
HAL Id: insu-03676939
https://insu.hal.science/insu-03676939

Submitted on 24 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Copyright

Cold Ionospheric Ions in the Magnetic Reconnection
Outflow Region

W. Y. Li, M. André, Yu. V. Khotyaintsev, A. Vaivads, S. A. Fuselier, D. B.
Graham, S. Toledo-Redondo, B. Lavraud, D. L. Turner, C. Norgren, et al.

To cite this version:
W. Y. Li, M. André, Yu. V. Khotyaintsev, A. Vaivads, S. A. Fuselier, et al.. Cold Ionospheric Ions
in the Magnetic Reconnection Outflow Region. Journal of Geophysical Research Space Physics, 2017,
122, pp.10,194-10,202. �10.1002/2017JA024287�. �insu-03676939�

https://insu.hal.science/insu-03676939
https://hal.archives-ouvertes.fr


Journal of Geophysical Research: Space Physics

Cold Ionospheric Ions in the Magnetic
Reconnection Outflow Region

W. Y. Li1 , M. André1 , Yu. V. Khotyaintsev1 , A. Vaivads1 , S. A. Fuselier2 , D. B. Graham1 ,

S. Toledo-Redondo3 , B. Lavraud4,5 , D. L. Turner6 , C. Norgren1,7 , B. B. Tang8 ,
C. Wang8 , P.-A. Lindqvist9 , D. T. Young2 , M. Chandler10 , B. Giles11 , C. Pollock12 ,
R. Ergun13 , C. T. Russell14 , R. Torbert15 , T. Moore11 , and J. Burch2

1Swedish Institute of Space Physics, Uppsala, Sweden, 2Southwest Research Institute, San Antonio, TX, USA, 3Science
Directorate, European Space Agency, ESAC, Madrid, Spain, 4Institut de Recherche en Astrophysique et Planétologie,
Université de Toulouse (UPA), Toulouse, France, 5Centre National de la Recherche Scientifique, UMR 5277, Toulouse,
France, 6Space Sciences Department, Aerospace Corporation, El Segundo, CA, USA, 7Department of Physics and
Astronomy, Uppsala University, Uppsala, Sweden, 8State Key Laboratory of Space Weather, National Space Science Center,
Chinese Academy of Sciences, Beijing, China, 9Space and Plasma Physics, KTH Royal Institute of Technology, Stockholm,
Sweden, 10NASA Marshall Space Flight Center, Huntsville, AL, USA, 11NASA Goddard Space Flight Center, Greenbelt, MD,
USA, 12Denali Scientific, Healy, AK, USA, 13Laboratory for Atmospheric and Space Physics, University of Colorado Boulder,
Boulder, CO, USA, 14Earth Planetary and Space Sciences, University of California, Los Angeles, CA, USA, 15Space Science
Center, University of New Hampshire, Durham, NH, USA

Abstract Magnetosheath plasma usually determines properties of asymmetric magnetic reconnection
at the subsolar region of Earth’s magnetopause. However, cold plasma that originated from the ionosphere
can also reach the magnetopause and modify the kinetic physics of asymmetric reconnection. We present
a magnetopause crossing with high-density (10–60 cm−3) cold ions and ongoing reconnection from
the observation of the Magnetospheric Multiscale (MMS) spacecraft. The magnetopause crossing is
estimated to be 300 ion inertial lengths south of the X line. Two distinct ion populations are observed
on the magnetosheath edge of the ion jet. One population with high parallel velocities (200–300 km/s)
is identified to be cold ion beams, and the other population is the magnetosheath ions. In the
deHoffman-Teller frame, the field-aligned magnetosheath ions are Alfvénic and move toward the jet
region, while the field-aligned cold ion beams move toward the magnetosheath boundary layer, with
much lower speeds. These cold ion beams are suggested to be from the cold ions entering the jet close
to the X line. This is the first observation of the cold ionospheric ions in the reconnection outflow region,
including the reconnection jet and the magnetosheath boundary layer.

