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Ultra-low frequency (ULF) waves are routinely observed in Earth’s dayside magnetosphere. Here we investigate the influence of externally-driven density variations in the near-Earth space in the ULF regime using global 2D simulations performed with the hybrid-Vlasov model Vlasiator. With the new time-varying boundary setup, we introduce a monochromatic Pc5 range periodic density variation in the solar wind. A breathing motion of the magnetopause and changes in the bow shock standoff position are caused by the density variation, the time lag between which is found to be consistent with propagation at fast magnetohydrodynamic speed. The oscillations also create large-scale stripes of variations in the magnetosheath and modulate the mirror and electromagnetic ion cyclotron modes. We characterize the spatial-temporal properties of ULF waves at different phases of the variation. Less prominent EMIC and mirror mode wave activities near the center of magnetosheath are observed with decreasing upstream Mach number. The EMIC wave occurrence is strongly related to pressure anisotropy and β‖, both vary as a function of the upstream conditions, whereas the mirror mode occurrence is highly influenced by fast waves generated from upstream density variations.
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1 INTRODUCTION
The terrestrial magnetosphere contains a rich variety of low-frequency fluctuations. Magnetospheric ultra-low frequency (ULF) waves are categorized by continuous pulsations in five consecutive ranges 1–5 (Jacobs et al., 1964). ULF waves in the Pc5 range 150–600 s play a key role in the dynamics of Earth’s magnetosphere, in particular through their interaction with radiation belt electrons (Elkington, 2006; Zong et al., 2017; Ripoll et al., 2020), modulation of particle precipitation (Wang et al., 2020), total electron content (Kozyreva et al., 2020), geomagnetically induced currents (Heyns et al., 2021) and contribution to magnetosphere-ionosphere coupling via Joule heating and/or ion frictional heating with neutrals (Hartinger et al., 2015; Baddeley et al., 2017).
One important source of magnetospheric Pc5 waves are fluctuations of the upstream solar wind parameters in the same frequency range, e.g. Kessel (2008); Viall et al. (2009); Zong et al. (2017). Pressure variations in the solar wind can trigger fast shock and fast rarefaction waves downstream of the bow shock (Wu et al., 1993) and result in a forced breathing of the magnetosphere, as the magnetopause expands and shrinks in response to the changing upstream conditions. This in turn modifies plasma convection (Motoba et al., 2007), generates plasma oscillations inside the magnetosphere (Kepko et al., 2002; Kepko and Viall, 2019; Di Matteo et al., 2022) and possibly causes sunward flows in the magnetosheath (Archer et al., 2014). However, the details of the interaction of solar wind variations with the Earth’s bow shock and magnetosheath, their impact on the magnetosheath plasma properties and how the fluctuations would change before reaching the magnetopause especially on the global scale, remain unclear.
ULF Waves are also commonly observed in the magnetosheath. Mirror modes and Electromagnetic Ion Cyclotron (EMIC) waves can be excited under proper temperature anisotropy conditions (e.g., Johnson and Cheng (1997); Soucek et al. (2015)) as a result of unbalanced heating in the parallel and perpendicular direction with respect to the magnetic field. Soucek et al. (2008) found from 2 months of Cluster data that mirror events were distributed as a bell-shaped distribution with mean period of 12 s where 98% of events falling into the 4–24 s interval. Meanwhile, the characteristic period of EMIC waves are typically between 1–20 s (Soucek et al., 2015). It has been shown that, while the magnetosheath is more often dominated by mirror mode structures, large scale EMIC waves are also present (Zhao et al., 2019) and both of these waves can lead to significant plasma transport. The occurrence rates of both modes have a statistical dependence on the shock angle between the shock normal and upstream interplanetary magnetic field (IMF) (Soucek et al., 2015).
Traditionally, ideal magnetohydrodynamic (MHD) models have been widely used for ULF wave perturbation simulations of Earth’s magnetosphere, e.g. Park et al. (2002); Claudepierre et al. (2009); Archer et al. (2021). It has been suggested that surface modes, fast cavity/waveguide modes, and standing Alfvén modes can be generated in the magnetosphere from density/dynamic ram pressure variations in the solar wind (Archer et al., 2022). These solar wind fluctuations may also generate fast modes, slow modes and entropy modes in the magnetosheath (Park et al., 2002). However, waves in the ULF range cannot be fully described by isotropic MHD. Fluid-based descriptions are inadequate in accurately describing plasma waves even in the context of linear wave theory, particularly under the β > 1 conditions found in the magnetosheath, where β is the ratio of thermal pressure and magnetic pressure. For example, the slow mode becomes the mirror mode going from an isotropic to an anisotropic MHD framework, but the growth rates differ quantitatively from the kinetic treatment (Southwood and Kivelson, 1993; Schwartz et al., 1996). The real scenario is more complicated as inhomogeneity and nonlinearity are involved, in which case fluid-based models and kinetic models demonstrate different quantitative or even qualitative results.
In this study, we set up a kinetic hybrid 2D global magnetosphere simulation that permits wave transmission in a highly inhomogenous medium. We demonstrate the coexistence of dictated fast magnetosonic modes from upstream density pulses, mirror modes and EMIC modes triggered by the temperature anisotropy in the magnetosheath, and high frequency fast modes ([image: image] Hz) near the magnetopause possibly related to magnetic reconnection. The Poynting fluxes associated with these waves are linked with upstream variations.
2 MODEL DESCRIPTION
2.1 Hybrid Maxwell-Vlasov solver
Vlasiator is a hybrid-Vlasov collisionless plasma model that describes ions with their velocity distribution functions and electrons as a massless charge-neutralizing fluid. The electromagnetic (EM) field evolves self-consistently following Maxwell’s equations (Von Alfthan et al., 2014; Palmroth et al., 2018). In the current version 5, the semi-Lagrangian SLICE-3D scheme (Zerroukat and Allen, 2012) is adopted for the Vlasov solver, which couples to a separate EM solver on a uniform Cartesian grid. The generalized Ohm’s law includes the convective, Hall, and scalar electron pressure gradient terms. We refer readers to (Palmroth et al., 2018) for an overview of the model.
