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Abstract Betatron cooling, a plasma process losing particle energy in the perpendicular direction
but reserving particle energy in the field-aligned direction, is a consequence of magnetic depression
under the conservation of magnetic moment. Such process has been widely studied in the Earth's
magnetosphere but has never been reported in other planetary environment. Here, by utilizing the Mars
Atmosphere and Volatile EvolutioN (MAVEN) measurements, we report two events of betatron cooling in
the Martian magnetotail. In one of the events, betatron cooling occurs in the suprathermal and energetic
ranges of electrons, whereas in the other event, it occurs in the thermal-energy range. We quantitatively
reproduce these two processes by using an analytical model. Gratifyingly, the cooling factor derived from
the analytical model agrees well with the observation of magnetic depression. These results, for the first
time demonstrating the betatron-cooling effect beyond the Earth, are useful to understand the electron
dynamics in the planetary magnetosphere.

Plain Language Summary Under conservation of the magnetic moment, electrons can lose
energy in the perpendicular direction but reserve energy in the field-aligned direction when magnetic
field strength becomes weaker. Such process, called betatron cooling, has not been reported in the
extraterrestrial planetary environment. Using the Mars Atmosphere and Volatile EvolutioN (MAVEN)
data and an analytical model, for the first time, we quantitatively demonstrate and reproduce this cooling
process of electrons in the Martian magnetotail, and the cooling factor derived from the analytical model
agrees well with the observation. Our study promotes the understanding of the electron dynamics in the
planetary magnetosphere.

1. Introduction

The planetary magnetotail, consisting of a slab-like plasma sheet and a tail-like lobe, is a nature laboratory
for the exploration of plasma physics. With the help of single or multispacecraft measurements, so far,
there have been many interesting electron processes reported in the Earth’s magnetotail, such as the Fermi
acceleration (Fu et al., 2011; Li et al., 2018; Liu & Fu, 2019; Liu, Fu, Cao, Xu et al., 2017; Lu et al., 2016),
betatron acceleration (Artemyev et al., 2012, 2014; Chen et al., 2019; Fu, Khotyaintsev, et al., 2013; Fu,
Xu, et al., 2019; Fu, Zhao, et al., 2020; Gabrielse et al., 2016; Grigorenko et al., 2016; Liu & Fu, 2019; Xu,
Fu, Liu, et al., 2018; Zhong et al., 2020), betatron cooling (Fu et al., 2012; Liu, Fu, Xu, Wang, et al., 2017;
Liu et al., 2018), nonadiabatic wave-particle interaction (Fowler et al., 2018; 2020; Fu et al., 2014; Harada
et al., 2016, 2019; Huang et al., 2012; Hwang et al., 2014; Malykhin et al., 2021; Zhang et al., 2018), and so
on. Among these processes, the betatron cooling of electrons is a very interesting one, as it causes elec-
tron-energy loss in the perpendicular direction but reserves electron energy in the parallel and anti-parallel
directions. Consequently, during the betatron cooling, electron pitch angle distribution (PAD) evolves from
the isotropic type, showing electron pitch angles uniformly from 0° to 180°, to the cigar type, showing elec-
tron pitch angles primarily at 0° and 180° (Fu, Grigorenko, et al., 2020; Liu, Fu, Xu, Cao, et al., 2017; Liu
et al., 2020; Zhao et al., 2019).

