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ABSTRACT

Context. Solar Energetic Particle (SEP) acceleration and injection into interplanetary space during gradual SEP events is thought to
take place at Coronal Mass Ejection (CME)-driven shocks. Various features of measured intensity profiles at 1 au have been attributed
to properties of the radial and longitudinal/latitudinal SEP injections at the shock. Focussed transport models are typically used to
model acceleration at a CME-shock and subsequent propagation. Test particle simulations are an alternative approach but so far they
have been carried out only with instantaneous injection near the Sun.

Aims. We develop the first temporally extended shock-like injection for our 3D test particle code and investigate how the spatial
features of injection at a shock affect SEP intensity and anisotropy profiles for observers at 0.3 and 1.0 au.

Methods. We conduct simulations of a monoenergetic population of 5 MeV protons considering three different radial injection func-
tions and two longitudinal/latitudinal injection functions. We consider a range of scattering conditions with scattering mean free path
values ranging from A = 0.1—-1.0 au, and determine intensity and anisotropy profiles at six observers at different longitudinal locations.
Results. We find that the radial, longitudinal and latitudinal injection functions play a relatively minor role in shaping the SEP
intensity profiles. The dependence of intensity profiles on the value of the scattering mean free path is also weak, unlike what is found
from 1D focussed transport models. Spatial factors, such as the time of observer-shock-connection/disconnection and time of shock
passage have a much stronger influence on SEP intensities and anisotropies. Persistent anisotropies until shock passage are seen in
our simulations. Comparing instantaneous and shock-like injections, we find that the link between duration of injection and duration

of the SEP event is very weak, unlike what is commonly assumed.

Key words. Sun: particle emission,Sun: coronal mass ejections (CMEs)

1. Introduction

Gradual Solar Energetic Particle (SEP) events are enhancements
in energetic ions and electrons in the interplanetary medium, ob-
served in association with solar flares and Coronal Mass Ejec-
tions (CMESs). They are often found to have a long duration (e.g.
several days) and wide longitudinal extent (e.g. > 80°), as evi-
denced by multi-spacecraft observations (e.g. Desai & Giacalone
2016, and references therein.).

Gradual events are thought to originate at CME-driven
shocks, with particle acceleration taking place over extended
times as the shock propagates though the corona and interplane-
tary space. Several properties of the SEP intensity profiles have
been linked to properties of the shock acceleration. It is thought
that the characteristic long duration decays measured by space-
craft at 1 au (Cane et al. 1988) are caused by the fact that CME-
shock acceleration is extended in time (Reames et al. 1997). In
addition the dependence of the overall shape of SEP intensity
profiles on the location of the associated solar active region, AR,
(east-west effect, Cane et al. 1988) has been attributed to the lon-
gitudinal variation of efficiency across the the shock front (e.g.
Tylka & Lee 2006; Zank et al. 2006).

A number of models have studied SEP acceleration/injection
at CME-driven shocks with the purpose of deriving observables
at 1 au, and determining the main physical processes that influ-
ence them. Several studies have modelled shock-like injections
and the subsequent propagation of SEPs using particle transport

equations (e.g. Kallenrode & Wibberenz 1997; Lario et al. 1998;
He et al. 2011; Wang et al. 2012; Qin et al. 2013).

Kallenrode & Wibberenz (1997) used a black box shock
model, and solved the 1D focussed transport equation to produce
intensity and anisotropy profiles for a variety of particle injection
and propagation parameters. Lario et al. (1998) modelled SEP
events with an improved transport equation that considered solar
wind convection and adiabatic deceleration, and used a Magne-
tohydrodynamic (MHD) model to derive the shock propagation.
They fit observed particle flux and anisotropy profiles for four
particle events and found that the efficiency of the shock as a par-
ticle accelerator decreases rapidly with distance from the Sun for
particle energies greater than ~ 2 MeV. Heras et al. (1994) em-
phasised the importance of the geometry of magnetic connection
between the shock and the observer, in determining features of
SEP intensity profiles, and stressed the importance of the time-
evolution of magnetic connection to the shock.

Alternative to focussed transport models, full-orbit test-
particle simulations of SEP propagation calculate individual par-
ticle trajectories throughout the heliosphere by solving the par-
ticle’s equation of motion. These types of simulations are in-
trinsically 3D. Previously, we used test particle simulations to
study propagation through the interplanetary magnetic field for
the case of instantaneous particle injections close to the Sun (e.g.
Marsh et al. (2015); Battarbee et al. (2018); Dalla et al. (2020);
Waterfall et al. (2022)). Hutchinson et al. (2022a) used instanta-
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neous particle injections at a range of heights in the solar atmo-
sphere to study proton back-precipitation to the photosphere.

In this paper we present results from 3D test particle simula-
tions in which, for the first time, particle injection is from a mov-
ing shock-like source. This means that it is spatially extended
over a wide shock and temporally extended since particles keep
being injected as the shock propagates though the heliosphere.
This new injection considers a simple model of a shock, similar
to that developed by Heras et al. (1994) and Kallenrode & Wib-
berenz (1997), and provides a first step in accounting for tem-
porally extended particle injections in 3D full orbit test particle
simulations.

