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Abstract

Aims. We study how a fast solar wind stream embedded in a slow solar wind influences the spread of solar energetic protons in interplanetary space. In particular, we aim at understanding how the particle intensity and anisotropy vary along interplanetary magnetic field (IMF) lines that encounter changing solar wind conditions such as the shock waves bounding a corotating interaction region (CIR). Moreover, we study how the intensities and anisotropies vary as a function of the longitudinal and latitudinal coordinate, and how the width of the particle intensities evolves with the heliographic radial distance. Furthermore, we study how cross-field diffusion may alter these spatial profiles.

Methods. To model the energetic protons, we used a recently developed particle transport code that computes particle distributions in the heliosphere by solving the focused transport equation (FTE) in a stochastic manner. The particles are propagated in a solar wind containing a CIR, which was generated by the heliospheric model, EUHFORIA. We study four cases in which we assume a delta injection of 4 MeV protons spread uniformly over different regions at the inner boundary of the model. These source regions have the same size and shape, yet are shifted in longitude from each other, and are therefore magnetically connected to different solar wind conditions.

Results. The intensity and anisotropy profiles along selected IMF lines vary strongly according to the different solar wind conditions encountered along the field line. The IMF lines crossing the shocks bounding the CIR show the formation of accelerated particle populations, with the reverse shock wave being a more efficient accelerator than the forward shock wave. The longitudinal intensity profiles near the CIR are highly asymmetric in contrast to the profiles obtained in a nominal solar wind. For the injection regions that do not cross the transition zone between the fast and slow solar wind, we observe a steep intensity drop of several orders of magnitude near the stream interface (SI) inside the CIR. Moreover, we demonstrate that the longitudinal width of the particle intensity distribution can increase, decrease, or remain constant with heliographic radial distance, reflecting the underlying IMF structure. Finally, we show how the deflection of the IMF at the shock waves and the compression of the IMF in the CIR deforms the three-dimensional shape of the particle distribution in such a way that the original shape of the injection profile is lost.
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1. Introduction
Understanding and modelling the transport of solar energetic particles (SEPs) in the solar wind remains a major challenge in space physics. Although the propagation and momentum changes of SEPs through the heliosphere may be described by the focused transport equation (FTE; see e.g. Roelof 1969; Ruffolo 1995; Isenberg 1997; le Roux & Webb 2009), the resulting phase-space distribution functions are strongly dependent on the assumptions regarding the solar wind and the associated interplanetary magnetic field (IMF). On the smallest scales, the importance of the solar wind structure is reflected through the effect of turbulence on particle transport. Turbulent fluctuations can act as scattering centres, changing both the direction of propagation and the speed of the particles (see e.g. Shalchi 2009, and references therein). On larger scales, transient structures like coronal mass ejections (CMEs) or corotating interaction regions (CIRs) perturb the solar wind, making the IMF deviate strongly from a nominal configuration (Parker 1958). Since SEPs are tied to the magnetic field lines through the Lorentz force, any alteration of the IMF affects the observed SEP event characteristics. In this paper, we focus on the large-scale effects of a solar wind with an embedded CIR, and in particular we study how a non-nominal configuration of the IMF influences the spread of energetic particles in the heliosphere.
Understanding the spatial variation of energetic particle intensities has been the subject of several multi-spacecraft studies (e.g. Dresing et al. 2012, 2014; Lario et al. 2013, 2017; Wiedenbeck et al. 2013; Richardson et al. 2014; Klassen et al. 2016, to cite a few amongst the more recent works). These studies illustrated that the spatial dependence of intensity distributions can vary from nominal Gaussian-like shapes (e.g. Richardson et al. 2014; Wiedenbeck et al. 2013; Lario et al. 2013) to more complex and possibly non-symmetric profiles (e.g. Klassen et al. 2016). In addition, the longitudinal width of SEP events has been observed to vary significantly across different SEP events, of which some events are circumsolar (e.g. Gómez-Herrero et al. 2015). Also the onset times of SEP events have been shown to vary significantly across multiple spacecraft, and the nominally best connected spacecraft to the parent particle source does not always show the earliest onset (e.g. Klassen et al. 2015). Various scenarios have been proposed to explain these observations, ranging from processes occurring in the corona, such as strongly tilted non-radial magnetic fields (e.g. Klein et al. 2008; Klassen et al. 2018) or asymmetric coronal shocks waves (e.g. Lario et al. 2014), to processes occurring in the interplanetary medium such as cross-magnetic field diffusion (e.g. Dröge et al. 2010, 2014; Laitinen et al. 2013) and/or different pitch-angle scattering conditions along particle paths residing in different solar wind streams (e.g. Pacheco et al. 2017). In addition, as discussed in the previous paragraph, strong deviations of the IMF from the nominal Parker spiral due to transient structures such as CMEs or CIRs may also significantly alter the characteristics of SEP events, and hence contribute to the spatial variations observed across SEP events.
Recently, Wijsen et al. (2019) introduced a new three-dimensional particle transport model that solves the FTE by assuming a background solar wind generated by the magnetohydrodynamic (MHD) heliospheric model European heliospheric forecasting information asset (EUHFORIA; Pomoell & Poedts 2018). Such a coupling between a three-dimensional MHD solar wind model and a particle transport model is necessary to improve our understanding on the effect of large-scale solar wind perturbations on SEP transport. A similar coupling philosophy has been pursued previously; see for example Kocharov et al. (2009), Schwadron et al. (2010, 2014), Kozarev et al. (2010), and Wei et al. (2019). Since the solar wind often contains plasma streams of varying speed that may evolve into CIRs, understanding energetic particle transport in such conditions has received much attention in recent years (see e.g. Giacalone et al. 2002; Kocharov et al. 2003; Mason et al. 2012; Wu et al. 2014). In Wijsen et al. (2019), we used EUHFORIA to model a localised fast wind stream embedded in an ambient slow solar wind, resulting in a self-consistently generated CIR bounded by forward and reverse shock waves. Using a fleet of virtual satellites distributed in the solar equatorial plane, we showed how the time-intensity profiles of an impulsive SEP event can strongly vary from one observer to the other, even when they are located close to each other, that is, separated by less than 10° in longitude. These differences could only be attributed to the varying solar wind conditions, since the particles were uniformly injected from a source region, situated at the inner boundary of EUHFORIA, which is located at a heliocentric radial distance of 0.1 AU. Because of the non-nominal IMF topology, nearby located observers can magnetically be connected to solar wind regions with very different properties and hence sample different particle distributions.
