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Abstract Cold ions (few tens of eV) of ionospheric origin are commonly observed on the
magnetospheric side of the Earth’s dayside magnetopause. As a result, they can participate in magnetic
reconnection, changing locally the reconnection rate and being accelerated and heated. We present
four events where cold ion heating was observed by the Magnetospheric Multiscale mission, associated
with the magnetospheric Hall E field region of magnetic reconnection. For two of the events the cold ion
density was small compared to the magnetosheath density, and the cold ions were heated roughly to the
same temperature as magnetosheath ions inside the exhaust. On the other hand, for the other two events
the cold ion density was comparable to the magnetosheath density and the cold ion heating observed
was significantly smaller. Magnetic reconnection converts magnetic energy into particle energy, and ion
heating is known to dominate the energy partition. We find that at least 10–25% of the energy spent by
reconnection into ion heating went into magnetospheric cold ion heating. The total energy budget for cold
ions may be even higher when properly accounting for the heavier species, namely helium and oxygen.
Large E field fluctuations are observed in this cold ion heating region, i.e., gradients and waves, that are
likely the source of particle energization.

Plain Language Summary The magnetic field of Earth creates a natural shield that isolates and
protects us from the particles and fields coming from our star, the Sun. This natural shield is called the
magnetosphere and is filled by plasma. The particles coming from the Sun form another plasma called the
solar wind and are usually deviated around the magnetosphere. However, under certain circumstances
these two plasmas can reconnect (magnetic reconnection), and part of the energy and mass of the
two plasmas is interchanged. Magnetic reconnection is the driver of storms and substorms inside the
magnetosphere. In this work, we investigate what occurs to particles of very low energy (cold ions) of
ionospheric origin when they reach the reconnecting boundary of the magnetosphere. It is found that they
are energized and take an important part of the energy spent in reconnecting the plasmas. The plasma
boundary develops spatial structures and emits waves that are able to heat the cold ions. Once heated,
these cold ions irreversibly will escape the Earth’s magnetosphere to never come back to Earth.

1. Introduction

Magnetic reconnection is a fundamental plasma process that changes the magnetic field topology and
releases energy stored in the fields. This process transfers the energy stored in the fields into the particles
[e.g., Priest and Forbes, 2000; Biskamp, 2005]. Notably, reconnection is known to occur between the shocked
solar wind, namely the magnetosheath, and the Earth’s magnetosphere, being the major driver of energy and
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particle entry into the magnetospheric system. The coupling between these two plasma regimes depends to
a large extent on the solar wind upstream conditions like the magnetic field orientation, the density, or the
plasma pressure.

Magnetic reconnection occurring at the dayside magnetosphere is known to be asymmetric owing to the
different nature of the two plasmas involved, i.e., the shocked solar wind (magnetosheath) and the magneto-
sphere [e.g., Sonnerup, 1974; Haerendel et al., 1978; Swisdak and Drake, 2007; Cassak and Shay, 2007; Pritchett,
2008]. The magnetosheath is often composed of ions (mainly protons and a few percent of alpha particles)
with temperatures ranging from few hundred eV up to few keV and electrons with temperatures of several
tens to few hundred eV. The dayside magnetosphere is populated with a mixture of hot (up to tens of keV)
and cold (up to few tens of eV) ion populations [e.g., Olsen, 1982; Sauvaud et al., 2001]. The first corresponds
mainly to the ring current and its parameters are quite stable in terms of density and temperature, and it is
accompanied by an electron population with temperatures up to few keV. On the other hand, the cold ion
component is much more variable, with densities ranging from less than 1 cm−3 to several tens of cm−3. The
temperatures range from few eV to few tens of eV, and their presence is more common on the duskside than
on the dawnside [Chen and Moore, 2006; André and Cully, 2012]. A cold electron component (up to few tens
of eV) is observed in association with the cold ions. The variability of the cold plasma component depends on
the global energy state of the magnetosphere and its ability to detach the cold component from the plasma-
sphere or directly from the ionosphere via the polar caps [Darrouzet et al., 2008; Borovsky and Denton, 2006;
Lee et al., 2016].

The cold plasma component, when present, has several effects on the coupling between the magnetosheath
and the magnetosphere. First, it mass loads the magnetospheric side, corresponding to a reduction in the
Alfvén velocity and the reconnection rate in the region where the mass loading occurs [Borovsky and Denton,
2006; Walsh et al., 2013; Borovsky et al., 2013; Walsh et al., 2014]. This leads to different local reconnection
rates along the X line. In addition, cold ions have a much smaller gyroradius (∼10 km) than the magne-
tosheath (∼250 km) and hot magnetospheric (∼300 km) ions. Therefore, they introduce a new length scale
into reconnection that leads to multiple effects, like, for instance, changes in the balance of the Hall E field
[Toledo-Redondo et al., 2015; André et al., 2016], modified ion diffusion regions [Toledo-Redondo et al., 2016a;
Divin et al., 2016], or an extended Larmor E field region [Dargent et al., 2017].

Reconnection has the ability of transferring energy from the fields into the particles, creating exhausts (jets)
embedded within the current sheet that sustains magnetic reconnection. Understanding both the amount
of energy converted from fields to particles and the mechanisms involved in the conversion is one of the key
problems of magnetic reconnection. Aunai et al. [2011] showed from simulations that the energy transferred
by reconnection into the particles goes mainly in the form of heating rather than bulk acceleration. Eastwood
et al. [2013] showed using observations from the Cluster spacecraft [Escoubet et al., 2001] in the Earth’s magne-
totail that most of the energy in the outflow region was in the form of ion heating. Phan et al. [2014] performed
a statistical analysis of ion bulk acceleration and heating using Time History of Events and Macroscale Inter-
actions during Substorms spacecraft [Angelopoulos, 2009] observations. They found that roughly 20% of the
available magnetic energy went into ion heating (Ti|| ≃ 2Ti⟂) and that the ion heating was 8 times larger than
the electron heating, although the simulations by Haggerty et al. [2015] suggested that the ion to electron
heating ratio may depend on the upstream electron temperature. Hietala et al. [2015] studied the ion heating
by reconnection in the magnetotail both using simulations and observations of the Cluster spacecraft. They
found that Ti|| dominates at the boundaries, driving the firehose instability, while Ti⟂ > Ti|| at the center of the
exhaust, associated to Speiser-like meandering orbits.

