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Abstract

We report observations of a magnetosheath jet followed by a period of decelerated background plasma. During this period,

THEMIS-A magnetometer showed abrupt disturbances which, in the wavelet spectrum, appeared as prominent and irregular

pulsations in two frequency bands (7.6–9.2 and 12–17 mHz) within the Pi2 range. The observations suggest–for the first time to

our knowledge–that these pulsations were locally generated by the abrupt magnetic field changes driven by the jet’s interaction

with the ambient magnetosheath plasma. Furthermore, similar pulsations, detected by THEMIS-D inside the magnetosphere

with a 140 seconds time-lag (which corresponds to the propagation time of a disturbance travelling with Alfvenic speed), are

shown to be directly associated with the ones in the magnetosheath, which raises the question of how exactly these pulsations

are propagated through the magnetopause.
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Key Points:10

• Pi2 pulsations in two frequency bands (7.6–9.2 and 12–17 mHz) detected in the11

magnetosheath.12

• These pulsations were locally generated by the Jet’s After-Flow.13

• Similar pulsations inside the magnetosphere are directly associated with the ones14

in the magnetosheath.15
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Abstract16

We report observations of a magnetosheath jet followed by a period of decelerated back-17

ground plasma. During this period, THEMIS-A magnetometer showed abrupt distur-18

bances which, in the wavelet spectrum, appeared as prominent and irregular pulsations19

in two frequency bands (7.6–9.2 and 12–17 mHz) within the Pi2 range. The observations20

suggest–for the first time to our knowledge–that these pulsations were locally generated21

by the abrupt magnetic field changes driven by the jet’s interaction with the ambient22

magnetosheath plasma. Furthermore, similar pulsations, detected by THEMIS-D inside23

the magnetosphere with a 140 seconds time-lag (which corresponds to the propagation24

time of a disturbance travelling with Alfvenic speed), are shown to be directly associ-25

ated with the ones in the magnetosheath, which raises the question of how exactly these26

pulsations are propagated through the magnetopause.27

1 Introduction28

The Earth’s magnetosheath – the region downstream of the bow shock – contains29

decelerated and compressed solar wind plasma exhibiting strong fluctuations in veloc-30

ity, density, and associated magnetic field. Especially the magnetosheath downstream31

of the quasi-parallel shock, where the angle between the interplanetary magnetic field32

(IMF) and the bow shock normal vector is less than 45 degrees, is particularly turbu-33

lent even during steady solar wind conditions. Furthermore, it is permeated both by waves34

that have been transmitted through the bow shock, as well as by fluctuations that have35

been generated locally (Lucek et al., 2005; Blanco-Cano et al., 2006).36

Jets in the magnetosheath are transient localized enhancements in dynamic pres-37

sure typically caused by increases in plasma velocity, density or both (Archer et al., 2012;38

Plaschke et al., 2013; Karlsson et al., 2015). They are found more frequently downstream39

of the quasi-parallel shock but are still observed in the quasi-perpendicular magnetosheath40

(Vuorinen et al., 2019; Raptis, Karlsson, et al., 2020; Raptis, Aminalragia-Giamini, et41

al., 2020). However, the jets found in the quasi-parallel region are typically faster and42

more energetic and as a result may have a more significant magnetospheric effect (Plaschke43

et al., 2018). During the past decade, several studies have indicated their importance44

to magnetospheric dynamics. Jets have been associated with triggering localized mag-45

netopause reconnection (Hietala et al., 2018), driving various wave species (Plaschke &46

Glassmeier, 2011; Archer et al., 2013; Karlsson et al., 2018), causing direct plasma pen-47
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etration in the magnetosphere (Karlsson et al., 2012; Dmitriev & Suvorova, 2015) and48

exciting surface eigenmodes through collision with the magnetopause (Archer et al., 2019).49