The strong dependence of the modelled time-intensity profiles on the position of the observer suggests that the location and size of the particle source region can also have a considerable effect on the SEP distributions in the heliosphere. In a non-nominal solar wind, small shifts in longitude or latitude can connect the particle source region magnetically to parts of the solar wind with considerably different characteristics. Hence, any shifts in the location of the source region can alter the energy spectrum, duration, and spatial spread of energetic particle events. To get better insight on the importance of this effect we model, in this work, the transport of particles injected from four different source regions located also at 0.1 AU from the Sun, that is, at the inner boundary of our solar wind model. These particle source regions are chosen to be identical in size and shape, but shifted in longitude and hence located in different solar wind conditions. We use the same solar wind structure as in Wijsen et al. (2019; hereafter, Paper I). Our results illustrate how the location of the particle source region and hence the IMF topology can strongly alter the resulting particle distributions in all three spatial dimensions of the heliosphere.
The paper is structured as follows. Section 2 briefly discusses the transport equation solved by our model. Next, in Sect. 3, we describe the set-up of our simulations and the results. We show how the particle intensities and anisotropies along selected magnetic field lines strongly depend on the solar wind properties encountered by the IMF line. Moreover, we illustrate how the longitudinal intensity and anisotropy profiles are modulated by the CIR structure, and how the radial evolution of the longitudinal width of the particle intensity distributions reflects the IMF topology in the solar equatorial plane. We analyse this using simulations both with and without cross-field diffusion. We end the section by illustrating how the particle intensities have a strong latitudinal dependence as well. A summary is given in Sect. 4.
2. Modelling of SEP transport
To study energetic particles in the inner heliosphere, we model the evolution of the gyro-averaged phase-space distribution function, f(x, p, μ, t), using the FTE. As detailed in Paper I, x denotes the phase-space spatial coordinate and t the time, both measured in an inertial frame, whereas the cosine of the pitch angle μ and the momentum magnitude p are expressed in a frame co-moving with the solar wind. The FTE can be formulated either as a time forward or time backward Kolmogorov equation. The equivalence between both formulations follows from the solenoidal condition of the phase-space velocity field, i.e. (dx/dt, dp/dt) (see e.g. Zhang 2006). In this work, we use the formalism of time forward Itô stochastic differential equations to obtain a solution of the FTE, and hence it is natural to look at the time forward Kolmogorov formulation, expressed in terms of the directional particle intensity j(x, p, μ, t). More specifically, j is defined as the number density of particles in phase-space element 2πdxdpdμ, and is therefore related to the gyro-averaged particle distribution function f(x, p, μ, t) through j = p2f. The FTE as a time forward Kolmogorov equation can then be formulated as
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In this equation v is the particle speed, Vsw is the solar wind velocity, and b the unit vector in the direction of the mean magnetic field, Dμμ is the pitch-angle diffusion coefficient, κ⊥ the spatial cross-field diffusion tensor, and Vd the drift velocity due to the gradient and curvature of the mean magnetic field. The choice of the diffusion terms was explained in detail in Paper I. For referential convenience, we restate the definition of the cross-field diffusion tensor as follows:
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where λ∥ is the particle mean free path, 𝕀 is the unit tensor, bb is a dyadic product of the magnetic field unit vectors, and α is a free parameter that determines the ratio of the parallel to perpendicular mean free path at a reference magnetic field strength B0. The details of our numerical procedure for solving the transport model are described in Paper I. In the next sections, we show the particle differential intensity defined as [image: equation], and the parallel first order anisotropy as [image: equation].
3. Solar energetic particle transport near a CIR
In Paper I, we used EUHFORIA to model a solar wind with an embedded fast solar wind stream, generating a CIR bounded by a forward and a reverse shock wave. In this work, we use the same solar wind model, yet we inject protons uniformly in the four different injection regions illustrated in Fig. 1. These four injection regions are all centred around the solar equatorial plane and have a longitudinal width of 30° and a latitudinal width of 10°. This rectangular shape makes it straightforward to quantify the latitudinal and longitudinal deformation of the particle streaming zone due to a non-nominal IMF, since in a Parker spiral the longitudinal and latitudinal width remain constant and hence, the rectangular shape is exactly preserved. For the first case, the injection region is located in the slow solar wind (see the right panel of Fig. 1), far enough from the CIR such that the particles travel in a nominal slow solar wind. For case 2, the injection region is located in the slow solar wind in front of the CIR in such a way that magnetic field lines connect this injection region with the forward shock of the CIR. In contrast, injection region 3 is entirely located in the fast solar wind stream and magnetically connected to the reverse shock of the CIR. Finally, the injection region of case 4 is the same injection region as discussed in Paper I, and is located partly in the slow solar wind and partly in the fast solar wind. Like in Paper I, we inject protons impulsively (i.e. a delta injection in time) and with an initial energy of 4 MeV to facilitate the tracking of the energy changes of the particles in the solar wind. We assume the same scattering conditions as in Paper I, which are summarised as follows. The pitch-angle diffusion coefficient is characterised similarly to Agueda et al. (2008), and we take the proton radial mean free path constant and equal to [image: equation] AU for 4 MeV protons. The values of the parameters characterising the cross-field diffusion coefficient (Eq. (5)) are α = 10−4 and B0 = max B(r=1 AU) = 9.7 nT. As explained in Paper I, this maximum value of the magnetic field is obtained in the compressed shocked slow solar wind, where the cross-field diffusion is thus minimal. In our simulations, the ratio of the perpendicular mean free path to the parallel mean free path inside the CIR and at 1 AU is at most λ⊥/λ∥ = 3.81 × 10−4. This is small compared to the values obtained by Dwyer et al. (1997), who find ratios of the order of unity for three CIRs using 44–313 keV/nuc helium measurements from the Wind spacecraft. Therefore, we expect that the effects of the cross-field diffusion near the CIR found in the results below are likely to be enhanced with a more realistic treatment of the cross-field motions.
	[image: thumbnail]	Fig. 1.
Snapshot of the solar wind radial velocity showing a part of the r = 0.1 AU inner boundary (left panel) and a part of the solar equatorial plane (right panel). Indicated on both panels are the different particle injection regions.