All the mentioned studies did not discuss in detail the magnetospheric cold ion component. More recently,
Toledo-Redondo et al. [2016b] showed evidence of magnetospheric cold ion heating in the magnetospheric
separatrix region, upstream of the exhaust core, using Cluster spacecraft measurements. The heating reported
was perpendicular to the magnetic field and occurred in association with large Hall E fields and waves.
They pointed at mechanisms different from the pickup process, which occurs farther downstream inside the
exhaust [Wu et al., 1998; Drake et al., 2009]. Toledo-Redondo et al. [2016b] discussed two mechanisms for ion
heating that were consistent with the observations: waves at the ion cyclotron frequency [André et al., 1994]
and large electric field gradients [Cole, 1976; Lindstedt et al., 2010], in association with the Hall electric field.

Left-hand polarized (LHP) waves oscillating at the ion cyclotron frequency can transfer energy from the fields
to the particles via resonant acceleration [Chang et al., 1986; André et al., 1994]. The E field of the wave follows
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the gyromotion of the particles transferring perpendicular momentum to them. The ion cyclotron heating
rate is given by

dW
dt

= Pi
q2

2m
(1)

where q and m are the charge and mass of the ions and Pi is the spectral density of the perpendicular electric
field (E⟂ at the ion gyrofrequency due to (incoherent) LHP waves) [Chang et al., 1986]. Here the plasma is
assumed to be homogenous and the wavelengths to be large compared to the ion gyroradius, so spatial
effects are not important.

When the plasma is not homogeneous, large gradients of the E field can break the gyromotion and transfer
energy to the particles [Cole, 1976; Stasiewicz et al., 2000]. To irreversibly transfer energy to the ions, rather than
causing E×B drift, E⟂ should change significantly over an ion gyroradius. Considering a single test particle, for
an electric field gradient parallel to E the energization condition is

∕∇E∕> qB2∕m (2)

where q is the charge of the particle, B is the magnetic field amplitude, and m is the mass of the particle.
Stasiewicz et al. [2013] suggested that this mechanism can be responsible of energization of ions in the fore-
shock region up to 1 MeV. Recently, Catapano et al. [2016] studied how the fluctuations in the magnetic field
can energize the different ion species using test particle simulations.

The cold ion heating in the separatrix region reported by Toledo-Redondo et al. [2016b] is not always present;
they showed an example where the cold ion component remained cold inside an exhaust region. The
observed electric field fluctuations in space and time were not large enough to energize the ions for that
event. They suggested that this situation could be common far away from the X line, where less free energy
is present. More recently, Graham et al. [2017] reported lower hybrid drift wave observations in the vicinity
of the ion diffusion region and also observed cold ion heating, and suggested the lower hybrid waves as a
possible mechanism for cold ion heating.

In this work, we use high-resolution measurements made by the Magnetospheric Multiscale mission (MMS)
[Burch et al., 2015] to study cold ion heating associated with magnetic reconnection. These measurements
allow us to quantify the amount of heating with better accuracy and to study the spatial variations in the
heating region by taking advantage of the tetrahedron constellation. In section 2 we present a summary of
the observations of four different events where cold ion heating was present. In section 3 we summarize the
observations, discuss the impact over the global energy budget, and have a closer look to the mechanisms
responsible for the cold ion heating. Finally, in section 4, we summarize the main conclusions of this study.

2. Results

In this section we show four events that contain observations of cold ion heating in association with magnetic
reconnection at the Earth’s dayside magnetopause. The MMS fleet made these observations during October
2015. MMS is composed of four identical spacecraft and have an equatorial orbit optimized to form a tetra-
hedron during the magnetopause encounters. In October 2015 the magnetopause crossings occurred at the
duskside, where cold ions are commonly observed [Chen and Moore, 2006; André and Cully, 2012; Fuselier et al.,
2016]. The spacecraft separation for the events described below varied between 15 and 30 km. We use mea-
surements taken by the following instruments on board MMS: the fluxgate magnetometer [Russell et al., 2014]
for low-frequency and background magnetic field measurements, the Search Coil Magnetometer (SCM) [Le
Contel et al., 2016] for high-frequency magnetic field measurements, the Spin-plane Double Probes [Lindqvist
et al., 2014] and the Axial Double Probes [Ergun et al., 2016] for 3-D electric field measurements, the Fast Plasma
Investigation (FPI) [Pollock et al., 2016] for high-resolution measurements of the ions (150 ms) and electrons
(30 ms), and finally the Hot Plasma Composition Analyzer (HPCA) [Young et al., 2016] for mass resolved ion
measurements.

2.1. Event 1
Figure 1 shows an MMS magnetopause crossing from the magnetosphere into the Magnetosheath Boundary
Layer (MSBL), hereinafter referred as to event 1, in LMN coordinates. It occurred on 9 October 2015, at [8.7,
7.5, −0.3] Earth radii in GSE coordinates, with the spacecraft in tetrahedron formation at distances of ∼30 km.
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The data shown corresponds to MMS1 except for the products that use multispacecraft techniques (motion
of the boundary and gradients of the electric field). The N = [0.89, 0.11, −0.45]) component is obtained using
Minimum Variance Analysis applied to the magnetic field. L = [0.41, 0.23, 0.86] is chosen to be perpendicular
to N and close to the magnetospheric B field (i.e., roughly Z GSE), and M = [0.20, −0.95, 0.16] closes the sys-
tem. The magnetic field is shown in Figure 1a, where the magnetopause crossing is observed as a rotation in
the L component. There is a strong BM component that we identify as a bipolar Hall signature [Pritchett and
Mozer, 2009]. Its large value suggests proximity to the X line. Figure 1b shows E + vi×B. The peak of the Hall
electric field in the ion frame, (E + vi × B)N = 9 mV/m, is observed at 09:37:39 UT. This electric field can be
supported by pressure gradient, inertial, and anomalous heating. The width of the Hall electric field region is
estimated to be on the order of several hundred kilometers: MMS1 was inside this region roughly 5 s, and the
normal component of the boundary velocity vMP,n during that interval changed between 100 and 200 km/s.
We inferred the boundary velocity by cross-correlating B field measurements on the four spacecraft every 1 s,
as described below. Therefore, the size of the Hall E field region was larger than the cold ion gyroradius (𝜌c ≈
20 km for 15 eV ions, 𝜌c ≈ 100 km for 400 eV ions).

