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Abstract—The bow shock crossing by the solar wind can lead in a number of cases to significant changes in
the development of the turbulent cascade. Individual cases previously studied on the basis of experimental
measurements of the characteristics of turbulence in the magnetosheath have not yet identified the factors
that have the greatest influence on the modification of the turbulent cascade behind the bow shock. In this
paper, we consider several observation cases of spectra of the compressible component in magnetosheath
fluctuations on two satellites separated in space under calm conditions in the solar wind. This makes it pos-
sible to estimate the influence of the magnetosheath boundaries and the bow shock topology on the dynamics
of a turbulent cascade when the plasma moves behind the bow shock. It is shown that there is a significant
redistribution of energy in the turbulent cascade immediately behind the quasi perpendicular bow shock in
the daytime part of the magnetosheath. This affects the magnetohydrodynamic scales, and the cascade prop-
erties are restored upon further propagation of the plasma towards the flanks. At the same time, behind the
quasi parallel bow shock, the characteristics of the turbulent cascade upon the entry of plasma into the mag-

netosheath change only on subionic scales.

DOI: 10.1134/S0016793221050108

1. INTRODUCTION

The interaction of the solar wind (SW) with the
Earth’s magnetosphere leads to the formation of the
bow shock (BS). The region between the BS and the
magnetopause, the magnetosheath (MSH), is charac-
terized, among other things, by a higher level of
plasma compression, the development of various wave
processes and, as a consequence, higher power density
of fluctuations in comparison with the undisturbed
SW upstream the BS. An important feature of cosmic
plasma, which is also characteristic of the MSH and
SW, is its turbulence. The turbulent cascade in the SW
has been studied since the launch of the first satellites
(see reviews by Alexandrova et al., 2013; Bruno and
Carbone, 2013), while active research on turbulence in
the MSH began relatively recently (e.g., reviews by
Sahraoui et al., 2020; Rakhmanova et al., 2021)). A
significant part of studies on turbulence in SW and
MSH in recent decades has attempted to determine
the properties of a turbulent cascade on scales of the
order of the proton gyroradius or less, at which kinetic
processes play an important role and plasma heating is
believed to occur.

Since the characteristics of the SW and interplane-
tary magnetic field (IMF) plasma are significantly
modified when they cross the BS, the properties of the
turbulent cascade can also change. Statistical analysis

of the characteristics of plasma turbulence in the MSH
on scales near the proton gyroradius (i.e., when one
passes from MHD to a kinetic description of the
plasma) showed their difference from observations in
an undisturbed SW, as well as the dynamics of turbu-
lence characteristics during plasma propagation in the
MSH from the BS to the flanks (e.g., Huang et al.,
2017; Rakhmanova et al., 2018; Rakhmanova et al.,
2018; Li et al., 2020). In particular, according to statis-
tical studies of magnetic-field fluctuations measured
on satellites of the Cluster mission (Huang et al., 2017)
and ion-flux fluctuations measured on the Spektr-R
satellite (Rakhmanova et al., 2018; Rakhmanovaet al.,
2018), it was shown that spectra observed in the subso-
lar region in the MSH near the BS on MHD scales as
a rule can be approximated by a power function ~f~!
(where fis the frequency of the fluctuations measured
in the plasma reference frame) instead of the function
/733, which is characteristic of the developed Kolmog-
orov turbulence in undisturbed SW. In this case, this
effect becomes less pronounced with distance from
the BS in the direction of the magnetopause and in the
direction of the flanks. Differences in the shapes of the
spectra typical for plasma near the BS and in the inner
regions of the MSH were shown on smaller (subionic)
scales, which may indicate a difference in the pro-
cesses of dissipation of plasma energy.
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However, an experimental study in recent years of
individual events (Rakhmanova et al., 2019; Rakhmanova
et al., 2020), as well as a comparison of observations
on various spacecraft presented in the works of differ-
ent authors (Rakhmanova et al., 2021), revealed dif-
ferent scenarios for the modification of a turbulent
cascade on the BS. The considered cases were
observed under different conditions in the SW and dif-
ferent positions of satellites behind the BS. It was sug-
gested that the characteristics of the turbulent cascade
behind the BS and its development during plasma
propagation in the MSH can be influenced by such
factors as the type of large-scale SW flow, the mutual
orientation of the IMF and normal to theBS, and the
distance from the point of plasma entry into MSH to
the subsolar point of theBS. However, the degree,
method, and conditions of the influence of each of
these factors have not yet been determined.

