiabatic cooling effects, the pattern of the
evolution of the index with time is similar, except that the index
varies more with longitude. In IMF lines similar to the Parker field,
the index value is default due to the vanishing of higher energy
particles. The adiabatic cooling effect in the Parker field leads to a
decrease in particle energy, so that after 60 hours there are no
more particles in the higher energy bands. The larger variation is
mainly due to the compression acceleration effect on the higher
energy particles. Figure 7 shows the time profile for particles at 1
AU with different energies along the magnetic field line with
¢, = 200° and ¢, = 220°. The low energy protons decay at a similar
rate, while the high energy protons decay at a different rate. This
may be because the ¢g, = 220° Magnetic field line passes through
the compression region at 4-5 AU (see Figure 2), while the
¢, = 200° magnetic field line does not. On the ¢, = 220° magnetic
field line, the higher energy particles (7 MeV) accelerate in the
compression region and return to 1 AU. Therefore, the intensity of
the higher energy particles (the red dashed line) decreases more
slowly than those along the ¢g, = 200° magnetic field line (the
blue dashed line). The lower energy particles have not yet traveled
that far, or the accelerated particles have not yet returned. So the
lower energy particles are decaying at similar rates along the two
magnetic field lines (the solid lines). This makes the spectral index
different.

In order to clarify the acceleration effect of the background struc-
ture on the particles, Figure 8 demonstrates the energy change of
particles along different IMF lines. We injected pseudoparticles
with a certain initial energy (Eo) from the inner boundary at time
t = 0. The initial energy (Eo), the energy at 80 hours (E), and the
intensity of particles at 1 AU are recorded. We then plot the inten-
sity in the E/Eq—Ey coordinate. The x-axis is the energy injected (Eo).
The y-axis is the ratio of the particle energy at 1 AU after 80 hours
to its injected energy (E/Eo). The color represents the intensity

logarithmic scale (the values are marked on the lines). The dashed
black line shows the reference value of 1. The area above the
dotted curve is out of our statistical range (The energy cut-off of
our results is 10 MeV). Panel (a) shows the particle energy change
on the IMF line in the approximate Parker field (¢4, ~ 200°). The
particle energy at 80 hours is less than the injected energy due to
the adiabatic cooling effect. Panel (b) shows particles on the IMF
lines across the reverse compressed region (¢g, ~ 240°). The particle
energy can be accelerated up to twice the injected energy. Panel
(c) shows the conditions on the IMF lines across the forward
compression region (g, ~ 315°). The particle energy can be accel-
erated above the injected energy (above the dashed line in the
panel). The energy location at the peak value of intensity at 80
hours is about 70% of the injected energy. Our results are consis-
tent with the former observations (Richardson, 2004) and simula-
tions (Fisk and Lee, 1980; Wijsen et al., 2019a) that the particles at
1 AU can be accelerated to higher energy by the reverse shock
than the forward one.

We can infer that the index pattern can be formed by focusing
effects, because the negative focusing length in the compressed
region preserves more energetic particles. The adiabatic effects
can amplify the variation by accelerating or decelerating particles.

3.2 CIR Effect on SEP Variation with Radial Distance

3.2.1 The peak intensity of the energetic particles

Figure 9 shows the peak intensity varying along the heliocentric
radius in different longitudes at the solar equator. The particles
are injected at +15° in latitude at inner boundary to make sure the
particles at the solar equator are well connected to the uniform
source. The empirical function /..., = kR™® has often been used to
describe the peak intensity /,,,, Which varies with the radius of the
heliosphere. As shown in Figure 9, with the effect of the compres-
sion regions, the peak intensity can increase by more than an
order of magnitude compared to what the empirical power-law
function would expect. Since the peak intensity may not follow a
single power law at larger radius, we fit the radial distribution of
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108k .
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Figure 7. The time profile for particles at 1 AU with different energies along different magnetic field lines. The blue lines show profiles at
¢4, = 200° and the red lines show ¢, = 220°. The solid lines show profiles for 1.0—1.3 MeV particles and the dashed lines for 6.3-7.9 MeV particles.
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Figure 9. The peakintensity /,,,, of 1-10 MeV protons varying with
radial distance R in different longitudes at the solar equator.

the peak intensity with the empirical function within 1 AU. To test
whether this power-law empirical function is applicable in the CIR
background structure, we then extrapolated the intensity with the
empirical function using the obtained fitting value of a and the
simulated intensity at 1 AU. The relative deviation (ley; = lsim)/lsim
between the extrapolated result /., and the simulation result /g,
is calculated. If the relative deviation of any point along the
magnetic field line exceeds 60%, it is assumed that the power-law
dependence does not apply well at that longitude.