Finally, we would like to note that the finite resolution of our MHD simulation produces shock waves that are wider than real interplanetary CIR shocks. Therefore, as explained in Paper I, we can argue that the terminology “particle shock acceleration” is not strictly applicable for particle acceleration near the strong compression waves in our simulations. However, if the particle mean free path across the shock is significantly larger than the width of the high-amplitude compression waves (as happens in our simulations), then these waves act on the particles as shocks. More specifically, the particles gain energy due to their motion and scattering in converging flows characterising such compression waves, which is analogous to what happens during first-order Fermi shock acceleration (see also Giacalone et al. 2002, for a discussion).
3.1. Particle intensities along a magnetic field line
We now analyse the particle intensities and anisotropies along four magnetic field lines. More precisely, for each injection case we select a different magnetic field line to illustrate how the varying solar wind conditions may produce particle intensity and anisotropy profiles that are substantially different from one field line to the other. The results are shown in Fig. 2 for the simulations with non-zero cross-field diffusion. Columns a and b of the figure show the intensity and anisotropy profiles along the IMF line as a function of the radial coordinate 4 h and 12.5 h, respectively, after the particle injection. In the panels showing the anisotropy profiles, we include the particle propagation direction since the magnetic field polarity in the unperturbed solar wind and near the fast solar wind stream is different (see also Paper I). For injection region 1, we choose an IMF line centred in the particle streaming zone, as illustrated in panel 1c of Fig. 2. Panels 1a and 1b show that, as a result of adiabatic deceleration, the lower energy channels are quickly populated by the particles. For example, after 4 h, the 3.4 ± 0.2 MeV is already showing intensities of the same order of magnitude as the 3.8 ± 0.2 MeV energy channel. This is especially true close to the Sun, where for a Parker spiral, the adiabatic deceleration is the strongest since ∇ ⋅ Vsw ∼ Vsw/r. We note that, owing to our mono-energetic injection of 4 MeV particles and the nominal solar wind conditions, the 3.8 ± 0.2 MeV energy channel can only lose particles, since it cannot get replenished through adiabatic deceleration of protons with energies above 4 MeV or through proton acceleration in converging flows for instance. The 3.8 ± 0.2 MeV protons remaining a prolonged time close to the Sun move quickly to a lower energy channel, since adiabatic deceleration is most efficient at small radial distances. Hence, protons can only remain in the 3.8 ± 0.2 MeV if they propagate quickly, and hence with a pitch angle close to 180°, to larger radial distances where the adiabatic deceleration is weaker. This, combined with the focusing effect, explains the high anti-sunward anisotropies of the 3.8 ± 0.2 MeV energy channel at the start of the event. At a later time, when the bulk of 3.8 ± 0.2 MeV protons has reached farther radial distances, the intensity of these particles drops and the anisotropies switch sign, as is shown in panel 1b around r ∼ 2.25 AU. For r <  2.25 AU, the measured sunward-streaming protons only reversed their direction through scattering after having travelled to large radial distances where the adiabatic deceleration is weaker. However, we note that if they keep travelling in the sunward direction long enough, they eventually populate a lower energy channel. The combined high efficiency of adiabatic deceleration and focusing at small radial distances also explains why the lower energy channels typically show strong anti-sunward anisotropies, even 12.5 h after the delta injection (see e.g. the 3.0 ± 0.2 MeV channel the panel 1b). This is because close to the Sun, adiabatic deceleration continuously and efficiently decelerates particles to these lower energy channels and focusing increases |μ|; thus, resembling the effect of a time-extended particle injection in those channels.
	[image: thumbnail]	Fig. 2.
Columns a and b: snapshots of the particle intensities and anisotropies along a selected magnetic field line (see text). This IMF line is indicated by a dashed line in the figures of the column c. Column c: integrated particle intensities drawn in grey shades on top of the radial velocity profile of the solar wind. Each row shows the results for each injection region labelled by their number (see Fig. 1). The blue and red vertical lines indicate the forward and reverse shocks, respectively.




