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Abstract. We present results of noon–midnight meridional
plane global hybrid-Vlasov simulations of the magnetotail
ion dynamics under a steady southward interplanetary mag-
netic field using the Vlasiator model. The simulation results
show magnetotail reconnection and formation of earthward
and tailward fast plasma outflows. The hybrid-Vlasov ap-
proach allows us to study ion velocity distribution functions
(VDFs) that are self-consistently formed during the magneto-
tail evolution. We examine the VDFs collected by virtual de-
tectors placed along the equatorial magnetotail within earth-
ward and tailward outflows and around the quasi-steady X

line formed in the magnetotail at X ≈−14RE. This allows
us to follow the evolution of VDFs during earthward and tail-
ward motion of reconnected flux tubes as well as study signa-
tures of unmagnetized ion motion in the weak magnetic field
near the X line. The VDFs indicate actions of Fermi-type and
betatron acceleration mechanisms, ion acceleration by the
reconnection electric field, and Speiser-type motion of ions
near the X line. The simulated VDFs are compared and show
good agreement with VDFs observed in the magnetotail by
the Time History of Events and Macroscale Interactions dur-
ing Substorms (THEMIS) and Acceleration, Reconnection,
Turbulence and Electrodynamics of Moon’s Interaction with
the Sun (ARTEMIS) spacecraft. We find that the VDFs be-

come more gyrotropic but retain transverse anisotropy and
counterstreaming ion beams when being convected earth-
ward. The presented global hybrid-Vlasov simulation results
are valuable for understanding physical processes of ion ac-
celeration during magnetotail reconnection, interpretation of
in situ observations, and for future mission development by
setting requirements on pitch angle and energy resolution of
upcoming instruments.

1 Introduction

According to the near-Earth neutral line model (e.g., Baker
et al., 1996), magnetotail reconnection occurs at geocentric
distances of 20–30 Earth radii (RE) (Nagai et al., 1998, 2005)
and may operate in the fast, impulsive regime as well as
in the quasi-steady regime. The quasi-steady reconnection
regime may involve formation of magnetic islands or flux
ropes (O points), separated by multiple X lines (e.g., Slavin
et al., 1995). Generally, tail reconnection produces earth-
ward and tailward outflows carrying northward and south-
ward magnetic fields, respectively, which have been reported
in a number of observational studies (e.g., Petrukovich et al.,
1998; Angelopoulos et al., 2008a, 2013; Oka et al., 2011;
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Runov et al., 2012). Observations suggest that fast recon-
nection outflows are accompanied by strong enhancements
in the north–south magnetic field component (Bz). The Bz

enhancements associated with the earthward outflows typ-
ically exhibit a sharp increase at the leading edge referred
to as the dipolarization front (Nakamura et al., 2002; Runov
et al., 2009), followed by a gradual Bz decrease. The entire
magnetic structure associated with the outflow is referred to
as the dipolarization flux bundle (DFB) (Liu et al., 2013).
These transient magnetic structures are supported by local-
ized current systems associated with a sharp plasma density
boundary at the leading edge of fast reconnection outflows
(Runov et al., 2011). Their nature is different from that of
field-aligned current-supported dipolarizations. On the tail-
ward side of fast reconnection, the negative Bz variation in-
cludes a similar structure with a front on the leading edge (Li
et al., 2014; Angelopoulos et al., 2013).

Reconnection affects the particle characteristics in many
ways. Generally, reconnection is a process converting elec-
tromagnetic energy stored in magnetic fields into the kinetic
and thermal energies of the plasma. The modifications in par-
ticle kinetics translate into characteristic changes in parti-
cle distribution functions, which show particle phase-space
density as a function of velocity or energy that are col-
lected in situ by particle detectors on board spacecraft (e.g.,
Ashour-Abdalla et al., 1996). Interpretation of the observed
distribution functions is, however, challenging because par-
ticles of different origin and history hit the detector during
the sampling time. Kinetic modeling is required to under-
stand the underlying physics of particle energization during
reconnection. Full kinetic particle-in-cell (PIC) simulations
are able to describe the kinetics of both ions and electrons
with a limited mi/me ratio and within a limited spatial do-
main. Despite these limitations, velocity distribution func-
tions (VDFs) obtained in PIC models of magnetotail recon-
nection have revealed patterns similar to observed ones. For
example, Hoshino et al. (1998) studied ion VDFs (in the con-
text of this paper, we will further focus on the ion kinetics)
observed by the Geotail satellite and compared them with re-
sults of 2D PIC simulations. They showed that the ion VDFs
near and in the reconnection region are non-Maxwellian and
include counterstreaming beams and nongyrotropic and ther-
malized populations.

