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Anomalous cosmic-rays (ACRs) are thought to be originated from the acceleration of pickup ions (PUIs) at the termination shock or interplanetary shocks, and play important role for the plasma dynamics in the outer heliosphere. Due to limited observation, the effects of ACRs on the solar wind events is not well known. Under the approximation of spherical symmetry, we have developed a three-component magneto-hydrodynamic (MHD) numerical model that contains solar wind plasma, interstellar neutral atoms and ACRs, to investigate the evolution of the solar wind within a heliocentric distance from 1 to 150 astronomical units (AU). We use the solar wind observations from the OMNI database with the time from 2010.5 to 2016.0 (decimal years) at the inner boundary, and the effect of ACRs on the propagation of the solar wind events are compared with the observations from the spacecrafts of New Horizons, Voyager 1 and 2. The results show that ACRs may decrease the speed of the solar wind shocks to some extent, and the effect is positively correlated with the diffusion coefficient; a larger diffusion coefficient leads to a more pronounced effect. Moreover, the ACRs has a dissipation effect on the shock-like solar wind structures, and may play important roles on the dynamics of solar wind in the outer heliosphere.
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1 INTRODUCTION
The heliosphere is a huge bubble or magnetosphere-like structure formed by the interaction between the solar wind plasma and the local interstellar medium (Parker, 1961). Voyager 1 and 2 detected the termination shock (TS) about 94 and 84 Astronomical units (AU), where the solar wind is significantly decelerated and heated, and entered the heliosheath in 2004 and 2007, respectively (Stone, 2005; Richardson et al., 2008). Later, the two probes crossed the heliopause at a distance of about 120 AU and entered interstellar medium in 2012 and 2018, respectively (Stone et al., 2019a), at a time when the count rates of galactic cosmic-rays (GCRs) were rising suddenly and those of the Anomalous Cosmic-Rays (ACRs) were falling rapidly (Krimigis et al., 2013). In the heliosphere, the solar wind events such as the co-rotation interaction regions (CIRs) and interplanetary coronal mass ejections (ICMEs), have a large amount of consequences as they are propagating into the outer heliosphere. For example, a series of CIRs may form the so-called merged interaction regions (MIRs) at larger heliocentric distances ([image: image] AU) (Burlaga et al., 1984). The MIRs may interact with the heliopause and generate interstellar shocks that are expected to accelerate electrons and produce radio emission that could be detected by the spacecraft in some situations. After Voyager 1 crossed the heliopause in August 2012, two forward shocks were respectively detected by the MAG instrument in 2012.92 and 2014.66, and a suspected reverse shock was detected in 2013.35 (Burlaga and Ness, 2016); while the plasma wave instrument detected their corresponding radio emissions as well (Gurnett et al., 2015).
Attempts have been made to locate the origins of these shocks inside the heliosphere. Liu et al. (2014) investigated the origin of an interstellar shock and the radio emissions based on a one-dimensional Magneto-hydrodynamics (MHD) simulation, and suggested that the observed radio emissions and associated shock are the result of a series of ICMEs that detected in March 2012. However, due to the lack of inclusion of interstellar plasma, the termination shock and the heliopause were not included in their model; however, they used the Earth’s magneto-sheath to approach the inner heliosheath and calculate the propagation time of the shock. The evolution of the solar wind events in the outer heliosphere were investigated using a more sophisticated global MHD model, in which the 1-h resolution OMNI data at the spherical inner boundary at 1 AU was used (Fermo et al., 2015); they found that the modelled termination shock and heliopause are about 30 AU farther away than the real observations. Their further work showed that the multiple co-rotating interaction regions play an important role in the formation of the first forward shock detected by Voyager 1 after the heliopause crossing, and contribute for the second forward shock after taking ICMEs into account. (Kim et al., 2017). Richardson et al. (2017) found that the pressure pulses detected by Voyager 2 in the heliosheath are correlated with the interstellar shocks by Voyager 1. Based on a spherically symmetric MHD model containing termination shocks, Guo et al. (2021) performed the numerical simulations using three solar wind sources (STEREO A and B, and OMNI) with different longitudes as inner boundary conditions, and did comparison analyses with the in situ observations of New Horizons, Voyager 1 and 2 in the outer heliosphere. Their results indicate the possible connection between the pressure pulse observed by Voyager 2 and the interstellar shock events observed by Voyager 1. However, the possible effects of energetic particles, such as ACRs, have not been considered in the consequences of solar wind events in the outer heliosphere.
