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Adiabatic motion is a fundamental reversible process for geomagnetically trapped particle populations, including particles comprising the ring current and radiation belts. During adiabatic motion, a particle’s trajectory in configuration space responds to sufficiently slow changes in the magnetospheric magnetic field. Previous research has highlighted expected patterns in adiabatic motion, such as radial motion or the Dst effect. In this work, we introduce a method we call Invariant Matching for quantifying adiabatic motion between a pair of magnetospheres. This method can be applied to both simulation and semi-empirical magnetic field models, is computationally efficient, and in particular does not require tracing the particle trajectories. In this work, we use the Tsyganenko et al., Journal of Geophysical Research: Space Physics, 2005, 110 (TS05) magnetic field model, and present adiabatic motion between a storm commencement, the time of the storm’s Dst minimum, and a nominal recovery time. We also analyze adiabatic motion which occurs in response to enhancements of individual major current systems (including the ring current, Chapman-Ferraro current, Birkeland current, and tail current). Our methodology yields vector fields quantifying the displacement of mirror points throughout the magnetosphere, prepared in a way appropriate for application to both outer radiation belt and ring current populations.
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1 INTRODUCTION
Earth’s inner magnetosphere consists of geomagnetically trapped particles, most notably the ring current and the radiation belts. At an instance in time and with a static snapshot of the global magnetic field, the particle trajectories can be described by drift shell surfaces which depend on the particles’ location, momentum, and the global geomagnetic field configuration.
The distribution of trapped particles in the inner magnetosphere depends on a balance of transport, local energization, and loss mechanisms, and can vary by orders of magnitude over time (Daglis et al., 1999; Kozyra and Liemohn, 2003; Jaynes et al., 2015; Jaynes and Usanova, 2019). Trapped particles are understood from fundamental physics and observation to undergo three periodic motions throughout their trapped trajectory: 1) gyromotion about a magnetic field line, 2) bounce motion along a field line, and 3) drift motion about the Earth. These periodic motions necessarily emerge from the trajectory described by [image: image] when the particle is trapped in a dipole-like magnetic field (Chen et al., 1984). For a review of these periodic motions of geomagnetically trapped particles, see Roederer and Zhang (2016).
The trapped particle’s guiding center is confined to the surface known as its drift shell, which is subject to change as the Earth’s magnetospheric field reconfigures in response to the solar wind. When changes to these fields occur slowly, we say that the particles adjust adiabatically. That is, no work is done on the particles and the alteration to each trajectory is a reversible process within the overall magnetospheric system. Specifically, the word slowly is used to mean on time scales comparatively longer than each periodic motion (the longest of which being the drift motion period).
When this condition of slow change is met, we can also write constants of motion for the trapped particle. These quantities do not change as the trajectory in configuration space is altered. These constants of motion are known as adiabatic invariants, and are associated with the three periodic motions. The specific adiabatic invariant quantity for each periodic motion may be written in different fashions, often rewritten to create convenient properties for the analysis at hand. In this work, we use the adiabatic invariants M (corresponding to the gyromotion), K (corresponding to bounce motion), and L* (corresponding to drift motion).
The configuration space state coordinate of a trapped particle (r, p) can be written as (M, K, L*, φ1, φ2, φ3), a vector with the same number of dimensions, where φ1, φ2, and φ3 are the phases of each periodic motion (Schulz, 1996). In considering the particle’s drift shell and not its particular position within a drift shell, it is customary to drop the phase variables and simply describe the particle and its entire drift shell with the coordinate (M, K, L*). This new phase-agnostic coordinate is powerful 1) as a fundamental state variable that is importantly invariant during slow changes to the magnetospheric magnetic field, and 2) because of its reduced number of dimensions (three versus six).
Energetic electron fluxes in the outer radiation belt are known to negatively affect satellites (Baker et al., 1994; 1998; Baker, 1998; Shea and Smart, 1998). Energetic particles pose a particular threat in which altering the state of onboard processors and circuits, potentially leading to hardware damage or the execution of unintended routines. Consequences like these can sometimes be drastic enough that they compromise the entire mission (Baker, 2002). The rate of these impacts increases with increased fluxes, and therefore it is important to pursue a detailed understanding of the dynamics behind energetic flux enhancements.