Previous studies have shown that ion kinetic processes are well described in Vlasiator, even when the ion inertial length is underresolved, because of the adequate resolution in the full 3D velocity space (Pfau-Kempf et al., 2018). This includes, for example, the generation of ULF waves in the foreshock due to ion beam instabilities (Palmroth et al., 2015; Turc et al., 2018; Takahashi et al., 2021) and that of magnetosheath jets, whose properties are in excellent agreement with spacecraft observations (Palmroth et al., 2021). Vlasiator is able to describe not only MHD modes, but also mirror modes as well as EMIC modes (Hoilijoki et al., 2016; Dubart et al., 2020).
2.2 Time-varying boundary conditions
There are four types of boundary conditions currently being implemented in Vlasiator: periodic, conducting, outflow, and fixed. The conducting boundary is used to specify the inner boundary condition as a perfect conducting sphere with fixed plasma moments. The outflow boundary specifies Neumann conditions for all quantities in the downstream halo cells of the box simulation domain. The fixed boundary specifies a Maxwellian distribution for ions in the upstream halo cells with ion density, velocity, and temperature given as user inputs. In this work, we extend Vlasiator’s capability by incorporating a time-varying Maxwellian boundary condition. By reading a time-series of solar wind parameters (t, ni, Ti, vi, B), where t is time, B is the solar wind magnetic field, ni, Ti, vi are the ion number density, scalar temperature, and bulk velocity for species i, Vlasiator can now adjust the halo cells’ phase space distributions at a preset time interval. A linear interpolation is performed when the time stamp lies between two subsequent rows in the input solar wind data, and a nearest-copy is performed if the time stamp goes beyond the range of the input data. By design, one input file corresponds to one ion species, which allows this setup to be easily extended to multi-species simulations.
2.3 Simulation setup
For the single ion-species H+ 2D-3V simulations presented in this paper, we performed the run in the noon-midnight meridional X-Z plane in the GSM coordinate system. The setups of the run are summarized in Figure 1. The spatial domain extends from −15 RE to 20 RE in the x-direction and −28 RE to 28 RE in the z-direction with a spatial grid resolution dx = 312 km ≈ 1/20 RE, where RE = 6371 km is the Earth’s radius. The ordinary location space is discretized uniformly on a Cartesian grid, and within each spatial cell the three-dimensional velocity space is discretized on another uniform Cartesian grid. The velocity space extends from [ − 3000, −3000, −3000] km/s to [3000, 3000, 3000] km/s with a resolution of dv = 30 km/s and a phase space density threshold of 1 × 10–15 m−6s−3, below which the velocity space cells are discarded. We used an intrinsic background line dipole magnetic field.
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[image: Figure 1]FIGURE 1 | Schematic of the simulation setups.
With dipole moment D = −3110 nT (1/10th of the dipole strength of the real Earth) and [image: image] to approximate the bow shock and magnetopause locations for the 3D Earth (Daldorff et al., 2014), and placed a mirror dipole in the upstream to speed up the run.
The tail is cutoff at − 15 RE to reduce the domain size while maintaining proper dayside structures. The spatial 2D configuration intrinsically disables the formation of the Dungey cycle of magnetic flux transport. We performed a series of test runs for different tail sizes on the nightside under coarser resolutions, and found no obvious impact on the dayside dynamics and wave propagations.
Initially, we imposed a southward upstream interplanetary magnetic field B = [0, 0, −5] nT. The majority of the simulation domain was filled with protons of density 2 amu/cc, velocity 600 km/s, and temperature 5 × 105 K under the Maxwellian distribution. This lies in the fast solar wind regime above the 75% quantile in the proton temperature distribution from Wind spacecraft observation at one AU (Wilson et al., 2018), and is chosen for compensating the computationally-affordable velocity space resolution. We applied a half-cosine tapering of densities and velocities at t = 0 s for a smooth transition from radius r = 15 RE to the inner boundary at r≐5 RE with density 1 amu/cc and 0 velocity.
The inner boundary is treated as a perfectly conducting sphere, where the normal components of the magnetic fields and the electric fields in the halo cells are set to 0. A periodic boundary is applied for the out-of-plane y direction. The ± z boundaries and the downstream − x boundary were set to outflow conditions. As for the upstream + x boundary, we set a fixed Maxwellian condition for the first 400 s, with background parameters listed in Table 1. These parameters represent a fast solar wind with an Alfvén Mach number MA ∼ 8. While keeping realistic Alfvénic Mach numbers, we selected a relatively low average number density to make the spatial resolution closer to the ion inertial length, and a relatively high bulk velocity to speed up the runs.
TABLE 1 | Average upstream background states in the time-varying density run.
[image: Table 1]After t = 400 s, we switched on the time-varying conditions and introduced a sinusoidal density variation of period 150 s and amplitude 1 amu/cc (50% of the average) from the upstream boundary while keeping all other quantities fixed. The upstream halo cells were updated every 0.5 s. We ran the simulation for a total of 948 s. The output cadence was set to 0.5 s.
3 RESULTS
3.1 Global view of dayside plasma moments and fields
Figure 2 shows filled contours of plasma density, in-plane bulk velocities, thermal pressure, magnetic field Bz and electric field Ey at t = 900 s, i.e. 500 s from the quasi-steady state. Supplementary Movie S1, 2 display the plasma moments, EM fields, plasma β, temperature anisotropy, and Mach numbers during the time-varying run. Across the shock, plasmas are heated preferably in the perpendicular direction. The median temperature anisotropy T⊥/T‖ (Movie 2(d)) is 2.3 in the magnetosheath, and it increases to [image: image] close to the magnetopause. Preferential heating in the perpendicular direction triggers mirror modes and proton cyclotron modes. The identifications of each wave mode are discussed in later sections.