In this work, we analyze the dynamics of the char-
acteristics of plasma turbulence behind the BS under
quiet conditions in the SW based on four cases of the
simultaneous observations on two satellites, the
Spektr-R spacecraft and one of the satellites of the
Themis mission, of the frequency spectra of fluctua-
tions inside the MSH. The fixing of one important
factors, the type of the SW incoming flow, made it
possible to analyze in isolation the influence of the BS
topology and the distance to it on the development of
a turbulent cascade inside the MSH.

2. DATA AND METHODS OF ANALYSIS

In this work, we used measurements of the ion flux
on the Spektr-R satellite by the BMSW instrument
(Zastenker et al., 2013; Safrankova et al., 2013) with a
time resolution of 0.031 s and the magnetic-field mag-
nitude on satellites of the Themis mission with FGM
instruments (Auster et al., 2008) with a time resolution
of 0.25 s. The high temporal resolution of measure-
ments makes it possible to analyze fluctuations of
parameters in the frequency range corresponding to
the transition from MHD to kinetic scales. In addi-
tion, plasma measurements from electrostatic analyz-
ers (ESAs) on Themis satellites with a temporal reso-
lution of 4 s were used to make comparisons between a
pair of satellites (McFadden et al., 2008). In the selected
time periods, the satellites were located on the same flank
ofthe MSH or at a small distance (less than 20 Rg) in
the subsolar region. At the same time, the conditions
in the incoming SW flow were checked: only events
in slow, undisturbed SW flow were selected—type
Slow according to the catalog of Yermolaev et al.
(2009). The catalog is available on the Internet
(http://www.iki.rssi.ru/pub/omni/catalog). For the
analysis, we selected intervals with a duration of at
least 20 min without large amplitude changes in the
plasma parameters and/or the magnetic-field magni-
tude, nor rotations of the magnetic-field vector, which
may indicate the intersection of plasma structures.
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In the first stage, the ion flux time course measured
on two satellites was compared. Figure 1 shows the ion
flux observed on October 30, 2011, by the Themis-A
(black line, left ordinate axis) and Spektr-R (gray line,
right ordinate axis) satellites. Figure 2a shows the rel-
ative position of the satellites. Measurements of the
Themis-A satellite were shifted by the time of plasma
propagation (10 min). Themis-A was near the subsolar
part of the magnetopause; it crossed it at ~0135 UT
and entered the magnetosphere. Spektr-R was on the
flank, at a distance of ~ 25 Rg along the axis X (geo-
centric solar ecliptic system, GSFE), away from both MSH
boundaries. The angle 0, between the local normal to
the BS at the point of plasma entry into the MSH and
the IMF for both satellites was 60°. Angle 0, was cal-
culated at the point of plasma entry into the MSH,
which was determined via satellite tracing to the BS
along the streamlines calculated with the Spreiter
model (Spreiter et al., 1966). The technique was
described in detail by Shevyrev and Zastenker (2005).
Thus, both satellites were located behind the quasi
perpendicular BS but at different distances from the
subsolar point. A good visual correspondence is
observed with the time course of the ion flux on both
satellites, which indicates that the same plasma vol-
ume is observed on them. Vertical dashed lines indi-
cate a time interval of about an hour, which was used
for further analysis.