1. Introduction

Low-energy (few eV) ions of ionospheric origin are often present in the magnetosphere (Chappell et al., 1980;
Cully et al., 2003; Moore et al., 1997). In the Earth orbit, the spacecraft can be positively charged to several to
tens of volts due to the photoelectron emission, preventing the low-energy ions from reaching the spacecraft,
and therefore, they cannot be detected. With large-scale convective motion, for example, magnetopause fluc-
tuation, low-energy ions can be accelerated via the E × B drift to overcome the positive spacecraft potential,
and be detected by an onboard particle instrument. Besides such direct detection by particle instruments,
cold ions can be studied using a technique based on the detection of the wake behind a charged spacecraft
in a supersonic ion flow (André et al., 2015; Engwall et al., 2009). Statistics show that low-energy ions dom-
inate the plasma density in large regions of the nightside magnetosphere and polar regions (André & Cully,
2012). At times, the low-energy ions can also dominate in the dayside magnetosphere and can change the
dynamics of magnetic reconnection (Fuselier, Burch, et al., 2016).

Magnetic reconnection is a fundamental and universal process to convert energy stored in the magnetic field
to kinetic energy of charged particles (Burch, Torbert, et al., 2016; Yamada et al., 2010). The magnetopause is
one unique region to investigate reconnection in a collisionless plasma with in situ data, which is important
for understanding the solar wind and magnetosphere coupling system (Dungey, 1961). Reconnection at the
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magnetopause is typically asymmetric due to the large plasma and magnetic field differences between the
magnetosheath and the magnetosphere. The magnetosheath ion and electron gyroradii and inertial lengths
determine the two kinetic scales of the diffusion region, namely, ion and electron diffusion regions (Yamada
et al., 2010). In the presence of cold ions, a new length scale determined by the cold ion gyroradius is sug-
gested to be in between those of magnetosheath ions and electrons (Divin et al., 2016; Toledo-Redondo et al.,
2015, 2016). Besides the modification of reconnection structure, cold ions can reduce the Alfvén speed and
the reconnection rate, indicating a localized reduction in the solar wind-magnetosphere coupling (Walsh
et al., 2014; Wang et al., 2015). The magnetospheric separatrix layers, which separate the magnetosphere
and the reconnection outflow region, are typically characterized by strong currents and normal (Hall) electric
fields (Khotyaintsev et al., 2006). When cold ions are present in the magnetospheric separatrix layers, they can
remain frozen-in together with electrons and can therefore reduce the Hall currents. This modification of the
Hall physics due to cold ions has been studied through investigating the generalized Ohm’s law using obser-
vations from the Cluster (Toledo-Redondo et al., 2015) and Magnetospheric Multiscale (André et al., 2016)
spacecraft. Lower hybrid waves (Graham et al., 2017), ion acoustic waves (Uchino et al., 2017), and electron
acoustic waves (Ergun, Holmes, et al., 2016) can be generated at the magnetopause boundary layer due to
the interaction of magnetosheath and cold magnetospheric plasmas. Thus, cold ions can affect the magnetic
reconnection in both the fluid and kinetic aspects.

He+ that originated from the ionosphere was detected in the magnetosheath boundary layer (Fuselier et al.,
1991; Sonnerup et al., 1981). This observation supports that the magnetospheric cold ions are expected to
cross the magnetopause current sheet to the magnetosheath boundary layer along reconnected field lines
(Cowley, 1982). Direct detection of cold protons on the magnetosheath side of a reconnection jet has not
been reported to our knowledge. Here we investigate a Magnetospheric Multiscale (MMS) magnetopause
crossing with high-density cold ions and ongoing magnetic reconnection. He+ is used to trace the cold ions
in the reconnection jet and magnetosheath boundary layer. Cold ion beams (mostly protons) are observed
on the magnetosheath edge of the ion jet, and their dynamics are investigated in detail. We report the first
observation of the cold ionospheric ions in the reconnection outflow region.