Different from the Earth's intrinsic magnetotail, the Martian magnetotail is an induced one. It is formed due
to the wrap of Martian ionosphere by the interplanetary magnetic field (IMF) (Acuiia et al., 1999; Conner-
ney et al., 2005; Fang et al., 2015). Thus, in principle, magnetic fields in the Martian magnetotail are actually
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the distorted IMF. As a result, the Martian magnetotail is much smaller than the Earth's magnetotail, more
dependent on the solar wind and IMF condition, and more active than the Earth's magnetotail. In such an
active magnetotail, electron dynamics should be very complicated (e.g., Artemyev et al., 2017; DiBraccio
et al., 2015; DiBraccio & Dann, 2017; DiBraccio & Luhmann, 2018; Grigorenko et al., 2017, 2019; Halekas
et al., 2006; Harada et al., 2015, 2017; Inui et al., 2018; Luhmann et al., 2015; Ruhunusiri et al., 2016; Ster-
giopoulou et al., 2020). Particularly, one may wonder whether the betatron-cooling process can happen in
such an active magnetotail. Although the electron betatron cooling has been widely reported in the decay-
ing flux pileup region (Fu et al., 2012) and flow-reversal region (Liu et al., 2018) in the Earth's magnetotail,
it has never been reported in the Martian magnetosphere.

Investigating the electron betatron cooling in the Martian magnetotail is very necessary, not only because
it can improve our understanding of plasma physics beyond the Earth, but also because it can update our
knowledge of the Martian space environment. Particularly, the betatron-cooling process can change the
energy and pitch angle of energetic electrons, which are harmful to both the spacecraft and astronauts
around the Mars.

Targeting these scientific objectives, we investigate the electron betatron-cooling process in the Martian
magnetotail in this study. We report two events of such process and quantitatively we reproduce such pro-
cess by using an analytical model.

2. Observation

The data we used are from the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission (Jakosky
et al., 2015). All the data used in this study are the level-2 calibrated data. Particularly, the magnetic field
data from Magnetometer (MAG) (Connerney et al., 2015) and the electron data from Solar Wind Electron
Analyzer instrument (SWEA) (Mitchell et al., 2016) are used. All the data are presented in Mars Solar Or-
bital (MSO) coordinates, in which X points from Mars toward the Sun, Y points opposite to the direction
of Mars' orbital velocity component perpendicular to X, and Z completes the orthogonal coordinate set.
In such coordinates, the positions of bow shock and magnetic pileup boundary can be estimated from the
model of Trotignon et al. (2006), as shown in Figures 1a-1b and Figures 1f-1g as the black line (bow shock)
and green line (magnetic pileup boundary), respectively.

The first event of interest was detected by MAVEN during 00:35—00:40 UT on April 15, 2015, when the
spacecraft was located in the magnetotail at [—1.47 0.82 1.13] Ry (Ry is the Mars radius) in MSO coordi-
nates (see the star in Figures 1a and 1b). Observations of the event are shown in Figures 1c-1e. Specifically,
the magnitude and three components of magnetic fields (Figure 1c), the PAD of the 17-62 eV electrons
(Figure 1d), and the omnidirectional differential energy fluxes (DEFs) of electrons (Figure 1e) are shown
from top to bottom. As can be seen, in this event, the magnetic field is dominantly the B, component. Before
00:37:10 UT and after 00:37:56 UT, the magnetic field is very stable with a value of IBI~6 nT (Figure 1c).
However, during 00:37:10-00:37:56 UT, MAVEN detected a depression of magnetic fields from [Bl=6 nT to
IBl=5 nT (see the gray shade in Figure 1c). Such depression has a duration of ~46 s, much longer than the
gyroperiod of the local electrons (about 0.007 s). It is probably caused by the solar wind disturbance, as the
Martian magnetotail is an induced one and very dependent on the solar-wind condition, or may be related
to the magnetic-hole structure, which has been widely observed in the Martian magnetosphere (e.g., Mada-
nian et al., 2020). Outside the magnetic-depression region (hereafter MDR) (before 00:37:10 UT and after
00:37:56 UT), the electron DEF is relatively high (Figure 1e) and the electron PAD is either beam-like (be-
fore 00:37:10 UT, see Figure 1d) or isotropic (after 00:37:56 UT, see Figure 1d) (Fu, Grigorenko, et al., 2020;
Liu et al., 2020). However, inside the MDR (00:37:10-00:37:56 UT), we clearly observe a drop of electron
fluxes (Figure 1e, see the downward arrow) and a change of the electron PAD (Figure 1d) from beam-like/
isotropic to the cigar type (The MAVEN spacecraft potential is typically ~1 eV and should not exert any
influence on this result. In other words, such phenomenon, electron fluxes drop inside the MDR, should be
real, but not the instrumental noises). Interestingly, such drop of electron fluxes is mainly in the perpendic-
ular direction (see Figure 1d). Considering that the time scale of this structure (~46 s) is much longer than
the electron gyroperiod, or in other words, the first adiabatic invariant (magnetic moment) is a constant, we
can identify such electron-flux drop (in the perpendicular direction) associated with the magnetic depres-
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Figure 1. Overview of two events of betatron cooling measured by Mars Atmosphere and Volatile EvolutioN (MAVEN) on April 15, 2015 (left) and November
10, 2017 (right). The location of MAVEN in the Xyso-Ymso plane (a, f) and in Xyso-Zuso plane (b, g). The black and green lines represent the nominal positions
of the bow shock and magnetic pileup boundary, respectively. MAVEN observations of (c, h) magnetic field B, By, B,, and |Bl components, (d, i) the pitch angle
distribution of electrons, and (e, j) the omnidirectional differential energy fluxes of electrons. The shaded area indicates the time period of betatron cooling.
MSO represents the Mars Solar Orbital coordinates.