Fourier analysis was used to determine the charac-
teristics of the turbulence. In this case, the fluctua-
tions of the parameters were normalized to the average
value of the corresponding parameter over the entire
interval prior to the calculation of the frequency spec-
tra. The indicated normalization was carried out to
compare the power of fluctuations of various parame-
ters. It should be noted that both the ion-flux fluctua-
tions and the fluctuations in the magnetic-field mag-
nitude are compression fluctuations (e.g., Alexan-
drova et al., 2008); accordingly, comparison of the
characteristics of their frequency spectra is physically jus-
tified. The possibility of comparing the spectra of fluctu-
ations of the ion flux and the magnetic field magnitude
was considered in more detail (Rakhmanova et al.,
2020), and a direct comparison of the spectra of differ-
ent quantities on the same spacecraft has been given in
the literature (Chen, 2016; Chen and Boldyrev, 2017;
Roberts et al., 2017). Figure 2b shows the spectra of
fluctuations of the ion flux on the Spektr-R satellite
(gray line) and the magnetic-field magnitude on the
Themis-A satellite (black line). Both spectra can be
approximated by two power law functions changing
each other at a certain frequency (break frequency).
The exponents of power law functions (the so-called
spectral slope) were determined on the MHD and
kinetic scales based on a linear approximation (at fre-
quencies below and above the break, respectively).
The spectrum of fluctuations of the magnetic-field
magnitude observed by the Themis-A satellite is char-
acterized by a slope of —1.09 £ 0.08 on the MHD scales
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Fig. 1. Time variation of the ion flux in the magnetosheath measured on the Themis-A satellite (black line, left ordinate axis) and
Spektr-R satellite (gray line, right ordinate axis). The vertical dashed lines indicate the boundaries of the interval selected for

spectral analysis.

and —2.88 * 0.01 on the kinetic scales. The spectrum
of ion-flux fluctuations observed downstream by the
Spektr-R satellite is characterized by a slope of —1.50 =
0.02 on the MHD and —2.97 £ 0.01 on the kinetic
scales, respectively. It is clearly seen that the properties
of the turbulent cascade on MHD scales in the subso-
lar region are very different from the predictions of the
theory of developed turbulence, i.e., they do not fol-
low the Kolmogorov scaling, despite the satellite’s
remoteness from the BS. On the kinetic scales, the slope
of the spectrum is close to the typical value —(2.7—2.9)
observed on average in statistical studies of turbulence
in the MSH (Huang et al., 2014; Rakhmanova et al.,
2016), as well as in SW (Chen et al., 2012; Riazantseva
et al., 2015), and is close to some theoretical predic-
tions (e.g., Boldyrev and Perez, 2012). As the plasma
moves away from the subsolar region, the slope of the
spectrum on the MHD scales approaches the Kolm-
ogorov scaling, while a slight steepening of the kinetic
part of the spectrum is observed. As a rule, it is
believed that the frequency of the break in the spec-
trum is associated with the dominant process of energy
dissipation and corresponds to a certain characteristic
plasma frequency. However, it has not yet been possi-
ble to determine unambiguously the frequency that
corresponds to the break(e.g., Safrankova et al., 2016).
Determining the position of the break frequency is
beyond the scope of this work; however, the character-
istic frequencies are given for reference for each spec-
trum in Figure 2 along the abscissa axis. The dotted
line denotes the proton gyrofrequency F.. The fre-
quencies F; = V/2np and F;, = V/2nL (where Vis the
plasma flow velocity), which are determined by the
Larmor radius p and the proton inertial length L, are
indicated by the dashed and solid lines, respectively.
The frequencies for the Themis satellite are black, and
the frequencies for the Spektr-R satellite are gray.
Since there are no magnetic-field measurements on
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the Spektr-R satellite, only the last of the listed fre-
quencies is given for it.