Recently, it has been shown that jets can modify the properties of the ambient plasma50

in the magnetosheath. Specifically, they may stir the plasma, pushing the slower ambi-51

ent magnetosheath plasma out of their way. This way the jet creates anomalous flows52

around it, causing the surrounding plasma to perform a vortical motion. This interac-53

tion can cause the background magnetosheath to get significantly decelerated and make54

the background magnetic field more aligned with the jet’s velocity (Karimabadi et al.,55

2014; Plaschke et al., 2017; Plaschke & Hietala, 2018; Plaschke et al., 2020).56

Here we report–for the first time to our knowledge–Pi2 pulsations generated locally57

in the magnetosheath at the wake of a jet. We show that these pulsations are later ob-58

served inside the magnetosphere. In what follows we present a structure of this paper.59

In section 2 a brief introduction to the data sets and methods used for this study is pre-60

sented. We then (section 3) present the detailed observations from both spacecraft at61

the magnetosheath and inside the magnetosphere. In the detailed discussion that fol-62

lows (section 4), we present a working hypothesis for the generation of the pulsations.63

Finally, we present the conclusions (section 5) based on our interpretation of these mul-64

tipoint observations.65

2 Data and Methods66

We use 3-sec resolution measurements of the magnetic field vector from the THEMIS67

A and D fluxgate magnetometers (Auster et al., 2008). We also use 3-sec resolution data68

of ion flux energy spectrum and velocity vector from the Electrostatic Analyzer (McFadden69

et al., 2008) on board the same THEMIS probes. Complementary 1-min measurements70

of solar wind speed and interplanetary magnetic field are obtained from the NASA OM-71

NIWeb database as propagated values at the bowshock nose (http://omniweb.gsfc.nasa.gov/).72

For the estimation of the magnetic coordinates we used the International Radiation Belt73

Environment Modelling (IRBEM) library (Bourdarie & O’Brien, 2009) and the TS96 (Tsyganenko74

& Stern, 1996) external magnetic field model.75

For the spectral analysis of the magnetic field measurements we make use of the76

Continuous Wavelet Transform (CWT–see also Torrence and Compo (1998)) using as77

mother wavelet the Morlet wavelet (Morlet, 1983) similar to Katsavrias et al. (2015, 2019).78
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Along with the wavelet power spectrum, the global wavelet spectrum is also used which79

corresponds to the average of the wavelet power spectral density in a specific frequency80

(f):81

W (f) =
1

N

N∑
n=1

‖Wn(f)‖ (1)

where n stands for a localized time index and N corresponds to the length of the82

time-series. The global wavelet spectrum generally exhibits similar features (and shape)83

as the corresponding Fourier spectrum.84

Furthermore we make use of the Cross-Wavelet Transform (XWT) and the Wavelet85

Coherence (WTC) following Katsavrias et al. (2016). The Cross Wavelet Transform (hence-86

forward XWT–see also Grinsted et al. (2004) between two time-series X and Y and their87

corresponding CWTs is defined as:88

WXY
n (f) = WX

n (f) ·WY
n (f)∗ (2)

while the phase relationship between the two variables is then defined as:89

Φ = tan−1

[
im(

∣∣WXY
n (f)

∣∣)
re(|WXY

n (f)|)

]
(3)

As shown, the XWT examines the causal relationship in the time-frequency space90

between two time series searching for regions of high common power and consistent phase91

relationship.92

Finally, the wavelet coherence (hence forward WTC) is an estimator of the con-93

fidence level for each detection of a timespace region of consistent phase relationship even94

if the common power is low. The measure of wavelet coherence closely resembles a lo-95

calized correlation coefficient in timefrequency space and varies between 0 and 1, cor-96

responding to non-coherent and highly coherent phase relationship, respectively. The sta-97

tistical significance level of the WTC is estimated using Monte Carlo methods.98
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3 Detailed Event Analysis99