[image: Figure 2]FIGURE 2 | Selected plasma moments and EM field components from x ∈ [0, 20] RE, z ∈ [ − 20, 20] RE. All quantities are shown in linear scales. Continuous colormaps are applied to non-negative quantities, and divergent colormaps are applied to vector components, with zeros shown as white. Two separate linear color scales are used for positive and negative values of Vx. The arrows in the colorbars represent saturated colors with magnitudes that are equal or larger than the chosen values. Quivers of in-plane bulk velocity components are overplotted in (B), and in-plane magnetic field line projections are overplotted in (E). Four plus signs in (C) mark the virtual satellite locations in Figure 3.
When the imposed upstream density variations introduced by the time-varying boundary reach the magnetosheath, the plasma dynamics are modulated from the steady upstream condition case. The high-density stripes in the magnetosheath are caused by the upstream density pulse crests. At t = 900 s, three periods of 150 s Pc5 perturbations have already passed through the bow shock, and the fourth density crest is about to reach the shockfront. While the density fronts are straight along the z direction in the solar wind, they are deformed downstream of the bow shock because of the low speeds in the subsolar region. When a density stripe reaches the magnetopause, it mixes with the magnetic reconnection process triggered by southward IMF and gets dissipated near the magnetic diffusion region such that no clear single stripe structures can be identified.
Magnetic islands (2D flux rope structures) of different sizes are formed on the magnetopause, with high density and thermal pressure at the centers. These islands caused by dayside reconnection induce the transient fast magnetosonic bow waves in the magnetosheath, which are mostly visible in Figure 2A density, (b-c) bulk velocities, and (f) electric field Ey, and propagate towards higher latitudes along the magnetic field lines (Pfau-Kempf et al., 2016).
3.2 Virtual satellite analysis
Figure 3 shows time series collected by four representative virtual spacecrafts located in different regions along the Sun-Earth line, the locations of which are marked with black crosses in Figure 2C. The first satellite (a) is always located in the upstream solar wind. It takes [image: image] s for the sinusoidal density perturbation to propagate from the upstream boundary to this location, moving at the bulk speed [image: image]. The perturbed density imposed from the upstream boundary attenuates due to numerical diffusion: after travelling for 4 RE, the amplitude decreases by [image: image]. The variation in density causes not only the corresponding perturbation in the dynamic ram pressure, but also tiny perturbations [image: image] in Vx, Bz, and Ey, especially during troughs of the density profile. We do not expect that small distortion of the shape of the sinusoidal perturbations upstream would have any qualitative effect on the wave analysis hereafter because of its small amplitude compared to the imposed oscillations.
[image: Figure 3]FIGURE 3 | Virtual satellites tracking at four different locations along the subsolar line: (A) in the upstream solar wind, (B) across the bow shock, (C) in the middle of the magnetosheath, (D) inside the magnetosphere. Each satellite panel shows the plasma number density, velocity, dynamic ram pressure, thermal pressure, magnetic and electric field subsequently.
The second static satellite (b) crosses the bow shock twice during the run, first time around t = 590 s and second time around t = 700 s. This reflects the fact that the bow shock standoff distance shifts back and forth during this time interval, and later always stays in the +x direction relative to the satellite location. The imposed upstream density variation clearly modulates the locations of the bow shock: as density increases, the shock shifts earthward in space; as density decreases, the shock shifts further upstream. The shock crossing in (b) only happens during the second density pulse since the bow shock in general keeps expanding during our relatively short simulation time.
The third satellite (c) lies in the middle of the magnetosheath throughout the simulation. We observe two significant density crests at t = 695 and 860 s. These corresponds to the first and second density pulses from the upstream, travelling at plasma bulk speed. Two modes of oscillations, one with frequency [image: image] Hz and the other [image: image] Hz on average, are observed for the plasma moments and EM fields. Both oscillations have periods well above the discrete simulation timestep dt ∼ 0.05 s and the sampling cadence 0.5 s.
The fourth satellite (d) always stays within the magnetosphere, as shown by the positive Bz component. Three consecutive crests can be seen in the density time series line at around t = 570, 750, and 890 s. Since the stripe structure caused by the first density pulse has just reached the magnetopause around t = 900 s as shown in Figure 2, these perturbed crests inside the magnetosphere can only be directly driven by earthward propagating waves that travel faster than the bulk speed. The density and dominant magnetic field component Bz vary in-phase, indicating that this is a compressional mode. The perturbed EM field δBz and δEy are anti-correlated, meaning that this is an EM wave propagating along the x direction. These lead us to deduce that it is a fast magnetosonic mode, with Vx and Ey synchronizing in-phase, following the convective term in the generalized Ohm’s law Econv = −V ×B. We also see a periodic temporal transition of the flow direction from sunward (+x) to earthward (-x) at around t = 530 s, 680 s, and 830 s, respectively. The earthward flows last for about 70 s before switching back to sunward flows towards the magnetopause, which occurs during the decreasing density half of the upstream variation period. Perturbed signals inside the magnetosphere similar to Figure 3D can be detected all the way to the inner boundary. The fluctuations gets damped in all quantities except for the electric field as it penetrates further earthward.