We investigate the effect of choosing different radial and an-
gular injection profiles on the intensity and anisotropy profiles
at 1 au at different observers. We study the effect of a variety
of interplanetary scattering conditions on observables. We com-
pare intensity and anisotropy profiles for observers at 0.3 and 1.0
au, to provide comparisons with Parker Solar Probe and Solar
Orbiter observations. In a companion paper (Hutchinson et al.
2022b) a comparison between simulations that do/do not include
the corotation of magnetic flux tubes is presented. The layout of
the paper is as follows: in section 2 we describe the shock-like
injection. In section 3 its implementation within 3D test parti-
cle simulations. In section 4 we describe the geometry of the
observers. Intensity and anisotropy profiles are investigated for
variety of shock-like injections and scattering parameters in sec-
tion 5. Discussion and conclusions can be found in section 6.

2. Shock-like injection model

We have developed a particle injection model that approximates
a temporally extended injection from a propagating shock-like
source (referred to in the following as the shock), of constant an-
gular width in longitude and latitude. The injection is spatially
extended across the shock front and temporally extended, i.e.
occurring over timescales of days as the shock propagates ra-
dially outward. Our simplified description accounts for the ge-
ometric characteristics of the shock injection and its evolution
with time, but it does not model acceleration nor the evolution
of the shock as an MHD structure. We note that the shock has
negligible thickness within the model.

We use a spherical coordinate system (r, 6, ¢) where r is
the radial distance from the centre of the Sun, 6 is heliographic
colatitude and ¢ is heliographic longitude with corresponding
unit vectors &, &, €. The shock is assumed to propagate with a
constant speed, vy, and maintain the same angular width in lon-
gitude and latitude as it propagates. Particle injection is assumed
to continue as the shock propagates through the corona and in-
terplanetary space, taking place over r € [Fin, Finax], Where v,
and r,,,, are the minimum and maximum particle injection radii.
We choose 7,,;; = 1.2 Ry, the median shock formation height as
determined by Gopalswamy et al. (2013).

The shock in the model acts only as a particle source and
does not interact with or modify the Interplanetary Magnetic
Field (IMF), which is assumed to be a Parker spiral (Equation
14). Particles are injected isotropically from the shock surface
throughout its propagation, consistent with theories of diffusive
shock acceleration (Baring 1997; Desai & Giacalone 2016). The
shock is effectively transparent to particles, meaning any particle
that returns to the shock position during its propagation does not
interact with it and travels straight through, without change to its
trajectory.

Table 1 summarises the shock parameters and gives the typ-
ical values used in our simulations unless otherwise stated. We
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define w4 as the longitudinal width of the shock, wy,¢ as the
colatitudinal width, and 8., as the latitude of the centre of the
shock (where 6 = 90° — @ is latitude). In the majority of our
simulations we choose w4 = Wy = 70°, purely radial shock
speed vy, = 1500 km/s, and we assume that particle accelera-
tion/injection takes place over a period of two days, resulting in
Fmax = 372 Rg (= 1.73 au). The shock is centred at ¢,,,; = 0°
and latitude, .., = 15°, so as to represent the typical CME lat-
itudes, corresponding to the positions of the activity belts on the
solar disc.

Table 1. Parameters of shock-like injection and in our test particle sim-
ulations. Columns are from left to right: variable name, parameter de-
scription and typical value used.

Variable Description Value
Veh Radial velocity of the shock 1500 km/s
Wi o Longitudinal width of the shock 70°
Wsho Latitudinal height of the shock 70°
Ocent Latitude of shock centre 15°
Beent Longitude of shock centre 0°
o) Longitudinal o of injection efficiency” 17.5°
ol Latitudinal o of injection efficiency“ 17.5°
Fimin Minimum radial injection position 1.2 Ry
Fimax Maximum radial injection position 1.73 au
¥ peak Radial position of peak injection” 5Re
N, Total number of protons injected 1x10°
Notes.

@ Only used for Gaussian ®(¢) and ©(6) ® Only used for Weibull
function injection in r

2.1. Particle injection ad normalisation

We introduce a function S (r, 6, ¢) describing the number of par-
ticles per unit volume injected by the shock at position (r, 6, ¢),
so that

fd3r S(r,6,4) =N, )]

with N, the total number of particles and d’r the unit volume.
Here the dependence on time is folded into the radial dependence
viar = vg t.

We assume that S is separable, so that;

R(r) ©(6)
S(r.0,4) = Np —= —— O(¢) 2
r> sinf
where R(r), ®(¢), O(0) are the radial, longitudinal and colat-
itudinal injection functions, satisfying the normalisation condi-
tions:

f drR(r) =1 A3)
f doo®) =1 )
f dp O(p) =1 ©)
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2.2. Radial injection function

In our model we consider a number of radial injection functions.
The simplest radial injection function is R(r) = const, the uni-
form case, where the shock injects the same number of particles
as r increases. The normalisation condition for the uniform case
gives:

1

(rmax - rmin) ’

R(r) = (6)

We note that as the shock propagates to larger radial posi-
tions with fixed angular width the surface area of the shock in-
creases as r>. Therefore for uniform R(r) (Equation 6) the num-
ber of particles injected per unit area of the shock, Q(r), de-
creases with r like 1/r2 (see Figure 1 bottom panel).