On February 13, 2013 near noon, THEMIS-A (THA) was located in the dayside100

magnetosheath close to the bowshock (R≈12 RE and MLT≈10.5), while THEMIS-D (THD)101

was located inside the dayside magnetosphere near the geostationary orbit (L≈7 and MLT≈12),102

both following an inbound orbit.103

Figure 1 shows (a) 1-min High Resolution OMNI (HRO) magnetic field measure-104

ments in GSE/GSM coordinates, (b) the IMF cone angle (θcone), and (c–e) the magne-105

topause, bow shock and satelite (THA,THD) positions for 11:16, 11:32 and 11:39 respec-106

tively. The missing data from 11:28 to 11:31 have been interpolated to provide a full char-107

acterization of the close to the bow shock conditions. For the modeling of the magne-108

topause and the bow shock the model of Chao et al. (2002) has been used. Special in-109

dication is made for the quasi-parallel (Qpar) bow shock (blue: θBn < 45), while the110

quasi-perpendicular (Qperp) was separated in two different regions (red: θBn > 55 and111

magenta: 45 < θBn < 55). This was done to show the transition region between the112

Qpar and Qperp configuration which can still have significant foreshock properties (Wilson,113

2016; Karlsson et al., 2021) and corresponds to the area where a field-aligned beam (FAB)114

is commonly observed. Note that the solar wind speed (not shown here) remained con-115

stant at ≈360 km/s during the whole time-period shown in figure 1.116

During 11:37–11:39 UT, THEMIS-A, which was located in the dayside magnetosheath117

close to the bowshock, observed a moderate magnetosheath jet with maximum speed of118

-213 km/s at approximately 11:38 UT (figure 2b). Note that the average ambient Vx was119

approximately -78 km/s which means that the jet exhibited an enhancement in Vx by120

a factor of 2.7, while the average ambient Vy was approximately -41 km/s. Right after121

the jet, the Vx component of speed dropped to a zero average, with occasionally sun-122

ward direction, until approximately 11:46 UT, when another jet occurred. Henceforward123

we will refer to the 11:39–11:46 UT time-period, which corresponds to the wake of the124

jet as After-Flow (AF). With the beginning of the AF, all three components of the mag-125

netic field (figure 2c) exhibited strong disturbances which faded with the beginning of126

the second jet at approximately 11:46 UT. Panel 2d shows a characteristic high energy127

ion population which indicates the presence of a significant ion foreshock and therefore128

shows that THA resides downstream of the quasi-parallel bow shock. This is in agree-129

ment with the IMF rotation and the changes in foreshock configuration shown in figure130

–5–
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Figure 1. OMINWeb propagated values at the bowshock nose during February 13, 2013.

Top to bottom: (a) interplanetary magnetic field vector in GSE coordinates, (b) solar wind cone

angle. The vertical dotted lines correspond to three different timestamps shown in panels (c–e).

(c) is at 11:16, (d) at 11:32 and (e) at 11:39. Each of these panels show approximate bound-

ary positions (magnetopause, bow shock) along with different configuration of the bow shock

(quasi-parallel, quasi-perpendicular). The positions of THA and THD are also indicated.
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1e. Note that we do not discuss any results close to or after 11:50 UT since THEMIS-131

A has a short transition from the magnetosheath to the upstream solar wind.132

Panel 2e shows the wavelet spectrum of the total magnetic field magnitude mea-133

sured by THA, accompanied by the global spectrum (left panel) while the red dashed134

line corresponds to the 95% confidence level. The frequency range of the spectrum cov-135

ers the 0.5–30 mHz range which corresponds to the Pc4–Pc6 frequency range. As shown,136

the spectrum exhibits a prominent peak at 2.1 mHz (as indicated by the global spectrum)137

which spans the time-period 11:23 until 11:57 UT with power at ≈ 1000nT 2/Hz. This138

peak roughly coincides with the beginning of the quasi-parallel configuration of the mag-139

netosheath. Furthermore, the wavelet spectrum exhibits prominent pulsations in two fre-140

quency bands (7.6–9.2 and 12–17 mHz as indicated by the global spectrum). These fre-141

quency bands coincide with the AF duration and exhibit global power that exceeds the142