In addition, our simulations also show relatively strong anisotropies because we use a rather fine energy resolution ΔE = 0.4 MeV. If we were to consider, for example a 3.0 ± 1.0 MeV energy channel instead, then the anisotropy in panels 1b would be relatively small for r <  1.5 AU, since it would be modulated by the energy channel with highest intensity, i.e. the 3.4 ± 0.2 MeV channel in this case. This however means we would lose all information about the behaviour of particles with energies outside the 3.4 ± 0.2 MeV channel. Finally we note that high anisotropies obtained with corresponding low intensities are not very significant when comparing with in situ observations, since these anisotropies would likely be mitigated by an isotropic background of energetic particles.
Next, we look at a magnetic field line originating from the centre of injection region 2, as illustrated in panel 2c of Fig. 2. This IMF line crosses the forward shock wave of the CIR at a heliospheric radial distance of r ∼ 1.4 AU. This is reflected in the intensity profiles of the snapshot after 4 h (panel 2a), through the appearance of particles in the energy channel 4.2 ± 0.2 MeV, centred on the forward shock (indicated by the blue vertical line in panels 2a and 2b of Fig. 2). Apart from this, the intensities at this time are not very different as compared to the case of injection in the unperturbed solar wind, as expected. This changes when examining the intensity profiles after 12.5 h (panel 2b), since more particles have had time to interact with the forward shock and to travel inside the CIR. The 4.2 ± 0.2 MeV energy channel, peaking at the forward shock, is now substantially populated. We note that the 3.8 ± 0.2 MeV energy channel, which in nominal conditions (case 1) only loses particles, now gets replenished through particle acceleration near the shock. In addition, the 3.8 ± 0.2 MeV energy channel can receive particles away from the shock, through adiabatic deceleration of particles that have been accelerated into the 4.2 ± 0.2 MeV energy channel at the forward shock. Together, this explains why the 3.8 ± 0.2 MeV energy channel shows high intensities along the entire field line, in sharp contrast to the case of the unperturbed solar wind. Finally, we note that the anisotropy profiles in panel 2b have also been strongly altered in comparison to the nominal case shown in panel 1b. Especially the sign-switch of the anisotropies of energy channels 3.8 ± 0.2 MeV and 4.2 ± 0.2 MeV at the forward shock is notable, and it is a consequence of the accelerated particles streaming away from the shock in both sunward and anti-sunward direction.
The third row of Fig. 2 shows the particle intensity and anisotropy along a field line originating from the centre of injection region 3. As in case 2, the field line enters the CIR at a heliospheric radial distance of r ∼ 1.4 AU. However, for this case, the IMF line originates in the fast solar wind and crosses the reverse instead of the forward shock upon entering the CIR. The snapshot after 4 h (panel 3a) is considerably different from the two previous cases, since the IMF line resides in the fast solar wind for r <  1.4 AU, instead of the slow solar wind. As a consequence, the particles experience considerably more adiabatic deceleration since the divergence of the solar wind velocity is larger in the fast than in the slow solar wind (see Paper I for a discussion). This explains why energy channel 3.8 ± 0.2 MeV is quickly depleted of particles close to the Sun, whereas the lower energy channels show much higher intensities compared to the previous two cases. We also note that energy channel 4.2 ± 0.2 MeV starts to get populated with particles crossing the reverse shock wave (see the brown profile peaking close to the red vertical line). Also the snapshot after 12.5 h (panel 3b) is strongly different as compared to the previous two cases, reflecting the interplay between strong adiabatic deceleration at small radial distances (r <  1.4 AU) and acceleration at the reverse shock. Comparing with the snapshot after 4 h illustrates that the reverse shock has repopulated the 3.8 ± 0.2 MeV energy channel at small radial distances. In addition, acceleration at the reverse shock has filled both the 4.2 ± 0.2 MeV and the 4.6 ± 0.2 MeV energy channels. Comparing with case 2 (panel 2b), we remark that the 4.6 ± 0.2 MeV energy channel was not populated for the IMF line crossing the forward shock at the same radial distance, indicating that the reverse shock is a more efficient accelerator in our simulation. Apart from this, we find again that the anisotropies of the highest energy channels, this time including the 3.4 ± 0.2 MeV channel, switch sign near the shock, indicating that particles are accelerated there.
Finally, we look at a magnetic field line originating close to the centre of injection region 4, as illustrated in panel 4c of Fig. 2. At a small heliospheric radial distance (∼0.6 AU), this IMF line enters the CIR, crossing the compression wave that steepens into the reverse shock wave at larger radial distances. The compression wave is not yet strong enough to accelerate particles into the 4.2 ± 0.2 MeV energy channel, yet it contributes by counteracting to some extent the adiabatic deceleration that the particles undergo while travelling in the fast solar wind. This can be seen by noting that the 3.8 ± 0.2 MeV energy channel remains substantially populated, similar to cases 2 and 3 (e.g. panels 2b and 3b) and in contrast to case 1 (e.g. panel 1b). On the other hand, particles residing for some time in the fast solar wind, away from the compression wave, are considerably decelerated. As a result, the 3.0 ± 0.2 MeV and the 2.6 ± 0.2 MeV energy channels show intensities similar to the previous case, which is in contrast to the first two cases. Panel 4b of Fig. 2 shows the presence of a small population of accelerated particles in the 4.2 ± 0.2 MeV channel. However, these particles are not seen along this IMF line for the simulation done with zero cross-field diffusion (not shown here). Therefore, these accelerated particles likely originate from adjacent field lines that cross the reverse shock wave at ∼1.4 AU, as indicated by the positive anisotropies observed at larger distances.
3.2. Longitudinal intensity profiles
In this section, we examine the variation of the particle intensity and anisotropy profiles in the solar equatorial plane at a fixed heliographic radial distance of 1.5 AU. For the four different cases, we study the intensities and anisotropies as a function of the longitude separation from the centre of the injection region, φ − φc. Here, φ denotes the counterclockwise measured longitude coordinate and φc represents the longitude of the point at 1.5 AU that connects magnetically to the centre of the injection region at 0.1 AU. Moreover, the figures discussed below are obtained 15.5 h after the particle injection, and both the results for simulations without (panels A) and with (panels B) cross-field diffusion are shown. In order to quantify the longitudinal width of the particle intensity distributions at 1.5 AU for the different cases, we define [image: equation] for case i as the longitudinal width of the region where the omnidirectional intensity, integrated over all energies, is larger than 10−9 in our simulations. The superscripts 0 and ⊥ indicate whether we are considering a simulation with or without cross-field diffusion, respectively. If we denote the longitudes of the lower and upper longitudinal edges of the particle intensity distribution by φL, i and φU, i, respectively, then we can write [image: equation]. The edge-longitudes φL, i and φU, i allow us to measure the longitudinal width increase due to cross-field diffusion of the intensity distribution as [image: equation] and [image: equation]. The longitudinal widths [image: equation] of the particle intensities and the longitudinal width increases ΔφL, U, i for the four different cases are summarised in Table 1 and discussed below together with the corresponding figures.
Table 1.

Longitudinal widths of the particle intensities and the longitudinal increases due to cross-field diffusion.


Figure 3 shows the longitudinal profiles for injection region 1, for which particles propagate in a nominal solar wind. As a consequence, the longitudinal intensity profiles are symmetric around the centre of the particle streaming zone, and the sharp intensity cut-offs at the edges for the case without cross-field diffusion (reflecting the sharp transition in the spatial injection profile) are smoothed for the case with cross-field diffusion. We note that the cross-field diffusion spreads the 3.4 ± 0.2 MeV protons more in longitude than than for example the 2.6 ± 0.2 MeV protons. This is partly because the cross-field diffusion increases with the speed of the particles1, but also because the 3.4 ± 0.2 MeV channel gets populated before the 2.6 ± 0.2 MeV energy channel, and hence the particles have more time to diffuse across the magnetic field. From Table 1, we note that Δφ0 = 30°, which means that the longitudinal width of the particle intensity distribution remains equal to the width of the injection zone, as expected for a nominal IMF configuration. Finally, we point out that the wiggles in energy channels 3.8 ± 0.2 MeV and 2.6 ± 0.2 MeV are due to the low statistics at those low intensities.
	[image: thumbnail]	Fig. 3.
Snapshot of the intensities (upper panels) and anisotropies (lower panels) of protons originating from injection region 1, at time 15h30m, both for the case without (left panel) and with (right panel) cross-field diffusion. The profiles are measured in the solar equatorial plane at a heliocentric radial distance of 1.5 AU, and as a function of longitudinal separation from the centre of the injection region.