We also consider a non-uniform injection given by the mod-
ified Weibull function (previously used to describe SEP profiles
by Kahler & Ling 2018). Normalised over our injection range
this is given by,

R(r) = (=a/B)(r/B)*" exp(=(r/B)*)
eXP (_(rmax/ﬁ)a) - eXp (_(rmin/ﬁ)a) ’

where @ (@ < 0) and § are parameters that determine the shape of
the function, specifically the rise and decay rates and the position
of the peak. In our work we choose 7.k = 5 R, which results
in a fast rise phase near the Sun and a decay phase beyond 5 Re.
The Weibull function is plotted in orange in Figure 1 (top panel).

To study the case of constant injection per unit area of the
shock, we also consider a radial injection function proportional
to r2, This function is described by,

(N

32

R(r) = .
( ) (rgnax - rr?;lin)

®)

The number of injected particles per unit area of the shock is,

©))

where A(r) is the surface area of the shock front at a given radial
position, given by,

A(r) =2 Wog €OS(Ocent) SIN(Wgh0/2) (10)

Figure 1 (top) displays all radial injection functions, R(r) ver-
sus radial shock position and Figure 1 (bottom) displays the cor-
responding Q(r).

2.3. Longitudinal/latitudinal injection functions

We consider two types of injection efficiency with respect to lon-
gitudinal and latitudinal position across the shock front. The first
is uniform injection efficiency across the shock front, described
by the normalised expressions:

O(¢) =

(11)
Wsh,p

1

o) = 2¢08(Ocenr) SIN(Wip0/2)

12)
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Fig. 1. Radial injection function, R(r) versus r (top) and the number of
particles injected per unit area of the shock, Q(r) versus r (bottom).
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Fig. 2. Longitudinal injection function, ®(¢) for the shock-like injec-
tion.

The second longitudinal and latitudinal injection function is
a Gaussian centred about the shock nose. Typically we consider
standard deviations of o (0g) = Weps/4 (Wene/4). The two in-
jection functions are displayed in Figure 2 for the longitudinal
injection efficiency.

3. 3D full-orbit test particle simulations

We model SEP propagation using a 3D full-orbit test particle
code, originally developed by Dalla & Browning (2005), that has

Article number, page 3 of 12



A&A proofs: manuscript no. output

since been adapted to model various aspects of SEP propagation
(e.g. Marsh et al. 2013; Battarbee et al. 2018).

The model calculates particle trajectories by integrating their
equation of motion,

d—p =q (E + ll X B)
dt c myy
where p is the particle momentum, c is the speed of light, ¢ is
time, g is the charge of the particle, my is the particle rest mass,
v is the Lorentz factor and E and B are the electric and magnetic
fields respectively.

Within this model we consider a Parker spiral magnetic field
described by,

13)

Bory . BoriQsin6
B = 5 er — €5,
r Vswl

(14)

where Bj is the magnetic field strength at a fixed reference ra-
dial distance rg, Q is the sidereal solar rotation rate, and vy, is
the solar wind speed. In our simulations we consider a unipo-
lar positive magnetic field (i.e. antisunward oriented) and solar
wind speed of 500 km s~! (same parameter values as Marsh et al.
2013). An electric field is present in the non-rotating (spacecraft)
coordinate system due to the outward flow of the solar wind, and
is defined by (Marsh et al. 2013; Dalla et al. 2013):

-By rg Q sinf
E=——7-—-§
cr

s)

Its effect on the particle trajectories is to make particles corotate
with the magnetic flux tubes in which they propagate. Hence
corotation effects are included in our simulations. Within the
model we consider the effects of magnetic turbulence by intro-
ducing pitch angle scattering, characterised by a mean free path
A. For a further details of the scattering model see Marsh et al.
(2013) and Dalla et al. (2020).

We note that in this first study of the effects of time extended
injection, our model does not include the effects of turbulence-
associated perpendicular diffusion, which would effect the in-
tensity profiles observed at different longitudinal positions, as
shown by Wang et al. (2012). However, the addition of perpen-
dicular diffusion will be the subject of further studies.

We consider pitch-angle scattering mean free paths in the
range 4 = 0.1 to 1.0 au and simulate particle propagation for
three days with injection occurring over the first two days from
the shock-like source. We consider a monoenergetic population
of 5 MeV protons. In each simulation we inject N, = 10% par-
ticles. An isotropic velocity distribution at injection is assumed.
While in our previous modelling work particles were injected
into the simulation at ¢t = 0 and close to the Sun (instantaneous
injection), here we use the model of shock-like injection de-
scribed in section 2 to start particles at a distance » and ¢ = r/vg,.