sion as the betatron-cooling process. To our knowledge, this is the first evidence of electron betatron cooling
in the Martian magnetosphere.

Interestingly, such phenomenon, electron betatron cooling, is not unique in the Martian environment. We
survey the MAVEN measurements in the Martian magnetotail and find another event on November 10,
2017 at [—1.19 —0.463 —1.23] Ry (see the star in Figures 1f-1g). Figures 1h-1j are an overview of this event,
in the same format as Figures 1c-1e. As can be seen, all the particle and field features in this event are
quite similar to those in event 2015-04-15. Approximately, the magnetic depression (from IBI=3.5 nT to
IBl=3 nT) is observed during 11:35:30—11:36:05 UT (see the gray shade in Figure 1h). Outside the MDR (be-
fore 11:35:30 UT and after 11:36:05 UT), the electron DEF is relatively high (Figure 1j) and the electron PAD
has a weak cigar shape (Figure 1i) (Fu, Grigorenko, et al., 2020; Liu et al., 2020), whereas inside the MDR
(11:35:30—11:36:05 UT), the electron DEF significantly drops (Figure 1j, see the downward arrow) and the
electron PAD has a very strong cigar shape (Figure 1i). Similar as the first event, the time scale of this mag-
netic depression (~35 s) is much longer than the gyroperiod of local electrons (~0.009 s). Therefore, once
again, we can identify the electron-flux drop in this event (associated with the magnetic depression and
appearing primarily in the perpendicular direction) as the betatron-cooling process.
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Figure 2. The electron phase space density (PSD) as a function of electron energy on April 15, 2015 (left) and November 10, 2017 (right). (a, d) The
omnidirection PSD, (b, e) the field-aligned PSD, and (c, ) the perpendicular PSD as a function of electron energy inside the magnetic-depression region
(MDR) (red curves) and outside the MDR (black curves and blue curves). The cyan and green dashed lines represent the Maxwellian models, for fitting cold
and thermal electron distributions, respectively. The orange and purple dashed lines represent the power law models, for fitting electron distributions at
suprathermal and energetic ranges, respectively. Since the PSDs outside the MDR are similar, we only fit the blue lines.