2. Observations

The MMS mission was launched on 13 March 2015 and started the Phase 1A science data collection in
September 2015 (Burch, Moore, et al., 2016; Fuselier, Lewis, et al., 2016). We use magnetic field data from the
fluxgate magnetometer (FGM) (Russell et al., 2016) and electric field from the electric double probe (EDP)
(Ergun, Tucker, et al., 2016; Lindqvist et al., 2016). The particle data are from the Fast Plasma Investigation (FPI)
(Pollock et al., 2016) sampled at 4.5 s (fast mode) and 0.15 s for ions and 0.03 s for electrons (burst mode),
the mass-resolved instrument Hot Plasma Composition Analyzer (HPCA) (Young et al., 2016) and the Fly’s Eye
Energetic Particle Spectrometer (FEEPS) instrument (Blake et al., 2016) for energetic electron data at 0.3 s reso-
lution. We investigate a magnetopause crossing observed between 03:12 and 03:44 UT on 1 November 2015.
During the spacecraft transition from the magnetosphere to the magnetosheath, the solar wind conditions
were quasi-steady, and the interplanetary magnetic field (IMF), [−4.6, 7.0, 0.0] nT, was close to the Parker spi-
ral orientation (Parker, 1965). The MMS spacecraft were located at [9.3, 1.4, −0.3] RE (GSE) during this time
interval, and were in a tetrahedron formation with 10–15 km separation.

An overview is presented in Figure 1: Shown from top to bottom are (a) magnetic field, (b) ion and electron
number densities from FPI and electron number density derived from the Langmuir wave observations from
EDP. (c) Ion bulk velocity, (d) ion, and (e) electron omnidirectional differential energy fluxes. (f ) Spacecraft
potential and (g) electric field. The vectors are presented in the Geocentric Solar Ecliptic (GSE) coordinate sys-
tem, unless otherwise stated. We identify the magnetosphere by high-energy (several keV) ions and electrons,
nearly stagnant plasma bulk velocity, and predominantly northward magnetic field. The magnetosheath is
characterized by intermediate energy ions (100–1,000 eV) and electrons (50–100 eV) and predominantly
duskward magnetic field (BY ). The magnetosheath ion speed is about 50 km/s, mostly along the Y direc-
tion (Figure 1c). This low speed is consistent with the spacecraft location near the subsolar region. Several
ion fast flows were observed by MMS from 03:19 to 03:41 UT due to the several partial crossings with multi-
ple encounters of the separatrix region. The strongest flow between 03:30 and 03:31 UT has VY ∼ 300 km/s
and VZ ∼ −200 km/s. The magnitudes of the fast ion flows are consistent with the jet speeds of asymmetric
reconnection at the magnetopause (Cassak & Shay, 2007). These jets indicate ongoing reconnection between
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Figure 1. MMS observation of the magnetopause crossing on 1 November 2015. MMS1 data of (a) magnetic field,
(b) number densities of ions Ni and electrons Ne from FPI and electron density derived from the Langmuir wave
observations from EDP, (c) ion bulk velocity Vi , (d) ion and (e) electron omnidirectional differential energy fluxes,
(f ) spacecraft potential, and (g) electric field. The FPI data are in the fast mode. The spectrogram in Figure 1b shows the
power spectral density (V2/m2/Hz) of electric field from the EDP instrument, and the Langmuir frequency (f = 1∕(2𝜋)√

Nee2∕me𝜖0) is indicated by the strong wave activity. Here me is the mass of electron, and 𝜖0 is the permittivity in
vacuum. The yellow-shaded region indicates a complete magnetopause crossing from the magnetosphere to the
magnetosheath.

northward (magnetospheric) and duskward (magnetosheath) magnetic fields, and the jet directions indicate
that the spacecraft were located south of the reconnection X line.

As shown in Figure 1d, cold ions, with ∼10 eV thermal energy, are present in the magnetosphere, while their
total energy can reach 100 eV due to the E × B drift. The cold ion density from the burst-mode FPI data varies
from 10 to 60 cm−3 through the entire interval. The lowest-energy channel of the FPI ion detector is about
10 eV, and the spacecraft potential in the magnetosphere is about 4 V on average. The large variances in the
cold ion density can be due to FPI missing a part of the cold ion population because of its low energy and
the positive spacecraft potential, as well as due to the actual variance of the cold ion density. Sometimes, for
example, around 03:20:10 UT, the electron density is underestimated compared with the ion density, while the
ion density is consistent with the plasma density estimated from the waves at the electron plasma frequency.
This underestimation is because a large portion of the electrons with low thermal energy are not detected
by FPI.