Anomalous cosmic rays are singlely-charged ions with energies from a few MeV to 100 MeV that play an important role in the outer heliosphere (Giacalone et al., 2022). They are generally believed to originate from pick up ions (PUIs) that have the sources of interstellar neutral atoms, and are accelerated by interplanetary shocks or termination shocks through the diffuse shock acceleration mechanism (DSA) (Fisk et al., 1974; Pesses et al., 1981; Gloeckler et al., 1994; Baring et al., 1997; McComas and Schwadron, 2006). Observations have also shown that the accelerated PUIs and ACRs can couple with the solar wind plasma and have an effect on the shock structure in the heliosphere (Terasawa et al., 2006). Alexashov and Chalov (2004) considered the effect of ACRs on the outer heliosphere using numerical simulations, and found that the diffusion of the ACRs pressure leads to the formation of a smooth shock precursor at upstream of the termination shock, which in turn further increases the radial distance of the termination shock. Guo et al. (2018, 2019) also found that the escape of ACRs across the heliopause into interstellar medium leads to a contraction of the inner heliosheath, which can partly explain the observation that Voyager detected the heliopause earlier than theoretically expected (Stone et al., 2013; 2019b). In addition, the separation of the shock front from the peak of the ACRs count rate observed by Voyager 2 (Lazarus et al., 1999) may be due to an interruption in the formation of ACRs from PUIs via DSA, which leads to the peak convecting with the solar wind and separating from the shock front (Rice and Zank, 2000). After crossing the termination shock, Voyager 2 detected a short-term enhancement of the count rate of ACRs, which has been discussed through the magnetic reconnection, (e.g., Drake et al., 2010) and the related stochastic acceleration mechanism (Zank et al., 2015; Zhao et al., 2019); alternatively, it may also be related to the temporary increase in shock intensity caused by the passage of interplanetary shocks through the termination shock (Guo et al., 2022).
In this paper, we will investigate the effect of ACRs on solar wind propagation under realistic solar wind conditions by means of numerical simulations, in which the solar wind plasma, neutral atoms, and ACRs are coupled based on the MHD-neutrals-ACRs combined equations under spherical symmetry approximation. The solar wind from OMNI-database will be used as the inner boundary condition, and the effects of ACRs on the solar wind will be discussed in comparison with observations from New Horizons, Voyager 1 and 2.
2 NUMERICAL MODEL
In this model, the solar wind plasma is governed by the ideal MHD equations, and the ACRs are treated as mass-less fluid with pressure only and are governed by the diffusion equation in which the distribution function is isotropic and energy-averaged in phase space. The interstellar neutral atoms are fixed as the background inflow and have the charge-exchange with the solar wind protons. All variables of the solar wind are assumed to be spherically symmetric, that is, they depend exclusively on the heliocentric distance r, and the spherical derivatives (∂/∂ϕ = ∂/∂θ) are zero in the polar coordinates (r, θ, ϕ). so that the solar wind flows along the radial direction near the ecliptic plane, being without the side impact of longitudinal and latitudinal flows. Under these approximations, the normalized equations are written as follows:
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whereρ, u, B, E represent the plasma density, velocity, magnetic field, and energy density, respectively. E = P/(γ − 1) + ρu2/2 + B2/2, and PT = P + B2/2, where P is the thermal pressure of solar wind. The pressure of ACRs is Pc, and the corresponding energy density Ec = Pc/(γc − 1). The diffusion coefficient κ is spatially isotropic and set to be constant in the simulation. Namely, the simulation employs three diffusion coefficients, κ1 = 5 × 1018cm2s−1, κ2 = 5 × 1019cm2s−1 and κ3 = 5 × 1020cm2s−1,andκ0 indicates no diffusion results. The plasma adiabatic index is γ = 5/3; the ACRs are considered to be non-relativistic, so the adiabatic index γc = 5/3. Charge exchange between the plasma and interstellar neutral atoms is implemented through the three source terms (QN, QM, QE) (Pauls et al., 1995). Details of the charge-exchange source terms are expressed in appendix A of the previous work (Guo et al., 2019). Solar gravity is included as well, with G being the solar gravitational constant and Ms the solar mass. The above equations are implemented with the MUSCL numerical scheme (van Leer, 1979), in which the extended HLLC Riemann solver are used (Guo, 2015). Overall, the simulation code has second-order accuracy for both spatial reconstruction and time evolution.