4. Geometry of observers

We derive observables at six observers (labelled A-F) located at
1 au, which can be seen in Figure 3, describing the observer-
shock geometry at four snapshots in time. In Figure 3 the orange
arrow gives the longitude of the shock nose (coincident with the
Active Region (AR) longitude on the Sun), the thin grey curved
lines show the range of flux tubes that have been filled with par-
ticles by the shock up to time ¢. The solid green lines delimit the
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longitudinal range of IMF lines that are connected to the shock
at the initial time (or an instantaneous injection at the Sun with
the same angular width), and the red solid curved lines show the
range of IMF lines connected to the shock front at the current
time.

The AR is located at (0°, 15°) longitude and latitude respec-
tively. As specified in Table 2, observers A, B and C observe the
AR as western, while observers D, E and F observe it as east-
ern. Observers C and D are in the path of the shock and will
observe it as it passes them, while the other observers will not
experience the shock passage in-situ. All observers are located
at ¢ = 15° latitude to enable connection to the nose of the shock.
We have examined the intensity profiles for observers at the same
longitudes and at latitude 6 = 0° and there are only very minor
differences compared to the plots for 6 = 15°, shown in section
5.

We define the longitudinal separation between the AR and
the observer footpoint, A¢ as,

A¢ = ¢AR - ¢fzpt

where ¢4r is the longitudinal position of the source AR on the
Sun and ¢y, is the longitude of the footpoint of the IMF line
connected to the observer. Values of A¢ for our observers are
given in Table 2.

An observer’s connection to the shock evolves over time. The
observer’s cobpoint, where the observer’s IMF line meets the
shock, moves eastward along the shock front as the shock prop-
agates outwards (e.g. Heras et al. 1994; Kallenrode & Wibberenz
1997).

(16)

Table 2. Observers A-F shown in Figure 3. Columns are from left to
right: Observer label, location of AR source of the event with respect to
observer, and A¢ (see Equation 16). All observers are located at latitude
=15

Observer AR location A¢ [°]
A W79 30
B W49 0
C W19 -30
D Ell -60
E E41 -90
F E71 -120

5. Intensity time profiles and anisotropies

From the output of our test particle simulations we have calcu-
lated observables such as intensity profiles and anisotropies for
our observers under a number of conditions. Particle counts at
each observer are collected over a 10° X 10° tile in longitude and
latitude. Particle anisotropy A, is calculated at each observer us-
ing the following equation (e.g. Kallenrode & Wibberenz 1997),

o 3L Sy
[ £ du

where f(u) is the pitch angle distribution and y is the pitch angle
cosine. We note that the sign of the anisotropy is dependent on
the magnetic polarity: in the following we used a unipolar an-
tisunward magnetic field in which case positive anisotropy rep-
resents antisunward propagating particles. For this polarity ac-
cording to Equation 17 an anisotropy of 3 corresponds to a fully
beamed population travelling along the IMF antisunward.

(a7
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Fig. 3. Diagrams showing the shock position and observer geometry at t = 0 (top left), 16 (top right), 32 (bottom left) and 48 (bottom right) hours
projected onto the solar equatorial plane. Here x and y are heliocentric cartesian coordinates in the heliographic equatorial plane. The shock’s
projection onto the plane is displayed here as the orange shaded segments. Observers A-F are denoted by the coloured circles, their exact positions
are displayed in Table 2. The red radial dashed lines delimit the bounds of the shock, and the solid red curved lines show the IMF lines that are
currently connected to the flanks of the shock front. The solid green curved lines show the bounds of the shock-like injection at the initial time (or
equally an instantaneous injection at the Sun of the same angular width). The dashed green line shows the original position of the left most solid
green line at the initial time. The grey IMF lines represent the range of IMF lines that have had particles injected onto them (the particle-filled flux

tubes).

5.1. Effect of scattering mean free path on intensity and
anisotropy profiles

We begin by analysing intensities and anisotropies at observers
A - F under a variety of scattering conditions. Here we consider
uniform injection in r, 6, ¢. In Figure 4 we display the intensity
and anisotropy profiles for the six observers, for simulations with

mean free path spanning an order of magnitude from A = 0.1 to
1.0 au.

In Figure 4 intensity profiles for different A-values at each
observer appear remarkably similar to each other. In contrast to
what has been derived from traditional 1D focussed transport
models (e.g. Bieber et al. 1994), we do not see a significant
change in the decay time constants with 4. SEPs in simulations
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with larger A stream out more quickly. As expected for larger A
we find smaller peak intensities and larger anisotropies, due to
fewer scattering events.

The broad features of the intensity profiles at the six ob-
servers can be understood in terms of the geometry of the ob-
servers relative to the shock. As seen in Figure 3a, observers A, B
and C are connected to the shock at the initial time. As the shock
propagates outwards their cobpoints fall off the eastern edge of
the shock, losing connection to the particle source (see Figure
3d for observer A). Over time the shock connects to longitudes
further west and allows observers D, E and F to become con-
nected to the shock-source (e.g. Heras et al. 1994). This enables
observers D, E and F that are not initial magnetically connected
to the shock to observe SEPs once connection is established. The
intensity profiles in Figure 4 reflect the different timings of the
observer-shock connection, with the onset of the event being de-
layed at observers D-F.