3. RESULTS

Three more events with different BS topologies and
with different spacecraft localizations inside the MSH
were analyzed in a similar way. In this case, the visual
correspondence of the ion flux time course on two
satellites was checked for each event in order to
exclude the registration of fundamentally different
plasma volumes. Figures 2c, 2e, and 2g show the
locations of pairs of satellites during the considered
events; Figures 2d, 2f, and 2h compare the spectra of
fluctuations of parameters in the indicated events,
respectively. The black lines indicate the spectra of
fluctuations of the magnetic-field magnitude from
Themis satellite measurements, and the gray lines
show the spectra of ion-flux fluctuations by measure-
ments of the Spektr-R satellite. Angle 05y, which
characterizes the BS type, is indicated on the panels
on the left with the location for each spacecraft. The
results of approximation of the spectral slopes on the
MHD and kinetic scales are shown in the panels on
the right next to the corresponding curve. Table 1 gives
the features of the satellite locations for each event, as
well as the characteristics of the fluctuation spectra. In
the column “Location,” the letters “f” and “s/s” mark
the flank and subsolar regions, respectively, “Center”
denotes the distance from the boundaries of the MSH;
“MP” and “BS” denote the proximity to the magne-
topause or BS, respectively. In this case, the location
near the boundaries is understood as a situation in
which its intersection occurs within 1 h before or after
the analyzed interval; otherwise it refers the distance
of the satellite from the boundaries.

Comparison of the characteristics of the spectra of
parameter fluctuations for four events with different
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Fig. 2. Left: spacecraft location. Right: spectra of fluctuations of the ion flux (gray line) and magnetic-field magnitude (black

line) for the four considered events.
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Table 1. Characteristics of the spectra of ion flux fluctuations by measurements of the Spektr-R satellite and the magnetic-
field magnitude by measurements of the Themis satellite, the satellite locations, and the value of the angle 0, for the consid-

ered events

Event Satellite Location Angle Oy, ° iﬁeﬁﬁlg sschlIz: 2 5111) if;relﬁl: SS(I:Z{):S
October 30, 2011 | Themis MP, s/s 60 —1.09 £ 0.08 —2.88 £0.01
Spektr-R | Center, f 60 —1.50 £ 0.02 —2.97 £ 0.08
December 1, 2012 | Themis Center, 30 —1.66 £0.09 —3.42 £ 0.15
Spektr-R | BS, f 30 —1.71 £ 0.04 —3.23+0.03
February 9, 2014 | Themis MP, s/s 56 —-1.4+0.9 —2.86 £ 0.09
Spektr-R | MP, f 58 —1.87 £ 0.05 —2.76 £ 0.06
July 9, 2014 Themis Center, 80 —1.55£0.08 —3.20£0.03
Spektr-R | Center, s/s 60 —1.33 £0.07 —2.69 £ 0.02

relative positions of satellites shows that three events
involving one of the satellites in the subsolar region
(events 1, 3, and 4) are observed behind the quasi per-
pendicular BS and are characterized by a noticeable
deviation of the spectra from the Kolmogorov scaling
on the MHD scales. At the same time, even near the
subsolar region, the spectra in two of the three cases
differ from the spectra with an index of —1, which was
noted in the statistical study (Huang et al., 2017).
Since the authors of this work considered not com-
pression fluctuations but fluctuations of the Alfvén
component, the resulting difference may indicate a
difference in the properties of the compressible and
incompressible components of fluctuations near the
BS. A statistical analysis by Rakhmanova et al. (2018)
showed the difference between the spectra of ion-flux
fluctuations from the Kolmogorov type only in the
regions near the BS, whereas the spectra had slopes
close to —5/3 on the MHD scales in the middle of the
MSH and near the magnetopause. In this work, devi-
ations from the Kolmogorov type of spectra in the sub-
solar region are observed both in the middle of the
MSH (event on July 9, 2014) and near the magneto-
pause (events on October 30, 2011, and February 9,
2014). The observed difference from the results of the
statistical study is most likely due to the fact that most
of those considered earlier (Rakhmanova et al., 2018)
data that referred to the flank MSH.