Figures 2a-2c present the electron phase space density (PSD) as a function of electron energy in three
different directions (omnidirectional, field-aligned direction, and perpendicular direction) and three re-
gions (tailward of MDR, inside the MDR, sunward of MDR), for the first event (Case 2015-04-25). Spe-
cifically, the perpendicular direction is defined as the pitch angles between 52.5° and 127.5°; the field-
aligned direction is defined as the pitch angles of 0°-37.5° and 142.5°—180°; the three regions are detected
at 00:36:40—00:37:10 UT (tailward of MDR, see the blue bar below Figure 1d), 00:37:10—00:37:56 UT (inside
the MDR, see the red bar below Figure 1d), and 00:37:56—00:38:18 UT (sunward of MDR, see the black bar
below Figure 1d). In the omnidirection (Figure 2a), we find that the electron PSDs at the tailward of MDR
(blue solid line) and at the sunward of MDR (black solid line) are quite similar. We can fit these PSDs by
using a Maxwellian distribution and two power-law distributions. Quantitatively, the Maxwellian distribu-

y
2 —
tion is PSD« N, (%ﬁ T j exp( %T jwith N, = 30cm ™ and T, = 3¢V (see the green dashed line in

Figure 2a), which describes the 3-15 eV electrons well; the first power-law distribution is PSD o« E,”” with
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v = 3.87 (see the orange dashed line in Figure 2a), which describes the 15-80 eV electrons well; the second
power-law distribution is PSD oc E,”” with y = 3.83 (see the purple dashed line in Figure 2a), which de-
scribes the 80-1,000 eV electrons well. In this way, we can identify the 3-15 eV electrons, 15-80 eV electrons,
and 80-1,000 eV electrons in this event as the thermal, suprathermal, and energetic, respectively, following
previous studies (Fu, Grigorenko, et al., 2020; Fu, Peng, et al., 2019; Zhao et al., 2019). Similarly, in the
field-aligned direction (Figure 2b), we can fit the electron PSD by using the Maxwellian distribution (with
parameters N, = 30cm ™ and T, = 3.2¢eV) and the power-law distributions (with parameters y = 4.35 and
y = 3.47); in the perpendicular direction (Figure 2c), we fit the PSD by using the Maxwellian distribution
(with parameters N, = 30cm ™ and T, = 2.8eV) and the power-law distributions (with parameters y = 3.86
and y = 3.75). Here, the thermal population may originate from the Martian ionosphere or solar wind,
whereas the energetic population is probably the Solar Energetic Particles, which are very common across
the whole solar system and typically have a power-law spectrum (Oka et al., 2018; Pierrard & Lazar, 2010).

As can be seen, in the field-aligned direction (Figure 2b), the electron PSDs in all three regions (tailward of
MDR, inside the MDR, sunward of MDR) are almost the same. However, in the omnidirection (Figure 2a)
and perpendicular direction (Figure 2c), the electron PSDs inside the MDR (red solid line) are lower than
those outside the MDR (blue and black solid lines). This means that the drop of electron PSDs inside the
MDR only appears in the perpendicular direction but not appears in the field-aligned direction, which is a
clear signature of the betatron-cooling process (e.g., Chisham et al., 1998; Fu et al., 2012; Liu et al., 2018;
Pantellini, 1998). Interestingly, such betatron cooling is most prominent in the suprathermal and energetic
ranges (Figure 2a).

Using a same methodology, we analyze the second event (Case 2017-11-10). The results are presented
in Figures 2d-2f, in the same format as Figures 2a-2c. Here, the three regions are at the tailward of the
MDR (11:35:00—11:35:30 UT, see the blue bar below Figure 1i), inside the MDR (11:35:30—11:36:05 UT,
see the red bar below Figure 1i), and at the sunward of the MDR (11:36:05—11:36:35 UT, see the black
bar below Figure 1i), respectively. The definition of the field-aligned and perpendicular directions
is same as that in the first event. To have the best match, here we use two Maxwellian distributions