Adiabatic motion is fundamental motion in the radiation belts, with numerous applications. We will outline several of them here to motivate the study. Geostationary satellites, which orbit in circular orbits with an apogee of 6.6 RE, are critical assets embedded in the outer radiation belt region. In the later sections of this work, we will show that within a single storm particles may move adiabatically inwards or outwards at scales up to 2 RE. To better protect geostationary assets, we may ask: how much of the energetic particle population overlaps with geostationary orbit? We can reason that energetic particle populations interior to the geosynchronous radius of 6.6 RE which do not initially reach these satellites may adiabatically move radially outwards until they intersect with geostationary orbit and pose a threat. Similarly, energetic particle populations currently posing a threat to geosynchronous and other satellites may move inward and create a period of safety. To best understand the time-varying energetic particle threats posted to geosynchronous satellites, we must understand these patterns of adiabatic motion.
A similar argument can be with the ring current population, and a corresponding space weather effect. In geostationary orbit, ring current particles are known to accumulate on the surface of the spacecraft, sometimes leading to spatial variation in surface charge. These spatial variations in surface charge (also known as “differential charging”) can trigger pulsed discharges harmful to on-board electronics (Lai, 2003). We can similarly ask: how does the adiabatic movement of ring current populations affect the time-dependent rate of spacecraft charging for satellites in geostationary orbit?
Adiabatic motion also has implications for research missions not in geosynchronous orbit, such as the Van Allen Probes (Mauk et al., 2014). The Van Allen Probes satellites orbited with an apogee of about 5.8 RE, which serves as a radial upper bound for the mission’s outer radiation belt coverage. However, because particles are known to adiabatically move inwards and outwards radially, they will inevitably transition in and out of the satellite’s coverage. The extent to which this occurs is relevant to studies using such data, and the interpretation of outer radiation belt data.
Finally, we consider an application between adiabatic motion and induced field changes from the ring current. The ring current is the primary source of magnetic field depletion at the Earth’s surface during geomagnetic storms, whose strength is often stated in terms of the Dst index. The induced change to the magnetospheric magnetic fields caused by the ring current can be calculated with the Biot-Savart law (Yu and Ridley, 2008), [image: image], where-in the change from magnetic field ΔB due to the ring current is calculated through an integral over the ring current region, with current density J, positions r and r′, and infinitesimal volume dV. In this equation we bring attention to the 1/|r′|3 term, which shows that the ΔB at a location in the magnetosphere is connected to its distance to each infinitesimal volume of the ring current having a notable current density. This change in the magnetic field strength due to changes in the ring current will alter the drift shells of trapped energetic particles.
In this work, we quantify the adiabatic motion using a method centered around the theory of adiabatic invariants. Our method, which we call Invariant Matching, pairs mirror points of equal K and L* over space from distinct magnetospheres. This can be viewed through the lens of a particle’s drift shell adapting in shape to conserve K and L* under newly encountered fields. We note that K and L* alone dictate the drift shell structure because, for our considered populations, the gyro-radius is extremely small compared to the spatial scales of the bounce and drift motions.
Our method is a computationally efficient alternative to particle tracing when adiabatic motion that is free from non-adiabatic effects is considered. While it is well understood that non-adiabatic effects occur in nature, the results which originate from our method can be interpreted as theoretical features pertaining to fundamental transitional behaviour between pairs of magnetospheres. We call this pure adiabatic motion between two sets of global magnetic fields idealized adiabatic motion to emphasize the calculation’s independence from any non-adiabatic effects.
In this work, we model and discuss idealized adiabatic motion during a geomagnetic storm using the semi-empirical magnetic field model driven by L1 solar wind measurements and the Dst index. We quantify the adiabatic displacement of mirror points between a storm time commencement, time of Dst minimum, and nominal recovery time to understand how particles move adiabatically within a storm.
Because changes to the global magnetic field are completely driven by currents throughout the magnetosphere, we also study the adiabatic response to individual current system enhancements. The current systems we study are the ring current, tail currents, Birkeland currents, and Chapman-Ferraro currents. Specifically, we vary each current system individually, and observe the adiabatic response. Because these currents ultimately drive each major distortion of the global magnetosphere magnetic field, it is useful to gain a sense of their respective contributions to adiabatic motion.