The inner boundary is located at a heliocentric distance of 1 AU, and the simulation domain is from 1 to 150 AU, with a nonuniform grid with a total number of 10,000. The grid size ΔR is 0.004 AU at the inner boundary, 0.021 AU near the termination shock ([image: image] AU), and 0.034 AU at the outer boundary. Typical solar wind conditions are initially set at the inner boundary as follows: number density 10cm−3, radial velocity ur = 400 km/s, temperature T = 5 × 104K, and magnetic field Br = 2.8 nT. Assuming that the interstellar neutrals are hydrogen atoms that move along the anti-radial direction at a constant speed of 26.2 km/s and a temperature of 6,300K. Their densities follow a typical exponential distribution (Axford, 1972):
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where nH0 = 0.15cm−3 is the number density of neutral atoms in interstellar space, and r0 the penetration depth. Eq. 7 describes the transport of the cosmic-ray pressure Pc, and was derived from the Parker transport equation with the assumption of energy-averaged in phase space, (e.g., Zank et al., 1993; Chalov and Fahr, 1996). The ACRs pressure Pc is 0 everywhere initially, and the quantity α is the local injection rate of the ACRs particles from the lower-energy PUIs (Zank et al., 1993) that depends on shock strength. Similar to Rice et al. (2000), here we have an α value of:
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where α′ is a constant that measures the injection efficiency and generally takes values between 0.1 and 1.0; here it is set to be a constant of 0.8 near the shock, while zero in the uncompressed region. We assume that all particle energies can be described by a distribution function, and we consider energetic particles with energies larger than 5 keV to be ACRs, so we do not distinguish between low-energy PUIs and the solar wind (Wang and Richardson, 2001), and between high-energy PUIs and ACRs (Eichler, 1979; Zank et al., 1993). The acceleration of PUIs from low-energy to high-energy (or ACRs) at the shocks are accomplished by the adiabatic heating term in the RHS of Eq. 7, during which the solar wind plasma lose energy as a compensation by the adiabatic cooling term in the RHS of Eq. 6. Once the PUIs are accelerated to the ACRs at shocks, they will convect and diffuse, being governed by the simplified Parker transport equation (Eq. 7). Galactic cosmic rays are not taken into account, because of their small pressure gradient in the inner heliosphere and their large diffusion coefficients. Therefore, they do not have a significant effect on the shock as well as on the simulation results (Rice et al., 2000).
Due to the limitations of the spherically symmetric flow approximation, the interstellar plasma is not included in the model, and therefore the heliopause cannot be reproduced. Similar to the previous approach (Florinski et al., 2004), we apply a constant pressure at the outer boundary, and a termination shock can be obtained after evolution. In order to obtain a termination shock that is stable at around 80–90 AU, we set p = 7.2PISM for the outer boundary condition, where PISM is the thermal pressure of the interstellar medium. Free boundary conditions are used for other variables. Once the initial state is complete, the time-dependent solar wind data from the OMNI database is imposed at the inner boundary from the year 2010.5–2016.0, to drive the evolution of the solar wind along the radial direction. Figure 1 shows the radial profile of the solar wind quantities at the year 2012.5, with the black and red curves corresponding to those with ACRs and without ACRs, respectively. The diffusion coefficient of κ2 is applied for the simulation. The black curve appears more smooth than the red one near shocks, and it moves into a further distance than the red one because of the existence of shock precursors (Alexashov and Chalov, 2004; Guo et al., 2019). For better comparison, the positions of New Horizons, Voyager 1 and 2 are marked in the figure. These three spacecrafts are assumed to move upwind toward the intestellar neutrals, which is roughly consistent with the reality (Guo et al., 2021). Note that Voyager 1 is approaching the heliopause which is located at 121.6 AU from the later observation, the termination shock is at about 81 AU at the time.