Hybrid models, which describe ions as particles and elec-
trons as a massless charge-neutralizing fluid, have been
shown to be capable of resolving ion kinetics in a spatial do-
main large enough to be regarded as a realistic magnetotail
configuration. Krauss-Varban and Omidi (1995) conducted
2D hybrid modeling of the reconnection of the current sheet
with anti-parallel magnetic field Bx(z) and By = Bz = 0 (the
conventional magnetotail coordinates with ex directed to-
ward the Sun, ey duskward, and ez along the Earth’s dipole
was used), which may represent the distant magnetotail in
a simulation box 120 RE× 20 RE. The simulations showed
that ion VDFs changed from a nongyrotropic distribution at

large Bx to a gyrotropic one as Bx→ 0. Lin and Swift (1996)
extended this modeling by adding the guide field (By 6= 0)
into the initial setup. They also reported significant changes
in the ion distribution function with distance from Bx = 0
with strong parallel anisotropy at large Bx . The increase in
parallel temperature at large Bx was interpreted as a result
of ion acceleration by slow shocks. Ion kinetics in a 2D hy-
brid reconnection model was studied by Scholer and Lotter-
moser (1998) and Lottermoser et al. (1998) who found that
ion VDFs are structured and non-Maxwellian everywhere in
the reconnecting current sheet. Specifically, they identified
counterstreaming beam and partial ring distributions.

A number of simulations showed that near the neutral
line, ions are unmagnetized and perform a complex motion
known as Speiser (after Speiser, 1965) motion (e.g., Naka-
mura et al., 1998; Arzner and Scholer, 2001). Farther to-
ward the reconnection outflows, partial-shell ion VDFs were
detected. Within the reconnection outflows, ion VDFs were
counterstreaming.

Particle energization due to reconnection is not limited to
the reconnection site. The reconnection outflows with em-
bedded magnetic structures (DFBs or flux ropes) carry mag-
netic flux and are represented as localized enhancements in
the cross-tail electric field Ey . Ambient plasma sheet ions
interact with the DFB-associated electric fields and experi-
ence magnetic mirror-type acceleration gaining energy from
the moving dipolarization front. This effect was identified in
observations and modeled using a simple non-self-consistent
particle-tracing model with prescribed electric and magnetic
fields (Zhou et al., 2010, 2012). While these simple test-
particle modeling results do reproduce the main character-
istics within observations, modeling of this effect with a self-
consistent ion kinetic model is outstanding.

Energetic ions populating the near-Earth plasma sheet may
also be picked up by the electric field at and behind the
front and be transported toward the inner magnetosphere
(e.g., Birn et al., 2015; Runov et al., 2015). Observations
show that in these situations the VDFs develop an energy-
dependent anisotropy. Specifically, the subthermal ion pop-
ulation is field-aligned, often forming two counterstreaming
beams (Eastwood et al., 2015), whereas the phase-space den-
sity of ions with velocities v as compared to the thermal ve-
locity Vth appearing in the range Vth < v < 3Vth is larger in
the field-transversal direction (Runov et al., 2017). The low-
energy field-aligned beams and some indications of the field-
transversal anisotropy at higher energies were found in PIC
simulations (Pritchett and Runov, 2017). The ion VDFs with
energy-dependent anisotropy were also modeled using test
particle tracing utilizing electromagnetic fields in magneto-
hydrodynamics simulations (Birn and Runov, 2016), show-
ing that the counterstreaming low-energy ion beams are
formed by freshly reconnected particles following the recon-
necting field line. Because of rapid earthward contraction
of the reconnected field line, those particles are subject to
Fermi-type acceleration. The field-transversal anisotropy of

Ann. Geophys., 39, 599–612, 2021 https://doi.org/10.5194/angeo-39-599-2021



A. Runov et al.: Ion distribution functions in magnetotail reconnection 601

energetic particles is a result of two effects: the betatron en-
ergization of local particles due to an increase in the mag-
netic field strength (dipolarization) and the pickup of ener-
getic particles from the ambient plasma sheet that experience
additional energization due to convection toward a stronger
magnetic field.

Due to non-self-consistency, the results obtained with the
test-particle approach are limited. A proof with models that
resolve ion kinetics self-consistently in a setup including the
reconnection site as well as reconnection outflows at macro-
scopic scales is required. Further, the particle VDF modeling
results are achieved by local simulations describing only the
tail reconnection site. Processes of particle energization and
transport are different in the earthward outflow that heads to-
ward the dipole magnetic field and in the tailward outflow
that has no obstacle ahead (e.g., Runov et al., 2015, 2018).
Thus, a realistic model with the dipole field at the earthward
side of the simulation is needed to accurately describe the ion
kinetics within the plasma sheet.

3D global hybrid simulations of storm-time magneto-
spheric dynamics with a focus on the magnetotail were per-
formed in Lin et al. (2014). The model reproduced well
the magnetotail dynamic features such as: bi-directional
fast flows generated by reconnection, transient magnetic
field structures like DFBs and flux ropes, particle energiza-
tion, and injection into the inner magnetosphere. The simu-
lated ion VDFs earthward (X =−16RE) and tailward (X =
−31RE) of the reconnection site were shown to be multi-
component with lower energy inflow and higher energy out-
flow populations. Closer to the dipole (X =−10RE), where
azimuthal drifts prevail over earthward convection, the ion
VDFs were fairly gyrotropic and showed significant heating
in the direction perpendicular to the magnetic field, indicat-
ing the betatron energization. The results showed many sim-
ilarities with the observations.