In Figure 4 the bottom panels display the anisotropy profiles
observed at each of the six observers. The anisotropies clearly
indicate the times of observer-shock connection. In Figure 4 the
vertical green line shows the time of shock arrival at the ob-
server’s radial distance and the vertical black dotted line indi-
cates the nominal time of observer-shock connection, for the ob-
servers not connected at the initial time. For observers C and
D sustained long-duration anisotropies are observed until the
time of shock passage, in agreement with previous studies (e.g.
Kallenrode & Wibberenz 1997; Kallenrode 2001). Observers E
and F become connected to the shock when it is located beyond
the observer radial position, and so see negative anisotropies due
to the sunward propagating particles from the shock.

Observers C and D see the peak intensity at the time of shock
passage. Once the shock propagates past these observers they
are receiving sunward propagating particles injected at the shock
and particles that were previously injected into the flux tube and
have experienced scattering. As the shock propagates beyond
the observer the intensity of the former component diminishes
with time as particles must overcome the magnetic mirror effect
to reach the observer (e.g. Klein et al. 2018; Hutchinson et al.
2022a). As a result after shock passage the anisotropies drop to
zero, similar to the results of Kallenrode & Wibberenz (1997).

The peak intensities for observers A and B coincide with their
loss of connection to the shock front due to corotation and shock
radial motion (i.e. the observer’s cobpoint falls off the eastern
edge of the shock front). These geometric effects are highly de-
pendent on parameters such as the shock longitudinal width,
Wsne, the Tadial speed of the shock, and the observer longitu-
dinal position relative to the edge of the shock front. Hutchinson
et al. (2022b) compared observables for the cases with and with-
out corotation included, and demonstrated that corotation plays
a major role in the decay phase of the event.

5.2. Time-extended vs instantaneous injection

In previous work with our test-particle model we only consid-
ered an instantaneous injection close to the Sun. We now com-
pare observables for the cases of instantaneous injection and a ra-
dially uniform time-extended shock-like injection. We consider
an instantaneous injection that has the same angular width as the
extended injection (70° x 70°). The intensity profiles for the two
cases can be seen in Figure 5 for simulations considering 1 = 0.1
au, where the solid black line is the radially uniform shock-like
injection and the dashed blue line is the instantaneous injection.
The same number of particles were injected into each simula-
tion resulting in a significantly larger particle density close to the
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Sun for the instantaneous injection. This leads to systematically
larger intensities for well-connected observers for the instanta-
neous injection (observers A-C). From the first panel (Observer
A) it can be seen that both the time-extended and instantaneous
injection lead to the same event duration (~ 12 hours). This oc-
curs as the corotation sweeps the particle-filled flux tubes west-
ward and away from the observer. Similarly, for observer B the
intensity profile is cut short by the corotation. The corotation en-
ables observer D to see a signal from the instantaneous injection
as the particle-filled flux tubes corotate to this observer. In the
shock-like simulations observer D detects SEPs from the CME-
driven shock approximately 10 hours earlier compared to the
instantaneous injection, showing the clear timescale differences
between the two cases. Observers E and F' do not receive parti-
cles from the instantaneous injection over the timescales of our
simulations as the corotation takes longer than 72 hours to rotate
the particle-filled flux tubes to these observers. From Figure 5 it
is clear that a temporally extended injection does not necessarily
mean a longer duration SEP event, especially for western events.

5.3. Dependence on radial injection function

In Figure 6 we consider three radial injection functions (uniform,
Weibull and 72, see Figure 1) and determine the intensity pro-
files at each of the six observers. The intensity profiles are sur-
prisingly similar considering the very different radial injections.
Comparing the uniform and Weibull function injections it can be
seen that there is little difference in the intensity profiles, only
showing minor differences in the rise phase and peak intensities
for western events (A, B, C) due to the increased particle num-
bers injected close to the Sun for the Weibull injection. The very
similar intensity profiles imply that the number of particles in-
jected per unit area of the shock front, Q(r) has a larger effect on
intensity profiles than R(r). The very low particle numbers for
the 72 injection close to the Sun results in no observable signal
at observer A for this injection. This is also the reason for the
smaller intensities observed at observers B and C.

For observer D all three injections are very similar, with
the r? injection having slightly lower intensities during the rise
phase. For more eastern events (observers E and F) the % in-
jection shows the largest intensities due to these observers con-
necting to the shock at larger radial distances where larger num-
bers of particles are injected. It is clear from these plots that ge-
ometric effects such as the time of observer-shock connection
and the corotation/disconnection of particle-filled flux tubes to-
ward/away from the observer has a much more significant effect
on the intensity profile than the radial injection function.

