
General remarks 

The submitted manuscript investigates the electric current distribution within two 

magnetic dips identified as mirror mode structures in the terrestrial plasma sheet. As 

these are quasi-stationary magnetic field structures in the plasma frame, they must be 

supported by electric currents. According to the Authors, the currents are carried 

preponderantly by either electrons or ions, depending on the scale of the structure. To 

my knowledge this is the first experimental study of these current systems, therefore 

the manuscript can add a valuable contribution to our current understanding of the 

mirror modes. There are however a number of issues which should be addressed before 

publication. 

 

Despite the availability of magnetic field and particle data from the four MMS 

spacecraft forming a “tetrahedron with inter-spacecraft distances of tens km” – as 

mentioned in page 2, line 79 of the manuscript, little advantage of the multi-point 

measurements is taken by the Authors. As far as I can tell, the multi-point capabilities 

of the MMS fleet were only used to determine the spacecraft-frame velocities of the 

detected compressional fluctuations (page 5-6, lines 113-120). Everywhere else, only 

single spacecraft data seems to be used. I am aware that the tetrahedron configuration 

might not be appropriate for some multi-point techniques, such as the curlometer, or 

that the characteristic size of the tetrahedron might not be ideal for the scale of the 

investigated structures. Nevertheless, the Authors should either use the measurements 

from all spacecraft or clearly explain why some of the data is excluded from the analysis. 

There is only a brief remark in this direction in the manuscript, stating that the 

interspacecraft distances are to small to allow an estimation of the magnetic field 

curvature (page 12, lines 270-272). 

 

Even when essentially single spacecraft data are used (e.g. determining the principal 

coordinate system, scales of the structures, instability condition, current densities, 

pressures, particle velocities), reference should be made to all four MMS spacecraft, 

differences between spacecraft discussed, and when possible mean values used. In 



particular, figures 2 and 3 should include all spacecraft. 

 

The text should be better structured and the language should be revised throughout the 

manuscript. 

 

2 Specific comments 

Page 2, line 37-39 

Due to gradients in the magnetic field and plasma density, the mirror mode waves may 

slowly propagate relative to the ambient plasma flow (Hasegawa 1969, Pokhotelov 

JGRA 2003). 

 

Answer: Thanks for your nice suggestion. We have added this sentence in our revised 

manuscript. 

 

Page 5-6, line 115-120  

More details about the timing method used to estimate the velocity of the compressional 

oscillations should be given. What are the time delays, accuracy? Tetrahedron size, 

elongation and planarity should be discussed. Is the determined speed the phase velocity 

in the spacecraft frame? (i.e. planar wave fronts orthogonal to the determined velocity 

vector are assumed? if yes, then the direction of the determined velocity vector should 

be compared with the minimum variance direction determined on page 7, line 153. They 

should agree.). Since the Authors refer to the oscillations between 20:51 and 21:04 

(page 5, line 112) why only the interval [20:51:55, 20:53], corresponding to the later 

identified (page 7, Table 1) MM1 structure, is used? To ease the interpretation and 

comparison between the determined phase velocity vector and the mean plasma flow 

velocity, spherical coordinates (magnitude, θ, ϕ) should be used, and the angle between 

the two vectors should be given. 

Answer: Thanks for your nice comments and suggestions. Burst magnetic field data 

(a resolution of 128 Hz) are available only between 20:51 and 20:54 UT, thus, we 

calculate the propagating velocity of the hole-like structure between 20:51:55 and 



20:52:56 UT based on timing analysis (Harvey, 1998) to verify whether these 

compressional structures are non-propagation. Figure 2A shows the positions of the 

MMS spacecraft relative to MMS1 at 20:52 UT. The inter-spacecraft distances are ~13 

to 21 km. Before performing the timing, the magnetic field data have been low-pass 

filtered with a cutoff period of 30 s to reduce the effect of high frequency fluctuations. 

Figure 2B shows the cross correlations between MMS1 and the three other satellites by 

using BZ. The maximum correlation coefficients are all almost 1 between MMS1 and 

MMS2/3/4 with a lag time of -0.312 s, -0.164 s and -0.039 s, respectively. The estimated 

velocity is (71.3, 11.7°, -28°) in spherical coordinates (r, θ, φ) transferred from GSM 

coordinate system, where θ and φ are the longitude and latitude, respectively. By 

contrast, the average ion velocity is (71.6, 37.8°, -28.4°) in this interval. Comparing 

these two velocities, one can find that the compressional structures in Figure 1 are 

approximately stationary, i.e. they are mirror mode structures. The determined velocity 

is the phase velocity in the spacecraft frame, i.e. the front of the structure is supposed 

to be perpendicular to the determined velocity. 

The minimum variance direction is supposed to be parallel to the above estimated 

velocity by timing, however, the angle between these two directions is ~37°. The MVA 

technique can be effected by waves or noises superimposed on the discontinuity surface, 

while the inter-spacecraft distances and configuration of the MMS satellites can effect 

on the accuracy of calculation, which might a possible explanation for the large 

difference between the two estimated normal directions. 

We have added the above details in our revised manuscript. 

 

 

(Harvey 1998) does not appear in the manuscript references list. I assume it is Chapter 

12 in the ISSI “Analysis Methods for Multi Spacecraft Data” book. 

Answer: Thanks for your nice comment. Yes, it is this reference. We have added the 

reference in our revised manuscript. 