The yellow-shaded region in Figure 1 highlights the only complete crossing from the magnetosphere to
the magnetosheath, and the magnetopause current sheet with the rotation of the magnetic field occurs
around 03:38 UT. Figure 2 presents a detailed plot of the complete magnetopause crossing from 03:37:25 to
03:41:10 UT. At the beginning of this interval, MMS were located in the magnetosphere. The cold ions in the
magnetosphere have pitch angles predominantly perpendicular to the magnetic field (Figure 2h). The mag-
netospheric separatrix crossing at 03:37:30 UT (the first black line in Figure 2) is identified by the increase
in plasma density, partial loss of magnetospheric high-energy electrons (Figure 2d) and Hall electric field
(not shown). Around 03:38:00 UT, MMS crossed the magnetopause current sheet from the ion jet to the
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Figure 2. Magnetopause crossing from the magnetosphere to magnetosheath by MMS1. From top to bottom,
(a) magnetic field; (b) ion and electron number densities; (c) ion bulk velocity; (d) pitch angle distributions of energetic
(50–500 keV) electrons from FEEPS; (e) spectrogram of perpendicular E fluctuation with lower hybrid (black), ion plasma
(blue), and electron cyclotron (red) frequencies. Ion (f ) omnidirectional, (g) parallel, (h) perpendicular, and (i) antiparallel
differential energy fluxes in the spacecraft frame; and (j) electric field. The thick bars at the top of Figure 2a denote
magnetosphere (MSP, red), reconnection jet (green), magnetosheath boundary layer (MSBL, blue), and magnetosheath
(MSH, black). The magenta bar denotes a mixed region with the jet and magnetosheath boundary layer. Two vertical
black lines represent magnetospheric and magnetosheath separatrices, respectively. Three yellow-shaded intervals
indicate regions with cold ion beams in reconnection. The FPI data are in the burst mode.

magnetosheath boundary layer, and the current sheet is characterized by the magnetic field rotating from
northward to duskward and a decrease in the southward outflow speed. The features distinguishing the mag-
netosheath boundary layer from the magnetosheath are magnetospheric high-energy electrons (Figure 2d)
and stronger wave fluctuations (Figure 2e). From 03:39:05 to 03:39:55 UT, MMS moved back to the jet region
with increases in BZ and Vi . From 03:39:55 to 03:40:20 UT, MMS were located in the magnetosheath bound-
ary layer again. The magnetosheath separatrix separates the magnetosheath and reconnected magnetic field
lines. The MMS crossing of the magnetosheath separatrix at 03:40:50.8 UT (the second black line in Figure 2)
is identified by a sharp boundary in the power spectral density of the electric field (Figure 2e) and a decrease
in the high-energy electrons of the magnetospheric origin (Figure 2d). Before the magnetosheath separatrix
crossing, BZ and Vi increased slightly between 03:40:20 and 03:40:50 UT. We interpret this interval as a mixed
region of the ion jet and magnetosheath boundary layer.

We perform minimum variance analysis (MVA) (Paschmann & Daly, 1998) on the magnetic field measure-
ments between 03:37:47 and 03:38:15 UT, which yields the maximum (L = [0.27, −0.59, 0.76]), intermediate
(M = [−0.28, −0.80, −0.53]), and minimum (N = [0.92, −0.07, −0.38]) variance directions. Multispacecraft
timing analysis (Paschmann & Daly, 1998) of BZ around 03:38:03 UT results in a boundary velocity of VN =
53× [−0.98, 0.10, 0.15] km/s (GSE), which is consistent with the normal direction from MVA method. The nor-
mal velocity of the first jet region is about 50 km/s on average. Based on this, the width of the jet in the normal
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Figure 3. Cold ion beams from the FPI and HPCA measurements. From top to bottom, (a) magnetic field; (b) ion parallel differential energy flux in the spacecraft
frame; (c) He+ and (d) O+ differential particle fluxes in the spacecraft frame; (e) number densities; and (f–h) bulk velocities of FPI ion (curve), cold ion (circle),
magnetosheath ion (cross), He+ (upward triangle), and O+ (downward triangle). The number densities of He+ and O+ in Figure 3e are multiplied by 100. (i) Ion
2-D distribution function in the spacecraft frame to show an example of the frozen-in MSH ions and cold ion beam, with cross and circle denoting the individual
bulk velocities. (j) He+ and (k) O+ 2-D plots of distribution functions in the spacecraft frame from HPCA between 03:37:55 and 03:38:05 UT. HPCA provides
complete distribution functions of different ion species at half-spin resolution (∼10 s). and the dashed lines indicate VB = VA . (l) Scatterplot of cold ion and
electron convection electric fields to verify the calculation of partial moments.