It is worth noting, however, that particle kinetics dur-
ing magnetic reconnection is extremely complex. It in-
volves many processes, such as local particle acceleration by
Fermi and betatron processes, pickup of non-local particles,
Speiser-type particle motion (Speiser, 1965), and energiza-
tion in the reconnection electric field (e.g., Birn et al., 2012).
Modern simulations are numerical experiments and require
an analysis similar to experimental data analysis to under-
stand simulation results. However, contrary to observations,
simulations have an advantage of making different simplifi-
cations. Specifically, for the problem of ion kinetics in re-
connection and reconnection-related processes, the first step
may be done with the utilization of 2D models. In 2D, some
aspects of ion transport, like replenishment of plasma evac-
uated from the reconnection site from the ambient plasma
sheet, are not present. That allows us to study the dynamics
in a simpler setup. After 2D effects are understood, the re-
sults of a numerical experiment with 3D dynamics will be
easier to comprehend. Moreover, the global hybrid models
that describe ion kinetics by solving the equation of parti-

cle motion (Lin et al., 2014), although they provide a great
tool to study ion-scale dynamics, often produce noisy distri-
butions due to insufficient numbers of particles. Models that
solve the Vlasov equation for distribution functions provide
noiseless VDFs and, therefore, are a valuable tool to study
the ion VDF evolution associated with magnetotail dynam-
ics. The fundamental question to be addressed with this type
of models is the evolution of ion VDFs during dynamic pro-
cesses such as magnetic reconnection.

In this paper we discuss the results of 2D global hybrid-
Vlasov modeling of magnetotail reconnection with the Vlasi-
ator model (Palmroth et al., 2018). We use a run including the
entire magnetosphere in 2D. The tail dynamics of this run has
been discussed in a number of papers (e.g., Palmroth et al.,
2017; Juusola et al., 2018a, b; Grandin et al., 2019b). Most
recently, Grandin et al. (2019b) found that in this simulation,
the transition region between the tail-like and dipolar field
acts like a buffer and permits only some particles to precipi-
tate into the ionosphere. Here, we aim to understand the tail
VDFs in terms of reconnection processes in a self-consistent
ion-kinetic setup using such a large simulation domain that it
covers the reconnection regions and the outflows while also
using a realistically sized Earth dipole. The simulation re-
sults are compared with in situ observations by THEMIS
and ARTEMIS spacecraft in the magnetotail. The paper is
organized as follows. First, in Sect. 2, we introduce briefly
the Vlasiator model and THEMIS and ARTEMIS missions.
In Sect. 3, we introduce the VDF characteristics within the
earthward and tailward outflow regions and perform model–
data comparisons. In Sect. 4, we end the paper with a discus-
sion.

2 Model and data

2.1 Global hybrid-Vlasov simulation with Vlasiator

Vlasiator is a global hybrid-Vlasov model of the Earth’s
magnetosphere, which describes protons in the 6D phase
space (von Alfthan et al., 2014). A recent review (Palmroth
et al., 2018) describes the set of equations along with other
code design features. Vlasiator describes ion physics self-
consistently at ion-kinetic scales, featuring proton velocity
distribution functions throughout the simulation box without
statistical sampling noise. Electrons are a massless charge-
neutralizing fluid, indicating that it is assumed that the elec-
tron pressure influence on Ohm’s law is negligible. Unique in
Vlasiator compared to many other simulations in the kinetic
global regime is that the Earth’s dipole strength represents
the actual conditions within near-Earth space in 2D spatial
setups (see Daldorff et al., 2014). Therefore, the resulting
temporal and spatial scales in the simulation can be directly
compared to the Earth’s magnetosphere without scaling. The
temporal and spatial scales are given in SI units to facilitate
direct comparisons.
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An overview of the simulation run investigated in this pa-
per is given in Fig. 1 (see also Supplement movie S1 in Palm-
roth et al., 2017), in which the color coding depicts the proton
number density in the simulation domain. While Vlasiator is
fully 6D, here we outline a 5D run, representing 3D velocity
distributions in the 2D noon–midnight polar plane (2D3V de-
scription). The simulation takes place in the geocentric solar
ecliptic (GSE) XZ plane, in which the solar wind is there-
fore incoming from the right-hand-side wall of the simula-
tion box, located at X = 48RE. The left-hand-side wall at
X =−94RE defines the boundary of the simulation domain
in the nightside, and the extent of the simulation box in the
Z direction is comprised between the walls at Z =±56 RE.
The boundary conditions for these walls (except the one from
which the solar wind is flowing in) are Neumann conditions,
in which the normal derivative of each parameter is set to
zero by copying values to the neighboring ghost cells. Pe-
riodic boundary conditions are applied in the out-of-plane
direction (Y axis in the GSE frame). The solar wind bulk
parameters are as follows: density of 1 cm−3, velocity of
750 km s−1 in the X direction, and the interplanetary mag-
netic field (IMF) is purely southward with a magnitude of
5 nT. Such solar wind conditions are representative of that
which can be observed during solar wind high-speed stream
events (e.g., Grandin et al., 2019a). The solar wind ion popu-
lation is initialized with a uniform Maxwellian velocity dis-
tribution function, and the whole magnetosphere forms self-
consistently, driven by the constant solar wind inflow and the
2D dipole field. The inner boundary of the simulation box
is a perfectly conducting cylinder located at 4.7 RE from the
Earth’s center. In this run, the ordinary space has a resolu-
tion of 300 km and the velocity space has a resolution of
30 km s−1 in the whole domain. This choice makes it pos-
sible to investigate ion-scale physics self-consistently.