The total ion density (ni) observed by FPI is plotted in black and the cold ion density (nic) in blue (Figure 1c).
The blue line considers all ions below 1 keV. We also computed nic (blue crosses in Figure 1c) by selecting the
relevant portion of the FPI sky map for each energy bin, allowing to separate cold ions and magnetosheath
ions with better accuracy. This technique has been used previously by André et al. [2016] and Toledo-Redondo
et al. [2016a]. This technique is also used to calculate the cold ion velocity (Figure 1e) and temperature (Tic)
(Figure 1h). More details on the cold ion moment calculation are given in the supporting information. The two
methods are in good agreement for the density estimation. On the magnetospheric side the total density is
roughly 1–2 cm−3 (mostly cold ions), it goes up to 3–4 cm−3 in the exhaust region and 7–8 cm−3 in the magne-
tosheath. After about 09:37:38 UT cold ions could not be identified as a separate population. Figure 1d shows
the ion bulk velocity. The −M component of the magnetosheath plasma is consistent with the solar wind
draping around the magnetosphere at the location of the spacecraft (duskside). The reconnection exhaust
can be inferred from the vL component (up to 400 km/s). We plot the cold magnetospheric ion velocity (vic) in
the frame of the moving magnetopause boundary in Figure 1e. We obtained the boundary velocity vector vMP

by timing the magnetic field measurements at four spacecraft. We find the time difference between space-
craft by minimizing the cross correlation of the three B components for each pair of spacecraft. We applied
this technique at 1 s intervals, finding the average magnetopause velocity vector every 1 s. The two methods
described above for partial moment calculations (i.e., separate the cold ion component) have been used to
obtain vic (solid lines correspond to all ions below 1 keV, and crosses correspond to portions of the sky map as
detailed in the supporting information). From 09:37:37 UT onward, the two methods for vic calculation start to
differ because exhaust ions below 1 keV are present. Between 09:37:32 UT and 09:37:36 UT we observe a cold
ion velocity in the N direction of 40–50 km/s that we identify as the inflow velocity of magnetic reconnection.
The omnidirectional ion Differential Energy Flux (DEF) is plotted in Figure 1f. The black line corresponds to the
E×B energy, and the blue line marks the 1 keV total energy threshold used for cold ion moments calculation.
The vertical black lines indicate the times when detailed cold ion moments were obtained. On the magneto-
spheric side (before 09:37:36 UT), both hot (with total energies of several keV to several tens of keV) and cold
(with total energies up to few hundred eV) ions can be identified. First magnetosheath ions are detected at
∼09:37:36 UT (ion edge), and cold ions experience a temperature increase (Figure 1h), seen as a energy spread
in the spectrogram (Figure 1f ). Figure 1g shows the pitch angle distributions of ions below 1 keV in the space-
craft frame. Before MMS crosses the ion edge the cold ion population has a low temperature and most of their
energy is due to their E × B motion. After crossing the ion edge, cold ions have larger temperature and exhibit
broader pitch angles, and a portion of them moves parallel to B.

The cold ion temperature in field-aligned coordinates (FACs) is calculated for individual ion distributions by
manually selecting the relevant bins, as commented above, and plotted in Figure 1h. The cold ion temper-
ature is roughly 15 eV at the beginning of the interval (inflowing magnetosphere), and reaches ∼400 eV at
09:37:37.7 UT. This temperature increase is anisotropic and mainly in the perpendicular direction, although
there is a nonnegligible parallel temperature increase of the cold ions. The total ion temperature is plotted in
green. Inside the exhaust region, the cold ion temperature is roughly equal to the total temperature (Tci ≃ Ti).
Large gradients of the electric field (see equation (2) can alter the gyromotion of magnetized particles. The
change in motion depends on the angle of arrival of the particle and determines the amount of energy
transferred to the ion [Cole, 1976; Stasiewicz et al., 2000; Lindstedt et al., 2010]. The electric field gradient is
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Figure 1. MMS1 observations of event 1 (9 October 2015) in LMN coordinates. (a) Magnetic field. (b) Electric field in the
plasma frame (E+vi×B). (c) Ion density: total (black) and cold ion density (blue). (d) Ion bulk velocity. (e) Cold ion velocity
in the magnetopause frame. Lines correspond to all ions below 1 keV, and crosses correspond to the method described
in the supporting information for cold ion moment calculation. (f ) Ion differential energy flux (DEF). The horizontal blue
line marks the 1 keV threshold for cold ion moment calculation. Black vertical lines indicate the times when detailed
cold ion moment calculation was obtained (see supporting information). (g) Pitch angle of ions with total energy below
1 keV. (h) Total ion temperature (green) and cold ion temperature in FAC coordinates (black, blue, and red). (i) Electric
field gradient calculated using four spacecraft, compared to right-hand side of equation (2) (green). (j) Perpendicular E
field power wavelet spectrogram. fci is plotted in black.

computed from four spacecraft measurements and plotted, together with the right-hand side of equation (2),
in Figure 1i. The gradient of the electric field vector corresponds to a tensor, but we plot only the diagonal
terms, which correspond to gradients in the direction of the electric field. Assuming errors of ∼2 mV/m in the
E field measurement and taking into account the spacecraft separation (30 km for this event), the uncertainty
in ∇E is ∼0.067 V/km2. Figure 1i indicates that there are large gradients of the E field that fulfill the condition
of equation (2) and therefore can account for at least part of the perpendicular heating observed. Figure 1j
shows the wavelet spectrogram of the perpendicular components of the electric field. The ion cyclotron
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Figure 2. MMS1 overview of event 2 (24 October 2015) in GSE coordinates. (a) Magnetic field. (b) Electric field. (c) Ion
(black) and electron (blue) densities. (d) Ion bulk velocity. (e) Ion differential energy flux. E × B energy is plotted in black.
(f ) Electron differential energy flux.

frequency is plotted using a black line. Assuming that the electric field variations correspond to time varia-
tions, an increase in the wave activity is observed in the cold ion heating region and the exhaust, starting
around 09:37:35.5 UT. Time variations of the E field can energize particles if they are in resonance (see
equation (1), as discussed in more detail in section 3.