 

 



Page 6, line 127-135 

The velocity used for estimating the scales (line 129) should be the one determined 

from timing analysis, not the plasma flow velocity. Since the two are not very different 

(line 118), this should not change much the results. Most probably the mirror mode 

structures have different sizes in different directions. For this study, the relevant size is 

the size in the direction orthogonal to the magnetic field. This size should be determined 

considering the angle between the mean magnetic field and the velocity vector 

determined from the timing analysis. Since the minimum variance direction – which 

should be close to the velocity direction – seems to be orthogonal to the mean magnetic 

field (figures 2 and 3), I expect that the sizes estimated in the manuscript are not far 

from the sizes in the orthogonal to the mean field direction. However, if the structures 

are not crossed through their centers – e.g. a path similar to the one shown in Figure 5 

–, then the estimated sizes are only lower limits. 

Answer: Thanks for your nice comment. Of course, it is better to use the velocity 

determined by timing to estimate the length scale of the mirror mode structure. The 

inter-spacecraft distances are ~13 to 21 km, which is too small to use the survey 

magnetic field data to do timing analysis. Only the burst magnetic field data during the 

first mirror mode structure are available, thus, we just do timing analysis for the first 

mirror mode structure to verify whether these structures are stationary in the ambient 

flow. Due to lack of sufficient burst magnetic field data, we estimate the length scale of 

the mirror mode structure in its cross-section using the M and N components of the ion 

velocity in our revised manuscript. It is difficult to verify whether the spacecraft 

trajectory crosses the center of the structure. Therefore, the estimated length is just the 

lower limits. We have added these details in our revised manuscript. 

 

 

On lines 131-132 I assume the Authors meant “average ion perpendicular temperature”. 

Answer: Thanks for your comment. Yes, we meant “average ion perpendicular 

temperature”. We have made a correction in our revised manuscript. 

 



 

Page 7, Table 1 

“ρi” should read “Scale (ρi)”. 

Answer: Thanks for your nice suggestion. In our paper, we mainly focus on the first 

and last mirror mode structures. And the information of these two structures have been 

written in the text. So, the table 1 is found to be not necessary to show, and has been 

deleted in our revised manuscript. 

 

 

Page 7, lines 147-159 

After line 147 the manuscript concentrates only on two magnetic dips (MM1 and MM5). To 

help readability, this should be clearly stated. The first structure (MM1) is analyzed in this 

paragraph and in the next one (up to line 181), while MM5 is analyzed in the remaining of the 

section. Dividing the text in subsections would improve readability. In this context, the 

maximum variance direction – which for magnetic mirrors should be aligned with the mean 

magnetic field – is the important direction. Therefore, the ratio between the maximum and the 

intermediate eigenvalues is relevant. The angles between the mean magnetic field and the 

determined L; M and N directions should be given. 

The current density should be computed also using the curlometer, or the Authors should 

explain why this technique cannot be applied. Same comments apply for the MM5 on the next 

page. 

Answer: Thanks for your nice comments and suggestions. We have separately analyzed 

these two mirror mode structures based on your suggestions. The angles between the 

mean magnetic field and the L, M and N directions are also given in the text. To study 

the relation between ions/electrons and the current density, the current density 

calculated by the curlometer method is a better choice. We determined the current 

density by the curlometer method, and did correlation analysis between the ion/electron 

velocity and the current density in our revised manuscript. 

 

 



Figures 2 and 3 should show the orthogonal pressures of both ions and electrons. Are the ion 

velocities and the electron pressure in Figure 2 smoothed? 

Answer: Thanks for your suggestions. We have shown the orthogonal pressures of both 

ions and electrons in these two figures. Only the electron data in these two figures have 

been smoothed within a 30-second window, since only electron data have significant 

high-frequency noise. 

 

 

Page 7-8, lines 161-174 

A more quantitative approach to determine which species (ions or electrons) contribute mostly 

to the electrical current is desirable. The Authors might e.g. compute the correlation between 

the electrical current and the ion and electron velocities. 

Answer: Thanks for your nice suggestions. We have calculated the correlation 

coefficient between the electrical current and the ion/electron velocity in our revised 

manuscript. “The correlation coefficient between jN and VeN inside MM1 is -0.97.” 

“The correlation coefficient between ViN and jN is 0.92 in the whole interval of MM2” 

 

 

Page 11, lines 240-242 

Please state the assumptions made for estimating the current density jB. 

Answer: Thanks for your nice suggestion. BL changes ~5 nT in MM1 between 20:52:30 

and 20:52:56 UT, and half of the estimated length of MM1 is 2.05 × 103 km in the 

cross-section. Assuming that BM and BN are 0, and BL changes just along the trajectory 

of MMS, a current density jB with a value of ~2 nA/m2 in the cross-section is necessary 

to be self-consistent with the magnetic field depression. We stated the assumption in 

our revised manuscript. 

 

 

Page 11, lines 251-255 

There is no reference to chaotic particles in (Constantinescu 2002). Perhaps the Authors refer 



to another paper? 

Answer: Thanks for your comment. We have corrected the reference, which is Büchner 

and Zelenyi (1989). 

 

Büchner, J., and Zelenyi, L. M. Regular and chaotic charged particle motion in 

magnetotail like field reversals. Journal of Geophysical Research, 94, 11,821–11,842. 

https://doi.org/10.1029/JA094iA09p11821, 1989. 

 

 

Page 12-13, lines 285-295 

An estimation of the gradient drift velocities for electrons and ions (similar with the estimation 

done in the previous paragraph for MM1), as well as an estimation of the electron diamagnetic 

drift should be given. 

Answer: Thanks for your comments. We use the data in the time interval between 

21:02:30 and 21:02:50 UT to estimate the ion thermal pressure and magnetic gradients. 