2.2 THEMIS and ARTEMIS

We use observations from the Time History of Events and
Macroscale Interactions during Substorms (THEMIS; An-
gelopoulos, 2008) and Acceleration, Reconnection, Turbu-
lence and Electrodynamics of Moon’s Interaction with the
Sun (ARTEMIS; Angelopoulos, 2011) multi-probe space-
craft to compare them with the Vlasiator simulation re-
sults. The THEMIS and ARTEMIS probes are identical and
equipped with a fluxgate magnetometer (FGM; Auster et al.,
2008), electric field instrument (EFI; Bonnell et al., 2008),
electrostatic analyzer, (ESA; McFadden et al., 2008), and
solid state telescope (SST; Angelopoulos et al., 2008b). In
the 2008–2009 flight years, the five THEMIS probes were on
equatorial orbits and formed the Sun–Earth elongated con-
junction at distances 7 < R < 30RE during the magnetotail
science seasons. In 2010, the two most distant probes were
injected to lunar orbit and traversed the Earth magnetotail
with the Moon at R ∼ 60RE during about 3 d month−1. For
the purposes of this study, we use the ion distribution func-

Figure 1. Overview of the Vlasiator simulation run investigated
in this paper. Color coding depicts the proton number density at
time t = 1704 s from the beginning of the simulation. The plasma
sheet shows that reconnection has begun shortly before the depicted
frame. The white rectangle shows the area on which the subsequent
figures will focus.

tion calculated from particle fluxes collected by the ESA in
the energy range from ∼ 10 eV to 30 keV and by the SST
in the energy range from ∼ 50 to 300 keV. The instrument
response simulations with the GEANT-4 model were used
to fill the gap between ESA and SST energy ranges (Runov
et al., 2015).

3 Simulation results and the model–data comparison

In the following subsections, we present a comprehensive
analysis of the obtained ion velocity distribution functions
(VDFs) within the tail. To illustrate our purpose, we show
in Fig. 2 an overview of the tail area and the analysis meth-
ods. The time instant in Fig. 2 is the same as in Fig. 1, i.e.,
t = 1704 s. Figure 2 illustrates the reconnection points in the
tail, marked by red crosses, computed by identifying the sad-
dle points in the magnetic flux function. The method is out-
lined in Hoilijoki et al. (2017) and further developed in Hoil-
ijoki et al. (2019).

As time progresses, the main reconnection line has devel-
oped near X ≈−13RE. The advantage of global hybrid sim-
ulations is that they allow us to study self-consistently evolv-
ing ion VDFs at a variety of spatial and temporal locations.
Moreover, the VDFs simulated with the hybrid-Vlasov tech-
nique do not suffer from sampling noise and provide distri-
butions without temporal or spatial integration, which helps
Vlasiator excel at VDF analysis of moving structures and
comparison with observations. Snapshots of ion VDF 2D
cuts in the {vx , vz} plane at Z = 0 earthward and tailward
of the main X line are shown in Fig. 2b–f. The VDFs are
taken at positions marked with circles of matching colors in
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Figure 2. (a) X component of the plasma bulk velocity in the magnetotail at t = 1704.0 s in the area depicted with a white rectangle in
Fig. 1. Blue (red) colors illustrate tailward (earthward) plasma flows. The black contours show magnetic field lines and red crosses indicate
X points. The black arrows show the direction and relative magnitude of the magnetic field projected into the XZ plane at the five locations
indicated with colored circles. (b–f) Slices of the 3D VDFs (velocity distribution functions) in the {vx , vz} plane at those five locations. The
VDFs are shown in the plasma frame.

Fig. 2a and they are shown in the plasma frame (i.e., v = 0
corresponds to the local bulk velocity V ). The black arrows
depict the magnetic field direction and relative strength at the
center of the colored circles. Figure 2 shows that the cold and
isotropic ion VDFs flowing in from the lobes have become
structured while reconnection has developed.

3.1 Earthward outflow

Figure 3 shows ion VDFs in the Vlasiator simulation detected
earthward of the major X line at three time instances. At
t = 1662.0 s (simulation time) reconnection at X ≈−13RE
starts to develop (Fig. 3a). The unbalanced magnetic tensions
on the reconnected field lines start to force the stretched field
lines at X >−13RE to dipolarize. Slices of the VDF at the
location indicated with a cyan circle are shown in Fig. 3b–
d. The cuts in velocity space are made in the {v‖, v⊥1},
{v‖, v⊥2}, and {v⊥1 , v⊥2} planes, respectively. The v‖ di-
rection is defined along the local magnetic field B, v⊥1 is
defined along the B ×V direction, and v⊥2 is defined along
the B×(B×V ) direction; thus, the defined velocity frame is
depicted in Fig. 3a. At t = 1662.0 s, the initially isotropic ion
VDF at X ≈−12RE starts developing transverse anisotropy

(Fig. 3b–c). The {v⊥1 , v⊥2} cut (Fig. 3d) shows that the ion
VDF remains gyrotropic.