The average local proton gyrofrequency Ωp is about 0.4 Hz at (c) in the magnetosheath and 1.0 Hz at (d) in the outer magnetosphere. Following the wave identification method suggested in Zhao et al. (2020), Figure 4 shows the wave oscillations between t = 500 and 900 s for virtual satellites (c) and (d). We perform band-pass 5th-order Butterworth filtering in two frequency bands, one between [0.02, 0.067] Hz (i.e. [15, 50] s) and the other between [0.1, 1.0] Hz (i.e [1, 10] s, limited by the Nyquist frequency). Both bands are below Ωp at the two virtual satellite locations. n, VA and B0 are the background moving box averaged density, Alfvén speed and magnetic field with window size 20 s. The two perpendicular directions [image: image] and [image: image] are chosen based on the referenced direction [image: image]: [image: image], [image: image], where [image: image]. For satellite (c) in the low frequency band, the overall anti-correlated δn and δB‖ suggests the existence of mirror modes. The occurrence and distribution of mirror modes are further discussed in Section 3.3; Section 3.4.2. In the high frequency band, the correlation between δv⊥1,2 and δB⊥1,2 suggests the existence of EMIC waves. δB⊥/B0 varies within 0.04, which is similar to, e.g., the MMS observation event in the magnetosheath during 12:27:00 UT - 12:37:00 UT on 2018 October 7 (Zhao et al., 2020) with upstream velocity 400 km/s, B = [ − 10.5, 13.5, −8.0] nT, and MA ∼ 5 from OMNI data at L1 Lagrangian point but is about an order of magnitude smaller than the statistical survey of Cluster EMIC selection criterion (Soucek et al., 2015). The alternating positive (e.g. [600, 640] s) and negative (e.g. [750, 790] s) correlations indicate waves propagating anti-parallel and parallel to the magnetic field, respectively. (See also Supplementary Movie S3 of the perturbation Poynting flux in the dayside magnetosheath.) For satellite (d) in the low frequency band, δn and δB‖ are more correlated during large perturbations occurring at the same times as those density crests seen in Figure 3D. These are likely affected by the fast modes penetrating inside the magnetosphere. In the high frequency band, we observe correlated δn/n with δB‖/B0 of perturbed magnetic field amplitudes lower than 1.5% at both (c) and (d), which indicates the existence of weak compressional modes. However, the small correlations between δv⊥ and δB⊥ suggest lack of EMIC waves in the designated frequency band inside the magnetosphere.
[image: Figure 4]FIGURE 4 | Filtered oscillations of normalized number density n, orthogonal perpendicular velocity components v⊥1, v⊥2, and parallel and perpendicular magnetic field B‖, B⊥1, B⊥2 at virtual satellite (C) in the magnetosheath and (D) in the magnetosphere.
3.3 Poynting flux analysis
For electromagnetic waves, wave vectors are parallel to the Poynting flux vectors. Given time series of electric field E and magnetic field B, the perturbation Poynting vector that represents the energy density flux of electromagnetic waves are defined as
[image: image]
where [image: image] and [image: image] are the averaged background fields. Figure 5 shows the 5th-order Butterworth band-pass filtered Poynting flux vectors in the subsolar region of dayside magnetosheath. We apply a moving box window size of 20 s for the high frequency band [0.1, 1.0] Hz and 100 s for the low frequency band [0.02, 0.067] Hz to extract the mean background fields. The Poynting vectors are further decomposed into parallel and perpendicular components with respect to the averaged magnetic field to distinguish the dominant wave propagation directions. The unit quivers are sampled every 10 cells where black arrows represent Poynting flux directions [image: image] and purple arrows represent the ambient magnetic field directions [image: image]. We set the upper limit of the Poynting flux at 5 × 10–7 W/m2 and 1 × 10–5 W/m2 for the upper and lower bands respectively to illustrate magnetosheath wave activity, as higher Poynting fluxes occur near the magnetopause and right downstream of the bow shock. The Poynting vector magnitudes are about an order of magnitude larger in the low frequency range than in the high frequency range.
[image: Figure 5]FIGURE 5 | Perturbation Poynting vectors parallel (first row) and perpendicular (second row) to the magnetic field in the simulation plane. The left and right four panels show band-pass filtered vector magnitudes between [0.1, 1.0] Hz and [0.02, 0.067] Hz respectively. The first and third columns show t = 670 s, and the second and forth columns show t = 750 s. The black quivers denote the direction of in-plane Poynting vectors, and the purple quivers denote the direction of in-plane ambient magnetic fields. Symmetric log scales with linear thresholds at 10–9 and 10–7 W/m2 are used for S‖ in the two bands, respectively. The arrows in the colorbars represent saturated colors with magnitudes that are equal or larger than the chosen values.
In the middle of the magnetosheath between [0.1, 1.0] Hz, we clearly identify waves that propagate mostly along the magnetic field lines away from low latitudes. However, there are still a small portion of EMIC waves traveling from high latitudes to low latitudes, as shown by S‖ at t = 670 s with red in z > 0 and blue in z < 0. The existence of S⊥ at the same time indicates that these waves do not propagate strictly along the magnetic field. This is further illustrated by the angles between [image: image] and [image: image]. Combined with single virtual satellite analysis as in Figure 4, we conclude that these are most likely oblique EMIC waves. In the shock overshoot of about 0.5 RE width downstream of the quasi-perpendicular shock, persistent wave activities are found with large perturbation Poynting fluxes moving in both directions along the magnetic field. The temperature anisotropy (Movie 2(d)) exceeds 10 in a thin layer [image: image], which corresponds to the half width of the overshoot, and quickly drops to [image: image] further downstream. Two discrete wave lengths are observed near the overshoot, one of [image: image] km (visible in S‖, S⊥) and the other of [image: image] km (visible in S‖). The associated Poynting fluxes are less affected by the upstream density variations compared with wave activities further downstream. Near the magnetopause, we observe strong intermittent waves triggered within [-4, 4] RE in the z direction with slightly longer wavelengths than the EMIC waves in the magnetosheath that are likely to be linked with the reconnection and the generation of magnetic islands. Whereas the major portion of the Poynting fluxes moves along the magnetopause towards higher latitudes, there is a minor portion moving perpendicular to the magnetic field both earthward and sunward. These Poynting fluxes are likely connected to the high frequency weak compressional mode in Figure 4, and can be observed ubiquitously from S⊥ of Movie three among a large area around the dayside region.
Between [0.02, 0.067] Hz, we see the dominant Poynting flux propagating at plasma bulk velocities, mostly perpendicular to the magnetic field lines as S⊥ is much larger than S‖ in the magnetosheath and [image: image] and [image: image] form nearly right angles. Together with the temporally (Figure 4) and spatially (Figure 6) anti-correlated density and magnetic field, we conclude that these are associated with mirror modes. Although the patterns of S⊥ are often aligned with the magnetic field, they form a small scale bead structure with sizes between 0.1 and 1.0 RE.