Also, the average ion perpendicular and parallel temperatures, average total magnetic 

field and average curvature radius in this interval are used to estimate the velocities of 

the ion drift motions. Consequently, the velocities of the ion diamagnetic, magnetic 

gradient and curvature drift motions are ~17 km/s, 33 km/s and 79 km/s, respectively. 

By contrast, the velocities of the electron diamagnetic, magnetic gradient and curvature 

drifts are ~5 km/s, 14 km/s and 36 km/s. Since the ion diamagnetic and magnetic 

curvature drifts move almost in the same direction in the M-N plane, while the ion 

magnetic gradient drift moves in the opposite direction. Thus, the collective drift 

velocity is ~63 km/s, very close to the ion velocity inside MM2 with a speed of 70 km/s. 

Thus, one can expect that the bipolar ViN in Figure 4 is the collective behaviors of the 

ion drift motions in MM2. 

 

 

Page 13, lines 301-309 

The normal directions (line 305) are almost orthogonal to each other. Knowing the estimated 



size between the entry and exit points, d, one can derive the transversal size of the structure as 

illustrated in Figure 5 (about 1:4d). Why is the MMS trajectory a curved line? Does the assumed 

relative motion of the magnetic structure change so much during the crossing time? 

Answer: Thanks for your comments. “The normal directions are almost orthogonal to 

each other, the maximum length of MM2 in the cross-section could be 1.4 times the 

estimated length (6.6 ρi) based on the assumption of a circle.” We found that the M 

component of the ion velocities ViM at two edges of MM2 are different, so the MMS 

trajectory was drawn as a curved line. Actually, the difference ViM at two edges of MM2 

is not significant, so a straight line could be better to show the MMS trajectory. The 

trajectory has been changed to be a straight line in this figure in our revised manuscript. 



General remarks 

Wang et al. investigated the roles of electrons and ions in the formation of the current 

in the mirror mode structures in the plasma sheet using by the MMS observations. They 

found that the electrons and ions play a different role in the different sizes of mirror 

mode structures: the current carriers are mainly the electrons in small size mirror mode 

by magnetic gradient-curvature drift, and the ions in large size mirror mode by the ion 

diamagnetic drift. This study sheds new light on formation of currents in the mirror 

modes, and is worthy of publication in AG after moderate reversion. 

 

In the discussion section: MMS consists of four identical spacecraft, and could provide 

the simultaneous measurements of four points. Why the authors use the plasma 

measurements and magnetic field to estimate the time series of magnetic gradient 

curvature drift, electron diamagnetic drift, ion diamagnetic drift, and other terms. I think 

this is useful to estimate these different terms and then compare them. 

 

Line 18 It would be better to replace “data” to “instruments”, or remove “data”. 

Answer: Thanks for your nice suggestions. We have removed “data” from this sentence. 

 

 

Line 47-49 Actually the sizes of magnetic holes can be less than ion cyclotron radius in 

the magnetosheath. Such magnetic holes, named as kinetic-size magnetic hole or 

electron vortex magnetic hole, are widely observed using by MMS (doi:10.3847/1538-

4357/ab0f2f, doi:10.1002/2017JA024415, doi.org/10.3847/1538-4357/aac831, 

doi:10.1002/2016JA023858). 

Answer: Thanks for your comments. “Magnetic holes with a scale less than 1 ρi also 

exist in the magnetosheath as well as in the plasma sheet, and electron vortices are 

found inside these kinetic-size structures (Huang et al., 2017, 2018, 2019; Yao et al., 

2017).” We have added these sentences in our revised manuscript. 

 

 



Line 54-56 The small-size magnetic holes, below one ion cyclotron radius, are also 

detected in the plasma sheet (doi.org/10.3847/1538-4357/ab0f2f). These magnetic 

holes are always accompanied with electron scale instabilities, such as whistler waves. 

Answer: Thanks for your comments. “Magnetic holes with a scale less than 1 ρi also 

exist in the magnetosheath as well as in the plasma sheet, and electron vortices are 

found inside these kinetic-size structures (Huang et al., 2017, 2018, 2019; Yao et al., 

2017).” “Mirror mode structures accompanied by electron dynamics and whistler 

waves are also reported to occur during the dipolarization processes (Li et al., 2014; 

Huang et al., 2018).” We have added these sentences in our introduction. 

 

 

Line 61-63 Dipolarization fronts are widely investigate in many literatures 

(doi:Âa10.1002/2015JA021083, doi:10.1029/2012GL051784, doi:10.5194/angeo-30-97-

2012), and they play an important role in the energy conversion, mass transport, particle 

accelerations, and wave activities. 

Answer: Thanks for your comments. “Dipolarization fronts (DFs), characterized by a 

sharp enhancement in BZ in GSM, are formed ahead of the earthward fast flows (Ge et 

al., 2012; Wu et al., 2013; Schmid et al., 2016; Xiao et al., 2017). They play an 

important role in the energy conversion, mass transport, particle accelerations and wave 

activities (Fu et al., 2012; Huang et al., 2012, 2015).” We have added these sentences 

in our introduction. 

 

 

Line 72-75: I suggest the author give the motivation of this paper to help the readers to better 

understand their work. 

Answer: Thanks for your nice suggestion. “Our aim is to figure out whether the main 

contributor to the current inside the ion-scale mirror mode structure is the electron or 

ion.” We have added this sentence to the last paragraph of the introduction. 