3
2 —
PSD« N, (%7; T ) exp( I%T ] and one power-law distribution PSD oc E,” to fit the electron PSDs,
e

e

and naturally we can identify the cold population (3-10 eV electrons), thermal population (10-60 eV elec-
trons), and suprathermal population (60-1,000 eV electrons) in the event. Respectively, the fitting parame-
ters are N, = 15cm ™, T, =23eV,N, = 2.4cm™, T, = 8.8eV, ¥ = 3.94 in the omnidirection (see Figure 2d),

N, = 15cm >, T, =24¢eV,N, = 2.4cm™, T, = 8eV, y = 3.77 in the field-aligned direction (see Figure 2e),

and N, = 15cm ™, T,=2eV, N, = 2.4cm™, T, =9eV, ¥ = 407 in the perpendicular direction (see Fig-
ure 2f). Generally, we find a similar feature as in the first event: the electron PSDs are almost identical in
all three regions (tailward of MDR, inside the MDR, sunward of MDR) in the field-aligned direction (see
Figure 2e), but exhibit a clear drop inside the MDR in both the omnidirection and perpendicular direction
(see the red solid lines in Figures 2d and 2f). Apparently, this is the signature of betatron cooling. However,
differing from the previous event, we find that the drop of electron PSDs in this event is most prominent in
the thermal-energy range (see the downward arrows in Figures 2d and 2f). The low-energy electrons have
no clear response to betatron cooling. This is probably due to the nonadiabatic interaction between low-en-
ergy electrons and waves, as suggested by Fu et al. (2011) and Liu and Fu (2019). However, such conjecture
cannot be verified because the measurements of waves are unavailable in the MAVEN spacecraft.

3. Modeling of Betatron Cooling

We can reproduce such betatron-cooling process by using an analytical model based on the Liouville's theo-
rem, as done in previous studies (e.g., Fu et al., 2011; Fu, Khotyaintsev, et al., 2013; Xu, Fu, Liu, et al., 2018).
According to the analyses in Figure 2, we naturally treat the electrons outside the MDR as the source popu-
lation and treat the electrons inside the MDR as the consequence population after betatron cooling. Specif-
ically, the model is (Fu, Khotyaintsev, et al., 2013):
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where E, L, B, F;, and F, represent the electron energy, the bouncing distance of electrons, the magnetic
field strength, the Fermi factor, and the betatron factor, respectively; the subscripts “0” and “1” correspond
to the source population and consequence population, respectively; and the symbols “L” and “||” indicate
the perpendicular direction and field-aligned direction, respectively. Both the betatron and Fermi effects
are considered in this model. Notice that electrons with different pitch angles have different mirror points
(bouncing distance): when the pitch angle is close to 0° or 180°, the bouncing distance of electrons is ap-
proximately the length of magnetic field lines; when the pitch angle is close to 90°, the bouncing distance
of electrons is much shorter than the length of magnetic field lines. In other words, electrons with different
pitch angles may react on the magnetic-field-line shrinking differently.

The modeling results are shown in Figure 3. For Case 2015-04-15, we use the electron population measured
during 00:37:56—00:38:18 UT (outside the MDR, see the black bar below Figure 1d and black lines in Fig-
ures 2a-2c) as the source population and use the electron population measured during 00:37:10—00:37:56 UT
(inside the MDR, see the red bar below Figure 1d and red lines in Figures 2a-2c) as the “consequence,” and
consider primarily the suprathermal and energetic electrons because the PSD evolution is most clear in this
energy range (see Figures 2a and 2c). In the same way, for Case 2017-11-10, we take the electrons measured
at 11:36:05—11:36:35 UT as the “source” and the electrons at 11:35:30—11:36:05 UT as the “consequence”,
and we consider only the thermal electrons (see Figures 2d and 2f). The modeling results are shown in Fig-
ures 3b and 3d as the dashed lines. The Fermi and betatron factors are obtained by best fitting the modeling
results (dashed lines) to the MAVEN observations (solid lines). In both cases, the Fermi factor (Fy) is very
close to 1, meaning that the Fermi effect does not contribute to the PSD evolution, consistent with the results
in Figures 2b and 2e. However, in both cases, the betatron factor is greatly smaller than 1, indicating that
the betatron effect contributes significantly to the PSD evolution. The values of betatron factor (F, = 0.84
and F, = 0.82) indicate weakening of magnetic fields by 17% (see the equation above). Considering that the
magnetic-field strength drops by 17% in the first event (from IBl=~6 nT outside the MDR to IBI~5 nT inside
the MDR, see the black line in Figure 1c) and drops by 15% in the second event (from |B|=3.5 nT outside
the MDR to IBI=3 nT inside the MDR, see the black line in Figure 1h), the betatron factors derived from the
analytical model (Figures 3b and 3d) are very reasonable. In other words, we have quantitatively confirmed
the betatron-cooling process in these two events.