[image: Figure 6]FIGURE 6 | Sun-Earth line plots of plasma density, bulk velocity, dynamic ram pressure and thermal pressure, and EM fields from x = 7 to 17 RE, together with filled contours of Alfvén speed and plasma β in the dayside simulation domain. The annotations in the density line plot mark the first, second, and third density pulse peak, respectively. The vertical dashed red lines mark the location of the magnetopause defined by Bz = 0. The white dash lines show the extracted locations. The arrows in the colorbars represent saturated colors with magnitudes that are equal or larger than the chosen values.
The wave distributions are highly nonuniform in space. Supplementary Movie S3, 4 illustrate the dayside Poynting vectors for the high and low frequency band respectively. Overall both EMIC waves and mirror mode waves are more prominent when the magnetopause is located furthest from Earth (t = 670 s) and less prominent when the magnetopause is nearest to Earth (t = 750 s). However, this trend is not obvious from sample single virtual satellite observations as shown in Figure 4, partly due to the large spatial-temporal inhomogeneity. We will discuss this further in Section 3.4.2 and Section 4.
3.4 Subsolar line
3.4.1 Spatial analysis
For simplicity, we select all the cells along the central subsolar line and track plasma and field quantities along the line from the upstream solar wind (x = 17 RE) to the magnetosphere (x = 7 RE). Figure 6 shows the line plots with contours of Alfvén speed and plasma β on the dayside at t = 800 and 850 s. Under the purely southward IMF configuration, the magnetopause can be approximately defined as the location where Bz reverses sign. The magnetopause locations are denoted by the vertical red dashed lines. In the contour plots, they roughly overlap with the boundary where sharp gradients of Alfvén speed and plasma β occur. Discontinuities of various quantities also occur at the bow shock, located at x ∼ 15.5 RE. The density jump ratio across the bow shock ρd/ρu ∼ 3, same as the magnetic field tangential component jump ratio Bzu/Bzd, where subscripts “d” and “u” represent downstream and upstream respectively.
We identify three major features in the spatial effects of time-varying density perturbations on magnetospheric wave activity. Firstly, three density peaks are identified in the density panels, corresponding to crossings with small VA dark blue stripe regions in the Alfvén speed contours since VA ∝ ρ−1/2. These peaks travel at [image: image] km/s in 50 s from Figure 6A, B, the speed of which matches the bulk plasma speed downstream across the bow shock. The densities in the magnetosheath vary spatially because of two major effects: (1) the imposed changing upstream density and (2) the mirror modes due to temperature anisotropy. The combination of these two factors generates more complex density profiles than a single sinusoidal variation determined from upstream conditions. The subsolar line Bz profiles show that the simulated mirror mode wavelength is on the order of 1 RE. Secondly, no outstanding peaks corresponding to the density peaks are found for the pressure and EM fields in the magnetosheath. Mirror mode waves prevail as shown in the large scale perturbations of Pth, Bz and Ey, with clear anti-correlation between the thermal and magnetic pressure B2/2μ0. Thirdly, Vx is positive up to x ∼ 1.5 RE sunward from the magnetopause at t = 800 s and negative inside the magnetosphere at t = 850 s. This indicates a different scenario from the plasma flow pattern under steady X-line reconnection, in which there are inflows from both sides of the magnetopause in the x direction and bursty outflows towards high latitudes in the z direction. The sunward flow in the magnetosheath occurs during expansion of the magnetosphere with decreasing upstream density, whereas earthward flow in the magnetosphere occurs during compression with increasing upstream density. A relatively large Vz at the magnetopause subsolar point near 8 RE in Figure 6B indicates that this subsolar point is located inside the reconnection outflow region. The high pressure peaks right at the magnetopause both in dynamic ram pressure and thermal pressure, suggesting that there is a flux rope generated at this time.
Supplementary Movie S5 shows the subsolar line plots as a function of time. By tracking the locations where Vx and Ey change between positive and negative values during t = 600–670 s and 770–840 s, we find that the reversal points move at fast mode speeds. This further supports the deduction of fast wave propagation from the upstream in the virtual satellite analysis.
3.4.2 Space-time analysis
To incorporate the temporal changes into spatial analysis, we plotted 2D space-time filled contours along the Sun-Earth line in Figure 7. For each panel, the left side points towards the Earth and the right side points towards the upstream. The nose of the magnetopause as well as the bow shock crossing at each time are shown by the sharp discontinuities in various quantities. The magnetopause is constantly oscillating during the time-varying upstream density variations, with the subsolar point x coordinate shifting between 7.6 and 8.4 RE at an average velocity of [image: image] km/s. This is close to the average magnetopause velocity at the subsolar point observed by THEMIS (Plaschke et al., 2009), but the mean standoff distance is closer to the Earth in the simulation. This occurs due to the 2D line dipole that scales with r−2, instead of a 3D dipole field that scales with r−3. The line dipole also modifies the radial dependence of Alfvén speed inside the magnetosphere. Meanwhile, the bow shock expands at ∼ 30 km/s due to the magnetic flux pile-up caused by the missing of a full convection cycle in 2D ordinary space, but the deviation from a perfect steady bow shock should not affect the wave propagation properties across the quasi-perpendicular shock. After detrending this expansion shown by the tilted white dashed line in Figure 7A, we can extract the oscillation of the bow shock position that is controlled by the upstream density variation. Varying upstream density affects Alfvén speed and sonic speed, and in turn generates in-phase changes of Alfvén Mach number MA and sonic Mach number MS. In Figure 7D we observe an expanding bow shock with decreasing upstream MA from 10 to 6 and vice versa.
[image: Figure 7]FIGURE 7 | Space-time filled contours of density n, ram pressure Pram, electric field Ey, Alfvén Mach number MA, anisotropy, β‖, and parallel and perpendicular Poynting fluxes in two frequency bands along the subsolar line from x = 7 to 16.2 RE during t = 500–946s. The dashed lines in (A) represent the mean location of the discontinuities. The dotted lines in (D) represent wave tracking starting from multiple locations and times with local bulk velocities Vbulk in brown and additional local fast magnetosonic velocities Vfast in purple (parallel to Vbulk) and cyan (anti-parallel to Vbulk), respectively. A symmetric log scale with linear threshold at 10–9 W/m2 is applied for (E). The arrows in colorbars represent saturated colors with magnitudes outside the chosen ranges.