 

 



Line 80-83 (Russell et al., 2014) should be corrected to (Russell et al., 2016). If the author did 

not use the burst mode data in this paper, I suggest the authors remove the introduction about 

the resolution of burst mode in this part. 

Answer: Thanks for your suggestions and comments. We have made correction to the 

reference. We have also deleted the description about the burst mode data in the 

introduction. 

 

 

Line 115-117 Why are the data performed low-pass filtered before the timing analysis? I 

suggest the authors give some descriptions here. 

Answer: Thanks for your nice suggestions. Waves with a period of several to ~20 s can 

be found inside the magnetic dip in Figure 3. To reduce the effect of high frequency 

fluctuations, the data have been performed low-pass filtered before the timing analysis. 

We have given descriptions in our revised manuscript. 

 

 

Line 120 “tends to be larger” “increases” or “has a peak”? 

Answer: Thanks for your comments. We meant that the ion number density has a peak 

in the trough of the oscillations. To better descript the relation between the number 

density and the total magnetic field, we have changed this sentence to “The total 

magnetic field varies in anti-phase with the ion number density during this interval.” 

 

 

Line 131: how to calculate the local ion gyro radius? Which time interval? Please give the 

details in the text. 

Answer: Thanks for your comments and suggestions. The local ion gyro radius is 

calculated by the average ion perpendicular temperature and the average magnetic field 

magnitude between 20:51:55 – 20:52:56 UT. We have given more details in our revised 

manuscript. 

 



 

133-135 Why the range of the scale and the angle are inconsistent with those in table 1? The 

“rotation angle” is the “shear angle”? 

Answer: Thanks for your comments. The angle is the angle between the magnetic field 

directions at two edges of each structure. The inconsistency here is caused by a typo. 

We have revised it in our manuscript. Since we mainly focus on the first and last mirror 

mode structures, and the information in table 1 can be found in the text, so table 1 is 

not necessary now and we have deleted it in our revised manuscript. 

 

 

Line 155: As the authors know, the separation of the four MMS spacecraft is very small. Thus, 

one can use the curlometer method to estimate the current density based on the magnetic field 

from four spacecraft. Why not the author use this method to calculate the current and compare 

with the current derived from the plasma measurements? 

Answer: Thanks for your comments and suggestions. The current density can be 

determined by the plasma moments or the curlometer method. To study the relation 

between ions/electrons and the current density, the current density calculated by the 

curlometer method is a better choice. So, we calculated the current by the curlometer 

in our revised manuscript. And we compared the current with the electron/ion velocity, 

and found a strong relationship between the current and the electron or ion velocity. 

 

 

Line 192 JN should be corrected to JM. 

Answer: Thanks for your comments. We have revised it in our manuscript. 

 

 

Line 216: “Ion velocities” should be “Ion velocities Vi_md”? 

Answer: Thanks for your comments. We have revised it in our manuscript. 

 

 



Line 230-235 The pileup region usually exists behind the DFs, not ahead of the DFs, for 

example the definition of flux pileup region in the paper (doi:10.1029/2012JA018141). In 

addition, the mirror mode structures are observed after the detection of DF. Why the authors 

thought they originate from the pileup region ahead of the DF? 

Answer: Thanks for your suggestions. Yes, the flux pileup region usually occurs behind 

the DF, and the region ahead of the DF is called the pressure pileup region. I have 

changed “the pileup region” to “the pressure pileup region”. 

Since mirror mode structures are stationary in the ambient flow, we can estimate the 

distance of the structures relative to the DF in the Y direction using the average VY ~30 

km/s during the structures. Thus, they are likely to occur dawnside of the MMS 

spacecraft with a distance of ~4 RE in the Y direction when the spacecraft are crossing 

the DF at around 20:38 UT. Compared this distance with the typical size of the DF (~3 

RE) (Huang et al., 2015) and the size of the structures, the mirror mode structures might 

come from the dawnside flank of the DF. Since the DF is considered to be a tangential 

discontinuity (Schmid et al., 2019) which pushes the background plasma to its flanks 

(Fu et al., 2012a, 2012b; Liu et al., 2013; Birn et al., 2015), the plasma near the flank 

is expected to come from the pressure pileup region ahead of DFs. In addition, mirror 

mode structures have been reported to be potentially generated in such a pressure pileup 

region (Zieger et al., 2011; Wang et al., 2016). Thus, the mirror mode structures in 

Figure 1 might originate from the pressure pileup region ahead of the DF. 

 

 

Line 243 Please indicate at which time “The amplitude of the bipolar jN in MM1 is ∼2 nA/m2”. 

Answer: Thanks for your suggestions. We have added the time interval in this sentence. 

 

 

Line 247 It would be better to add “in MM5” after “electron velocity” 

Answer: Thanks for your suggestion. We have revised it based on your suggestion. 

 

 



Line 271-272 The authors can try to use the magnetic field from four MMS spacecraft to 

estimate the curvature radius of mirror modes. 

Answer: Thanks for your suggestion. Using the data from all four MMS satellites, we 

can determine the curvature of MM1 by 

𝜌𝑐 = 𝐵−2𝐵𝑖∇𝑖𝐵𝑗 − 𝐵−4𝐵𝑗𝐵𝑖𝐵𝑙∇𝑖𝐵𝑙 

where the indices i, j and l indicates the three components of the magnetic field, and B 

= |B| (Shen et al., 2003). The curvature radius RC is 1/ρc. We have estimated the 

curvature radius of the mirror mode structures, and discussed it in our revised 

manuscript. 