100 nT 2/Hz value. Note that, even though, low-amplitude disturbances occur through-143

out the whole Qpar configuration, they are considerably below the 95% confidence level.144

This behavior is consistent even if we filter the time-series in the 7–30 mHz frequency145

range (see also figure S1 in the supplementary material) where the amplitude of the os-146

cillations is approximately two times greater during the AF. The white dashed line in147

panel 2d corresponds to the expected frequency of upstream ULF waves generated in the148

ion foreshock. The estimation of the upstream wave frequency follows the empirical model149

by Takahashi et al. (1984):150

fUW [mHz] = 7.6 ·B0[nT ] · cos2(θcone) (4)

where B0 is the interplanetary magnetic field (IMF) strength and θcone is the IMF151

cone angle calculated from the 1-min HRO data. As shown, none of the exhibited Pi2152

pulsations can be explained by the estimated upstream wave frequency.153

Panels 2f and g show the time-series and the wavelet spectrum of the total mag-154

netic field magnitude measured by THD, accompanied by the global spectrum (left panel)155

while the red dashed line corresponds to the 95% confidence level. As shown, there are156

clear oscillations that coincide with the jet and the AF occurrence. In detail, the wavelet157

spectrum of THD–which shows many similarities with the one of THA–exhibits a promi-158

nent peak at 2 mHz, roughly at the 11:30–11:55 UT period, which coincides with the 2.1159
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Figure 2. THEMIS A and D observations in the magnetosheath and in the magnetosphere,

respectively. Top to bottom: (a) Ion density and pressure, (b) THA velocity vector in GSM

coordinates, (c) THA magnetic field vector in GSM coordinates, (d) THA energy spectrum,

(e) wavelet spectrum of the total magnetic field magnitude measured by THA, (f) total mag-

netic field magnitude measured by THD inside the magnetosphere and (g) wavelet spectrum of

the THD total magnetic field magnitude. Each wavelet spectrum is accompanied by the global

spectrum and its 95% confidence level (black solid and dashed red lines in the left panels, respec-

tively). Note that, in both spectra, the frequency axis is inverted with lower frequencies shown at

the top of the axis. The black solid line and the black contours in the wavelet spectra correspond

to the cone of influence and the 95% confidence level, respectively. The vertical dashed lines cor-

respond to the duration of the jet and its After-Flow (AF). The white dashed lines in the wavelet

spectra correspond to the expected frequency of upstream waves while the black dashed lines in

the THD spectra correspond to the estimates of the fundamental and the five first harmonics of

the field line resonances at the spacecrafts’ location.
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mHz exhibited in the magnetosheath. Furthermore, the wavelet spectrum exhibits promi-160

nent pulsations in two frequency bands (7–9.7 and 14–20 mHz as indicated by the global161

spectrum). These frequency bands are in very good agreement with the ones exhibited162

in the magnetosheath during the AF. They show the same duration and lag at ≈2.5 min-163

utes. Note that even though these frequency bands appear below the 95% confidence level,164

they are above it at the filtered time-series (figure S1 in the supplementary material) in-165

dicating that they are statistically significant.166

Following Archer et al. (2013), we have estimated the field line resonance (FLRs)167

frequencies using the time of flight approximation:168

fFLR =

[
2 ·
∫

ds

VA

]−1

(5)

where fFLR is the fundamental FLR frequency, VA is the Alfvn speed, and the in-169

tegration is carried out over the entire length of the field line which is estimated using170

the TS96 model. For the electron density estimation we used a power law distribution:171

ρ(L, r) = ρ0(L)