Multiple kinds of wave activities are shown in Figures 7A–D. To aid the identification of waves in the magnetosheath, we use a simple tracking technique to follow wave propagation on top of the MA filled contours. Starting from a given time and location, we calculated the local characteristic wave speeds to determine the destination in a fixed time step Δt = 2.5 s for the bulk velocity Vbulk and fast magnetosonic velocity Vfast tracking. The most obvious wave structure is shown by the large scale curly pattern of negative slopes in (a) density that closely follows Vbulk from the bow shock to the magnetopause. This suggests that these waves are static in the plasma frame. They have a period of around 20 s, and exist all over the magnetosheath under the temperature anisotropy T⊥/T‖ > 1.6 during the run. These are yet again features of the mirror mode waves.
The second kind of waves, shown by the traces Vbulk ± Vfast for the earthward propagating (+) and sunward propagating (-) branches, are the upstream density/pressure-driven fast magnetosonic modes. They can be observed most clearly from (b) Pram, (c) Ey, and (d) MA. The variation on the bow shock position associated with the periodic pulses generates the earthward propagating branch towards the magnetosphere, which is reflected at the magnetopause and travels back towards the bow shock. The transmitted density pulses encounter the reflected sunward propagating fast magnetosonic waves from the magnetopause and lead to enhancement of densities in the magnetosheath, shown by the quasi-periodic density perturbation along each streamline in Figure 7A. However, we do not observe secondary reflected waves at the bow shock propagating towards the magnetopause. Along the Sun-Earth line the magnetopause lags the bow shock motion by about 60 s, which approximately equals the fast wave travel time through the magnetosheath in the plasma rest frame. There is an one-to-one correspondence between the oscillating bow shock and magnetopause with time delay at the speed of Vfast for the simulated three periods. This clearly indicates that the disturbance of the magnetopause location is caused by fast modes launched from the interaction of the upstream variations with the bow shock. Figure 7B shows that Pram in the magnetosheath is mostly influenced by compressional fast waves, and in turn determines the pressure balance at the magnetopause.
The third type of waves in the magnetosheath appears as nearly horizontal bands in the contours and have relatively higher frequencies (about 0.16 Hz, or a period of 6 s), which are close to the local proton gyrofrequencies ([image: image] Hz, or a period of 2.5 s). Referring to the analysis of virtual satellite (c) in Figure 4, these are EMIC waves, similar to those found in Dubart et al. (2020) for Vlasiator runs with fixed upstream conditions.
On the magnetospheric side of the magnetopause, two major patterns of oscillations are seen from alternating Ey. There is a large period ([image: image] s) oscillation, which are directly associated with the motion of the magnetopause. There are also small period (∼ a few seconds) oscillations, which are consistent with the high frequency oscillations found at virtual satellite (d) in Figure 4 and are likely to be fast mode waves triggered at the magnetopause travelling perpendicular to the magnetic field.
Figures 7G,H show the perturbation Poynting flux components S‖ in the high frequency band and S⊥ in the low frequency band, the former corresponds to the EMIC modes while the latter corresponds to the mirror modes. The linear mirror instability criterion β⊥(T⊥/T‖ − 1) > 1 is fulfilled almost all the time in the magnetosheath. Lower power of S‖ at [image: image] downstream of the shock traces back to lower upstream MA, but it has little effect further in the magnetosheath. The low S‖ regions in the magnetosheath are associated with decreased temperature anisotropy in (e) and increased β‖ in (f). As for S⊥ in the lower frequency band, decreasing upstream MA, which leads to fast rarefaction waves penetrating in the magnetosheath shown in Figure 7B, lowers mirror mode wave power all the way to the magnetopause. EMIC modes and mirror modes inferred from the perturbation Poynting flux show in-phase changes from upstream density, and in turn Mach number variations.
3.5 Impact near the magnetopause
Figure 8 shows the bulk velocity Vx filled contours with in-plane velocity vectors and magnetic field lines in the low latitudes magnetosphere and magnetosheath region at three different times of the simulation. These frames represent the transition from the expansion phase on the left panel (t = 800 s) to the compression phase on the right panel (t = 850 s). Near the subsolar region, the boundary normals are nearly parallel to the x direction, therefore Vnormal ∼ Vx. Vnormal on both sides of the magnetopause may reverse sign due to the motion of the magnetopause. When the magnetopause is expanding at t = 800 s, the plasma velocity between z = ±3 RE points sunward on the order of 100 km/s on the magnetospheric side, and on the order of 10 km/s on the magnetosheath side. Contrarily, when the magnetopause is compressed via the fast mode signal as shown in Figure 7 at t = 850 s, earthward flows are observed with reversed order of magnitudes. In the magnetosheath, however, the sunward flows cannot penetrate deep towards the bow shock and stagnate within 2 RE away from the magnetopause, because the next period of fast waves has arrived due to the imposed upstream density variation. This dynamics leads to a periodic V-shape structure of bulk velocity along the Sun-Earth line that can be inferred from Figure 7B on the magnetosheath side near the magnetopause since [image: image]. Between the expansion and compression phases at t = 825s, the flow near the nose of the magnetopause is nearly stationary. Anomalous sunward flows in the magnetosheath could be due to foreshock transients that decreased the total pressure upstream of the bow shock (Archer et al., 2014). However, our simulation indicates that sunward flow does not necessarily require foreshock transients or hot flow anomalies (HFAs): a simple density or pressure drop in the solar wind is also capable of triggering sunward flows and corresponding magnetopause motion via fast magnetosonic waves.