2 MODELS
To model the global magnetospheric magnetic field, we use the Tsyganenko/Sitnov 2005 (TS05) model. This semi-empirical model of the global magnetospheric magnetic field combines both physical modeling and a history of satellite observation in a comprehensive modeling approach refined over multiple decades (Tsyganenko, 1991; Tsyganenko, 1996; Tsyganenko, 2002a; Tsyganenko, 2002b; Tsyganenko and Mukai, 2003; Tsyganenko and Sitnov 2005). Interior to the magnetopause, this model calculates the overall magnetic field BFinal as the sum of seven contributing vectors,
[image: image]
where BCF represents the contribution from the Chapman-Ferraro current system, BTAIL1 and BTAIL2 from two regions of tail currents, BSRC from the “symmetric” ring current, BPRC from the “partial” ring current, BBIRK1 and BBIRK2 from two regions of the Birkeland currents, and BIMF from the penetrated component of the interplanetary magnetic field (IMF). We note that the penetrated component, unlike the others, does not nominally correspond to a magnetospheric current system for the purposes of this paper.
Tsyganenko and Sitnov (2005) describe their rationale for splitting some current systems into two terms. For the tail currents, two distinct tail current regions are used to separately model inner and outer cross-tail current. Two Birkeland currents allow for shifting the current peaks longitudinally, where Region 1 corresponds to current peaks at dawn and dusk and Region 2 corresponds to current peaks at noon and midnight. The symmetric ring current differs from the partial ring current in that the symmetric ring current is axially symmetric, while the partial ring current includes the effects of field-aligned currents associated with the local time asymmetry of azimuthal near-equatorial currents (Tsyganenko, 2002b).
In Figure 1 we display time-varying metrics for current system intensity for three current groups during the geomagnetic storm beginning on 2 October 2013: the ring current (BPRC and BSRC), tail current (BTAIL1 and BTAIL2), and Birkeland currents (BBIRK1 and BBIRK2). This demonstrates how the intensity of each current system varies overall on a scale of about 4X between the quiet time intensity and the intensity during the storm’s Dst minimum. This plot is prepared with the total current integrated over a surface using the equation,
[image: image]
where Bi are the magnetic field vectors from the terms considered. The integration surface used is the midnight X-Z plane bounded by X > − 20 RE (Solar Magnetic coordinates) for the ring current and tail current. The integration surface for the Birkeland current is the X-Y plane at Z = 1.1 RE, to place the surface where the Birkeland currents take their field-align direction.
[image: Figure 1]FIGURE 1 | Integrated currents over the course of a geomagnetic storm, showing variation on a scale of about 4X between the quiet-time intensity and the intensity at the time of Dst minimum.
The model itself computes each of the contributing vectors as a function of upstream solar wind conditions and geomagnetic state. Specifically, the input variables are the IMF By and Bz, the Dst index, the interplanetary dynamic pressure Pdyn, and six time-dependent parameters W1 to W6 that allow the model to account for the growth and decay of persistent currents. In this work, the QinDenton dataset is used to supply the TS05 inputs, including the W parameters (Qin et al. (2007); data sourced from http://mag.gmu.edu/ftp/QinDenton/5min/merged/latest/).
In this work, we investigate the adiabatic responses of ring current and radiation belt particles to individual current systems. An illustration of the combined current sources can be found in Figure 2, which shows the current density calculated from the equation
[image: image]
where Bext is the external magnetic field vector obtained from TS05, Jext is the current density associated with the perturbed (non-dipole) fields, and μ0 is the vacuum magnetic permeability. This example is driven by the inputs Pdyn = 1.64 nPa, Dst = −7.0 nT, By = −2.7 nT, Bz = −1.2 nT, W1 = 0.338, W2 = 0.469, W3 = 0.063, W4 = 0.248, W5 = 0.337 and W6 = 0.58. These inputs correspond to the commencement time of the storm that will be described later in this article. In this plot, we see a complex description of the global magnetosphere, including multiple layers of ring current, a tail current, and cavities of current density immediately around the polar regions.
[image: Figure 2]FIGURE 2 | Model cuts displaying the current systems extracted from the Tsyganenko/Sitnov 2005 (TS05) model, using Equation 3
Our work will investigate the influence of individual current systems by artificially scaling terms of Eq. 1 to enhance each system. This is implemented using a modified version of the official Fortran TS05 code, available at https://geo.phys.spbu.ru/∼tsyganenko/empirical-models/magnetic_field/ts05/. Specifically, the function which holds the code that adds together the contributing terms is modified to accept scale factors used to multiply each contributing term.