The peak intensity, /.4 is plotted in Figure 7 versus A¢ (de-
fined in Equation 16) for the three shock-like radial injection
functions. Each set of points is fit with a Gaussian of the form
I = Iyexp(—(¢ — $0)?/20%). Table 3 shows the values of o, O
and I, for the fits shown in Figure 7. The largest intensities are
obtained for the Weibull R(r), which injects most particles close
to the Sun, while the r? injection function results in much lower
Ieax values. The standard deviations of the uniform and Weibull
function injections are similar, while the ? injection has a larger
standard deviation. The peak intensities at observers B and C
are lower for the r? injection compared to the other injection
functions as the number of particles injected close to the Sun is
smaller. However, at observers D E and F larger intensities are
seen because the shock continues to inject particles late into the
event. Figure 7 also shows that the broadness of the Gaussian
is more closely related to the number of particles injected per
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radial distance, and the vertical dotted line shows the time when the observer establishes connection to the shock, for observers not connected at

the initial time.

unit area of the shock front, Q(r), rather than R(r). The centre of  5.4. Dependence on varying injection efficiency across the

the Gaussian, ¢y, is shifted towards more negative values as one
goes from Weibull to uniform to 7> R(r).

Table 3. Parameter values of the Gaussians fitted to the peak intensities
versus A¢ plots in Figures 7 and 9.

R(r) OPpOO) L ¢l ol]
Uniform  Uniform 1.28 -364 334
Weibull ~ Uniform 1.39 -28.8 33.6

r? Uniform 0.71 -53.5 37.6
Uniform  Gaussian 2.55 -38.1 25.6

shock

In Figure 8 intensity profiles are shown when considering in-
jection efficiencies across the shock in longitude and colatitude
(®(¢), ©(0)) that are a) uniform (black solid line) and b) Gaus-
sian (red dashed line) with o 17.5° centred on the shock
nose (see Figure 2). It is apparent that changing the injection
efficiency across the shock produces only small changes in the
intensity profiles. For the Gaussian injection function at times
when the observer’s cobpoint lies near the shock nose (observers
B and C) there is a faster increase compared to the uniform case
during the rise phase, and a larger peak intensity. Observers A
and F, which experience connection to the flanks of the shock,
have smaller intensities compared to the uniform injection case,
but the differences are small. Changing the injection profiles
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Fig. 6. Intensity profiles for the three radial injection functions of Fig-
ure 1 at each of the six observers in Table 2 with scattering conditions
described by A = 0.1 au. Injection is uniform in 6, ¢.

across the shock does not have a big influence on the overall
features of the intensity profiles.

In Figure 9 we plot the peak intensity versus A¢ for uniform
and Gaussian injection efficiency across the shock. Both sets of
points are fitted with a Gaussian and the corresponding fit pa-
rameters are given in Table 3. As expected, having a Gaussian
injection reduces the standard deviation of the fit due to the more
spatially confined injected population.

Article number, page 8 of 12

F E D C A
’,’v"_-.‘~\
10° /,‘ Ry
~
P N’ SR o
g Sso A AN
,A:/ SO \.\
A ,. SN N
’ / AN \
R , N \
w . 4 N AN
E R4 ./ N \
% A /I/ A
-1 |
\g; 10 J
’/
[}
® Uniform
Weibull
A
1072 T T T T T T T T
-120 -100 -80 -60 —-40 -20 0 20
AP -]

Fig. 7. Peak intensity versus A¢ for the three radial injection functions.

1004 A —— 0p,6 = Uniform |
-== 0p9=17.5"
w107t
2
A
1072

AR @ W79°

| [cts/s]

AR @ W19~ AR @ E11°
1073
E F
100_
g 107!
1072 =
, AR @ E41° AR @ E71°
102 4 r . " . . . T
0 20 40 60 0 20 40 60

t [Hrs] t [Hrs]

Fig. 8. Intensity profiles for observers A-F at 1 au considering uniform
and Gaussian longitudinal and latitudinal injection functions, with 4 =
0.1 au. Injection is uniform in r.

5.5. Role of shock width

We have considered shocks of different angular widths. In Figure
10 we compare intensity profiles at the six observers for shocks
with wg, s = wg g = 70° (black line) and 120° (orange dashed
line).

One effect of a wider shock is that an observer can remain
magnetically connected to the shock front for a longer period of
time. This factor changes the rise times for western events be-
cause the peak position in the intensity profiles is determined by
the loss of connection to the shock front. This can be seen in Fig-
ure 10 for observers A and B where the rise times are extended
and peak intensities occur later. Observations at C are similar in
the two cases as the peak intensity occurs as the shock passes
directly over the observer. We note that the exact values of the
intensities are not directly comparable in these simulations as
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the same number of particles are injected over a larger volume
for the wider shock (i.e. different Q(r)). For a wider shock at
observers that see the event as eastern, onsets take place earlier
as the observer-shock connection is established more quickly,
when the shock is closer to the Sun, as can be seen in Figure 10
for observers D, E and F.

5.6. Observers at 0.3 au

Here we use our simulations to obtain observables close to the
Sun and compare them with 1 au observables. This is important
now that Parker Solar Probe and Solar Orbiter are obtaining in-
situ data in the inner heliosphere.

Having fixed an observer at 1 au, in Figure 11 intensity and
anisotropy profiles are plotted for two 0.3 au observers: the first
radially in line with the 1 au observer (left column) and the sec-
ond on the same IMF line (right column). Profiles at the 1 au
observer are indicated by the dash-dotted lines for comparison.
A uniform R(r) is used.