 

 

Line 286-187 Did the authors ever calculate the magnetic gradient drift velocity in MM5? It 

would be necessary to compare the magnetic gradient drift velocity and the Vi_N. 

Answer: Thanks for your suggestion. We use the data in the time interval between 

21:02:30 and 21:02:50 UT to estimate the ion thermal pressure and magnetic gradients. 

Also, the average ion perpendicular and parallel temperatures, average total magnetic 

field and average curvature radius in this interval are used to estimate the velocities of 

the ion drift motions. Consequently, the velocities of the ion diamagnetic, magnetic 

gradient and curvature drift motions are ~17 km/s, 33 km/s and 79 km/s, respectively. 

Since the ion diamagnetic and magnetic curvature drifts move almost in the same 

direction in the M-N plane, while the ion magnetic gradient drift moves in the opposite 

direction. Thus, the collective drift velocity is ~63 km/s, very close to the ion velocity 

inside MM2 (which is MM5 in our previous manuscript) with a speed of 70 km/s. 

 

Line 304-307 Did the authors compare the normal directions calculated by MVA and timing 

method to ensure the accuracy of the results. 

Answer: Thanks for your suggestion. Comparing the normal directions determined by 

MVA and timing method can ensure the accuracy of the results. However, no burst 

magnetic field data are available in this time interval. So, we did not compare the 



normal directions calculated by both methods in our manuscript. 

 

 

Line 307-309 Please indicate which MMS? 1 or 2 or 3 or 4 after “trajectory of MMS”. How to 

deduce the possible trajectory of MMS, please give details in the text. 

Answer: Thanks for your comments and suggestions. Since the inter-spacecraft 

distances of MMS are very small compared to the scale of this mirror mode structure, 

the trajectory of the four MMS satellites are almost the same. Therefore, we only draw 

the trajectory of MMS1 in this figure. Based on the studies about the geometry of the 

mirror mode structure, we assume that the cross-section of the mirror mode structure is 

a circle. According to the normal directions of the both half sides of the structure and 

the ambient flow direction, we can simply get the possible trajectory of MMS1. We 

have added these details in our revised manuscript. 

 

 

Line 316 Please add a color bar in Figure 5. 

Answer: Thanks for your suggestion. We have added a color bar in this Figure. 
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Abstract 14 

Mirror mode structures widely exist in various space plasma environments. Currents 15 

are believed to exist in mirror mode structures and to be self-consistent with the 16 

magnetic field depression. Here, we investigate a train of mirror mode structures in the 17 

terrestrial plasma sheet on 11 August 2017 measured bybased on the Magnetospheric 18 

Multiscale mission data. We find that a bipolar current densities exists in the cross-19 

section of two hole-like mirror mode structures, referred to as magnetic dips. The 20 

bipolar current density in the magnetic dip with a size of ~3 2.2 ρi (the ion gyro radius) 21 

is mainly contributed by variations of the an electron bipolar velocity, which is mainly 22 

formed by the magnetic gradient-curvature drift. For another magnetic dip with a size 23 

of ~6.67 6 ρi, the bipolar current density is mainly caused by an ion bipolar velocity, 24 

which can be explained by the collective behaviors of the ion diamagnetic drift motions. 25 

The current density inside the mirror dip contributes to the maintenance of the hole-like 26 

structure’s stable. These Our observations suggest that the electrons and ions play 27 

different roles in the formation of currents in magnetic dips with different sizes.  28 



2 

 

1 Introduction 29 

Mirror modes are pressure-balanced and compressional magnetic structures 30 

(Hasegawa, 1969; Tsurutani et al., 2011; Wang et al., 2016; Zhang et al., 2018). They 31 

widely exist in many space plasma regions, such as solar wind (Zhang et al., 2008, 2009; 32 

Russell et al., 2009), planetary magnetosheath (Volwerk et al., 2008; Schmid et al., 33 

2014), planetary magnetosphere (Vaivads et al., 2001; Rae et al., 2007), and comets 34 

(Glassmeier et al., 1993; Volwerk et al., 2016). These structures are believed to be 35 

generated by the mirror instability excited in the mirror unstable environment 36 

(Hasegawa, 1969; Southwood and Kivelson, 1993). The plasma perpendicular 37 

temperature anisotropy provides free energy to excite the mirror instability (Kivelson 38 

and Southwood, 1996). Once the mirror mode structures are generated, they will 39 

convected with the ambient flow since they are non-propagating relative to the ambient 40 

flow (Tsurutani et al., 2011). Due to gradients in the magnetic field and plasma density, 41 

the mirror mode structure may slowly propagate relative to the ambient plasma flow 42 

(Hasegawa, 1969, Pokhotelov et al., 2003). It is expected that they will stop to grow or 43 

decay when they move into the mirror stable region. Actually, they are reported to be 44 

able to survive in the mirror stable region in the solar wind and magnetosheath 45 

(Balikhin et al., 2009; Russell et al., 2009). 46 

 47 

Mirror mode structures appears as not only quasi-periodic sinusoidal oscillations, but 48 

also local enhancements or decrease of the magnetic field intensity, referred to as 49 

magnetic peaks or dips (Tsurutani et al., 2011). Magnetic peaks can only exist in the 50 

mirror unstable environments, while magnetic dips are able to survive in the mirror 51 

stable region (Kuznetsov et al., 2007; Soucek et al., 2008). The typical scales of the 52 

mirror mode structures are 10s ρi in the magnetosheath (Tsurutani et al., 1982; Horbury 53 

and Lucek, 2009), where ρi is the ion gyro radius. Based on observations of the four 54 