3 METHODS
We seek to describe the adiabatic motion of ring current and radiation belt particles between a pair of magnetospheres. The key state of a trapped particle is its adiabatic invariant coordinate (M, K, L*) that describes its trapped state. For the purposes of this manuscript, we will accept that the three adiabatic invariant coordinates (M, K, L*) can be calculated in conjunction with a magnetic field model from a starting position ×0, a particle rest mass m0, and mirroring field intensity Bm. Readers interested in the details of the calculation used are referred to da Silva et al. (2023).
The approach used is to associate particles mirroring at a known point along a fixed drift shell, and through computational methods, match them to the mirror point under a new drift shell they would adiabatically transition to under a modified global magnetic field, in the absence of any non-adiabatic effects such as wave-particle interactions. We calculate the idealized adiabatic motion between a starting magnetosphere and an ending magnetosphere. The approach begins by preprocessing the ending global magnetic field. A grid of positions on an X-Z slice of Solar Magnetic (SM) space are associated with adiabatic coordinates (K, L*) corresponding to a particle which mirrors there. This produces a “mapped” dataset which maps a grid of mirror positions (Xij, Zij) to adiabatic coordinates [image: image].
The invariant matching grid is irregular, and formed by varying the L-shell variable L between 2.5 and 9.0 (in increments of 0.1), and the magnetic latitude ϕ of a mirror point along each field line between −61° and 61° (in increments of 2°) with extra points placed at ± 0.1° around the equator. These extra points were placed to extend the minimum K which could be interpolated. Each mirror point magnetic latitude, whether positive or negative, yields the mirroring field strength Bm, which inherently specifies the opposite mirror point location along that field line. This grid is designed to cover the region of space occupied by outer radiation belt elections and include a variety of mirroring states. Through this mapping process each of the (L, ϕ) grid points is connected to a (K, L*) coordinate.
The mapped dataset describing the ending magnetosphere is used to match adiabatic coordinates (K, L*) from the starting magnetosphere with the mirror point locations in the ending magnetosphere. For each mirror point in the starting magnetosphere, the mapped dataset is interpolated to find the corresponding (X, Z) position where the mirror points displace to in the ending magnetosphere. In Figure 3 we show the adiabatic coordinates of the mapped ending magnetosphere mirror points colored by their X and Z coordinates, with the adiabatic coordinates of the starting magnetosphere mirror points as black/white circles.
[image: Figure 3]FIGURE 3 | Adiabatic invariant coordinates (K, L*) in the ending magnetosphere are computed for particles mirroring on a grid of L and magnetic latitude ϕ at a fixed local time. The X and Z variables correspond to the SM mirror point location at the local time. This mapping (K, L*)↦(X, Z) is interpolated to find the location of the mirror point for a [image: image] particle originating from the starting magnetosphere.
The interpolation done is in the log-scale for the K coordinate, which naturally spans about 7 orders of magnitude. To interpolate, a radial basis function method is used from the SciPy package (Virtanen et al., 2020). Specifically, we use multiquadratic basis functions of the form [image: image] where b(r) is the radial basis function, r is the radius, and ϵ is equal to the average distance between data points. The smoothness setting is used to force the interpolation function to always go through the data points. This method was chosen because of its effectiveness working with scattered data. Care is taken to not extrapolate the mapped dataset; if at any time one of the interpolation locations is not fully within the enclosed bounds of the mapped data points then the adiabatic motion is not computed. This constraint is accomplished by checking whether the interpolation location is within the convex hull of the mapped data points.
We now discuss the scope of this methodology. This methodology may be applied where the three invariants are conserved for the particles in question. Previous studies of trapped particle motion have identified a number of cases where the invariants are not conserved, which we review here. Generally speaking, if M is not conserved, then K and L* are also not conserved, and if K is not conserved, L* is not. Known scenarios where one or more invariants are broken include.
• Highly curved field lines, where the gyro radius approaches the curvature radius of the field line.
• Spatially sheared field lines, where there is a sudden large change in field line direction over space, such as around the magnetotail current sheet.
• Drift Orbit Bifurcation (DOB), such as around the dayside Shabansky region.