Compared to the 1 au profiles, the 0.3 au profiles are charac-
terised by: faster rise times, due to faster shock passage times at
0.3 au, and larger anisotropies (1 au anisotropies not shown) as
there is reduced isotropisation due to fewer pitch-angle scatter-
ing events.

Generally the profiles at 0.3 and 1.0 au appear more similar
for the case of observers on the same IMF line (right column),
than for the radially in line observers (left column). In the former
case both observers establish connection to the shock at simi-
lar times, with some difference due to propagation times. For
the case of radially in line 0.3 and 1.0 observers (left column)
there are stronger differences between the profiles compared to
the previous case. For observers D, E and F the onset at 0.3 au
is more than 10 hours earlier than at 1 au. This is due to the fact
that the radially aligned 0.3 au observers have footpoints located
eastward of the 1 au observer, meaning that for eastern events
they will connect to the shock earlier. The decay time constants
of the event appear significantly different at 0.3 and 1.0 au.

Considering peak intensities for the same IMF line case, for
observers B - F the peak intensity at 1.0 au is larger than at 0.3
au. This is because particle injection before shock arrival is more
extended for the 1 au observer. After shock passage, although
particles can propagate sunward to the observer, this becomes
difficult due to magnetic mirroring (Hutchinson et al. 2022a). For
the observer A panel the 0.3 au intensity is larger because both
0.3 and 1 au observers lose connection early in the event and
scattering and propagation delay result in lower peak intensity
at 1 au. The intensity profiles observed at 0.3 au have a weak
dependence on A (not shown). Eastern events show much slower
decay phases compared to western events, similar to the 1.0 au
observers.

We note that when close to the Sun Parker Solar Probe and
Solar Orbiter are moving in longitude at high speed so that the
intensity profiles shown in Figure 11, where the 0.3 au observer
is stationary, will not correspond exactly to those measured by
these spacecraft. In some phases of the mission Solar Orbiter
will be corotating with the Sun.

We have analysed the intensity profiles (not shown) at 0.3
au for the three radial injection profiles considered earlier (see
Figure 1) and they display a behaviour similar to that in Figure
6, i.e. not a strong dependence on R(r).

6. Discussion and conclusions

In this paper we have presented the first 3D test particle simu-
lations of SEPs with a temporally extended shock-like particle
injection. Previously, in our modelling we had only considered
an instantaneous injection near the Sun. By deriving the intensity
and anisotropy profiles for observers at 0.3 and 1.0 au, we have
reached the following main conclusions:

1. The main difference between an instantaneous and time-
extended injection is that in the former case the spatial ex-
tent of the accelerated particle population is smaller (Figure
5). For initially well-connected observers (A-C) the duration
of the SEP event is not significantly shorter for an instanta-
neous injection compared to an extended one.

Article number, page 9 of 12



A&A proofs: manuscript no. output

I [cts/s]

1 - radially in line

2 - on same IMF

== (.3 au observer
1 au observer

1au
observer

I [cts/s]

I [cts/s]

pogperey
v

L
20002 000022 © 2000020 00 o
L [ J

Sgfe?

L a2

| [cts/s]

~Ni———

14 [y
< 0 : e ecout. 2.2 aechconse ot oeae S0 e 0000 20000sste st 00%%g0 ca® 000
‘oo ettty uted ¥ et A oo e s 0w g Vv o I B oG ad -r.v-r'--..
L ]
14
104 E
ﬁlO‘lé v 7
21024 ’ ' //W\
10-31
24
1]
<<
ol o S © 00 0 % 0% ¢ 0.00,0%0 % 0 o0
¢ ° o o O° Ve, T 0T e T T Te 0,
e
100 F
Y0ty R
+ E Pl
&10-23 p 7 — _/
10—3: /\/
24
H °
< 0 ® Se 0.00 290.2 ©__0.%0, © %99 e censt®
I kg i b O 0
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70

t [hr]

t [hr]
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au along the same IMF line as the 1 au observer. Right: Intensity and anisotropy profiles for observers 1 and 2 (solid curves) and 1.0 au observer

(dash-dotted curves).

2. The radial profile of injection (radial injection function, R(r),
Figure 1) plays a surprisingly small role in determining the
intensity profiles at 1 au (Figure 6). However, R(r) has a
strong effect on the heliolongitudinal distribution of peak in-
tensity (Figure 7) with injections that continue over larger ra-
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8).

dial distances leading to more negative ¢, values and larger
standard deviations.

3. Varying the injection efficiency across the shock (longitudi-
nal and latitudinal injection functions, ®(¢), ®(6), Figure 2)
also plays a minor role in shaping intensity profiles (Figure
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4. In most cases simulations show large persistent anisotropies
prior to shock passage and they decay sharply at shock ar-
rival, becoming very close to zero following shock passage
(Figure 4, observers A-D). For observers that see the event
far in the east the first arriving particles are propagating sun-
ward once connection to the shock is established.

5. Larger shock widths lead to longer duration SEP events be-
cause the observers remain connected to the shock for a
longer time.