Cluster satellites, the longest scales of the mirror mode structures in the magnetosheath 55 

is found to be 2 – 6 times length of their shortest scales, and their shapes are 56 

approximately cigar-like (Horbury and Lucek, 2009). By contrast, magnetic dips with 57 



3 

 

a scale less than 1 ρi also exist in the magnetosheath as well as in the plasma sheet, and 58 

electron vortices are found inside the structure (Huang et al., 2017, 2018, 2019; Yao et 59 

al., 2017). 60 

 61 

In the terrestrial plasma sheet, there also exist mirror mode structures with several 62 

ion gyro radii (Vaivads et al., 2001; Zieger et al., 2011; Li et al., 2014; Wang et al., 63 

2016). The earthward fast flows can result in a magnetic pileup in its leading area, and 64 

the ion perpendicular temperature anisotropy in the pileup region is able to make the 65 

local plasma conditions mirror-unstable to generate mirror mode structures (Zieger et 66 

al., 2011). Mirror mode structures accompanied by electron dynamics and whistler 67 

waves are also reported to occur during the dipolarization processes in the plasma sheet 68 

(Li et al., 2014; Huang et al., 2018). Dipolarization fronts (DFs), characterized by a 69 

sharp enhancement in BZ in GSM, are formed ahead of the earthward fast flows (Ge et 70 

al., 2012; Wu et al., 2013; Schmid et al., 2016; Xiao et al., 2017). They play an 71 

important role in the energy conversion, mass transport, particle accelerations and wave 72 

activities (Fu et al., 2012b; Huang et al., 2012, 2015b). They are able to create a pressure 73 

magnetic pileup region ahead of the DF when moving earthward (Schmid et al., 2011; 74 

Fu et al., 2012; Liu et al., 2013). Mirror mode structures with a scale of ~4 ρi are 75 

reported to occur in the pressure magnetic pileup region ahead of a DF, and the mirror 76 

instability is suggested to be a potential mechanism to generate these structures since 77 

local environments are mirror-unstable (Wang et al., 2016). Within a mirror mode 78 

structure there should be an electric current driven by the magnetic gradient and 79 

curvature drifts of the ions and/or electrons in order to sustain their stability 80 

(Constantinescu, 2002). 81 

 82 

In this study, we investigate a train of ion-scale mirror mode structures in the 83 

terrestrial plasma sheet on 11 August 2017 using the Magnetospheric Multiscale (MMS) 84 

mission data. The Our aim of this study is to figure out whether the main contributor to 85 

the current density inside the ion-scale mirror mode structure is the roles of electron or 86 
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s and ions in the current inside the mirror mode structure based on the high-resolution 87 

MMS data. 88 

 89 

2 Observation 90 

The MMS spacecraft consist of four identical satellites, which constitute a 91 

tetrahedron with inter-spacecraft distances of tens km (Burch et al., 2015). In the 92 

present study, we use the survey (a resolution of 16 Hz) and burst (128 Hz) magnetic 93 

field data obtained by the Fluxgate Magnetometer (Russell et al., 20142016), and the 94 

survey (4.5 s) and burst (150 ms for ions, 30 ms for electrons) plasma data recorded by 95 

the Fast Plasma Instrument (Pollock et al., 2016). Since the burst magnetic and plasma 96 

data are only available in parts of the interval in Figure 1, the survey data are used 97 

throughout the paper unless stated otherwise. 98 

 99 

2.1 Overview of a DF event 100 

Figure 1 shows that BZ sharply increases ~8 nT within 7 seconds at ~20:38 UT on 11 101 

August 2017 accompanied by a fast earthward flow with a maximum velocity speed of 102 

~300 397 km/s at ~20:38 UT on 11 August 2017. Also, the local ion beta, the ratio of 103 

the ion thermal pressure to the magnetic pressure is ~4, and the elevation angle (θ =104 

arctan (
BZ

√BX
2 +BY

2
)) changes ~50° with a maximum angle of 64° (not shown). These 105 

observations satisfy the criteria of the DF from Fu et al. (2012a), indicating that it is a 106 

DF event shown as the vertical dotted line at around 20:38 UT in Figure 1. At 20:40 107 

UT, the MMS spacecraft are located near (-18, 14.6, 2) RE in GSM (Geocentric Solar 108 

Magnetospheric coordinates, used everywhere unless otherwise stated). The normal 109 

direction of the DF is (0.34, 0.82, -0.46) determined by the minimum variance analysis 110 

(MVA) (Sonnerup and Scheible, 1998) using the data in the interval between 20:37:33 111 

and 20:37:42 UT. The ratio of the intermediate to minimum eigenvalues (λ2/λ3) is ~15, 112 

indicating that the estimated normal direction is reliable (Volwerk, 2006; Wang et al., 113 

2014). The estimated normal direction suggests that the MMS spacecraft are located at 114 
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the duskward side of the DF based on the semi-circle assumption of the DF (Huang et 115 

al., 2015a). 116 

 117 

Figure 1. Observations of a DF event by MMS 1 on 11 August 2017. From top to bottom: three 118 

components of the magnetic field in GSM (a), the total magnetic field (b), ion density (c), ion 119 

perpendicular (red) and parallel (black) temperatures (d), ion perpendicular temperature anisotropy 120 

(e), the threshold of the mirror instability (f), the magnetic, ion thermal and total pressures (g), and 121 

three components of the ion velocity in GSM (h). The gray shadow indicates several compressional 122 

structures. The vertical dotted line indicates the DF, and the dashed lines indicates the trough of 123 

each two compressional structurehole-like structures. The gray shadows indicate the mirror mode 124 

structures. 125 

 126 

Several quasi-periodic compressional magnetic oscillations with a period of ~2 min 127 

are observed in the interval between 20:51 and 21:04 UT shown as the gray region in 128 