[image: Figure 8]FIGURE 8 | Filled contours of bulk velocity Vx, with in-plane velocity quivers in black and magnetic field lines in olive. The red dotted lines denote the magnetopause where Bz = 0. The violet crosses and dots denote computed X-points and O-points from the magnetic flux function, respectively. The three snapshots at t = 800s, 825s, and 850s represent the transition from expansion phase to compression phase of the magnetopause.
The periodic change in velocity does not lead to a clear trend in the magnetic reconnection rate. We identified the X-points and O-points for each frame based on the saddle points and local extrema calculated from the magnetic flux function as done in Hoilijoki et al. (2017), which are shown by the violet crosses and dots in Figure 8. At t = 800 s, the X-point near z = -1 RE is located right next to a magnetic island, and the local flow on the magnetosheath side points earthward, despite the overall expansion of the magnetopause. 25 s later at t = 825 s, the expansion stops. Velocities near the central magnetopause are small on both sides and X-points shift to higher latitudes instead of disappearing. After another 25 s at t = 850 s, the flow is mostly earthward, and X-points can be again identified at lower latitudes. We estimated the dimensionless local reconnection rate at each X-point with the electric field Ey at the X-point normalized by the inflow Alfvén speed and magnetic field strength. Although the rates are on the order of 0.1, the exact values are very sensitive to (1) the identified X-point location, (2) the inflow upstream value extraction location, and (3) the definition of normal direction to the X-line configuration. Hoilijoki et al. (2017) reported a statistical survey on the dayside reconnection rate from a steady upstream 2D Vlasiator run, where significant variations may be found for individual X-point reconnection. Figure 2 in Hoilijoki et al. (2017) also showed that even for steady upstream conditions the X-lines may shift between ±3 RE along the z direction. Here we observe a trend of fewer low latitude X-points during flow reversal times, and find no evidence of altering reconnection rates by the influence of upstream density/pressure variation and the following magnetopause motion under the current simulated global magnetosphere settings.
4 DISCUSSION
In the dayside magnetosheath, positively correlated δn and δB‖ in the [0.1, 1.0] Hz band has been reported by Lacombe et al. (1992) from ISEE1-2 and Zhao et al. (2019) from MMS observations. Lacombe et al. (1992) suggested that the correlation might be explained by the nearly parallel helium cut-off mode with a frequency that is very close to an unstable EMIC mode. However, this is not possible in our simulation since we only include hydrogen ion. The weak compressional mode we see in the simulated magnetosheath is more likely a fast mode originated from reconnection or the motion of the magnetopause, as suggested in Supplementary Movie S3.
Responses of the magnetosphere to an impulse or harmonic excitation motivated many studies in the past. The monochromatic density variations studied in our simulation can be comparable to the impact of tangential discontinuities (TDs) with a perpendicular shock. This was discussed by Wu et al. (1993) under the 1D ideal MHD approximation. They studied two cases with both theoretical predictions and MHD simulations: the first case considered a sharp density jump ratio two and the second considered a sharp density jump ratio 0.5, while keeping all other quantities continuous. They predicted that a density jump excites a fast shock propagating downstream, whereas a density drop should trigger a fast rarefaction wave, again propagating downstream. Both of these have been detected from our hybrid simulation. A similar process has been reported from ideal MHD results in Park et al. (2002) with a single upstream density pulse. Since the density pulse we impose in this study is more continuous than discrete, we constantly observe downstream propagating fast modes, alternating between fast shocks and rarefaction waves in different phases (e.g. Figure 7D). Samsonov et al. (2006) found from a local 3D ideal MHD model that the time of propagation of the forward fast shock through the subsolar magnetosheath is about 1 minute, which is similar to the transit time found from our simulation. Despite the qualitative agreement, we note that, unlike in the 1D ideal MHD theory, the state on one side of a discontinuity beyond an anisotropic MHD model cannot be fully determined in terms of quantities on the other side using the Rankine-Hugoniot (RH) relations (Hudson, 1970).
Maynard et al. (2007) studied a TD observed by the Advanced Composition Explorer satellite (ACE) and the Polar satellite with an 145° rotation of the IMF and more than a factor of 2 decrease in the upstream density. The interaction between the TD and the bow shock triggered a fast rarefaction wave propagating towards the magnetopause surrounded by slow mode transitions, as shown by the Polar satellite data in the magnetosheath in their Figure 3. The 3D resistive MHD simulation demonstrated a downstream propagating fast mode rarefaction wave and suggested a corresponding reflected fast wave propagated back towards the bow shock when the magnetopause began to expand, the latter of which cannot occur in the Wu et al. (1993) model because of the open downstream boundary. Both the forward and backward propagating fast modes are observed in our simulation results. However, unlike the isotropic MHD models, in our hybrid model the magnetosheath is dominated by mirror modes on the large scale. Therefore the correlations between density and magnetic field are mostly negative in the magnetosheath at low frequency ranges, which makes direct fast mode signals from the harmonic upstream variation hardly detectable. If instead we introduced a strong isolated impulse in the solar wind (e.g., Archer et al. (2021)), we would expect a similar positive correlated density and magnetic field fast mode region surrounded by negative correlated slow/mirror mode regions.
Using 2 years of Cluster magnetometer data, Soucek et al. (2015) reported more common mirror mode wave occurrences in the magnetosheath under quasi-perpendicular bow shocks with higher MA (between 4–16), while EMIC modes were only observed when MA < 8. In this study, we use the perturbation Poynting flux as an indicator for wave occurrences and present a noon-midnight meridional plane global picture of wave activities. However, one should be cautious in comparing our simulation results to the Cluster survey. Firstly, the average background conditions in our simulation is different from Cluster observations. For instance, compared with Soucek et al. (2015) Figure 3, we have higher temperature anisotropy in the magnetosheath especially near the magnetopause (Figure 7E; Supplementary Movie 2D, which leads to the fulfillment of mirror mode linear instability criterion almost all the time. Secondly, the event selection criteria for EMIC waves [image: image] and mirror waves [image: image] in the Cluster survey are typically larger than the corresponding wave amplitudes observed from Vlasiator simulation results (e.g. Figure 4), and each 5-min interval event in the survey has the same duration as our whole simulation. For the Poynting flux related to the mirror mode in Figure 7H, it seems to be more affected by the variation of upstream MA than the relative value of MA once the instability threshold is met, as rarefaction waves are nicely correlated with smaller S⊥ in the magnetosheath. Thirdly, the wave event identification may not be exclusive: several wave modes in close frequency bands can occur simultaneously at fixed spatial locations but with different amplitudes. For example in the virtual satellite time-series of Figure 3C, mirror modes and EMIC modes do appear at the same time despite at different perturbation scales and frequency bands. Fourthly, the backtracing method of plasma flow from the magnetosheath to the bow shock entry point applied using Cluster and OMNI2 data assumes that information travels at bulk plasma speed, which is not necessarily the case when fast waves are triggered from varying upstream density. We refer readers to Hoilijoki et al. (2016) for discussion on some of the issues above.