In contrast to case 1, Fig. 4 shows that for case 2 the intensity profiles are strongly asymmetric around the centre of the particle streaming zone. For φ − φc ≲ 2°, particles are travelling in the highly compressed region downstream of the forward shock. Moreover, we note that the intensities peak around the forward shock, where particles get accelerated. Because of this shock acceleration, the 3.8 ± 0.2 MeV energy channel shows high intensities, which is in sharp contrast to case 1. Table 1 shows that the width of the particle streaming zone [image: equation] is less than half the width of the previous case, and hence also less than half the longitudinal width of the injection region. This decrease in width is due to particles following IMF lines that cross the forward shock, where the magnetic field is compressed; thus, this also explains why the peak intensities in Fig. 4 are higher than those in Fig. 3. When looking at panel B of Fig. 4, it is noticeable that, in contrast to case 1, the effect of cross-field diffusion on the intensity profiles is asymmetric. This can also be seen from Table 1, which shows that ΔφL, 2 ≪ ΔφU, 2. The reason for this asymmetry is that, near φ − φc ∼ 0, the particles encounter the stream interface (SI), which is characterised by a strong magnetic field, and hence a weaker cross-field diffusion according to Eq. (5). Finally, we remark that the cross-field diffusion has a larger effect on the longitudinal spread for case 2 than for case 1, when comparing [image: equation] with [image: equation] (see Table 1). Despite the increased magnetic field in the shocked slow solar wind, the cross-field diffusion can thus still be important since magnetic field lines that are significantly separated in the unperturbed solar wind are closely compressed in the CIR. Hence a small cross-field diffusion in the CIR is sufficient to transport the particles across these IMF lines, and if afterwards the particles return to the unperturbed solar wind, they produce a wide particle streaming region.
	[image: thumbnail]	Fig. 4.
Same as Fig. 3, but for protons originating from injection region 2. The grey, red, and blue bands are centred on the SI, the reverse shock (RS), and the forward shock (FS), respectively.




The longitudinal intensity and anisotropy profiles for case 3 are illustrated in Fig. 5. We see that the intensities for this case peak around the reverse shock, which also shows the presence of accelerated particles populating the energy channels 4.2 ± 0.2 MeV and 4.6 ± 0.2 MeV. Similar to case 2, the intensity profiles are strongly asymmetric around the centre of the particle streaming zone. This is because for φ − φc ≳ 5°, particles are travelling in the highly compressed region downstream of the reverse shock, whereas for φ − φc ≲ −30°, particles are travelling in the rarefaction region behind the fast solar wind stream. From Table 1, we note that [image: equation], that is, even without cross-field diffusion, the longitudinal width of the particle intensity distribution at 1.5 AU is larger than the original width of the injection region. This can be attributed to the rarefaction region behind the fast solar wind stream. In addition, we note that [image: equation] would have even been much larger if it were not for the compressed IMF in the CIR at the upper longitude edge of case 3.
	[image: thumbnail]	Fig. 5.
Same as Figs. 3 and 4, but for protons originating from injection region 3.




Looking at panel B of Fig. 5, we see that similar to case 2, the cross-field diffusion has a clear asymmetric effect on the intensity profiles. This asymmetry is also evident from Table 1, showing ΔφL, 3 ≫ ΔφU, 3, and can be attributed to the proximity of the SI to the upper boundary of the particle longitudinal spread. In the CIR, only few particles diffuse through the SI and hence the SI is characterised by a steep drop in intensities. We remark that [image: equation] (see Table 1) is smaller than for the previous two cases, despite the fact that the cross-field diffusion is the strongest in the fast stream and the rarefaction region, owing to the weak IMF in these regions. The latter is confirmed in Table 1 by noting that ΔφL, 3 is the largest of all ΔφL, i and ΔφU, i.
The longitudinal particle intensity and anisotropy profiles for case 4 are shown in Fig. 6. Panel A of this figure illustrates that the streaming zone is much narrower compared to the previous cases, reflecting the highly compressed IMF inside the CIR. By looking at Table 1, we see that[image: equation], that is, the longitudinal width of the intensity distribution is more than five times smaller than the width of the injection region. Comparing panel A with panel B of Fig. 6, we see that cross-field diffusion has brought particles to field lines that only enter the CIR at larger radial distances. This can be seen by noting that cross-field diffusion has produced substantial particle intensities to the left of the red band denoting the reverse shock, and to the right of the blue band denoting the forward shock. These intensities correspond to particles that have moved to field lines that are outside the CIR at 1.5 AU, since the two shocks are the boundaries of the CIR. These field lines eventually enter the CIR at larger radial distances as a consequence of the propagation of the reverse shock into the fast solar wind and the forward shock into the slow solar wind (see also Fig. 6 of Paper I).
	[image: thumbnail]	Fig. 6.
Same as Figs. 3 and 4, but for protons originating from injection region 4.