2.2. Event 2
Another MMS magnetopause encounter is presented in Figure 2 (hereinafter referred as to event 2), which
occurred on 24 October 2015, with a spacecraft separation of ∼15 km. The data shown for discussion of event
2 correspond to MMS1 unless otherwise stated. MMS was initially in the magnetosphere, crossed into a recon-
nection jet and back to the magnetosphere in 1 min approximately. The two crossings show different normal
directions and flow velocities, suggesting that reconnection was time varying. Cold ions are present at the
magnetopause, and they are heated in the vicinity of the boundary (green-shadowed regions in Figure 2). We
observed large electric field fluctuations (Figure 2b) in the cold ion heating region. The density ratio between
the magnetospheric side (∼1 cm−3, mainly cold ions) and the exhaust region (20–30 cm−3) is large. The ion
bulk velocity observed by FPI is plotted in Figure 2d in GSE coordinates in spacecraft frame. The jet veloc-
ity is on average (−110, 115, −115) km/s. In the yellow-shadowed region, we observe velocity fluctuations in
the X and Y components, consistent with fluctuations in B (Figure 2a) and E (Figure 2b). The period of these
fluctuations is on the order of 3 s. We can distinguish the magnetosheath (tens of eV to several keV), hot
magnetospheric (few keV to tens of keV), and cold magnetospheric (below 1 keV) populations in the omnidi-
rectional ion DEF (Figure 2e). In the green-shadowed regions the cold ions are heated. In the yellow-shadowed
region cold ions are accelerated but not heated, as discussed later. The omnidirectional electron DEF is shown
in Figure 2f. In the green-shadowed regions, we observe an electron population with energies between several
tens of eV and few hundred eV. It corresponds to cold electrons that have been heated. Although they have
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Figure 3. Detail of MMS1 observations of second crossing of event 2. (a) Omnidirectional electron differential energy
flux. Electron temperature below 400 eV (blue line) is plotted in white. (b) Omnidirectional ion differential energy flux.
Blue line (800 eV) represents the threshold for cold ion moment calculation. Black line corresponds to E × B energy.
(c) Cold ion velocity. (d) Cold ion (Tic) in FAC coordinates (black, blue, and red) and total ion (Ti , green) temperatures.
(e) Electric field gradient calculated using four spacecraft, compared to the right-hand side of equation (2).
(f ) Perpendicular E field power wavelet spectrogram. fci is plotted in black.

similar energies to those coming from the magnetosheath, their density is much lower and consistent with
magnetospheric density, indicating that they correspond to a cold electron component of magnetospheric
origin. On the magnetospheric side (for example, in the yellow-shadowed region), these cold electrons have
energies below 10 eV and FPI cannot detect them. This results in an underestimation of the total electron
density in that region (Figure 2c).

Next, we take a closer look to the second crossing (15:27:00 UT–15:27:40 UT). Figure 3a shows the electron
spectrogram, where cold and hot magnetospheric electrons are seen in the yellow-shaded region. The cold
electron temperature (Tec) for electrons of energies below 400 eV is plotted in white. The cold electrons do
not correspond to photoelectrons since the spacecraft potential is below 10 eV, the lower energy threshold
of the measurement. The cold electrons have been heated from less than ∼15 eV in the magnetosphere to
∼50 eV inside the green-shadowed region (see Tec, white curve), and their temperature is larger than for mag-
netosheath electrons (∼35 eV), which are observed before ∼15:27:08 UT. In the region where cold electrons
are heated, the same occurs for cold ions (Figure 3b). In the yellow-shaded region cold ions have total ener-
gies close to the E × B energy (black line) and are accelerated and decelerated together consistent with the E
and B wave motion. The frequency of the wave (∼0.33 Hz) is below the ion cyclotron frequency (see Figure 3f ),
and no cyclotron heating occurs. We computed partial moments (velocity in Figure 3c and temperature in
Figure 3d) of the ions below the blue line (800 eV) of Figure 3b (cold ions). We can see cold ion velocity fluc-
tuations consistent with B and E fluctuations (see Figure 2). In contrast, the cold ion temperature (Figure 3d)
remains constant over the low-frequency wave region (yellow-shadowed region), indicating that no ion heat-
ing occurs. In the green-shadowed region, the cold ions are heated perpendicularly (Tic⟂ ∼300 eV, blue), while
the parallel temperature (black) does not exceed 150 eV. The total ion temperature (Ti, green curve) in the
exhaust region is larger (∼400 eV) than the cold ion temperature observed. We computed ∇E using the mea-
surements of four spacecraft (15 km separation) and compared them to qB2∕mp in Figure 3e, (uncertainty
in ∇E is ∼0.13 V/km2 assuming errors of ∼2 mV/m in the electric field). For the yellow-shaded region the
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condition for heating is not satisfied (see equation (2), consistent with the observations. On the other hand,
the ∇E becomes large in the heating region and exceeds the value of qB2∕mp and may contribute to the per-
pendicular cold ion heating observed. In addition, the power spectral density of the perpendicular electric
field (Figure 3f ) becomes larger inside the heating and the exhaust regions, both at fci and larger frequencies,
and can be also responsible for part of the ion heating observed.