Density/pressure variations from the solar wind were also shown to be capable of causing field line resonances (FLRs, Tamao, (1964)) from 3D global MHD simulations, e.g. Claudepierre et al. (2009, 2010, 2016); Hartinger et al. (2014), and modulating field-aligned currents (FACs) in the magnetosphere-ionosphere (MI) coupled system (Motoba et al., 2007). Unfortunately FLRs are not included in our simulation. A necessary condition for FLR to occur is a finite, nonzero azimuthal wavenumber (kϕ in cylindrical coordinates, or ky in Cartesian coordinates). Since the y axis is periodic with no prescribed oscillations in our 2D meridional plane configuration, ky is essentially 0. A proper description of FACs also requires 3D spatial geometry, as well as an ionosphere model and a plasmasphere model at the inner boundary, which is currently under development (Ganse et al. (2022) in prep.).
Kepko et al. (2020) and the references thereafter reported that strongest solar wind density variations are usually observed in the slow solar wind (Vsw < 550 km/s), and the frequencies associated with the density variation typically lie within [0.5, 4] mHz. Recently, Di Matteo et al. (2022) presented a comprehensive case study during the interaction of the magnetosphere with two interplanetary shocks that were followed by a train of 90 min solar wind periodic density structures (PDS) with bulk velocity around 400 km/s. They identified directly triggered geosynchronous orbit magnetic field perturbations from PDS of frequencies roughly below 3 mHz and largely triggered modes in higher frequency ranges. The simulated solar wind conditions in this study has 6.7 mHz upstream density variations within the fast solar wind velocity range, both of which are larger the reported commonly observed values. This is a compromise between simulating periodic fluctuations in the relevant period range for magnetospheric waves (i.e. Pc5) and the affordable computational cost at decent resolutions. The PDS event presented in Di Matteo et al. (2022) corresponds to MA roughly between [5.3, 9.4], which is comparable to the range [5.7, 9.8] in the current simulation. Under more typical PDS solar wind conditions, we expect similar fast wave generation and propagation processes downstream of the bow shock, and similar trends in modulations to the high frequency EMIC and mirror waves spatial-temporal occurrence. However, cautions must be taken when discussing the specific discrete frequencies that are related to eigenmodes of FLR. The locations and frequencies of FLR depends on both the internal and external plasma and field quantities. Since in our current 2D setup FLR cannot be triggered, this complicated scenario is somehow circumvented. Nevertheless, it should be carefully considered in the following study under 3D space configuration.
Besides the run that is thoroughly investigated in this paper, we also performed 2D equatorial plane simulations for comparison. A quasi-perpendicular shock in the X-Y plane requires solar wind magnetic field in the Y-Z plane. When the upstream magnetic field lies purely along the out-of-plane z direction, a huge temperature anisotropy (T⊥/T‖ > 20) is generated downstream of the bow shock due to the lack of parallel heating, which is different from the 2D meridional or 3D cases. This happens when the model goes beyond isotropic MHD, where pressure is described by at least the parallel and perpendicular components. When the upstream magnetic field lies purely along the y direction, we can obtain wave modes similar to the X-Z meridional plane case. However, the run suffers from the ambiguity of magnetopause definition and a lack of magnetic flux transfer mechanism; thus it is hard to distinguish magnetosphere from magnetosheath, and the magnetic flux pile-up leads to drastic expansion of the bow shock as time evolves. Although finite ky is allowed in the azimuthal direction, there is still no FLR because of the missing of toroidal Alfvén modes propagating along the out-of-plane ambient field lines.
5 CONCLUSION
In this study, we applied a 2D hybrid-Vlasov model to study the influence of upstream density variations in the Earth dayside magnetosphere and magnetosheath. The periodic density pulses generate fast magnetosonic modes propagating downstream of the quasi-perpendicular bow shock and reflected fast modes at the magnetopause, both of which mix with the mirror mode and EMIC mode triggered by temperature anisotropy in the magnetosheath. The simulation provides a global view of the interaction of the upstream density variations with near-Earth space, showing that they form alternating stripes of enhanced and decreased density in the magnetosheath that remain for an extended period in the downstream because of the relatively slow flow in the subsolar region. This is likely representative of what happens in the actual magnetosheath because solar wind density variations generally have transverse scales much larger than the size of Earth’s dayside magnetosphere (Richardson and Paularena, 2001; Matsui et al., 2002), although recent study by Burkholder et al. (2020) has also showed the potential importance introduced by upstream spatial gradients. There are two steps in the interaction of density changes with the magnetosheath: first when fast modes are launched from the bow shock, and second as the density stripes propagate through the magnetosheath together with the plasma. Despite the spatial-temporal inhomogeneity of waves, less prominent EMIC and mirror mode wave activities near the center of magnetosheath are observed with decreasing upstream Mach number. The EMIC wave occurrence is strongly related to pressure anisotropy and β‖, both vary as a function of the upstream conditions, whereas the mirror mode occurrence is highly influenced by fast rarefaction waves generated from upstream density variations.
In the future, we anticipate longer runs, preferably in 3D that couple with an ionosphere model, to investigate the wave propagation and current responses further inside the magnetosphere in the ULF regime.
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