• Rapid changes to the magnetic field topology, such as where there the global magnetic topology alters the motion of the particle on a scale faster than the drift period.
• Large gradients in the field line strength, such as around the magnetopause and magnetosheath boundary layer (MSBL).
• Resonant Wave-Particle Interactions, such as but not limited to chorus or ULF waves.
Detailed discussion of each of these scenarios is outside the scope of this paper. For issues regarding curvature of field lines, see Anderson et al. (1997). For matters of the magnetotail see Anderson et al. (1997). For wave-particle interactions see Ukhorskiy et al. (2006) and Elkington et al. (2003) when concerned with ULF waves, and An et al. (2022) for chorus waves.
4 RESULTS
4.1 Idealized adiabatic motion between storm times
We now turn our attention to studying the idealized adiabatic motion during a geomagnetic storm, nominally beginning on 2 October 2013. This storm, previously studied in da Silva et al. (2023), was triggered by a coronal mass ejection (CME) (NASA, 2013) with mostly [image: image] plasma and flow speeds in excess of 600 km/s. The magnetosphere’s response reached a minimum Dst of −90 nT during the peak of the storm.
We study the idealized adiabatic motion between three times in the storm: 1) a nominal commencement time immediately preceding the CME, 2) the time of minimum Dst, chosen to reflect the most disturbed state, and 3) a nominal recovery time about 2 days after the commencement, when the solar wind dynamic pressure had since returned to its baseline value and there no longer existed a strong southward [image: image].
Though it is generally understood that adiabatic breaking behaviour would occur between the commencement and main phase, we apply this method to a storm to demonstrate the scale of adiabatic influence. The adiabatic motion between the storm commencement and the time of Dst minimum is displayed in the top panel of Figure 4. Each of the vectors drawn in this plot is between a mirror point in the commencement magnetosphere and its corresponding adiabatically displaced mirror point in the Dst minimum magnetosphere. The bottom two panels show the external current densities (from all external current sources) for each magnetosphere computed using Eq. 3. The commencement magnetospheric field lines are drawn in white, and the Dst minimum field lines are drawn in gray.
[image: Figure 4]FIGURE 4 | Idealized adiabatic motion between a nominal storm commencement time and the time of Dst minimum for the storm, displayed through the displacement of mirror points. The bottom two panels show the total external field current density, computing using Eq. 3.
We notice a number of interesting features in these plots. The magnitude of the adiabatic mirror point displacement is largest furthest away from the Earth, where the external field dominates. As expected, the Dst minimum dayside magnetosphere is significantly more compressed than during the storm commencement. On the dayside, we also see that the adiabatic displacement of the mirror points tends to be broadly in the direction perpendicular to the field line. We label a region around the magnetic equator where the adiabatic motion would have displaced mirror points past the magnetopause, in a well-understood phenomena known as magnetopause shadowing or magnetopause incursion (Jaynes and Usanova, 2019). Magnetopause shadowing affects particles in pitch angle bands around 90°. Through the dropouts of particles in these pitch angle bands, the phenomena is known to instigate doubly-peaked “butterfly” pitch angle distributions. The features observed here are consistent with test particle simulations of magnetopause shadowing (Saito et al., 2010), Fokker-Planck simulations (Yu et al., 2013), and phase space density observations (Staples et al., 2022; Turner et al., 2013; Shprits et al., 2012; Loto’Aniu et al., 2010; Sibeck et al., 1987).
Moving on the tail portion of Figure 4, we observe a combined influence of the Dst effect and drift shell splitting. we label L-shell spreading. The experiment depicts latitude-dependent outward mirror-point displacement within the same starting field line (attributable to drift shell splitting), with the strongest displacement just outside the ring current region (widely known as the Dst effect). There are two peaks in total displacement magnitude at roughly the same absolute magnetic latitude. This can be expected to lead to interesting changes in the equatorial pitch angle distributions as would be measured at increasing L values into the tail. That is, the equatorial pitch angle distribution versus L would change in shape/structure from particles being exchanged in pitch angle dependent amounts across L-shells.