2.3. Event 3
In Figure 4 we show another magnetopause encounter by MMS on 10 October 2015 (hereinafter referred as
to event 3), with∼30 km spacecraft separation. The data shown for discussion of event 3 correspond to MMS4
unless otherwise stated, because the heavy ion signatures on FPI (see below) are clearer than for the other
spacecraft. MMS4 moved from the magnetosphere into a reconnection jet and back into the magnetosphere
in ∼12 s. The two crossings show different bulk flows and magnetic field rotations indicating transient effects
on the jet. The densities on the magnetospheric side and inside the jet were similar (∼4 cm−3, Figure 4c)
owing to the cold ions of the magnetospheric side, which increase the density of the magnetosphere. The ion
jet velocity is on average (−210, 175, −175) km/s in GSE coordinates in spacecraft frame. Clear signatures of
E × B drifting cold H+ and He+ can be observed in the magnetospheric side (Figures 4e and 4f), close to the
first and second crossings. Signatures of O+ seem also to be present between 07:14:40 UT and 04:14:48 UT
although these are fainter. HPCA also detected He+ (Figure 4h) in addition to H+ (Figure 4g) that match to the
E × B energy, indicating that they belong to the cold plasma component (plume). We computed the electric
field gradients observed by MMS using four spacecraft measurements (Figure 4i) and compared them to the
right-hand side of equation (2) (qB2∕m), for H+ (green) and He+ (gray). The spacecraft separation is 30 km, and
the error associated to∇E is∼0.067 V/km2. The∇E fields are large enough to produce heating at the boundary
between the magnetosphere and the jet and inside jet, i.e, satisfy the condition stated in equation (2). This
condition is easier to satisfy for He+ than for H+. Finally, the perpendicular E field power spectrum (Figure 4j)
also shows an increase at fci and higher frequencies in the region where the jet is observed.

Next, we look at the individual ion sky maps to separate H+ and He+ (see supporting information) and com-
pute their partial moments. Density (Figure 5a), velocity (Figure 5b), and temperature (Figure 5c) are obtained
separately for both H+ and He+ using FPI measurements (150 ms). This has potential issues because FPI was
not designed and calibrated for different species than protons, but our consistency checks, namely compar-
isons with HPCA He+ density and E × B velocity, show that the He+ high-resolution moments obtained using
FPI are reliable. The total ion density is 2–4 cm−3 (black, FPI) and corresponds mainly to cold protons (blue, FPI),
while the He+ density is 0.24 cm−3 (red and gray, FPI and HPCA, respectively). We note the good agreement
between FPI and HPCA after corrections are made to account for the mass difference between the two species.
On the magnetospheric side (i.e., after 07:14:40.5 UT), the velocity of the two cold plasma species (Figure 5b)
is similar and roughly consistent to E × B drift motion plus a parallel component in the −Z direction. The He+

velocity is in good agreement with H+ and the E × B velocity outside the heating region (white-shadowed),
indicating that the FPI calculation of the He+ velocity moment was robust. We separate the observations into
three regions based on the temperature of the H+ and He+. In the first region (magnetospheric side, i.e., after
07:14:40.5 UT), both H+ and He+ have temperatures similar or below 10 eV. These temperatures are compa-
rable to the energy resolution of FPI, and the uncertainty of the cold ion temperature is of the order of the
measurement. In the green-shadowed region, He+ is heated up to ∼100 eV while the proton temperature
remains similar to 10 eV. The spatial size of this region is roughly 150 km, based on the normal component of
the boundary velocity (vMP,n ∼150 km/s) obtained from correlations of four spacecraft B field measurements.
This corresponds to a few He+ gyroradii, so finite gyroradius effects can be present (the gyroradius of He+ for
/B/=40 nT and THe+=50 eV is ∼50 km). We interpret that the heating region for He+ is larger than for H+ owing
to their larger gyroradius. Finally, closer to the jet, the cold protons also experience heating up to ∼70 eV.
Inside this region we could not trace the He+ anymore to compute their temperature. We expect them to be
hotter, and this may be the reason why we cannot observe them (the E × B energy goes down, the cold ions
are heated, and they split over several energy channels, ending up with too low counts at each energy chan-
nel). The total ion temperature (Ti ∼1 keV, red) is much larger owing to the presence of the hot magnetospheric
population. In the omnidirectional (Figure 5d) and perpendicular (Figure 5e) ion DEF spectrograms we can
observe the drifting cold H+, He+, and probably O+ populations. The electric field fluctuations become larger
inside the region where the cold ion heating is observed (Figure 5f ). We have a closer look to ∇E, compared
to qB2∕m, in Figure 5g. We can see that for this time interval the condition of equation (2) is satisfied for He+
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Figure 4. MMS4 observations of event 3 (10 October 2015) in GSE coordinates. (a) Magnetic field. (b) Electric field in
the plasma frame (E+vi×B). (c) Ion (black) and electron (blue) densities. (d) Ion bulk velocity. (e) Omnidirectional ion
differential energy flux. Black, blue, and red lines correspond to E × B energy for protons, He+, and O+, respectively.
(f ) Perpendicular ion differential energy flux. Black, blue, and red lines correspond to E × B energy for protons, He+ , and
O+ , respectively. (g) HPCA ion energy flux for protons (subspin resolution). (h) HPCA ion energy flux for He+ (subspin
resolution). (i) Electric field gradient calculated using four spacecraft. (j) Perpendicular E field power wavelet
spectrogram. fci is plotted in black.

(gray), but it is only marginally satisfied for H+ (green). The perpendicular E field wavelet spectrogram indicates
an increase in the wave activity in the yellow-shadowed region (proton heating region), see Figure 5h.

2.4. Event 4
Another interesting magnetopause encounter with the presence of cold ions, hereinafter referred as to
event 4, occurred the 24 October 2015 at 05:04 UTC (∼10 h before than event 2, during the outbound of the
same orbit). It is summarized in Figure 6 using MMS1 observations, where three different regions have been
marked: the magnetosphere, the exhaust, and the MSBL regions. The magnetopause crossing is observed
as a magnetic field reversal in Z (Figure 6a). The cold ion moments for event 4 were calculated in two ways:
all ions below 400 eV (solid lines in Figure 6b for density and Figure 6d for velocity) and as detailed in the
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Figure 5. Detail of MMS4 observations of the second crossing of event 3. (a) Total ion density (black), cold H+ density
from FPI (blue), cold He+ density from FPI (red), and He+ density from HPCA (gray). (b) Velocity of cold H+ (circles),
velocity of cold He+ (crosses), and E × B velocity (solid). (c) Cold ion temperature for protons (black) and He+ (blue). The
total ion temperature is plotted in red. (d) Omnidirectional ion differential energy flux. Black, blue, and red lines
correspond to E × B energy for protons, He+ and O+ , respectively. (e) Perpendicular ion differential energy flux. Black,
blue, and red lines correspond to E × B energy for protons, He+ and O+ , respectively. (f ) Electric field in the plasma
frame (E + vi × B) in GSE coordinates. (g) Electric field gradient from combining four spacecraft measurements. The
right-hand side of equation (2) (qB2∕m) is plotted for protons (green) and He+ (gray). (h) Perpendicular E field power
wavelet spectrogram. fci is plotted in black.