[
L

r

]m
(6)

where r is the geocentric radial distance, L is the equatorial distance to the field172

line, ρ0 is the equatorial mass density inferred from THD (since it is very close to the173

equatorial plane), and the exponent m is taken to be 2 (Denton, 2002). The dashed black174

lines in figure 2f indicate the fundamental and the first 5 harmonics of the FLR at the175

spacecraft location. As shown, the two prominent frequency bands correspond to the sec-176

ond and fifth harmonics. Note that using various external magnetic field models changed177

the results by approximately 0.5 mHz at all L-shells (see also figure S2 in the supplemen-178

tary material). Similarly, changing the exponent of the density distribution had negli-179

gible effect on the results. Thus, we can assume that the estimated FLRs are broadly180

correct, even though we do not require precise calculations in this study.181

4 Discussion182

As shown in the previous section, on February 13, 2013, THEMIS-A observed a mag-183

netosheath jet at 11:38 UT which was followed by a period of slowed (occasionally sun-184
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ward directed) ambient plasma which we characterized as After-Flow (AF). The prop-185

erties of the AF plasma region are very close to the properties one expects from an am-186

bient plasma interacting with a high-speed velocity jet, with de-acceleration of the back-187

ground plasma and anomalous (possibly even sunward) flow (Plaschke & Hietala, 2018;188

Plaschke et al., 2020). Moreover, and in agreement with expectations, jets generally do189

modify the magnetic field on their passage. Indeed, during this period, THEMIS-A mag-190

netometer showed abrupt disturbances which, in the wavelet spectrum, appeared as promi-191

nent and irregular pulsations in the Pi2 frequency range and in two frequency bands (7.6–192

9.2 and 12–17 mHz). Note that Pi2 pulsations are a well-known example of waves trig-193

gered by dB/dt, and/or sudden changes in the magnetic field configuration (Keiling &194

Takahashi, 2011). Especially in the Earth’s magnetosphere, they have been associated195

with other fast plasma flows appearing in the plasma sheet, the Bursty Bulk Flows (BBFs)196

(Angelopoulos et al., 1992; Kepko et al., 2001; Wang et al., 2015). Of course there can197

be no straightforward comparison between the highly turbulent magnetosheath plasma198

and the plasma sheet, nevertheless, there are some similarities in terms of a fast plasma199

flow abruptly modifying the magnetic field, which in turn gives birth to Pi2 pulsations.200

Another possible origin of these pulsations could be the magnetosheath downstream201

of the quasi-parallel shock (Schwartz et al., 1996). Nevertheless, both the unfiltered and202

the filtered magnetic field spectra exhibited these pulsations with significant power (above203

the 95% confidence level) during the AF duration, only. On the contrary, continuous pul-204

sations in the Pc5 frequency range, which were also observed, roughly covered the whole205

quasi-parallel magnetosheath. Finally, Pi2 pulsations could have been originated by the206

upstream waves generated in the foreshock region (Clausen et al., 2009; Wilson, 2016).207

Nevertheless, the estimated upstream wave frequencies were considerably below the fre-208

quency range under examination, which renders the foreshock generated Pi2 pulsations209

an unlike scenario.210

From all the above and considering the Pi2 pulsations are isolated to the AF re-211

gion only, we can conclude that the local magnetic field disturbance generated by the212

jet’s interaction with the ambient plasma is the most possible cause of the observed pul-213

sations. Furthermore, these Pi2 frequency bands were later detected in the magnetosphere214

by THEMIS-D. Thus, in what follows we will focus our discussion on the Pi2 frequency215

range during the AF.216
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Figure 3. Lomb-Scargle periodogram for the total magnetic field magnitude measured by

THA at the magnetosheath (top panel) and THD in the magnetosphere (bottom panel). The

horizontal red lines correspond to the 95% confidence level. The black boxes highlight the fre-

quency local maxima.