At t = 1699.0 s, reconnection develops and the earth-
ward bulk velocity increases (Fig. 3e). The ion VDF at
X ≈−12RE becomes structured, developing transversal
anisotropy at high energies. Figure 3f–g shows two parallel
counterstreaming beams appearing at lower energies. Phase-
space density lacunae (i.e., empty regions) appear at pitch an-
gles of ±10 and ±45◦ in the v‖ > 0 and v‖ < 0 half-spaces.
The phase-space density gaps at low pitch angles are consis-
tent with observations (Runov et al., 2017) and test-particle
simulations (Birn and Runov, 2016) and may be explained
by the loss of particles along the field lines (Runov et al.,
2017). The gaps at ∼45◦ would require particle tracing to be
explained. It is worth noting that at t = 1699.0 s the virtual
probe records a lower proton density than at t = 1662.0 s,
since the outflow jets evacuate the plasma sheet population
and the only source of plasma replenishment is the inflow
from the low-density lobes. In real 3D scenarios, the situ-
ation is more complex because the flank plasma sheet also
contributes to refilling, a contribution that is variable depend-
ing on the spatial extent of the X line. The cold-lobe plasma
has been energized by two processes: betatron acceleration,
which manifests in the transverse ion VDF anisotropy, and
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Figure 3. (a) X component of the plasma bulk velocity in the magnetotail at t = 1662.0 s with magnetic field lines and X points indicated as
in Fig. 2. A virtual spacecraft is placed near (X =−12RE, Z = 0) to monitor the plasma earthward from the major X line; arrows and labels
indicate the local plasma frame (see text for details). (b–d) Slices of the 3D VDFs (velocity distribution functions) at the virtual spacecraft in
the {v‖,v⊥1 }, {v‖,v⊥2 }, and {v⊥1 ,v⊥2 } planes. (e–h) The same, but at t = 1699.0 s. (i–l) The same, but at t = 1758.0 s and using a different
virtual spacecraft observing plasma on the same magnetic field line as in (e)–(h) after it has convected earthward.
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parallel Fermi-type-B (a slingshot effect) (Northrop, 1963)
acceleration, which produces the field-aligned beams. Fig-
ure 3h shows that the ion VDF becomes agyrotropic with
higher phase-space density in the v⊥1 > 0 half-space (note
that the bulk velocity is subtracted from the VDF).

At t = 1758.0 s, an O point forms at X ≈−13.0RE be-
tween two X lines; the magnetic field at X >−11RE is
compressed by earthward outflow from the main X line,
which has migrated to X ≈−12.5RE (Fig. 3i). At this time,
we place our virtual detector closer to the Earth at X ≈

−9.5RE, on the same magnetic flux tube that was studied
at X ≈−12RE at t = 1699.0 s in Fig. 3e–h. The {v‖,v⊥1}

and {v‖,v⊥2} ion VDF cuts (Fig. 3j–k) show the same struc-
ture as at t = 1699.0 s: transverse anisotropy at high energies
and counterstreaming parallel beams at lower energies. Note
that the lacunae at ∼ 45◦ pitch angles are now partly filled,
whereas lacunae at low pitch angles persist. Contrary to that
at t = 1699.0 s, the {v⊥1 ,v⊥2} cut (Fig. 3l) shows a rather
gyrotropic ring-type distribution.

3.2 Tailward outflow

Figure 4 shows magnetic field lines, the X component of the
plasma velocity, and ion VDF cuts tailward of the recon-
nection region at three time instances in a similar setup as
Fig. 3. Now our aim is to follow the evolution of ion distri-
butions during reconnection development from an early stage
at t = 1742.0 s simulation time to a more mature state at t =

1747.0 s and to investigate O line formation at t = 1766.0 s.
At t = 1742.0 s, when tailward reconnection outflow from

the X line at X ≈−13.3RE is about to reach the virtual de-
tector location (X ≈−16.5RE; Fig. 4a), the ion VDF in the
plasma velocity frame is quasi-Maxwellian without consid-
erable structuring (Fig. 4b–d). The situation changes dramat-
ically when the front of anti-dipolarization (increased nega-
tive Bz embedded into the tailward outflow) reaches the vir-
tual detector at t = 1747.0 s (Fig. 4e). The ion distribution
cuts in the flux tubes with increased |Bz|, shown in Fig. 4f–
h, exhibit distinct features: a strong transverse anisotropy at
high energies, counterstreaming parallel beams at lower en-
ergies, and a pronounced agyrotropy. It is worth noting that
the observed changes in the ion VDFs are due to the arrival of
a freshly reconnected plasma population within reconnected
flux tubes, i.e., they characterize a spatial effect rather than
temporal evolution of the VDF observed earlier. To follow
the temporal evolution of the ion VDF, at t = 1766.0 s we
move our virtual detector tailward to X ≈−19RE along with
the reconnected flux tubes (Fig. 4i). The ion VDF at this spa-
tiotemporal location shows, generally, the same features as
at the earlier stage at X ≈−16.5RE, but the parallel beams
have shifted toward higher energies (Fig. 4j–k) and the agy-
rotropy has become less pronounced (Fig. 4l). The shift of
the parallel beams toward higher energies indicates parallel
acceleration.