Among the four cases studied, case 4 is the most influenced by cross-field diffusion since the increase of the longitudinal width due to the effect of the perpendicular diffusion is the largest, [image: equation] (see Table 1). That is, the longitudinal width of the particle spread is more than seven times wider than the width when only parallel transport is considered. Similar to case 2, this can again be attributed to small cross-field motions inside the CIR, bringing particles to IMF lines that are closely compressed inside the CIR but significantly separated outside the CIR.
Furthermore, Fig. 6 shows that the case without cross-field diffusion (panel A) results in an accelerated particle population only at the reverse shock, whereas the case with cross-field diffusion (panel B) shows the formation of accelerated particle populations centred on the forward shock and on the reverse shock (see also Paper I); the SI separates both populations and exhibits a depressed level of the intensity (brown curve). Such an intensity dip of the CIR-accelerated energetic particles situated near the SI is a feature regularly observed (see e.g. Mason et al. 1997; Dwyer et al. 1997; Strauss et al. 2016). The reason for this phenomena is likely that the SI acts as a diffusion barrier, keeping the energetic particles accelerated at the forward shock separated from those accelerated at the reverse shock.
To conclude this section, we would like to remark that by defining [image: equation] as the longitudinal width of the energy integrated intensities, we lost information on the energy dependence of the longitudinal widths. However, by looking at Figs. 3–6 we see that different energy channels have different longitudinal widths, and that the energy channel that determines the total longitudinal width, [image: equation], changes across the different cases. We find a similar behaviour for the variables ΔφL, U, i, which measure the longitudinal increase of the energy integrated intensities due to cross-field diffusion. A comparison of Figs. 3–6 illustrates again that the cross-field diffusion does not affect all energy channels in the same manner, which is partly due to the dependence of the cross-field diffusion on the particle speed (see footnote 1 and Paper I). The variation of [image: equation] and ΔφL, U, i with energy is also influenced by our choice for a mono-energetic impulsive injection. For example, in our simulations, the evolution of the longitudinal width of the 2.6 ± 0.2 MeV energy channel depends on how fast and where this channel gets significantly populated through adiabatic deceleration; thus this depends on the specific solar wind conditions that are different for the four cases. If we were to consider a mono-energetic delta injection of, for example, 3 MeV protons instead of 4 MeV protons, the spreading of the protons populating the 2.6 ± 0.2 MeV energy channel would be altered as compared to our current simulations. This is because this energy channel would now be populated from the very start of the simulation and be depleted from particles through adiabatic deceleration. Hence, in order to further investigate the energy dependence of the particle spreading in the heliosphere, we need to consider a particle source injection with an energy spectrum covering a wide range of energies. This task will be addressed in a future work.
3.3. Radial evolution of the longitudinal width
In the previous section, we examined how the total longitudinal width Δφi of the particle streaming zone at 1.5 AU strongly varies across the four different cases, reflecting the underlying IMF topology. We now study how Δφi varies as a function of radial distance in the solar equatorial plane, 15.5 h after particle injection. The radial dependence of Δφi is illustrated in the upper panel of Fig. 7, for the four injection cases, both without (dashed curves) and with (solid curves) cross-field diffusion. The lower panel of Fig. 7 shows the radial dependence of ΔφL, i (dashed curves) and ΔφU, i (solid curves) for the four different cases.
	[image: thumbnail]	Fig. 7.
Upper panel: longitudinal width of the particle streaming zone for the simulations without (dashed lines) and with (solid lines) cross-field diffusion, 15.5 h after particle injection. Blue corresponds to case 1, orange to case 2, green to case 3, and red to case 4. Lower panel: longitudinal increase of the particle streaming zone at the lower (dashed) and upper (solid) longitude boundaries, 15.5 h after particle injection. The colour code follows the upper panel.




For case 1 (blue lines), we see that [image: equation] is constant and equal to 30°, i.e. the width of the injection zone, which is expected for a nominal IMF. Instead, cross-field diffusion causes [image: equation] increase with the heliocentric radial distance since the cross-field diffusion in our simulations, as in others (e.g. Zhang et al. 2009; Dröge et al. 2010, 2014), is stronger at larger radial distances because of the decreasing magnetic field. From the lower panel of Fig. 7, we see that the increase in width of the streaming zone is the same at both sides of the streaming zone. For case 2, the evolution of Δφ2 is illustrated by the orange lines in Fig. 7. In contrast to case 1, the longitudinal width of the particle intensity distribution is monotonically decreasing with radial distance in the heliospheric equatorial plane, both for the simulations with and without cross-field diffusion. This is because the magnetic field lines bounding injection region 2 enter the CIR, where they are compressed and, once inside the CIR, the field lines further converge towards the SI therefore decreasing the width of the streaming zone monotonically. Looking at the lower panel of Fig. 7, we see that there is a strong difference between the change of the width at the lower and upper longitudinal borders of the streaming zone. The field line bounding the lower longitudinal side of the injection region enters the CIR at ∼1.3 AU, i.e. around the location where ΔφL, i becomes constant and equal to ∼5°.
As noted before, any cross-field transport inside the CIR can bring the particles on IMF lines that are closely adjacent in the CIR, but significantly separated outside the CIR. Hence, we expect to see the effect of cross-field diffusion happening inside the CIR more clearly outside the CIR, that is, before the IMF lines enter the CIR. Cross-field transport at the lower longitudinal border in the direction of the SI are only visible at small radial distances, since the particles move on field lines that are everywhere closely adjacent to each other except at very small radial distances when they reside in the unperturbed solar wind. This explains why ΔφL, 2 is slightly larger than ΔφL, 1 below 0.6 AU. For the same reason, ΔφU, 2 >  ΔφU, 1, since cross-field transport of particles inside the CIR near the upper longitude border and in the opposite direction of the SI brings particles on field lines that enter the CIR at larger radial distances. We want to remark that in this latter case the effect of the cross-field transport needs time to be particularly notable, since particles have to travel to large radial distances, diffuse across the magnetic field, and subsequently return towards the inner heliosphere. For this reason ΔφU, 2 ≈ ΔφU, 1 for r <  1 AU.
For Case 3, [image: equation] is slowly increasing instead of remaining constant like case 1 or decreasing like case 2. Most of the IMF lines originating from injection region 3 enter the CIR at large radial distances and hence undergo compression at the reverse shock. However some of the IMF lines enter the rarefaction region behind the fast solar wind stream, where IMF lines are strongly diverging. This explains the larger longitudinal width Δφ3 of this case as compared to the other cases. Such large extent of the particles is also clearly observed by comparing the particle density map of the panels in the last column of Fig. 2. The behaviours of ΔφL, 3 and ΔφU, 3 are analogous yet mirrored when compared to the corresponding variables of case 2, since the upper longitudinal edge is now close to the SI. In the lower edge, we note that ΔφL, 3 >  ΔφL, 1 for r >  1 AU, indicating that cross-field diffusion is more efficient in the rarefaction region than in the slow solar wind because of the lower magnetic field strength in the rarefaction region that translates into a stronger cross-field diffusion (see Eq. (5)).
For Case 4, we see that [image: equation] and [image: equation] both decrease, similar to case 2. The behaviour of [image: equation] is largely determined by lower longitudinal edge, since the field line bounding the upper longitudinal edge quickly enters the CIR and converges towards the SI. Around ∼1.4 AU, the field line bounding the lower longitudinal edge enters the CIR, explaining the kink in [image: equation] at this distance. In contrast to the IMF in the shocked slow solar wind, the IMF in the shocked fast solar converges only very slowly in the direction of the SI, explaining why [image: equation] remains approximately constant for r >  1.4 AU. Figure 7 also illustrates that the strong increase of [image: equation] with decreasing radial distance is largely determined by ΔφU, 4, i.e. by cross-field motions of particles in the shocked slow solar wind. As for case 2, these motions bring particles on IMF lines that enter the CIR from the slow solar wind at much larger radial distances than the IMF lines bounding the particle streaming zone in the case with null cross-field diffusion (see the red solid line in the lower panel of Fig. 7). The large curvature of the IMF in the slow solar wind then explains the strong increase in ΔφU, 4 towards the Sun.
3.4. Latitudinal variation of particle intensity
In the following, we examine the energy-integrated particle intensity variations both in longitude and colatitude, at a fixed heliospheric radial distance of r = 1.5 AU and 15.5 h after particle injection. Figure 8 shows such spherical surfaces for the four different cases with the SEP intensity levels depicted as contour lines on top of different solar wind variables. All particle intensity contours represent the simulations with cross-field diffusion.
	[image: thumbnail]	Fig. 8.
Contour plots of the particle intensity at r = 1.5 AU, drawn on top of different MHD solar wind variables, 15.5 h after particle injection and for the simulations with cross-field diffusion. The red parallels indicate the borders of the sampling region. Upper left panel: intensities of case 1 drawn on top of the magnetic field magnitude. Upper right panel: intensities of case 2 drawn on top of the magnetic field colatitude component. Lower left panel: intensities of case 3 drawn on top of the magnetic field magnitude. Lower right panel: intensities of case 4 drawn on top of the longitudinal velocity component.