direction is estimated to be about 50 di , where the ion inertial length di = 36 km is based on the magne-
tosheath ion number density (40.3 cm−3). We assume that the angle between the magnetospheric separatrix
and the magnetopause current sheet is about 10∘ (Pritchett, 2008), which indicates that the MMS magne-
topause crossing is far (300 di or shorter) away from the X line. Timing analysis on the magnetic field and
density data of the boundaries within 03:38:45–03:41:00 UT supports the interpretation of back-and-forth
crossings of the jet and the magnetosheath boundary layer. Figures 2g–2i present the parallel, perpendicular,
and antiparallel ion differential energy fluxes in the spacecraft frame. Intense ion fluxes near 500 eV appear
along the parallel direction in the three yellow-shaded regions, which are located on the magnetosheath edge
of the ion jet. We focus on these intense parallel ion fluxes and identify them to be cold ion beams from the
cold ion inflow on the magnetospheric side.

We use the minor species to get the origins of the ion populations in the reconnection outflow region.
There are three main contributors to plasma density on the magnetospheric side: the plasmaspheric drainage
plume, the warm plasma cloak, and the ring current. The three sources can be distinguished by their ener-
gies and composition (Fuselier, Burch, et al., 2016). We observe cold He+ together with cold protons in the
magnetosphere, with negligible low-energy O+. This suggests that the plasmaspheric drainage plume is the
source of the cold H+ and He+ in this event. A small population of O+ with energy from several to tens of keV
was detected in the magnetosphere, the ion jet, and the magnetosheath boundary layer, and the source of
these high-energy O+ is likely to be the warm plasma cloak and/or the ring current. The minor ion species
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in the magnetosheath is mostly He++ from solar wind (not shown). Therefore, we use He+ as a tracer of cold
magnetospheric ions to investigate their existence and dynamics in the reconnection outflow region.

Figure 3i presents an example of an ion distribution function in the VE×B and VB plane, which shows exis-
tence of two ion populations. The two populations share the same E × B drift velocity. The hotter population
has a low negative VB(∼ −40 km/s), while the colder population has VB ∼ 210 km/s, which is close to the
local Alfvén velocity. The parallel temperatures of the cold and the hot ions are 55 eV and 81 eV, respectively,
and their perpendicular temperatures are 108 eV and 148 eV. The cold parallel population in Figure 3i is rep-
resentative of the parallel ion populations in Figure 3b, with lower temperatures than those of the other ion
populations and the magnetosheath ions. He+ shows similar parallel distributions from the complete distribu-
tion function obtained between 03:37:55 and 03:38:05 UT (Figure 3j), which confirms that the intense parallel
ion fluxes shown in Figure 3b are the ion beams originating from the cold ion inflow on the magnetospheric
side. Meanwhile, O+ has a similar parallel distribution in Figure 3k. From 03:38:15 to 03:38:45 UT, three com-
plete distribution functions of O+ were measured, while cold ion beam was not observed by FPI or HPCA. This
further supports that O+ came from a different magnetospheric source than the cold ions.