Figure 5 shows two examples of ion VDFs observed
within tailward reconnection outflows at X ∼−23RE and
X ∼−60RE by THEMIS-B on 1 March 2008 at 01:55 UT
and ARTEMIS on 6 November 2014 at 21:41 UT, respec-
tively. Both probes detected an enhancement in the magnetic
flux transport rate [V ×B]y > 2 mV m−1, which allows us
to interpret the observed fast flows as reconnection ejecta
(Runov et al., 2018). The VDFs are collected in the frame
of reference moving with the instantaneous bulk velocity.
The {v⊥, vB×V } (where v⊥ = (B ×[V ×B])/B) plane cut
of the VDF observed at X ∼−23RE (panel a) indicates a
pronounced agyrotropy of the thermal ion population. This
resembles the agyrotropic VDF that appears at t = 1747.0 s
(Fig. 4h). The ion VDF observed by ARTEMIS (panel b)
is characterized by counterstreaming field-aligned beams of
subthermal and nearly thermal ions. The low-energy coun-
terstreaming beams appear in simulated VDFs at t = 1747.0
and t = 1766.0 s (Fig. 4f and 4j).

3.3 Quasi-steady X line

Figure 6a shows the magnetic field configuration (contours)
and the ion bulk velocity X component (colors) in the Vlasi-
ator simulation at t = 1950.5 s at and around a quasi-steady
X line near X ≈−14RE. Because the magnetic field is very
weak at and near the X line and to avoid the uncertainty as-
sociated with mapping to the local field-aligned coordinate
system, we use simulation coordinates (GSE) and show cuts
of the 3D ion VDFs in the {vx , vz} (Fig. 6b–f), {vx , vy}
(Fig. 6g–k), and {vy , vz} (Fig. 6l–p) planes at the five virtual
detectors of matching colors shown in Fig. 6a.

At the time depicted in Fig. 6, the simulation exhibits a
main X line at X ≈−14RE and a secondary one at X ≈

−12RE, indicated by the red crosses. The position of the vir-
tual detector placed near the main X line is shown by the
black circle in Fig. 6a. The magnetic field at this position is
weak and directed mainly along X. The corresponding ion
VDF cuts, shown in the black boxes, indicate a half-disk,
strongly agyrotropic type of distribution. The {vy , vz} cut
(Fig. 6n), nearly perpendicular to the instantaneous magnetic
field, indicates acceleration in the positive Y direction, i.e.,
along the cross-tail and reconnection electric fields. The high
phase-space density population between −1000 < vy < 0
and −1000 < vz < 0 km s−1 is the inflowing low-energy ion
population. It is interesting that the entire distribution is
shifted in the {vy , vz} space toward negative vy , which is
likely a signature of the Hall electric field Ez, normal to the
current sheet (e.g., Hesse et al., 1998). The presence of the
Hall electric field in a thin current sheet prior to and during
reconnection has also been shown in a number of observa-
tions (see, e.g., Lu et al., 2019, and references therein).

The ion velocity distribution obtained by the virtual detec-
tor placed near the secondary X line at X ≈−12RE (light
blue circle in Fig. 6a and VDF slices in Fig. 6e, j, o) is also
agyrotropic, showing acceleration by the reconnection and
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Figure 4. Same format as in Fig. 3, but focusing on the plasma tailward from the major X line at (a–d) t = 1742.0 s, (e–h) t = 1747.0 s,
and (i–l) t = 1766.0 s. Note that the plasma monitored in (i)–(l) is located on the same magnetic field line as in (e)–(h) after it has convected
tailward.
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Figure 5. Examples of the ion velocity distribution functions observed within tailward reconnection outflows by THEMIS at X ∼

−23RE (a) and by ARTEMIS at X ∼−60RE (b). Shown are 3D velocity distribution cuts in the plane perpendicular to the instanta-
neous magnetic field (v⊥, vB×V ; a) and in the plane that contains the magnetic field and the B×V vectors (b). The distributions are shown
in the bulk velocity frame. Dashed circles indicate [1, 2, 3]×Vth, where Vth is the ion thermal velocity.

cross-tail electric fields along positive Y . Unlike the strict
electric field acceleration along Y near the main X line, ions
near the secondary X line are also accelerated in the positive
X direction (i.e., earthward). The ion acceleration along X

might be caused by the gyration in the increasing northward
Bz (Speiser, 1965). Another source of earthward stream-
ing ions might be particles that are picked up by the elec-
tric field Ey and convected earthward from the reconnection
site (Drake et al., 2009; Zhou et al., 2016). Similar distribu-
tions are detected in the tailward outflow at X ≈−16.5 RE
(light green circle in Fig. 6a and VDF slices in Fig. 6c, h,
m). In this case, ions are accelerated in the +Y direction
by the reconnection and cross-tail electric fields and in the
−X direction (tailward) due to gyration in the increasing
negative Bz and/or because of pickup in the Ey . Notably,
hook-like distributions in the {vx , vy} plane in earthward
(at X ≈−12RE) and tailward (X ≈−16.5 RE) outflows are
nearly mirror symmetric. The described VDF signatures in-
dicate a meandering ion motion in the nearly equatorial cur-
rent sheet earthward and tailward of the reconnection line.
These types of particle trajectories are attributed to Speiser-
type (Speiser, 1965) motion, which includes quasi-adiabatic
gyration around a stronger magnetic field outside the equato-
rial plasma sheet and meandering in a weaker magnetic field
near the equatorial plane (e.g., Nagai et al., 2015; Hietala
et al., 2015). Because our virtual detectors are placed at the
magnetic equator, we observe only the meandering part of
ion Speiser orbits.