Panel A of Fig. 8 corresponds to case 1, where the elliptical shape of the intensity contours reflects the rectangular shape of the particle injection region (see Fig. 1). Although not shown in this figure, the intensity contours for the simulation with zero cross-field diffusion, are all coincident and rectangular like the source region, as expected in a Parker spiral magnetic field. In contrast, the shapes of the intensity contours for case 2 (panel B of Fig. 8) are no longer similar to the original source region. Inside the CIR, particles are transported to the south owing to the deflection of the IMF upon crossing the forward shock, as indicated by the magnetic field colatitude component Bϑ drawn in the background (see also e.g. Pizzo 1991). Panel C of Fig. 8 shows the intensity contours for case 3, drawn on top of the magnetic field strength. We see that the particles are spread in a large region in the rarefaction zone behind the CIR, characterised by a weak magnetic field. The peak of the intensities occurs at the reverse shock and the corresponding downstream region, where the magnetic field is compressed. Finally, the intensity contours for case 4 (panel D of Fig. 8) are drawn on top of the longitudinal solar wind velocity component vφ, clearly indicating the location of the SI. Similar to case 2, we see that the intensity contours are peaking towards the south in the shocked slow solar wind, as a result of the deflection of the IMF at the forward shock. We note that we do not see the particle population moving towards the northern hemisphere owing to the northward location of the coronal hole centre with respect to location of the injection region (see the left panel of Fig. 1). The deformation of the particle intensity contours both in longitude and latitude makes the original shape of the injection region no longer easily discernible, unless the IMF structure is known accurately.
4. Summary
In this article we continued the work of Paper I, studying SEP transport in a solar wind generated by EUHFORIA containing a CIR. We considered an impulsive injection of 4 MeV protons, originating from four source regions, all located at different places at the inner boundary of EUHFORIA. When examining the particle intensities in the solar equatorial plane, the four cases differed significantly from one another, reflecting the different underlying IMF structures encountered by the particles. Measuring the intensity and anisotropy along four different magnetic field lines illustrated the important effect of the solar wind speed on changing the energy content of the initially injected particle population.
The three IMF lines that were connected to the CIR showed significant differences from the IMF line located entirely in the slow solar wind. The intensity and anisotropy profiles along the IMF lines crossing the forward and reverse shocks demonstrated how accelerated particle populations formed centred on the shock waves because of the presence of converging plasma flows. The longitudinal intensity and anisotropy profiles at r = 1.5 AU illustrated how the solar wind configuration completely alters the observed profiles. Whereas the longitudinal profile in a nominal solar wind is symmetric, both without and with cross-field diffusion, the longitudinal profiles measured near the CIR were highly asymmetric. In the latter cases, the intensities reached their peak values at the shocks bounding the CIR, reflecting the compressed magnetic flux tubes there. For cases 2 and 3 we saw a sharp drop in intensities near the SI, as the corresponding injection regions were not crossing the transition region between the fast and slow solar wind at the inner boundary. Cross-field diffusion smoothed this drop only slightly, since the SI is characterised by a strong IMF and hence a weak cross-field diffusion. The effect of the SI on the particle intensities was also clearly reflected in the 4.2 ± 0.2 MeV energy channel of case 4 with cross-field diffusion. This energy channel is populated by two proton populations accelerated in the CIR shocks, and the SI separates both populations. Although the effect of the SI has been predicted by simulations accounting for cross-field diffusion processes (Strauss et al. 2016), for the first time our model is able to show with detail the acceleration of protons at both shocks of the CIR and reproduce the observed dip of particle intensities (e.g. Dwyer et al. 1997).
Studying the width of the particle streaming zone as a function of radial distance revealed that the different solar wind configurations produce completely different dependencies. For a nominal solar wind without cross-field diffusion, the width remains constant whereas in non-nominal conditions, the width can either increase or decrease with heliographic radial distance. Moreover, whereas the cross-field diffusion widens the particle streaming zone, it does not significantly influence the behaviour of the width as a function of radial distance. We suggest therefore that the IMF topology might play an important role in contributing to the occurrence of widespread and narrow SEP events. In addition we analysed the latitudinal spreading of the particles, by showing the particle distributions on a spherical surface at a heliocentric radial distance of 1.5 AU. We showed that the IMF structure of the CIR alters the shape of the intensity distribution, such that the shape of the original injection region is no longer obvious.
Finally, we want to point out that large SEP events simultaneously observed by e.g., the Solar Terrestrial Relations Observatory (STEREO) and by near-Earth spacecraft might develop under different background solar wind conditions (on top of observed CME propagation), as detected by each spacecraft (e.g. see the events analysed by Lario et al. 2014, 2016). The modelling presented in this work suggests that a non-nominal structured solar wind may significantly affect both the spatial extent and energy of the particle population in SEP events. How the SEP spatial distribution is affected by the solar wind also depends on the relative location of the particle source with respect to the large-scale structure. Therefore, models such as ours may contribute towards gaining insights in understanding the observed multi-spacecraft SEP event intensities.