To study the dynamics of the cold ion beams, we separate each investigated FPI ion distribution function
into cold magnetospheric, magnetosheath, and hot magnetospheric distribution functions when the first
two populations are distinct from each other (see Figure S1 in the supporting information for more details),
and compute their partial moments, including number density (Figure 3e), bulk velocity (Figures 3f–3h), and
parallel and perpendicular temperatures. The results of He+ and O+ are also included in these panels. The
number densities of the cold ion beams vary between 2 and 10 cm−3, while the magnetosheath density is
about 30 cm−3. In the three intervals of Figures 3f–3h, the bulk velocity of magnetosheath ions is close to
the average velocity from the FPI data, and both velocities are predominantly perpendicular to B. The cold
ion beams have the same perpendicular velocities and much higher parallel velocities (200 to 300 km/s). In
Figure 3l, the comparison between the electron and cold ion convection electric fields demonstrates good
reliability of the partial moment calculation from the FPI distribution functions. The standard deviation of the
difference between the two convection electric fields is about 2 mV/m, which indicates about 30 km/s error
in the cold ion perpendicular velocity; the error in the parallel velocity is assumed to be on the same level.

3. Discussion

The magnetopause during ongoing steady reconnection at a thin current sheet is believed to be a rota-
tional discontinuity (RD) (Sonnerup et al. 1981). Across an RD, a proper frame of reference, namely the
deHoffman-Teller (HT) frame, can be found in which the electric field vanishes on both sides of the discontinu-
ity. The ion bulk flow in the HT frame is Alfvénic on both sides of a rotational discontinuity based on single-fluid
magnetohydrodynamics (MHD) theory (Hudson, 1970; Sonnerup et al. 1981). Cowley (1982) provided a kinetic
description of multifluid plasma crossing a rotational discontinuity both from the magnetosheath and the
magnetosphere and suggested that the speeds of field-aligned ions do not change when ions from each
side are transmitted or reflected across the current sheet. Using in situ plasma composition measurements,
Fuselier et al. (1991) showed that He+ flow from the magnetosphere on the magnetosheath side of a current
sheet and He++ flow from the magnetosheath on the magnetospheric side are both field-aligned and Alfvénic
in the HT frame.

We perform the Walén analysis (Paschmann & Daly, 1998) on this MMS event to examine the cold proton flows
across the magnetopause current sheet. The HT analysis is performed on the three intervals of Figures 3f–3h,
and proper HT velocities with the slope ∼1 and correlation coefficient ∼1 are found for the first two intervals,
and not for the third one. Figures 4a and 4b present the HT analysis of the first two intervals in the LMN coor-
dinate system. The two similar HT velocities are close to the Alfvén velocities in the magnetosheath boundary
layer, which is consistent with previous studies (e.g., Fuselier et al., 1991). We perform the Walén test on the first
two intervals in the average VHT frame, as shown in Figure 4c. The Alfvén velocity is estimated from the mag-
netic field and FPI ion number density, assuming that all ions are protons. The number densities of He+ and O+

are about two magnitudes smaller than those of the protons (Figure 3e), and their populations do not affect
the Alfvén velocity estimated from the proton mass density. The gray dots indicate the field-aligned ion flow
directly from FPI. The crosses and circles indicate magnetosheath and cold ions from the partial moment calcu-
lation, respectively. The negative slope of the dots and crosses are consistent with the magnetopause current
sheet crossing south of the X line. The slope magnitude (0.93) of the crosses indicates that the field-aligned
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Figure 4. Walén test of the magnetosheath ions and cold ion beams in the LMN coordinate system. (a, b) Scatterplot of
ion convection electric fields versus −VHT × B of the intervals of Figures 3f and 3g. The two intervals have similar
deHoffman-Teller velocities. (c) Scatterplot of ion velocities in the HT frame versus the Alfvén velocity. The circles and
crosses denote cold ion beams and magnetosheath ions, respectively.

magnetosheath ions are nearly Alfvénic. It is larger than the slope magnitude (0.75) of the FPI data, while
the FPI velocities are the average between the magnetosheath ions and cold ion beams. Retinò et al. (2005)
showed a similar improvement when performing the Walén test only on the transmitted magnetosheath ion
populations across the magnetopause current sheet. In the HT frame, the field-aligned magnetosheath ions
move toward the jet region, and the field-aligned cold ion beams move toward the magnetosheath boundary
layer at V ∼ 50 km/s (0.18 of the local Alfvén speed). The He+ and O+ flows in the HT frame are not Alfvénic,
confirming that they follow similar processes as H+.