Figure 3 shows the Lomb-Scargle periodogram in the 7–28 mHz frequency range217

for the total magnetic field magnitude measured by THA at the magnetosheath (top panel)218

and THD in the magnetosphere (bottom panel) accompanied by their 95% confidence219

level. The use of the Lomb/Scargle periodogram (Scargle, 1982), is complementary to220

the wavelet spectrum as the discrete periodicities in the former sometimes correspond221

to a range of periodicities in the latter. As shown, the two periodograms exhibit a re-222

markable similarity and, furthermore, are in good agreement with the corresponding wavelet223

spectra. In detail, the two periodograms exhibit local peaks that exceed the 95% con-224

fidence level at two frequency bands. The first band corresponds to 7.8–9.1 mHz (peak225

at 8.3 mHz) and 7.6–9.7 mHz (peak at 8.7 mHz) at the magnetosheath and magneto-226

sphere, respectively. The second band corresponds to 16.1–18.2 mHz (peak at 17.2 mHz)227

and 15.8–16.7 mHz (peak at 16.3 mHz) at the magnetosheath and magnetosphere, re-228

spectively.229

Figure 4 shows the cross-wavelet and phase coherence between the pulsations in230

the magnetosheath and in the magnetosphere in the 7–30 mHz frequency range. Sim-231

ilar to the Lomb-Scargle periodograms, the XWT (middle panel of figure 4) exhibits com-232

mon power in two frequency bands with peak frequency at 8.5 and 16.3 mHz which is233
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Figure 4. Cross-wavelet (middle panel) and phase coherence (right panel) between the pul-

sations in the magnetosheath and in the magnetosphere in the 7–30 mHz frequency range. The

left panel corresponds to the global spectrum. Note that the frequency axis is inverted with lower

frequencies shown at the top of the axis. The colour-bar of the WTC corresponds to the confi-

dence level of the phase, obtained by the Monte-Carlo test, and the arrows appearing correspond

to a confidence level greater than 0.6. The arrows point to the phase relationship of the two data

series in timefrequency space: (1) arrows pointing to the right indicate in-phase behaviour; (2)

arrows pointing to the left indicate anti-phase behaviour; (3) arrows pointing downward indi-

cate that the first dataset is leading the second by 90 degrees. The vertical black lines mark the

duration of the jet’s afterflow (AF).
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limited inside the AF duration and, moreover, exhibits a statistically significant phase234

coherence (right panel of figure 4). In detail, the phase between the two signals is ≈60235

and 120 degrees (which corresponds to an estimate of 140 seconds) for the 8.5 and 16.3236

mHz, respectively. Note that this propagation time is in good agreement with the es-237

timated propagation time of a disturbance travelling with Alfvenic speed from the cor-238

responding position of THA and THD.239

All the above indicate that the Pi2 pulsations detected in the magnetosphere are240

directly associated with those observed in the magnetosheath. Nevertheless, a question241

arises from these results concerning the way these pulsations are propagated through the242

magnetopause. Archer et al. (2019) showed that impulses on the boundary can gener-243

ate a standing waves or eigenmodes of the magnetopause surface, which can later on prop-244

agate to the inner magnetosphere. Nevertheless, we have indicated that the Pi2 pulsa-245

tions observed in this study are locally generated in the magnetosheath by the interac-246

tion of the jet with the ambient plasma, since they are not found within the jet itself.247

Moreover, Archer et al. (2013) showed that the magnetopause acts like a low-pass filter,248

favoring the excitation of Pc56 pulsations in the compressional components of the mag-249

netic field, while in this study we refer to Pi2 frequencies. Finally, even though a direct250

penetration of these pulsations through the magnetopause is a possible explanation, this251

scenario requires much further investigation which is out of the scope of this study.252

5 Conclusions253

On February 13, 2013 near noon, THEMIS-A, which was located in the dayside mag-254

netosheath, observed a magnetosheath jet downstream of the quasi-parallel bow shock.255

Right after the jet, the After-Flow (AF) was associated with Pi2 pulsations in two fre-256

quency bands (7.6–9.2 and 12–17 mHz). It is the first time–to our knowledge–such a wave257

activity is detected in the magnetosheath. Our results indicate that these pulsations were258

locally generated, possibly due to the sudden changes in the magnetic field driven by the259

jet’s interaction with the ambient magnetosheath plasma. Furthermore, these pulsations260

were also detected inside the magnetosphere with a 140 seconds time-lag, which raises261

the question of how exactly these pulsations are propagated through the magnetopause.262
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