[image: Figure 1]FIGURE 1 | From top to bottom, the radial profiles of the solar wind density, velocity, magnetic field strength, and the total pressure of solar wind and ACRs, at the year 2012.5. The black and red solid curves are the results with ACRs and without ACRs, respectively. The positions of New Horizons, Voyager 1 and 2 are shown as the three blue vertical dashed lines. The heliopause is marked as the black vertical dash line for comparison.
3 SIMULATION RESULTS
3.1 Comparison results with New Horizons
Figure 2 shows the simulation results and the in situ measurements from New Horizons, with the time ranging from 2011.0 to 2015.0, and the heliocentric distance from 18.7 to 31.3 AU. From the observations, the solar wind density, temperature and velocity are plotted as the red dotted curves; the density and temperature of the PUIs are represented by the green dotted curves. The blue solid curves correspond to the simulation data. Magnetic field data are not available for New Horizons due to the absence of magnetometers. We performed the simulations with the model including ACRs with the diffusion coefficient of κ2 versus the model without ACRs, and the results are shown in the panels A and B, respectively. Since New Horizons is located at a lower latitude and at a distance closer to the Sun than Voyager 1 and 2, the numerical simulations match the observations of New Horizons much better than the other two as we will show below. From the comparison between A and B, we find that the simulation results with and without ACRs are basically same in large-scale solar wind structures, and the simulated plasma densities are nearly in the same order of magnitude as the observed values. Specifically, the observed densities are higher than the simulation results during most of the time in the figure. The simulated velocity variation agrees with the observed large-scale cycle variation with a period of about 1.3 years (Richardson et al., 1994). The simulated temperatures are much larger than those of the plasma and much smaller than the temperatures of PUIs, indicating that they are mixed between those of the solar wind and the PUIs. The number density of the observed thermal solar wind ions is about 95% over the total solar wind particles during the period, the calculation yields an average temperature of 2.12 × 105K, which is a little higher than the simulated averaged temperature of 1.07 × 105K. Note that high-energy PUIs above 5 keV have been classified as ACRs in our model, whereas the energetic particle instrument of New Horizons has a detection up-limit for H+ PUIs of 7.8 keV (McComas et al., 2017). Therefore, in our model, most of the PUIs are considered as part of the solar wind plasma for simplicity.
[image: Figure 2]FIGURE 2 | From top to bottom: Time profiles of number density, temperature and bulk flow speed from the observation of New Horizons (red: plasma; green: PUIs) and the model simulation (blue) during the years 2011.0–2015.0. (A) shows the simulated data without ACRs, while (B) shows data with ACRs.
For more details, we select an interval of the time 2013.5–2014.0, as shown in Figure 3. The black solid curves indicate the simulation results without ACRs; the green, orange and blue curves correspond to those with ACRs, with the diffusion coefficients of κ1, κ2 and κ3, respectively; the red dots indicate the observation data from New Horizons. In panel A, each large-scale solar wind structure roughly has a corresponding simulation result, although exact coincidence in time is not achieved for the current modeling. Several shock pairs are identified, with the typical characteristics of the forward and reverse shocks, as well as density enhancement in between. Taking the event from 2013.6 to 2013.7 as an example, shown in panel B, the forward and reverse shock fronts are respectively pointed by black arrow F1 and red arrow R1. The effects of ACRs on the solar wind evolution are clearly seen for the three diffusion coefficients. For instance, at the distance of [image: image] AU, ACRs significantly affect the structure of shocks with a higher diffusion coefficient corresponding to a slower shock speed, being compared with the black curves from the non-ACRs case. This phenomenon is caused by the energy loss of the shock due to the shock acceleration from the higher-energy PUIs in the solar wind to the ACRs, which are diffusive and no longer coupled with the solar wind plasma. Once the ACRs are produced at shocks and result in an increasing pressure, the thermal pressure will decrease as a response and lead to a drop of the local sonic speed and consequently a slowdown in the shock speed in the solar inertial coordinate. As a result, the shock with higher diffusion case will be detected later than those from the lower diffusion or the non-ACRs cases. As the black arrows F1 and F2 indicate in panels B and C, there is about 1 day gap between the black and blue shock fronts, which respectively correspond to the two cases of κ0 and κ3.