The adiabatic motion between the Dst minimum for the storm and the nominal recovery time over 36 h later is displayed in Figure 5. We note signatures of a well known phenomena known as drift orbit bifurcation (DOB). This phenomenon occurs in a region of the dayside magnetic field known as the Shabansky region (Shabansky, 1971; McCollough et al., 2012). In the Shabansky region, each magnetic field line is “hammer-head” shaped as it contains two local minima in magnetic field strength. Each of these local minima is located near each cusp (Öztürk and Wolf, 2007). Test particle simulations have confirmed that when particles of sufficiently low Bm pass through these regions they become trapped within one of the two local minima, with the minimum chosen being effectively stochastic.
[image: Figure 5]FIGURE 5 | Idealized adiabatic motion between the time of minimum Dst for the storm and a nominal recovery time over 36 h later, displayed through the displacement of mirror points. DOB stands for drift orbit bifurcation. The bottom two panels show the total external field current density, computed using Eq. 3.
In Figure 5, we observe the results of invariant matching on the dayside for drift shell mirror points subject to DOB effects at the time of Dst minimum but not during recovery. The pitch angle dependent dynamics of entering and leaving the Shabansky region have been reported in McCollough et al. (2012). McCollough et al.’s work describes three types of particles encountering the region, labeled as Type I, II, and III. Type I particles are those of high K that undergo dayside drifts without mirroring inside the bifurcated region; in many ways they are unaffected by the unique Shabansky structure. Type II and III particles are those which mirror inside the bifurcated region, spending their time at high latitudes while in the Shabansky region. The difference between Type II and III particles is that Type II particles have small K (which is conserved after leaving the Shabansky region), and Type III particles have an even smaller near-zero K (which is not conserved after leaving the Shabansky region). While mirroring inside the Shabansky region, a standard prescription is that the full value of K is partitioned between minima, such that K = K1 + K2. It is common, though not entirely accurate, to approximate K1 and K2 with K1 = K2 = K/2.
Our model of idealized adiabatic motion accurately describes Type I and II particles, but less so for Type III particles. This is necessarily because K, and therefore L*, are not conserved after leaving the region for Type III particles, which violates a key assumption of the Invariant Matching method. The arrow crossing in Figure 5 can be understood to occur at the mirroring latitudes which effectively act as classification boundaries between Type I and II particles. We note that a similar but reversed DOB effect occurred between commencement and Dst minimum for particles drifting on the dayside around L = 6 in the commencement magnetosphere, but it was cropped out of Figure 4 for visual simplicity. We note that the changes to K and L* for Type III particles were reported in McCollough et al. (2012) be small within a drift.
Their work showed at each drift, K about doubled in value when entering/exiting the Shabansky region a single time. This is notably small compared to the seven orders of magnitude of K across a field line observed in our work (Figure 3). It was reported in that work that this per-drift change in K and L* would repeat in the form of a diffusive process. For this reason, we do not claim exact results for near-equatorial Type III particles in the Shabansky region.
4.2 Idealized adiabatic motion in response to current system enhancements
Using this method as our tool of study, we now turn our attention to the relative role of magnetospheric current systems on adiabatic motion. We perform experiments for each of four major current systems: the ring current, the tail current, the Chapman-Ferraro current, and the Birkeland current. As outlined in Eq. 1, the ring current corresponds to the field source terms BPRC and BSRC, the tail current to BTAIL1 and BTAIL2, the Chapman-Ferraro current to BCF, and the Birkeland current to BBIRK1 and BBIRK2,
In this experiment, we use a nominal magnetosphere taken during the storm commencement (labeled in Figure 1) as the starting magnetosphere. For the ending magnetosphere, we double the intensity of the major current system being studied. This is done by doubling the corresponding field source terms in Eq. 1. For example, when we compute a magnetosphere with a double the ring current intensity, we compute a new magnetosphere with the BPRC + BSRC terms replaced with 2(BPRC + BSRC), leaving the other terms the same.
The purpose of this exercise is to understand the adiabatic response of radiation belt and ring current particles to enhancements of each major current system. In Figure 1’s display of integrated currents throughout a storm, we notice that the relative intensity of each current group varies throughout the storm. For example, we notice that while both the tail current and the ring current reach their maximum intensity around the time of Dst minimum, the ring current intensity in the model drops more rapidly than the tail current. By analyzing the adiabatic responses to each major current system, we move towards a more detailed understanding of the adiabatic responses throughout a storm on hourly time scales.