6. Intensity profiles at 0.3 au are similar to those at 1.0 au for
two observers on the same IMF line, but show faster rise
times, and larger anisotropies.

Our simulations show that the link between duration of injection
and duration of the SEP event is very weak, unlike what is com-
monly assumed. Also from our simulations it is not clear that dif-
ferences in the acceleration efficiencies at the flanks of the shock
would leave a signature in the observed intensity profiles, as is
often postulated (e.g. Tylka & Lee 2006). Spatial/geometric fac-
tors such as the establishment/loss of observer-shock connection
and the corotation of the particle-filled flux tubes toward/away
from the observer are the dominant factors in determining the
shapes and properties of SEP intensity profiles. The role of coro-
tation is fully illustrated in a companion paper (Hutchinson et al.
2022b). Intensity profiles show little dependence on mean free
path, A. In particular the decay phase constant is weakly depen-
dent on A, unlike what is derived from 1D focussed transport
models (e.g. Bieber et al. 1994).

A number of studies of SEP observations have derived plots
of peak intensity versus the separation A¢ between source AR
and observer footpoint (e.g. Wiedenbeck et al. 2013; Lario et al.
2013; Cohen et al. 2014; Richardson et al. 2014). Our work
shows that these plots are sensitive to the radial injection pro-
file and longitudinal/latitudinal injection efficiency. When a lot
of acceleration takes place in interplanetary space, the centre ¢
of the Gaussian fit to the /.. versus A¢ plot is shifted towards
more negative values compared to cases where most of the ac-
celeration takes place close to the Sun. For the shock width con-
sidered in our study, which is 70°, standard deviations between
26° and 38° are found.

In this paper we presented results for a monoenergetic proton
population injected with energy of 5 MeV, which is a represen-
tative SEP energy. The difficulty in considering multiple ener-
gies lies in the need to specify how the radial injection function,
R(r), varies with energy. In addition because of particle deceler-
ation, the final particle energy in our simulations is smaller than
5 MeV for some particles. In constructing the intensity profiles
in this paper we have chosen to include all particles >1 MeV.
In actual SEP events a spectrum of energies would actually be
injected and particles of higher energy would decelerate into the
5 MeV range. Limiting the range of energies in the plot to a
smaller energy range near 5 MeV produces some modifications
in the profiles, but does not change the qualitative trends we have
found. For particle energies much higher than 5 MeV, injections
are thought to take place only close to the Sun, limiting the range
of longitudes of the shock-source. For these higher energy parti-
cles, drift effects may be important in determining the range of
accessible longitudes during an SEP event (Dalla et al. 2013).

Our model did not include magnetic field line meandering
(Laitinen et al. 2016), which would lead to significant motion of
the particles perpendicular to the mean magnetic field. This ef-
fect could potentially explain some features of our modelled in-
tensity profiles that do not agree with SEP observations: for east-
ern events our simulations do not show the slow rise phase found

in observations (e.g. Cane et al. 1988; Kahler 2016), displaying
instead very delayed onsets and relatively fast rises. Inclusion
of perpendicular transport may produce the observed long rise
times as long as the process is slow. It might be possible to de-
termine a limit to the strength of perpendicular transport by mod-
elling the slow rise times during eastern events. Considering the
plots of .. versus A¢ (Figures 7 and 9) perpendicular diffu-
sion would increase the peak intensity at the less well-connected
observers, resulting in a larger standard deviation of the Gaus-
sian fits. It is expected that with the inclusion of perpendicular
diffusion intensity profiles at widely separated locations will be-
come more similar to each other. We hope to include the effects
of turbulence-induced perpendicular transport in future work.

The anisotropy characteristics shown in Figure 4, namely the
large persistent anisotropies and the sunward anisotropies for far
eastern events are not routinely detected in SEP events, to our
knowledge. It is possible that this may be due to perpendicular
transport effects.

While our model of shock-like injection has allowed us to
derive the qualitative patterns described above, it contains sev-
eral simplifications that will need to be improved upon in future
work. Our simulation does not model shock acceleration, nor
the interaction of energetic particles with the shock. We have not
considered how the shock decelerates with time: this would af-
fect the extent of the event since IMF field lines towards the west
would only be reached at later times.

The simulations in the present study do not include the He-
liospheric Current Sheet (HCS), which has been shown to have
significant effects for SEP propagation when the source region
is located close to it (Battarbee et al. 2017, 2018; Waterfall et al.
2022). Individual events, depending on the magnetic configura-
tion, may be significantly influenced by the HCS due to strong
HCS drift motions, especially for high energy SEPs (Waterfall
et al. 2022).

Another factor which may influence intensity profiles are
complex local magnetic field and solar wind structures, not in-
cluded in our model at present. Any perturbations to the Parker
spiral will affect the times of observer-shock connection and so
will affect observable parameters such as onset times and peak
times. Some structures like corotating interaction regions (Wi-
jsen et al. 2019) or magnetic clouds (Kallenrode 2002) may sig-
nificantly affect SEP transport affecting intensity profiles.
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