supporting information (circles in Figures 6b, 6d, and 6i are for temperature). The cold ion density (nic) is vari-
able along the crossing, on the order of 5–10 cm−3, being the dominant population in the magnetosphere
and inside the exhaust (Figure 6b). On the magnetosheath side, the density is ∼10–15 cm−3. In Figure 6c the
total ion bulk velocity is plotted. It is consistent with E×B drift plus an antiparallel motion roughly in the −Z
direction, i.e, a southward jet, which defines the jet region (05:03:52 UT–05:04:15 UT), peaking at −200 km/s.
The cold ion velocity (Figure 6d, solid lines) shows that the cold ions do not follow the antiparallel −Z motion
of the exhaust ions and correspond purely to the E × B drift (dashed lines). Next, we show ion differential
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Figure 6. MMS1 observations of event 4 in GSE coordinates. (a) Magnetic field. (b) Total (black) and cold (blue) ion
densities. (c) Ion bulk velocity in GSE coordinates. (d) Cold ion velocity in GSE coordinates (solid lines and circles) and
E × B velocity (dashed lines). (e) Omnidirectional ion differential energy flux. Vertical lines indicate the distributions
where accurate cold ion temperature was manually calculated. (f ) Parallel ion differential energy flux. (g) Perpendicular
ion differential energy flux. (h) Antiparallel ion differential energy flux. (i) Cold ion temperature in FAC coordinates (black,
blue, and red) and total ion temperature (Ti , green). (j) ∇E calculated using four spacecraft, compared to the right-hand
side of equation (2) (green). (k) Perpendicular E field power wavelet spectrogram. fci is plotted in black.
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energy flux spectrograms: omnidirectional, parallel to B, perpendicular to B, and antiparallel to B
(Figures 6e–6h, respectively). Three ion populations can be distinguished based on their mean energy.
Magnetospheric hot ions have energies around 10 keV and are mostly isotropic. Cold magnetospheric ions
are observed around 100 eV (up to several hundred eV at 05:04:00 UTC), and their energy is mainly perpen-
dicular to B. The cold ions follow E × B (Figure 6d) but do not follow the antiparallel direction of the exhaust
population. The magnetosheath ions have energies roughly between the hot and the cold magnetospheric
populations (from several hundred eV up to several keV). Inside the jet, the magnetosheath ions are mainly
antiparallel to B (Figure 6h). However, there is a sharp boundary at 05:04:14.7 UT (Figure 6f ) associated with a
current sheet (rotation of B, Figure 6a) and an increase in the density (Figure 6b). After crossing the boundary,
magnetosheath ions are also seen in the parallel and perpendicular directions.

We calculated the cold ion temperature of several representative ion distributions (marked with vertical lines
in Figure 6e). For each of the ion distributions we manually selected the relevant portion of the sky map for
each energy level where cold ions were observed. We plot the resulting ion temperature in field-aligned coor-
dinates in Figure 6i. The cold ion temperature is mainly anisotropic, and it is below 40 eV for the whole interval.
On the other hand, the total temperature (Ti , green) is roughly 500 eV. Cold ions of magnetospheric origin are
observed in the three different regions (magnetosphere, exhaust, and magnetosheath) with similar tempera-
tures. In Figure 6j we show the diagonal terms of ∇E and compare them to the right-hand side of equation (2)
(qB2∕m). The error associated to ∇E is 0.13 V/km2 (15 km spacecraft separation). The condition for heating is
not fulfilled until 05:04:38 UT, when MMS observes a magnetic null (B < 3 nT). This is consistent with the low
temperatures of the cold ions shown in Figure 6i, indicating that this mechanism did not heat the cold ions
during this event. Figure 6k shows the wavelet spectrogram of the perpendicular component of the electric
field. The ion cyclotron frequency (fci) is plotted on top. The energy available at fci is smaller than for the other
events, as discussed in section 3.

3. Discussion

In the previous section we showed observations of cold ion heating in the inflow region of magnetic recon-
nection, close and inside the separatrix region (events 1–3). By contrast, event 4 shows the signatures of an
exhaust (reconnection) but no cold ion heating. The cold ion heating is associated to large spatial gradients
and time fluctuations (waves) of the E field. In this section we first discuss the implications of this cold ion
population for the energy budget of reconnection. Then we discuss on the energy transfer mechanisms that
may play a role in heating the cold ions.

We summarize in Table 1, for the four events discussed, the ambient values of the magnetic field for the
magnetosphere and magnetosheath (Bm, Bs), the total densities (nm, ns), the cold ion temperature in the
magnetosphere (Tic,m), the maximum cold ion temperature observed (Tic,max), the ion temperature inside
the exhaust (Ti,jet) and in the magnetosheath (Tis), the predicted Alfvén velocity for asymmetric reconnection
[Cassak and Shay, 2007], the distance to Earth, and the position of the spacecraft in GSE coordinates (rGSE). nm

corresponds to the sum of cold and hot magnetospheric plasma. However, the hot component represents less
than 10% of the total density, and hereinafter we will use nm ≈ nic. Events 1 and 2 are in contrast with 3 and
4 when looking at the global parameters described in Table 1. First, the magnetospheric density (dominated
by the cold component) is 10% or less of the magnetosheath density for events 1 and 2, while for events 3
and 4 it is close to 50%. Events 1 and 2 occurred at distances farther from Earth (11.5 and 10.9 Earth radii) than
events 3 and 4 (10.3 and 9.5 Earth radii), which correspond to a more compressed magnetosphere. More cold
ions are expected at the magnetopause when the magnetosphere is compressed. Second, the cold ion heat-
ing observed for events 1 and 2 was roughly of the order of the magnetosheath ion temperature, while for
events 3 and 4 cold ions were heated only to a fraction of it (80 eV, i.e., 10% of magnetosheath ion temperature
for event 3) or not heated at all (40 eV for event 4).