It is worth mentioning the dotted structure of the Speiser
hook-like distributions. Very similar structures were also re-

ported in Nakamura et al. (1998) and interpreted as a gyro-
bunch of cold ions. In the Vlasiator run this effect is caused
by cold ions that came in from the lobes. This effect is most
likely not observable in situ at near-Earth reconnection places
because of the 3D nature of reconnection there that causes
hot plasma sheet ion inflow from the dawnside (e.g., Birn
et al., 2015). At lunar distances, however, this effect may
be observed by instruments with sufficient angular and time
resolution. Signatures of the cold ions gyro-bunching were
also noted in 2.5D PIC simulations of lunar-distant tail re-
connection (Hietala et al., 2015). The twist (or rotation) of
the hook-like distribution is due to the Hall magnetic field,
which twists the reconnected field lines. This effect was also
reported in PIC simulations (Hietala et al., 2015).

Figure 6f, k, p shows the ion VDF detected at X ≈

−9.5RE (dark violet circle in Fig. 6a), where the magnetic
configuration sharply changes from stretched to more dipolar
field lines. The magnetic field lies mainly in the XZ plane,
thus the VDF {vx , vz} cut (Fig. 6f) is approximately in the
{v‖,v⊥2} plane. Accelerations in the ±vz directions and in
the positive vx direction are visible. They depict the opera-
tion of Fermi-type field-aligned ion acceleration due to flux
tube shrinking. The VDF {vx , vy} (Fig. 6k) and {vy , vz}
(Fig. 6p) cuts indicate ion motion in the positive vy direc-
tion, which is likely due to the gradient drift of the ions ener-
gized by the convective electric field Ey ∝ VxBz. This effect
was reported in observations (Runov et al., 2015, 2017) and
in test-particle modeling (Birn et al., 2015; Birn and Runov,
2016).
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Figure 6. (a) X component of the plasma bulk velocity in the magnetotail at t = 1950.5 s in the same format as in Fig. 2 with magnetic field
lines, X point locations, five virtual spacecraft, and the magnetic field projection in the XZ plane at their locations. Slices of the 3D VDFs
(velocity distribution functions) at the five locations indicated with colored circles are shown in the (b–f) {vx ,vz} plane, (g–k) {vx ,vy} plane,
and (l–p) {vy ,vz} plane. The VDFs are shown in the plasma frame.

The ion VDF obtained near the O line at X ≈−19RE
(dark green circle in Fig. 6a) is shown in Fig. 6b, g, l. At this
location, the magnetic field is directed predominantly along
−Z. The VDF shows a shell-like structure. It is generally
gyrotropic (see the {vx , vy} cut; Fig. 6g), with distinct coun-
terstreaming field-aligned beams that can be seen in the {vx ,
vz} (Fig. 6b) and {vy , vz} cuts (Fig. 6l).

4 Discussion and concluding remarks

We present results of global hybrid-Vlasov simulations of
magnetotail dynamics during southward IMF (see Palmroth
et al., 2017; Juusola et al., 2018a, for simulation details).
The simulation results include 2.5D magnetic field, plasma
moments, and 3D velocity distribution functions (VDFs).
The simulation shows that reconnection with multiple X

points occurs in the magnetotail with the main X point near
X ≈−13RE. We have examined the VDFs that were ob-

served by virtual detectors placed in the vicinity of the main
X point and within earthward and tailward reconnection out-
flows. The simulation setup (spatial resolution of 300 km) al-
lows the study of this region, as the ion inertial length di is
well resolved at the locations of the virtual detectors: from
the leftmost (dark green) to the rightmost (dark violet) vir-
tual detector in Fig. 6a, di is 433, 580, 929, 669, and 571 km.

The global hybrid-Vlasov simulations allow us to place
virtual detectors at a variety of locations following the re-
connected flux tubes along their transport toward the dipole
within the earthward outflow and toward the weaker mag-
netic field within the tailward outflow. Vlasiator successfully
reproduces characteristics of VDFs that were previously re-
ported in observations: the transverse anisotropy of the ener-
getic ion population that is associated with the betatron ion
energization and counterstreaming ion beams at lower en-
ergies, which are signatures of Fermi-type ion acceleration
along the contracting magnetic flux tubes. These effects have
been observed in the near-Earth plasma sheet during sub-
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storm dipolarizations (Delcourt et al., 1997) and within dipo-
larizing flux bundles embedded into earthward flows (Runov
et al., 2017) and appeared in particle-in-cell and test-particle
simulations (Pritchett and Runov, 2017; Birn and Runov,
2016). In addition, the Vlasiator simulation allows us to study
the ion distribution at a later stage, after the magnetic field
line on which the plasma was located has convected earth-
ward. It is found that the distribution becomes more gy-
rotropic but retains the transverse anisotropy and the counter-
streaming ion beams when being convected earthward. Lacu-
nae observed near the reconnection X point are on the other
hand partly filled by diffusion processes when reaching the
most earthward virtual detector.