The cold ion beams are minor populations and contribute a small portion of the pressure balance in the
Rankine-Hugoniot conditions across a rotational discontinuity (Hudson, 1970). Therefore, the field-aligned
cold ion beams are not required to be Alfvénic in the HT frame. After the crossing of the magnetospheric sepa-
ratrix at 03:37:30 UT shown in Figure 3, cold ions are indistinguishable from the magnetosheath ions in the FPI
velocity distribution functions until the magnetosheath edge of the jet. During the interval from 03:37:30 to
03:37:55 UT, three complete distribution functions of He+ and O+ are measured by HPCA. This demonstrates
that a large population of cold ions exists in the ion jet. These cold ions are heated, accelerated, and mixed with
the magnetosheath ions through the pickup process (Drake et al., 2009; Wang et al., 2014). In the HT frame,
the picked-up cold ions move together with the magnetosheath ions along the antiparallel direction. No cold
ion beams along the parallel direction are observed by MMS inside the jet (e.g., 03:37:30 to 03:37:55 UT).
The black arrow-headed curve with red dots in Figure 5 denotes the picked-up cold ions from the cold ion
inflow entering the jet far from the X line.

We suggest that the parallel cold ion beams on the magnetosheath edge of the jet are from the cold ion
inflows near the X line, where the new reconnected field lines and magnetosheath ions have not been fully
accelerated by energy release around the X line. The transmitted cold ions are located close to the magne-
topause current sheet and pick up a low parallel velocity in the field line (HT) frame. After that, the frozen-in
cold ions are accelerated together with the reconnected field lines to a high HT velocity. In the HT frame, the
cold ions with a low parallel velocity move toward the magnetosheath side of the jet. In the spacecraft frame,
these cold ions have much higher parallel velocities than the local magnetosheath ions. The red arrow-headed
curve with black dots in Figure 5 denotes the cold ion beams from the cold ion inflow entering the outflow
region close to the X line. Different dynamics of the magnetosheath and cold ions demonstrate different paths
of the ion inflows on both sides through the magnetic reconnection. The cold ion outflows, including the
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Figure 5. Sketch showing the cold ion outflows in the reconnection
region and the MMS trajectory. Two thick curves with arrows denote
paths of two cold ion inflows in the reconnection outflow region. The
black dots on the red curve indicate cold ion beams, while the red dots
on the black curve indicate picked-up cold ions. One colored curve in
the bottom part represents the MMS trajectory from the magnetosphere
to the magnetosheath, and the same colors are used as in Figure 2.

picked-up cold ions and the cold ion beams, demonstrate that the cold ion
inflows close to and far from the X line experience different kinetic processes.

4. Conclusions

We investigate an MMS magnetopause crossing on 1 November 2015 with
high-density (10–60 cm−3) cold ions and ongoing reconnection and present
the first observation of the cold ionospheric ion outflows throughout the
entire reconnection region, including the ion jet and the magnetosheath
boundary layer. MMS crossed the magnetopause current sheet far (∼300 ion
inertial lengths) from the reconnection X line. Two separate ion populations
are found in FPI distribution functions measured on the magnetosheath edge
of the ion jet. One population with high parallel velocities are identified to
be cold ion beams that originated from the ionosphere. The other popula-
tion with low antiparallel velocities are the magnetosheath ions. Both ion
flows are frozen-in with the magnetic fields. The moments of the cold ion
beams and the magnetosheath ions are computed by separating velocity
space into different regions. He+, as a minor species of cold plasma, is used
as a tracer to identify the presence of cold ions in the reconnection ion jet
and the magnetosheath boundary layer. We perform the Walén analysis on
the magnetopause current sheet crossing with the cold ion beams. In the HT
frame, the field-aligned magnetosheath ions are Alfvénic and move toward
the jet region, while the field-aligned cold ion beams move toward the mag-
netosheath boundary layer, with much lower speeds. These cold ion beams
contribute a minor portion of the pressure balance across the magnetopause
current sheet (a rotational discontinuity), and therefore can be non-Alfvénic
in the HT frame. Cold ionospheric ions entering the jet on the magnetospheric
side far from the X line are quickly heated and accelerated by the jet. We sug-
gest that cold ionospheric ions entering the jet close to the X line is the source
of the cold ion beams observed on the magnetosheath edge of the jet.
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