[image: Figure 3]FIGURE 3 | (A) Profiles of the number density and flow speed of the solar wind from the years 2013.5–2014.0. The simulation results for the four diffusion coefficients κ0, κ1, κ2 and κ3, presented by the black, green, orange and blue curves, respectively. The observations from New Horizons are plotted as red dots. The unit of diffusion coefficient is cm2s−1. Two typical views from 2013.6 to 2013.7 and 2013.87–2013.98 are shown in panels (B, C), respectively.
On the contrary, as the red arrows R1 and R2 mark, the slower shock speed for the reverse shocks will make the shocks be detected earlier than those of the lower diffusion cases in the solar coordinate, due to its opposite propagation direction relative to the expanding solar wind flow. In panels B and C, there are about respectively three and 4 days between the two cases of κ0 and κ3. Notice that some shock-like structures may be identified between the above shock pairs due to the complicated interaction between the adjacent merged interaction regions. Here we do not attempt to analyze all of them since they have relatively small amplitudes.
For more details of the evolution, we trace the forward shock shown as F2 in Figure 3 at the three radial distances of 5, 25, and 50 AU, as pointed by the red arrows in Figure 4. At 5 AU, the shocks begin to depart from the others for the three different diffusion environments. As the distance increases, the separation distances between shocks become larger, with a higher diffusion corresponding to a slower shock speed and thus a latter arrival time for a same location. For example, the shock in the case of κ3 is is detected at [image: image] days later than in the case of no ACRs at 50 AU. There is about 182 days for the shock propagation from 1 to 50 AU in the case of no ACRs, thus the deceleration rate is [image: image] for the case of κ3.
[image: Figure 4]FIGURE 4 | Time evolution of the solar wind structure near the 2013.88 shock (shown in Figure 3) at the three radial distances (5, 25 and 50 AU). The red arrows point to the corresponding positions of the shock front. The dotted curves show the corresponding solar wind structure for a higher neutral density of 0.6 cm/m3, with a diffusion coefficient of κ3=5×1020cm2s−1.
The effect of ACRs on the shock may be characterized by the precursor that persists in the upstream of the shock in a certain diffusion environment. As the middle panel shows, the green shock fronts are obviously modulated compared to the other cases with or without ACRs. Because the PUIs are accelerated to ACRs at the shock, and further back-scattered into the upstream; the pressure gradient of ACRs then forms and decelerates the inflow solar wind, leading to the formation of precursor as a transition from the supersonic flow to the shock front (e.g., Florinski et al., 2009). The precursor is highlighted as red color from the green curve for a better identification. From a diffusion theory, the scale of the precursor λ is estimated to be κ/U, where U is the convection speed of the background flow in the shock reference frame. As the red arrow show, it is calculated that the convection flow speed in the upstream of the shock is [image: image] in the shock reference frame, then the scale of precursor is [image: image] AU for a given diffusion coefficient of κ2, which is consistent with the simulation result of [image: image] AU. As for the lower diffusion case of κ1, this scale is [image: image], being too short to be reproduced well because of the limit of local grid spacing of [image: image] AU. The large diffusion coefficient of κ3 corresponds to a scale size of [image: image] AU, which is too large to be visible because the coupling between the solar wind and ACRs is very weak.
The density distribution of different interstellar neutral atoms affects the propagation of the solar wind due to charge exchange, (e.g., Wang et al., 2000), and the shock propagation speed as well. In order to evaluate the effects of ACRs, here we make a comparison with the effects of neutrals. Based on the case of κ0, we test the effect of interstellar neutral atoms by changing nH0 from 0.15 to 0.6 cm−3 in Eq. (8). Unlike the solo effect of ACRs on shocks, the enhancement of neutral densities greatly decrease both the solar wind and shock speeds because the charge exchange takes place over all the outer heliosphere. Since ACRs are generated only at the shock front, they have a relatively small effect on the solar wind plasma density. However, the shock deceleration effect by increasing 4 times of neutral density is approximately equivalent to the case of κ3 in the simulation.