In the flank areas, all events beyond the quasi per-
pendicular BS refer to the middle of the MSH or they
are near the magnetopause. These events are charac-
terized by spectra close to Kolmogorov spectra at
MHD scales. This indicates that turbulence develops
as the plasma moves from the subsolar region to the
flanks, and, as a result, spectra are observed on the
flanks far from the BS. They are close to the predic-
tions of the theory of developed turbulence on MHD
scales. This result is in good agreement with the results
of a statistical study (Rakhmanova et al., 2018).
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The events observed in the subsolar region behind
the quasi perpendicular BS are characterized by spec-
tral slopes on the kinetic scales characteristic of MSH
and SW plasma, from —2.9 to —2.7. In this case, two of
the three events (October 30, 2011 and February 9,
2014) are characterized by the unaltered slope when
the plasma moves to the flanks, since the spectral
slopes coincide when the errors in their determination
are take into account. For the event on July 9, 2014,
there is a noticeable steepening of the spectrum on the
kinetic scales during plasma propagation in the MSH:
the slope changes from —2.69 + 0.02 to —3.20 & 0.03.
However, the corresponding spectrum in Fig. 2h
demonstrates the presence of a broad peak at a fre-
quency close to the proton cyclotron frequency, which
indicates the presence of local wave phenomena that
can lead to additional energy dissipation in this region.
Thus, in the absence of local sources of additional
energy dissipation, the turbulent cascade on the
kinetic scales is not subject to change when the plasma
moves behind the quasi perpendicular BS from the
subsolar region to the flank.

One of the four events shown in Figs. 2¢ and 2d
refers to the MSH behind the quasi parallel BS. This
event was considered in more detail by Rakhmanova
et al. (2020); however, in this case, it is interesting to
compare the properties of the fluctuation spectra
behind the quasi parallel and quasi perpendicular BS.
As can be seen, both satellites were in the flank area of
the MSH: one was near the BS and the other was fur-
ther downstream in the middle of the MSH. Both
spectra have a Kolmogorov form on MHD scales and
a higher slope value on kinetic scales (as compared to
those observed on average for MSH and SW) —3.42 +
0.15 near the BS and —3.23 + 0.03 in the middle of the
MSH. Thus, under quiet conditions in the SW behind
the quasi parallel BS, no differences are observed on
the flanks of the MSH between the spectra on the
MHD scale and the predictions of the theories of
developed turbulence. Wherein, a significant steepen-
ing of the spectra is observed on kinetic scale, which is
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probably indicative of an increased rate of energy dis-
sipation caused by processes involved in the local
plasma volume, and the dissipation rate is somewhat
higher near the BS than far from it. This result corre-
sponds to the earlier conclusions based on statistics
(Rakhmanova et al., 2020).

4. DISCUSSION AND CONCLUSIONS

The analysis of four events of the observation of
compressible turbulent fluctuations in MSH at two
distanced points made it possible to reveal the main
features of the modification of the turbulent cascade
on the BS and its further dynamics under quiet condi-
tions in the incoming SW flow.

(1) Significant deviation of the fluctuation spectra
on the MHD scales from the Kolmogorov form and
the reconstruction of the Kolmogorov scaling of the
spectra when the plasma propagates towards the flanks
far from the BS is observed behind the quasi perpen-
dicular BS. In this case, as a rule, the spectral slopes
have value greater in magnitude than —1, which was
obtained statistically for Alfven fluctuations in the
subsolar region of the MSH. This may indicate a dif-
ference in the modification of the compressible and
incompressible components of fluctuations on the BS.

(2) Behind the quasi perpendicular BS on kinetic
scales, as a rule, spectra are observed with a slope
—(2.7-2.9) characteristic of plasma and magnetic
field fluctuations in the SW and MSH, while this value
is retained during plasma propagation from the subso-
lar region to the flanks in the absence of local wave
processes, which can lead to increased dissipation and
steepening of the spectrum.

(3) Behind the quasi parallel BS in the flank
regions, the spectra correspond to Kolmogorov spectra,
regardless of the distance to the BS, while the dissipa-
tion rates apparently increase on the Kkinetic scales,
which leads to a significant steepening of the spectra at
different distances from the BS and the subsolar region.

This study clearly shows for the first time that the
characteristics of the turbulent plasma cascade under
quiet conditions in the SW behind the quasi perpen-
dicular BS change significantly on the MHD scales
while remaining unchanged on the subionic scales.
The subsequent selection of intervals with the same BS
topology and satellite locations but different condi-
tions of the SW incoming flow is required in order to
determine and separate the contributions of the BS
topology and SW characteristics to the development of
plasma turbulence in the MSH.
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