Figure 1. The total magnetic field varies in anti-phase with the ion number density 129 

during this interval. In addition, the total pressure, sum of the magnetic and ion thermal 130 

pressures, is almost constant, indicating that they are pressure-balanced structures. The 131 
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threshold of the ion mirror instability Ki is shown in Figure 1f, where K =  
T⊥

T∥
− 1 −132 

 
1

β⊥
, and T ⊥ , T ∥ , and β ⊥  are perpendicular and parallel ion temperatures and 133 

perpendicular ion beta, respectively (Southwood, and Kivelson, 1993). Local plasma 134 

environments become mirror unstable and can excite ion mirror instabilities when Ki > 135 

0. The maximum Ki in each mirror mode  compressional structure reaches over 0.2, 136 

and it tends to decrease to near or below 0 from the center of each structure to its edge. 137 

Before 20:51 UT or after 21:04 UT, Ki is near or below 0, i.e. the background 138 

environment for these structures is mirror marginally mirror stable. 139 

 140 

The above properties of the compressional structures indicate that they are likely to 141 

be mirror mode structures (Tsurutani et al., 2011). Mirror mode structures are supposed 142 

to be non-propagating structures relative to the ambient flow if there are no significant 143 

gradients in the magnetic field and plasma density (Pokhotelov et al., 2003). Burst 144 

magnetic field data (a resolution of 128 Hz) are available only between 20:51 and 20:54 145 

UT, thus, we perform timing analysis (Harvey, 1998) to calculate the propagating 146 

velocity of the hole-like structure between 20:51:55 and 20:52:56 UT to verify whether 147 

these compressional structures are non-propagation. Figure 2A shows the positions of 148 

the MMS spacecraft relative to MMS1 at 20:52 UT. The inter-spacecraft distances are 149 

~13 to 21 km. Before performing the timing, the magnetic field data have been low-150 

pass filtered with a cutoff period of 30 s to reduce the effect of high frequency 151 

fluctuations. Figure 2B shows the cross correlations between MMS1 and the three other 152 

satellites by using BZ. The maximum correlation coefficients are all almost 1 between 153 

MMS1 and MMS2/3/4 with a lag time of -0.312 s, -0.164 s and -0.039 s, respectively. 154 

The estimated velocity is (71.3, 11.7°, -28°) in spherical coordinates (r, θ, φ) transferred 155 

from GSM coordinate system, where θ and φ are the longitude and latitude, respectively. 156 

By contrast, the average ion velocity is (71.6, 37.8°, -28.4°) in this interval. Comparing 157 

these two velocities, one can find that the compressional structures in Figure 1 are 158 

approximately stationary, i.e. they are mirror mode structures. 159 
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 160 

 161 

Figure 2. (A) Positions of the MMS spacecraft relative to MMS1 at 20:52 UT in the X-Z (left) 162 

and Y-Z (right) planes. (B) The cross correlations between MMS1 and the three other MMS 163 

satellites calculated by using BZ in the interval 20:52:55 – 20:52:56 UT. 164 

 165 

Since waves with a period of ~20 s are superimposed on the compressional 166 

oscillations, and only burst magnetic field data are available before 20:53 UT for this 167 

interval, we estimate the velocities of these compressional oscillations by timing 168 

analysis (Harvey, 1998) using the burst magnetic field data low-pass filtered with a 169 

cutoff period of 30 s between 20:51:55 and 20:53 UT. The estimated velocity is (61.6, 170 

12.7, -33.5) km/s, which is close to the average ion velocity (49.3, 38.2, -35.2) km/s in 171 

this interval, suggesting that these oscillations are approximately stationary in the 172 

ambient flow. The ion number density tends to be larger in the trough of the oscillations 173 

as the dashed lines shown in Figure 1. Figure 1g shows that the magnetic and ion 174 

thermal pressures vary in anti-phase during the compressional oscillations, in addition, 175 

the total pressure is almost constant, indicating that the oscillations are pressure-176 

balanced. The above properties of the compressional oscillations indicate that they are 177 

mirror mode structures (Tsurutani et al., 2011).  178 

 179 

The first and last mirror mode structures as the dashed lines shown in Figure 1 are 180 

hole-like, which are referred to as magnetic dips. We will focus on these two magnetic 181 

dips in the rest paper, and we mark them as MM1 (20:51:55 – 20:52:56 UT) and MM2 182 

(21:02:26 – 21:03:34 UT). 183 

 184 
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2.2 Plasma properties in MM1 185 

To further look at the plasma properties in the magnetic dips, we transform the ion 186 

and electron velocities as well as the magnetic field and current density into the 187 

principal axis (LMN) coordinate system as shown in Figure 3. The principal axes 188 

vectors are calculated by MVA using the magnetic field data obtained from MMS1 in 189 

the interval between 20:51:55 and 20:52:56 UT. To reduce the effect of the high 190 

frequency fluctuations, the magnetic field data have been low-pass filtered with a cutoff 191 

period of 30 s before performing the MVA analysis. The L, M and N directions are 192 

(0.46, 0.27, 0.85), (0.28, 0.86, -0.42) and (-0.84, 0.43, 0.32) in GSM, respectively. The 193 

eigenvalue ratio λ2/λ3 is ~9.  194 

We mark these mirror mode structures as MM1 to MM5, and their time intervals and 195 

scales are listed in Table 1. The scales are estimated by  196 

 √(∫ VXdt
t2

t1

)