The energy budget in the outflow region is dominated by the ion heating [Aunai et al., 2011; Eastwood et al.,
2013]. When cold ions are heated, they must take part of this energy. Based on the measurements of Table 1,
we estimate the amount of energy that reconnection spends in heating the cold ions relative to the energy
spent into heating the denser magnetosheath ions. To do so, we compare the increase of cold ion temperature
ΔTic = Tic,max−Tic,m, i.e., the final temperature minus the initial temperature, to the increase of magnetosheath
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Table 1. Global Parameters of the Events

Ba
m Bb

s na
m nb

s Ta
ic,m Tc

ic,max Ti,jet Tb
is vA /rGSE/ rGSE

Event (nT) (nT) (cm−3) (cm−3) (eV) (eV) (eV) (eV) (km/s) (RE ) (RE )

1 40 15–20 1–2 10–12 15 400 400 200 200 11.5 [8.7, 7.5, −0.3]

2 40 20–30 1–2 20–30 60 250 400 250 170 10.9 [7.3, 8, −0.3]

3 40 20 2–4 4–6 10 80 900 750 300 10.3 [8.7, 5.6, −0.2]

4 60 30–40 3–10 10–20 10 40 400 300 290 9.5 [9.4, 3, −0.3]
aSubscript m stands for magnetosphere.
bSubscript s stands for magnetosheath.
cMaximum cold ion temperature observed inside the heating region.

ion temperature ΔTis = Ti,jet − Tis, and scale it to their relative densities. The relative amount of energy spent
by reconnection in heating the cold ions 𝜌ic, neglecting the sparse hot magnetospheric population, is

𝜌ic =
ΔTicnic

ΔTicnic + ΔTisnis
(3)

where the subscript ic stands for cold magnetospheric ions and the subscript is stands for magnetosheath
ions. We find that for events 1–3, the cold ions take at least 20%, 8%, and 27%, respectively, of the total energy
that went into ion heating. For event 3 we could calculate for the cold He+ contribution (7% cold He+, 20%
cold H+), and the total cold ion contribution is larger. The values of 𝜌ic obtained correspond to a significant
portion of the energy budget. The estimated energy budgets correspond only a lower threshold of the total
heating that may go into cold ions, because once the cold ions become mixed with the magnetosheath ions
we cannot determine if they continue to be heated, e.g., by the pickup process. Our results, based on four
events, seem to indicate that at least 10–25% of the heating energy goes into cold ions despite the fact that
the cold ion to magnetosheath density ratio varied significantly between the events. When there are less cold
ions, they gain higher temperatures (events 1 and 2) than when there are many cold ions (event 3). Based on
Borovsky and Denton [2008], plumes transport 2×1026 ions/s toward the dayside magnetopause during active
periods. If the cold ions were heated up to 100 eV (conservative value), then this would result in reconnection
spending 3.2 MW in cold ion heating during the time of the plume (up to few days).

The pickup process has been suggested to be one of the main mechanisms for energy conversion by recon-
nection in the exhausts. This mechanism accelerates the ions inside the exhaust owing to E × B force, and
during this process ion heating may be produced as well [Wu et al., 1998; Drake et al., 2009]. It is not possi-
ble to distinguish cold magnetospheric ions from magnetosheath ions inside the exhausts of events 1–3. For
these events, the E × B energy corresponds to the lower threshold of the exhaust population (black line in
Figures 1f, 2e, and 4e) suggesting that magnetospheric cold ions could have been accelerated and heated by
the pickup process. By contrast, in event 4 the E × B energy (few to several tens of eV) is much lower than
the lower threshold of the exhaust population (several hundred eV), see Figure 6e. The exhaust ion velocity
is mainly antiparallel to B (Figure 6h), and therefore, there is no large E × B force associated and the cold ions
do not follow the exhaust velocity (Figure 6h). This situation may occur far from the X line or if reconnection
switches off.

Nevertheless, the cold ion heating reported in this work occurs in the magnetospheric edge of the separatrix
region, in association with the large E field gradients (related to the Hall electric field) and time variations
(waves) observed in this region. The cold ion heating discussed in this work is observed upstream of the region
where the pickup process operates and the E fields involved are different.

The ∇E is shown in Figures 1i, 3e, 4i, 5g, and 6j and compared to the term qB2∕m. Despite the large uncer-
tainties in ∇E (∼0.13 V/km2 for events 1 and 3 and ∼0.067 V/km2 for events 2 and 4), we observe that the
gradients of the electric field become larger in the regions where the cold ion heating is observed and exceed
the value of qB2∕m, fulfilling the condition of equation (2). These large electric field gradients are in associa-
tion with the large Hall E field, a typical feature in the magnetospheric side of asymmetric reconnection [e.g.,
Khotyaintsev et al., 2006; Pritchett and Mozer, 2009]. In magnetotail reconnection, the Hall E field develops at
both sides of the exhaust [e.g., Drake et al., 2008], so the heating mechanism described here may operate in
tail as well. The condition of equation (2) is clearly satisfied for events 1 and 2 (Figures 1i and 3e, the ones with
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larger cold ion heating and lower cold ion density, indicating that this mechanism may play a role. The con-
dition is marginally fulfilled for event 3 for protons (Figure 4i), where low cold ion heating was observed, and
not fulfilled for event 4 (Figure 6j), where no heating is observed. The condition is easier to satisfy for heav-
ier species, indicating that this mechanism favors the heating of heavy ions. Finally, spatial variations of E of
scale shorter than the spacecraft separation (15 km for events 1 and 3 and 30 km for events 2 and 4) cannot
be determined with the technique used. This means that the condition of equation (2) could be satisfied in
very narrow regions that we cannot measure and contribute as well to the total cold ion heating.