The absence of Fermi acceleration/cooling in the Martin magnetotail is also reasonable. Actually, to execute
such process, magnetic field lines must shrink (acceleration) or relax (cooling), which is possible in the
Earth's magnetotail during the dipolarization after magnetic reconnection (Fu, Cao, et al., 2013; Xu, Fu,
Norgren, et al., 2018). However, in the Martin magnetotail, the situation is a bit different: magnetic field
lines are not connected to the Mars. In such situation, dipolarization process (magnetic-field-line shrink-
ing) does not exist in the Martin magnetotail, even though magnetic reconnection can happen there (Ha-
rada et al., 2015). As a result, we cannot expect Fermi acceleration/cooling in the Martin magnetotail as in
the Earth's magnetotail.

4. Conclusions and Discussion

In this letter, for the first time, we report the betatron cooling of electrons in the Martian magnetotail, by
utilizing the MAVEN measurements on April 15, 2015 and November 10, 2017. Such betatron cooling is
caused by the local depression of magnetic fields under the conservation of the first adiabatic invariant
(magnetic moment) and leads to the drop of electron fluxes in the perpendicular direction. It significantly
alters the electron PAD, and consequently affects the electron dynamics in the Martian magnetotail. We find
that such betatron-cooling process can happen in the thermal-energy range (Case 2017-11-10), suprather-
mal -energy range (Case 2015-04-15), and energetic range (Case 2015-04-15). Quantitatively, we reproduce
such betatron-cooling process by using an analytical model. In both events, the cooling factor derived from
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Figure 3. Phase space density (PSD) plotted as a function of pitch angle on April 15, 2015 (up) and November 10, 2017 (down). (a) PSD, after the period
(00:37:56-00:38:18 UT) where betatron cooling occurs, is treated as the source. (b) PSD, during period (00:37:10-00:37:56 UT), where betatron cooling occurs,
is considered to be the consequence. Solid lines represent the observations of Mars Atmosphere and Volatile EvolutioN (MAVEN), while dashed lines show the

modeling results. Panels (c, d) are in the same format as Panels (a, b).
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the analytical model agrees well with the MAVEN observations of magnetic depression, meaning that our
modeling results are considerably reliable.

Such phenomenon, electron betatron cooling, has greatly improved our understanding of the magnetic
transients and electron dynamics in the Martian magnetotail. It also has updated our knowledge of the Mar-
tian space environment, which is very useful particularly for the future spacecraft/astronauts to the Mars.
Therefore, although betatron cooling of electrons has been widely reported in the Earth's magnetosphere,
discovery of this process in the Martian magnetosphere is still significant. However, reporting only two
events and quantitatively explaining these events are not enough. To fully understand this phenomenon, a
statistical investigation, including the structure scale, occurrence rate, spatial distribution in the Martian
magnetosphere, relation with the solar-wind speed, relation with the IMF condition, relation with the Mar-
tian ionosphere (or solar flare), etc., is very necessary. We will carry out such a statistical study in our future
work.

Data Availability Statement
All MAVEN data are available at the Planetary Data System (https://pds-ppi.igpp.ucla.edu).
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