The virtual detectors placed along the tail within the tail-
ward outflow also present some signatures that have been de-
tected in situ. Specifically, agyrotropy of energetic ions is ob-
served, appearing in the simulations at the strong Bz gradient
at the earthward edge of the plasmoid (or anti-dipolarization
front, see, e.g., Li et al., 2014). We find a similar feature
in the VDFs observed tailward of a reconnection X line.
Another distinct characteristic that appears in simulated and
observed ion VDFs is the presence of the counterstreaming
field-aligned ion beams at lower energies. However, some of
the ion VDF characteristics, such as the pronounced transver-
sal anisotropy of energetic ions within tailward reconnec-
tion outflow, are not present in the VDFs collected in situ.
This may be because THEMIS probes’ ability to measure
ion pitch-angle distributions at energies higher than 30 keV
is somewhat limited. Again, the simulation allows us to study
the evolution of the ion distribution at a later stage and fur-
ther tailward, finding that the features are overall preserved
but that the parallel beams are seen at higher energies, in-
dicating that parallel acceleration continues during the tail-
ward convection of the plasma. The parallel energization is
likely caused by the Fermi-type-A acceleration between the
main and secondary X lines or the Fermi-type-B acceleration
due to crossing from one side of a moving curved magnetic
field line to the other (Northrop, 1963). Test-particle tracing
is required to distinguish between these two processes and
possible parallel acceleration due to nonadiabatic effects. In
addition, the agyrotropy observed near the X point is less
prominent at the most tailward location.

After magnetic flux and plasma were evacuated earth-
ward and tailward from the vicinity of the main reconnec-
tion line, a quasi-steady reconnection with secondary X lines
developed at X ≈−14RE. The ion VDFs at virtual detec-
tors placed along the reconnecting current sheet reveal the
presence of ion populations accelerated duskward by the re-
connecting electric field near the X line and ions perform-
ing Speiser-type motion in reconnecting magnetic field earth-
ward and tailward from the X line. It is very difficult to ob-
serve, and therefore study, such distributions in situ in the
near-Earth magnetotail, where the X line cross-tail length
is limited (e.g., Nagai et al., 2013). Because of this 3D na-
ture, the plasma evacuated with reconnected flux tubes is

replenished by the ambient plasma sheet particles (Runov
et al., 2015; Birn et al., 2015). At lunar distances, where the
ambient plasma sheet ion population is cooler, Speiser-type
ion distributions within the reconnection jet, similar to that
shown in Fig. 6, have been observed (Hietala et al., 2015).
While inherently a limitation of the simulation setup, the 2D
nature of the Vlasiator run proves useful to specifically study
the ion distributions associated with Speiser-type motion in
the vicinity of a quasi-stable X line.

To conclude, we find that the Vlasiator VDFs reasonably
represent the observed VDFs during similar conditions re-
ported in the previous literature using in situ satellite ob-
servations, indicating that the 2D hybrid-Vlasov simulations
provide a valuable tool to study the evolution of ion velocity
distribution functions. The simulated distribution functions
may be interpreted in terms of basic particle acceleration
mechanisms, such as the Fermi-type and betatron acceler-
ations, the direct acceleration of unmagnetized particles by
the reconnection electric field, and the Speiser-type ion mo-
tion. Some important 3D effects, such as Shabansky-type ion
acceleration by the moving dipolarization front (Zhou et al.,
2010), however, are not present due to the 2D model setup
limitations. Another valuable tool that needs to be included
in the modeling is backward particle tracing in time using Li-
ouville’s theorem. This method helps us understand how the
particle distributions were formed (e.g., Birn et al., 2015).
This instrument is under development. It is worth stressing
again that 2D global hybrid simulations with the Vlasiator
code provide very helpful insights into the formation and
evolution of ion distribution functions, allowing us in par-
ticular to analyze how a given ion distribution evolves as
the magnetic field line to which it is associated is convected
away from the reconnection site (earthward or tailward).
Comparisons with in situ observations by the THEMIS and
ARTEMIS probes have shown remarkable similarity in ion
VDFs observed within reconnection outflows in the magne-
totail and those resulting from Vlasiator simulations. How-
ever, some features of ion VDFs discovered in the discussed
Vlasiator run are not readily observable in situ because of the
3D nature of near-Earth reconnection and/or due to instru-
mental limitations. The VDFs categorized in this paper may,
however, be used as predictions for future magnetotail ob-
servations with higher temporal and angular resolutions than
available now.

Code and data availability. Vlasiator (https://www.helsinki.fi/en/
researchgroups/vlasiator, Palmroth, 2021) is distributed under
the GPL-2 open-source license at https://github.com/fmihpc/
vlasiator/ (Palmroth and the Vlasiator team, 2020). Vlasia-
tor uses a data structure developed in-house (https://github.
com/fmihpc/vlsv/, Sandroos, 2019). The Analysator software
(https://doi.org/10.5281/zenodo.4462515, Battarbee and the Vlasi-
ator team, 2020) was used to produce the presented figures. The run
described here takes several gigabytes of disk space and is kept in
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storage maintained within the CSC – IT Center for Science. Data
presented in this paper can be accessed by following the data pol-
icy on the Vlasiator website. The THEMIS and ARTEMIS data
are available at http://themis.ssl.berkeley.edu/ (last access: 28 June
2021) and via the SPEDAS system (https://spedas.org/, last access:
28 June 2021).
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