Figure 10 shows the value of a fitted in 0.3—1.0 AU (black circles)
varying with longitude, superimposed on the solar radial wind
speed at 1 AU (the blue dashed line). The longitude for which the
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Figure 11. The footpoints of magnetic field lines passing through points along the heliocentric radius from 0.3 to 1.0 AU (at 0.1 AU intervals) at

different longitudes, superimposed on the radial solar wind speed at the inner boundary (0.1 AU).

empirical function does not fit well are eliminated. Most of the
longitude could be described by a power law in 0.3-1.0 AU,
except for the region with the longitude of 270° < ¢ < 300°. The
value of a ranges from 1.9 to 3.4 at 0.3—1.0 AU. To explain the vari-
ation of a with longitude, the footpoints of different longitudes
superimposed on the radial solar wind speed at the inner boundary
(0.1 AU) are shown in Figure 11. The crosses of the same color
indicate the footpoints that are well connected to the points
along the heliocentric radius from 0.3 to 1.0 AU (at 0.1 AU inter-
vals) at the same longitude. The footpoint connected to a smaller
radial distance has a smaller longitude. The blue crosses indicate
the footpoints of longitude 210°. The solar wind speed at the foot-
points is nearly the same at different radial distances. The value of
a is about 2.8 at longitude 210°. The solar wind speed at the foot-
points increases with radius at longitude 190° and 310°. Particles
at larger radial distances are more affected by adiabatic cooling
and thus have lower intensity at larger radial distances. Therefore,
the value of a is larger at longitude 190° and 310°. Conversely, the
solar wind speed at the footpoints decreases with radius at longi-
tude 250°, and the value of a is smaller. In longitude 330° is a
rarefaction region where the particles are less modulated by adia-

batic cooling (Desai et al., 2020; Schwadron et al., 2021). Therefore
the dependence of the intensity on the radius is smaller, and the
value of a is smaller. The red crosses show the footpoints of the
longitude 290°. As the radial distance increases, the solar wind
speed at the footpoint decreases and then increases. The empirical
power-law formula may not be applicable due to the non-mono-
tonic variation of the solar wind speed with radius.

The experienced value of the index a varies in different observa-
tions. Verkhoglyadova et al. (2012) considered the effect of a trav-
eling shock and perpendicular diffusion and found that the
indices depend on the seed particle composition, the particle
energy, the shock obliquity, and the interplanetary turbulence
level. He HQ and Wan W (2017) simulated the particle transport in
a Parker field and the index a is about 1.7 on the IMF lines directly
connected to the particle resources. They pointed out that the
value of the index a primarily depends on the magnetic connection
status of the observers. Our result shows a variation from 8> to
R within 1 AU for 1-10 MeV protons (without local enhance-
ment). According to our results, we provide another explanation
for the difference of a in observations. The index a may have a
large range due to the structure of the solar wind, such as the
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CIRs. The empirical power-law formula may not be applicable
where the solar wind speed decreases to slow solar wind. The
value of a decreases in the rarefaction region and in the region
where the solar wind speed increases.

In addition, we investigated how a varies with particle energy.
Figure 12 shows the index a varying with particle energy at differ-
ent longitude within 1 AU. As shown in the figure, the index a
decreases with energy in the range of 1-10 MeV. This makes
sense because particles with higher energy move faster, and the
intensity peaks are less dependent on the heliocentric radial
distance. The index a becomes less dependent on particle energy
in the larger energy channel. The results of He HQ et al. (2017) also
suggest a weak energy dependence for high energy protons
(higher than 10 MeV). The energy dependence is stronger in the
lower energy channel (less than 3 MeV). Zhao LL et al. (2016)
found a significant modulation of sub-MeV/nucleon particles. Our
results are consistent with theirs.
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Figure 12. The value of index a varying with particle energy at
different longitudes within 1 AU.