As commented in section 1, time variations of the electric field (waves) resonant at the ion cyclotron frequency
can energize particles and produce cold ion heating. We compute the perpendicular E field fluctuations
(assuming that they correspond to time variations) in the frequency domain around fci for different time inter-
vals for the four events discussed in section 2 (Figure 7). Each of the plotted spectra is obtained from averaging
eight Fourier transforms obtained by dividing 13 s of electric field observations into eight segments with 50%
overlap and using a Hamming window for each of them, where the convection E field has been removed (we
use E + vi × B). Black curves in Figures 7a–7d correspond to regions where no cold ion heating is observed,
i.e., the magnetospheric inflow region. Blue curves correspond to time intervals when MMS observed cold ion
heating. The vertical dashed lines indicate fci for protons. The ion cyclotron frequency of He+ is significantly
smaller, and we cannot reliably estimate the PSD of the E field at that frequency, since it would require longer
observations by MMS inside the region. Differences of roughly 1 order of magnitude can be observed for the
amount of E field energy at fci for events 1, 2, and 3 between the regions where the cold heating is observed
(blue) and the magnetospheric inflow region (black). For event 4 we could not identify a region where cold ion
heating is observed. Following equation (1) and assuming that at ∼20% of the available energy at fci is trans-
ferred to the cold ions [André et al., 1998], the heating rates inside the heating regions (blue curves) are 7 eV/s,
15 eV/s, and 15 eV/s for Figures 7a–7c, respectively. On the other hand, for the magnetospheric region where
no heating is observed the same assumptions lead to heating rates of 2 eV/s, 1 eV/s, 0.5 eV/s, and 2 eV/s for
Figures 7a–7d. This represents roughly 1 order of magnitude of difference between the heating regions and
the regions where no heating is observed. Based on our observations, the regions where the cold ion heat-
ing occurs are confined to the vicinity of the separatrix, so the inflowing cold plasma is expected to cross this
narrow region in the order of few seconds, resulting in a net heating of the order of ∼100 eV [Toledo-Redondo
et al., 2016b]. Therefore, this mechanism can account only for part of the heating observed unless there is a
trapping mechanism for cold ions inside the heating region.

Another mechanism that can be responsible for cold ion heating is lower hybrid waves (LHWs), as suggested
by Graham et al. [2017]. LHWs are characterized by k⟂ ≫ k|| [Karney, 1979], and in the dense MSBL they also
have 𝜔 ≫ Ωci. Under these circumstances, LHW can effectively heat ions in the perpendicular direction if
the perpendicular ion velocity is comparable or larger than the wave phase velocity (vph) [McBride et al., 1972;
Karney, 1978; , 1979; Cairns and McMillan, 2005]. Under these circumstances, parallel electron heating should
be also present. We observe signatures of LHW activity in the events 2 and 3, although these observations
occur in regions where cold ions from the magnetosphere and magnetosheath ion have already mixed and
we cannot estimate the cold ion heating directly associated to them. This means that they cannot be the
only source of cold ion heating because we observe ion heating in regions where the LHWs are not present.
Nevertheless, LHWs are associated with the largest E field fluctuations close to the magnetopause [Graham
et al., 2017]. Figure 8 shows an example of a wave observation by MMS4 consistent with lower hybrid waves
inside the cold ion heating region of event 3. The perpendicular total ion velocity (solid lines) and the velocity
for ions below 800 eV (dashed lines) are plotted in Figure 8a. The average phase velocity of the lower hybrid
wave (vph) in the green-shadowed interval is plotted using circles; see below for details on its calculation. In
this interval, the cold ions mix with the magnetosheath ions (Figure 8b) and it is difficult to measure their
moments independently. However, their velocity should be somewhere between the two curves of Figure 8a.
Figures 8c (8d) shows the wavelet spectrogram of the E (B) field, with the lower hybrid frequency (fLH) plotted
on top. We observe signatures consistent with LHWs, so it is possible that they generate cold ion heating. We
calculate the wave potential ΦB of the lower hybrid waves from the local plasma conditions, as detailed in
Norgren et al. [2012]:

ΦB = B
qn𝜇0

𝛿B|| (4)

where B is the background magnetic field amplitude, 𝛿B is the high-frequency B fluctuations (above 10 Hz),
and q and n are the electron charge and plasma density, respectively. We obtain the wave phase velocity (vph)
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Figure 7. Fourier spectra of (E + vi × B)⟂. Vertical dashed lines indicate the ion cyclotron frequency (fci). Blue (black)
curves correspond to regions where (no) cold ion heating is observed. (a–d) The four events discussed in section 2.

by finding the best fit of the potential obtained from E field measurements ΦE = ∫ 𝛿Edt ⋅ vph to the potential
(ΦB) obtained using equation (3) [Norgren et al., 2012; Khotyaintsev et al., 2016; Innocenti et al., 2016; Graham
et al., 2016, 2017]. We obtain a correlation coefficient C = 0.88, meaning that the phase velocity is reliable
(Figure 8e).

All the mechanisms discussed for transferring energy from the fields to the particles depend on the mass of the
particle. In event 3 we could obtain high-resolution moments (150 ms) for cold H+ and He+. The spatial scale
of the heating region of He+ is larger, consistent with its larger gyroradius. However, we could not estimate
the final temperature of He+ using high-resolution FPI measurements to check if their final temperature is
larger than for protons, as one would expect from the mechanisms discussed.
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Figure 8. Detail of waves for event 3. (a) Perpendicular velocity of all ions (solid), ions below 800 eV (dashed), and
estimated wave phase velocity vph (circles). (b) Omnidirectional ion DEF spectrogram. Blue line marks the cold ion
threshold. (c) E field power wavelet spectrogram. fLH is plotted in white. (d) B field power wavelet spectrogram. fLH is
plotted in white. (e) ΦE and ΦB of the lower hybrid waves.

4. Conclusions

We show four magnetopause crossings with reconnection jet signatures and cold plasma on the magneto-
spheric side. The cold plasma is heated in the inflow region, close to the separatrix region. For the events with
low cold plasma density the heating is larger than for the events where the cold density was comparable to
the magnetosheath density. We find a lower threshold of 10–25% of the total energy spent in ion heating,
which is the dominant energy in the outflow region, goes into cold ion heating in our events, constituting
a significant portion of the energy budget. We observe waves and gradients in the electric field associated
with the ion heating. These spatial structures and time variations have large enough amplitudes to cause the
observed ion energies. Waves essential for ion energization may occur both around the ion gyrofrequency
and in the lower hybrid frequency range. For one of the events we can obtain high-resolution moments for
both H+ and He+, and we observe that the heating region for He+ is larger than the heating region for H+.
Overall, we find that magnetic reconnection at the subsolar magnetopause often is associated with cold ions
and that heating of these ions can be an important part of the total energy budget.
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