1 As detailed in Paper I, we have that [image: equation], where q = 5/3 denotes the exponent of the power spectrum of the magnetic turbulence. Equation (5) then gives that κ⊥ ∝ v3 − q.
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Longitudinal widths of the particle intensities and the longitudinal increases due to cross-field diffusion.
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	[image: thumbnail]	Fig. 1.
Snapshot of the solar wind radial velocity showing a part of the r = 0.1 AU inner boundary (left panel) and a part of the solar equatorial plane (right panel). Indicated on both panels are the different particle injection regions.
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	[image: thumbnail]	Fig. 2.
Columns a and b: snapshots of the particle intensities and anisotropies along a selected magnetic field line (see text). This IMF line is indicated by a dashed line in the figures of the column c. Column c: integrated particle intensities drawn in grey shades on top of the radial velocity profile of the solar wind. Each row shows the results for each injection region labelled by their number (see Fig. 1). The blue and red vertical lines indicate the forward and reverse shocks, respectively.
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	[image: thumbnail]	Fig. 3.
Snapshot of the intensities (upper panels) and anisotropies (lower panels) of protons originating from injection region 1, at time 15h30m, both for the case without (left panel) and with (right panel) cross-field diffusion. The profiles are measured in the solar equatorial plane at a heliocentric radial distance of 1.5 AU, and as a function of longitudinal separation from the centre of the injection region.
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	[image: thumbnail]	Fig. 4.
Same as Fig. 3, but for protons originating from injection region 2. The grey, red, and blue bands are centred on the SI, the reverse shock (RS), and the forward shock (FS), respectively.
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	[image: thumbnail]	Fig. 5.
Same as Figs. 3 and 4, but for protons originating from injection region 3.
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	[image: thumbnail]	Fig. 6.
Same as Figs. 3 and 4, but for protons originating from injection region 4.
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	[image: thumbnail]	Fig. 7.
Upper panel: longitudinal width of the particle streaming zone for the simulations without (dashed lines) and with (solid lines) cross-field diffusion, 15.5 h after particle injection. Blue corresponds to case 1, orange to case 2, green to case 3, and red to case 4. Lower panel: longitudinal increase of the particle streaming zone at the lower (dashed) and upper (solid) longitude boundaries, 15.5 h after particle injection. The colour code follows the upper panel.
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	[image: thumbnail]	Fig. 8.
Contour plots of the particle intensity at r = 1.5 AU, drawn on top of different MHD solar wind variables, 15.5 h after particle injection and for the simulations with cross-field diffusion. The red parallels indicate the borders of the sampling region. Upper left panel: intensities of case 1 drawn on top of the magnetic field magnitude. Upper right panel: intensities of case 2 drawn on top of the magnetic field colatitude component. Lower left panel: intensities of case 3 drawn on top of the magnetic field magnitude. Lower right panel: intensities of case 4 drawn on top of the longitudinal velocity component.
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Snapshot of the solar wind radial velocity showing a part of the r = 0.1 AU inner boundary (left panel) and a part of the solar equatorial plane (right panel). Indicated on both panels are the different particle injection regions.
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Columns a and b: snapshots of the particle intensities and anisotropies along a selected magnetic field line (see text). This IMF line is indicated by a dashed line in the figures of the column c. Column c: integrated particle intensities drawn in grey shades on top of the radial velocity profile of the solar wind. Each row shows the results for each injection region labelled by their number (see Fig. 1). The blue and red vertical lines indicate the forward and reverse shocks, respectively.



    

  
    Table 1. 

Longitudinal widths of the particle intensities and the longitudinal increases due to cross-field diffusion.




	Case
	[image: equation]
	[image: equation]
	ΔφL, i

	ΔφU, i

	[image: equation]





	1
	30°
	66°
	17.9°
	18.1°
	2.2



	2
	11.1°
	36.1°
	5.1°
	19.9°
	3.2



	3
	47.3°
	75.8°
	23.8°
	4.7°
	1.6



	4
	5.6°
	41.2°
	15.4°
	20.1°
	7.3






Notes. Numbers are for a heliocentric radial distance r = 1.5 AU in the solar equatorial plane.
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Snapshot of the intensities (upper panels) and anisotropies (lower panels) of protons originating from injection region 1, at time 15h30m, both for the case without (left panel) and with (right panel) cross-field diffusion. The profiles are measured in the solar equatorial plane at a heliocentric radial distance of 1.5 AU, and as a function of longitudinal separation from the centre of the injection region.
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Same as Fig. 3, but for protons originating from injection region 2. The grey, red, and blue bands are centred on the SI, the reverse shock (RS), and the forward shock (FS), respectively.
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Same as Figs. 3 and 4, but for protons originating from injection region 3.
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Same as Figs. 3 and 4, but for protons originating from injection region 4.
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Upper panel: longitudinal width of the particle streaming zone for the simulations without (dashed lines) and with (solid lines) cross-field diffusion, 15.5 h after particle injection. Blue corresponds to case 1, orange to case 2, green to case 3, and red to case 4. Lower panel: longitudinal increase of the particle streaming zone at the lower (dashed) and upper (solid) longitude boundaries, 15.5 h after particle injection. The colour code follows the upper panel.
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Contour plots of the particle intensity at r = 1.5 AU, drawn on top of different MHD solar wind variables, 15.5 h after particle injection and for the simulations with cross-field diffusion. The red parallels indicate the borders of the sampling region. Upper left panel: intensities of case 1 drawn on top of the magnetic field magnitude. Upper right panel: intensities of case 2 drawn on top of the magnetic field colatitude component. Lower left panel: intensities of case 3 drawn on top of the magnetic field magnitude. Lower right panel: intensities of case 4 drawn on top of the longitudinal velocity component.
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