3.2.2 The spectra variation

Figure 13 shows the index of the fluence spectra varying with foot-
point longitude at different radial distances. The fluence spectra
are integrated for 80 hours after particle injection. There is no
break in the spectra of 1-10 MeV protons. In the approximate
Parker field, the spectral index varies from —4.6 to —3.7 as the
radial distance increases from 0.5 AU to 3.0 AU. Fu S et al. (2022)
reported a SEP event in which the fluence spectral index for
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Figure 13. The proton (1-10 MeV) fluence spectral indices varying
with footpoint longitude at different radial distances. The spectra are
integrated over 80 hours after particle injection.
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protons (a few MeV) is ~1.34 at the near-Earth spacecraft and
~0.67 at TW-1 (TianWen-1) (~1.39 AU). Our results in the approxi-
mate Parker field also show harder spectra at larger radial
distances. In the CIR, however, the indices show a different variation
with radial distance, even though the mean free path is set to the
same value as in the approximate Parker field. Allen et al. (2021)
analyzed the energetic proton observed in the same CIR and
found that the indices at STA (~1 AU) and PSP (~0.5 AU) in the
high-speed stream are approximately the same. Many observations
(Joyce et al., 2021; Desai et al., 2020) indicate that the modulation
is much weaker than what is predicted by existing models (Fisk
and Lee, 1980; Zhao et al.,, 2016). Desai et al. (2020) believe that
the existing models overestimate energy losses due to adiabatic
deceleration. Schwadron et al. (2021) found that the sub-Parker
magnetic field configuration helps explain the weak modulation.
Although the seed populations in our simulations may be different
from those in the observations, our results show that the spectral
indices could be similar at different radial distances due to the CIR
structure. As is shown in Figure 13, the indices are similar from 1.0
AU to 3.0 AU in the region with ¢, ~ 270°. On the one hand, the
adiabatic cooling effect is smaller in the region affected by the CIR
(see the left panel in Figure 2). On the other hand, the compression
region may accelerate the particles during propagation, compen-
sating for the energy loss due to adiabatic deceleration. Therefore,
it is necessary to take into account the large-scale background
structure when studying the propagation of solar energetic parti-
cles.

4. Summary and Conclusions

CIRs generally have a substantial north-south tilt during the solar
minimum. To investigate how this large-scale structure modulates
the interplanetary transport of SEPs, we simulated a 3D tilted
dipole CIR with the MHD model and coupled it to the SEP transport
model. We describe the SEP transport by solving the FTE with a
forward stochastic differential method.

We find that the solar wind near the Sl is reflected not only to the
east—west but also to the north—south direction. The field lines
are compressed by the velocity component normal to the Sl and
stretched by the velocity component along the SI. For conve-
nience, we extract the physical quantities along each magnetic
field line.

On the one hand, the structures of the large-scale background
play a role in the longitudinal variation of energetic particles. The
large-scale background structure may be one of the reasons for
the rippled peak intensity distribution observed at 1 AU (Klassen
et al., 2016). The negative focusing length near the compression
regions can modulate the intensity and form new longitudinal
intensity peaks. It can also make the spectrum harder near the
compression regions. The adiabatic effect can accelerate particles
to higher energies in the compression regions. It can make the
variation of intensity and spectrum index along the longitude
larger.

On the other hand, the particle variation with heliocentric radial
distance is also largely modulated by the interplanetary structure.
The —a in the empirical function form /.., = kR, which describes
the peak intensity /., varying with heliocentric radial distance,
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varies largely in the observations. We found that, the peak intensi-
ties are well fitted by this empirical function at 0.3—1.0 AU, except
in the region where the solar wind speed decreases until the mini-
mum. The value of a is from 1.9 to 3.4 at 0.3—1.0 AU. The structure
of the solar wind can also be used to explain the difference of a in
observations according to our simulation. We suggest that the
variation of the solar wind speed should be considered when esti-
mating the radial dependence of the SEP peak intensities. Our
results also suggest that, the radial variation of spectral indices
may be different due to the CIR structure.

In this study, we only assume a simple model for the background
field. Realistic interplanetary structures are much more complex,
and particle distributions are correspondingly more complex.
Therefore, it is important to model and predict background infor-
mation more accurately and to take them into account in predict-
ing SEP events.
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Supplementary Materials

Appendix A Verification of Our Method

We have verified our method by comparing our results with other
studies. For example, Figure A1 shows our results setting the same
condition with Panel (C) and (D) of Fig. 3 in Wijsen et al. (2019b).
Figure A2 shows our results setting the same condition with Panel
(1a) and (1b) of Fig. 2 in Wijsen et al. (2019a). Our results are
consistent with theirs.
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Figure A1. Our results setting the same condition with Panel (C) and (D) of Fig. 3 in Wijsen et al. (2019b). Intensity and anisotropy time profiles
for different energy channels of protons injected with an initial energy of 4 MeV. The IMF is set as a Parker field with U, = 700 km/s. The cross-field
diffusion is ignored. The left and right columns show the results obvserved at 0.3 AU and 1.0 AU, respectively.
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