3.2 Comparison results with Voyager 2
We select the variation of solar wind during the years 2011.5–2016.0 for comparison, when Voyager 2 was still located within the heliosheath (Stone et al., 2019a). As shown in Figure 5, the blue curves indicate the observations from Voyager 2, the red, black and green curves correspond to the simulation results with the cases of κ0, κ2 and κ3, respectively. The six green vertical dashed lines (labels A-F) roughly mark the positions of the maximum local dynamic pressure of the MIRs recorded by Voyager 2, which are thought to correlate with the transient events observed by Voyager 1 in the interstellar medium (Richardson et al., 2017). The thick green horizontal lines indicate the plasma oscillation events measured by Voyager 1 in the interstellar medium (Gurnett et al., 2015), and the solid green vertical lines correspond to the three shock crossing events (Burlaga and Ness, 2016). It is generally believed that the first three shock crossing events are in good agreement with the plasma oscillation events, while the potential plasma shock event being associated with the fourth plasma oscillation event was not detected by Voyager 1.
[image: Figure 5]FIGURE 5 | Comparison of the solar wind velocity and dynamical pressure in inner heliosheath between the in situ observations by Voyager 2 and the simulation results. The solid blue curves show the Voyager 2 observations, the thick green horizontal curve in the upper panel shows the plasma oscillations events detected by Voyager 1, the short green vertical line shows the three shock crossings by Voyager 1, and the green dashed line shows the six pressure pulse peaks detected by Voyager 2. The red solid curve indicates the simulation data without ACRs, the black solid and green curves are the simulation results with ACRs and correspond to the diffusion coefficients of κ2 and κ3, respectively. (A–F) mark the positions of the maximum local dynamic pressure of the MIRs recorded by Voyager 2.
From the comparison, we can see that the simulated solar wind speed and dynamic pressure are generally lower than the observed values. For example, in 2012.7, the difference between the observed and simulated dynamic pressures is 6 × 10−5nPa. For each observed pressure pulse event, we can find a corresponding simulated solar wind structure that is usually later than the observation. For example, for the observed dynamic pressure pulse B in [image: image], the simulations show a rough correspondence with the structure of the dynamic pressure pulse in [image: image]. In addition, the observed pulses C, D, and E may correspond to the pulse structures of [image: image], [image: image], and [image: image] in the simulations, respectively. The corresponding observed solar wind speeds are larger than the simulated solar wind speeds by an average of 100 km/s. This discrepancy between simulations and observations arises from the complexity of the evolution of the solar wind in the inner heliosheath, one possibility is that due to the simplification of our spherically symmetric model, at this time Voyager 2 was flying at a latitude of about 34°S, which is far from the ecliptic plane where the model is best applied, and the model itself does not incorporate the non-radial action flow of the solar wind and does not take into account the evolution of the solar wind at high latitudes and its impact on the solar wind at low latitudes, so there is a large discrepancy in the correspondence between simulated times and observed times. In addition, the comparison with the plasma observations of the Voyager 2 spacecraft still remains a challenge even for the global MHD simulations (e.g., Washimi et al., 2011).
Comparing the simulation results with and without ACRs, we find that the diffusion effect of ACRs is more significant on the smoothing of the shock-like structure of solar wind for a higher diffusion coefficient. For example, the multiple structures, which are shown without ACRs during 2012.0–2012.7, merge into a large structure for the case of κ3, because the scattering of ACRs near shocks will form the shock precursors that finally smooth the adjacent small-scale shock structures. As expected, a higher diffusion coefficient corresponds to a wider transition region for a shock. Taking the [image: image] shock as an example, the black curve shows that a precursor forms in the upstream of the shock for κ2, with a size of [image: image] AU. The green curve shows that a higher diffusion of ACRs has a more significant smoothing effect on the shock, with a [image: image] AU width for the transition region. However, the scattering of ACRs near shock does not change the propagation speed of shock-like structures apparently in the inner heliosheath, the time correspondence between the simulated solar wind fluctuations and the interstellar shock signatures prescribed by Voyager 1 still remains.
3.3 Comparison results with Voyager 1
Voyager 1 became the first probe that entered the interstellar space when it crossed the heliopause at 121.6 AU in August 2013, and since then it became possible to measure the local interstellar medium. However, Voyager 1 can not measure the plasma due to the disabled plasma instrument since 1980, and it is not possible to directly compare simulated plasma parameters with observational data. Due to the limitations of the spherically symmetric model, we are unable to simulate the interstellar plasma inflow, so that heliopause is absent and we do not distinguish the inner and outer heliosheath in the simulation. In the real observations, after Voyager 1 crossed the heliopause, the detected ACRs escape rapidly and their intensity decreases to the background noise level due to the non-scattering environment for ACRs in the interstellar space (Stone et al., 2019b). Due to the limit of the model, the heliopause is absent and the ACRs are contained all over the simulation domain. The main purpose of the comparison is to evaluate the possible time correspondence between the solar wind structures affected by ACRs and the observed interstellar shock events, since it is expected that the solar wind structures will impact with heliopause and generate the waves propagating in interstellar space (e.g., Mostafavi et al., 2022).