In Figure 6, we observe the effect of doubling the ring current intensity in our nominal magnetosphere. This enhancement results in outward displacement of mirror points on both the nightside and dayside. We observe that the vertical change Δz in the mirror point location is small on the nightside, but latitude-dependent on the dayside. On the dayside outer most field line with vectors plotted, we see the adiabatic motion begin to point to rearrangements (on the equator) around the equator corresponding to DOB. This result indicates that a ring current enhancement of the magnitude, alone, is enough to displace particles onto the DOB field lines, without any compression of the magnetosphere. This is notable, as it reminds us that ring current enhancement can push higher L particles into this region, even with a steady magnetopause location.
[image: Figure 6]FIGURE 6 | Idealized adiabatic motion when the ring current intensity is doubled. The background shows the external field density consisting of just the ring current source terms, computed using Eq. 3.
The adiabatic effects of doubling of the Chapman-Ferraro current, displayed in Figure 7, shows a different story. This current doubling, which has a notable effect on the shape of the dayside field lines, overall results in inward mirror point displacement, with minimal Δz vertical movement on both the dayside and the nightside.
[image: Figure 7]FIGURE 7 | Idealized adiabatic motion when the Chapman-Ferarro current intensity is doubled. The background shows the external field density consisting of just the Chapman-Ferarro source, computed using Eq. 3.
The effects of the tail current, displayed in Figure 8, show largely outward motion. On the dayside, the Δz of the mirror point displacement is clearly latitude dependent, with more Δz at higher magnetic latitudes. On the nightside, this relationship between magnetic latitude and Δz is missing lower at L, and at higher L is overcome by effects of the tail stretching.
[image: Figure 8]FIGURE 8 | Idealized adiabatic motion when the tail current intensity is doubled. The background shows the external field density consisting of just the tail current source terms, computed using Eq. 3.
Similar to the other analysis, the effects of the Birkeland current is also analyzed. It was found that when doubled, the adiabatic response to the Birkeland current is extremely small and most likely negligible compared to these other current systems.
5 CONCLUSION
In this work we present a new method for quantifying adiabatic motion for particles in the radiation belts and ring current. Our method works by tracking the displacement of mirror points, pairing a starting mirror point with its ending location using a mapped version of the ending magnetosphere. This approach makes it easy to compute and visualize vector fields corresponding to the displacement of mirror points throughout the magnetosphere. Though not pictured here, this method could be applied to the dawn/dusk local times in addition to noon and midnight.
Results from this method yield features such as magnetopause shadowing, drift orbit bifurcation, and a combination of the Dst effect and drift shell splitting. Phenomena we label as L-shell spreading. These features are found consistent with existing observations and test particle simulations in the literature (Saito et al., 2010; Yu et al., 2013; Staples et al., 2022; Turner et al., 2013; Shprits et al., 2012; Loto’Aniu et al., 2010; Sibeck et al., 1987), serving as a simple validation of the method.
In particular, the drift orbit bifurcation patterns can be explained by displacement to conserve Bm during a transition from Shabansky field line to a normal field line. In our observations of magnetopause shadowing, we observed how invariant matching can capture the effects of drift shells displacing past the magnetopause. The observation of L-shell spreading indicates that particles which once collocate a single field line at a given MLT can become spread out across multiple field lines at that MLT from adiabatic effects alone.
The magnetospheric system’s adiabatic response to enhancements of individual current systems was also analyzed. We looked at current groups as modeled through the TS05 model, including the ring current, the Chapman-Ferraro current, the tail current, and the Birkeland current. We noted that enhancements in the ring current and tail currents generates outward motion, an enhancement to the Chapman-Ferraro current generates inward motion, and the effect of the Birkeland current is largely negligible.
This work has presented analyses of adiabatic responses to storm-time magnetospheric deformations and responses to individual current system enhancements, which are important analysis tools to begin with when applying the method. Future potential applications include complementing existing modeling using this independent method which has the bonus of being more computationally efficient. Topics include modeling of magnetopause shadowing, such as quantifying the span of pitch angles at each L which undergo loss after an adiabatic response due to a changing location of the magnetopause. Other applications include addressing the topics mentioned in the introduction: 1) geosynchronous satellite vulnerability to single event effects and spacecraft charging, 2) outer radiation belt coverage for observational satellites like the Van Allen Probes, and 3) changes to B at Earth and throughout the inner magnetosphere due to displacement of the ring current.
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