Figure 6 shows the simulated density, velocity and dynamic pressure results at the Voyager 1 position from the years 2012.0–2016.0. The black vertical dotted line indicates the position of heliopause at 121.6 AU observed by Voyager 1, the two blue vertical solid lines indicate the detection of two forward shocks FS1 and FS2, the vertical dashed line indicates a possible reverse shock RS1 from the magnetic field data (Burlaga and Ness, 2016), and the green horizontal solid line indicates the four radio emissions events detected by Voyager 1. As can be seen in Figure 6, there are corresponding shock-like structures near the three observed shock crossing events, and the plasma wave events as well. They are thought to be linked to the pressure pulses C, D, and E detected by Voyager 2 shown in Figure 5.
[image: Figure 6]FIGURE 6 | The simulated density, velocity and dynamic pressure during the period of 2012.0–2016.0 for Voyager 1. The thick green horizontal lines indicate the plasma wave events detected by Voyager 1 and the long blue vertical lines mark the time of three shock crossing events.
Because ACRs are not removed from the simulation in the interstellar space, the effects of ACRs on the solar wind structures may be exaggerated. However, the basic profiles of the solar wind structures look similar whether the ACRs are included or not as we see from Figures 5, 6. As expected, some local structures are smoothed by the ACRs during the evolution. For example, during the period of 2014.6–2015.0, the solar wind structures are seen in the low diffusion or no ACRs cases, but disappear in the large diffusion case. For the case of κ2, shock precursors appear near shocks, being similar to those in Figure 5. As for the highest diffusion case of κ3, the small shock-like structures all dissipate into a large-scale compression structure, and no precursors are found as well. It is no doubt that the high diffusion environment of κ3 is not consistent with the observation by Voyager 1 because several shocks have been found in the interstellar space from the magnetic field measurements. In the reality, the solar wind events will encounter the heliopause and generate large-scale waves or shocks propagating into the heliosphere, it is less likely that the smoothing solar wind structures will lead to the shocks observed in interstellar medium. Note that the diffusion coefficients are set to be uniform over all the simulation domain, which apparently is a simplifed treatment because the diffusion coefficients are expected to vary with radial distance (hence turbulence) and particle rigidity, (e.g., Zhao et al., 2017; 2018). For example, the perpendicular diffusion coefficients will increase as the magnetic turbulence is enhanced near termination shocks, leading to the variation of the precursor for the shock. Similar to the work by Wang et al. (2022), a more sophiscated model with the turbulence embedded is needed for the future work, even under a context of global MHD simulation. This improved treatment will help for a better understanding with the effects of ACRs on the solar wind events in the outer heliosphere.
4 SUMMARY
Based on the time-dependent plasma-neutrals-ACRs numerical MHD model, we investigate the effect of ACRs on the evolution of the solar wind in the outer heliosphere under the realistic solar wind conditions from the OMNI database. The solar wind data are used as the inner boundary condition at 1 AU to drive the simulation ranging from the years of 2010.5–2016.0. The simulated evolution of solar wind structures are compared with the observations from the spacecrafts of New Horizons, Voyager 1 and 2. The results show that ACRs have some effects on the evolution of the shock-like structures of solar wind in the outer heliosphere. In the supersonic solar wind region, the ACRs are able to reduce the shock propagation speeds to a certain extent because of the energy loss of solar wind caused by the diffusive ACRs transformed from the PUIs. For example, a simulation case shows that there is about 3% of the deceleration rate with a large diffusion coefficient of κ3 for a propagating shock observed at 50 AU. In this case, the forward shocks slow down relative to the non-ACRs cases and are observed later, whereas the reverse shocks are observed earlier because of its opposite propagation direction relative to the solar wind flow. Shock precursors are commonly found at larger heliocentric distances with the diffusion coefficient of κ2, the smoothing effects will make shock events less observable compared with the non-ACRs cases.
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