2

+ (∫ VYdt
t2

t1

)

2

+ (∫ VZdt
t2

t1

)

2

 197 

where VX, VY and VZ are three components of the ion velocity, while t1 and t2 are the 198 

start and end time of each structure (Ge et al., 2011). And the local ion gyro radius ρi is 199 

estimated by the average ion temperature and average total magnetic field low-pass 200 

filtered with a cutoff period of 20 s. The scales of these structures vary between ~3 ρi 201 

and 14.38 ρi. The rotation angle of the magnetic field over each structure varies between 202 

~2.5° and 12.4°. 203 

 204 

The threshold of the ion mirror instability Ki is shown in Figure 1f, where K =  
T⊥

T∥
−205 

1 − 
1

β⊥
, and T⊥, T∥, and β⊥ are perpendicular and parallel ion temperatures and 206 

perpendicular ion beta, respectively (Southwood, and Kivelson, 1993). Local plasma 207 

environments become mirror unstable and can excite ion mirror instabilities when Ki > 208 

0. The maximum Ki in each mirror mode structure reaches over 0.2, and it tends to 209 

decrease to near or below 0 from the center of each structure to its edge. Before 20:51 210 

UT or after 21:04 UT, Ki is near or below 0, i.e. the background environment for these 211 
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structures is mirror marginal stable. 212 

 213 

Table 1. The time interval, angle of the magnetic field at two edges, scale, and maxima threshold 

of the ion mirror instability for each mirror mode structure. 

 Time interval (HH:MM:SS) θ (°) ρi Scale (km) Ki_max 

MM1 20:51:55 – 20:53:06 UT 13.3 3 4.83 × 103 0.2 

MM2 20:53:06 – 20:55:00 UT 6.3 14.41 11.32 × 103 0.28 

MM3 20:55:00 – 20:57:14 UT 4.6 12.36 8.25 × 103 0.17 

MM4 20:57:14 – 20:58:56 UT 6.3 12.93 8.39 × 103 0.25 

MM5 21:02:26 – 21:03:34 UT 2.9 6.67 6.42 × 103 0.23 

 214 

MM1 and MM5 appear as hole-like structure, which are referred to as magnetic dips 215 

(Tsurutani et al., 2011). To further look at the plasma properties in the magnetic dips, 216 

we transform the ion and electron velocities as well as the magnetic field and current 217 

density into the principal axis (LMN) coordinate system. The principal axes vectors are 218 

calculated by the minimum variance analysis (MVA, Sonnerup and Scheible, 1998) in 219 

the interval between 20:51:55 and 20:53:06 UT. The L, M and N directions are (0.44, 220 

0.17, 0.88), (0.33, 0.88, -0.34) and (-0.84, 0.44, 0.33) in GSM, respectively. The ratio 221 

of the intermediate to minimum eigenvalues is ~4.7, indicating that the MVA results are 222 

reliable (Sergeev et al., 2003). The current density is calculated by j = qne(Vi – Ve), 223 

where ne, Vi, and Ve are electron number density, ion velocity and electron velocity, 224 

respectively. To reduce the effect of the high-frequency oscillations, the magnetic field, 225 

electron velocity and current density in Figure 2 (also in Figure 3) have been smoothed 226 

within a 20-second window. 227 

 228 

Figure 2 3 shows that BL is dominant while BM and BN vary around 0, . The angles 229 

between the average magnetic field in this interval and the L, M and N directions are 230 

~18°, 108° and 87°, respectively. It indicating indicates that the cross-section of the 231 

structureMM1 is approximately parallel to the M-N plane, and is approximately 232 

perpendicular to the ambient magnetic field. The N direction is supposed to be parallel 233 

to the above estimated velocity by timing, however, the angle between these two 234 

directions is ~37°. The MVA technique can be effected by waves or noises 235 
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superimposed on the discontinuity surface (Lepping and Behannon, 1980; Schmid et 236 

al., 2019), while the inter-spacecraft distances and configuration of the MMS spacecraft 237 

can effect on the accuracy of calculation (Harvey, 1998), which might a possible 238 

explanation for the large difference between the two estimated normal directions. The 239 

ion velocity is mainly in the M-N plane during the whole interval, and there are no 240 

significant changes in both ViM and ViN. By contrast, the N component of the electron 241 

velocity VeN shows a bipolar variation with an amplitude maximum change of ~70 40 242 

km/s. To reduce the effect of the high frequency noise, the electron data have been 243 

smoothed within a 30-second window in Figure 3 as well as in Figure 4. Interestingly, 244 

Aan enhancement (a decrease) of VeN occurs in the left (right) side of MM1, i.e. a 245 

bipolar feature appears in VeN. One can also note that the maximum and minimum of 246 

Ve_N in MM1 tend to occur near the maximum gradient of BL. Ve_M also shows a bipolar 247 

variation in MM1 compared to the ambient value. In addition 248 

 249 

The current density in Figure 3 is calculated by the curlometer technique (Dunlop et 250 

al., 2002) using the magnetic field data low-pass filtered with a cutoff period of 30 s. 251 

The current density can be regarded as reliable when the ratio |∇•B|/|∇ × B| is less than 252 

0.2. T, the N and M components of the current density jN shows a bipolar variations 253 

similar to VeN the electron velocity with an opposite trend of change. The correlation 254 

coefficient between jN and VeN inside MM1 is -0.97. By comparing the variations in the 255 

ion and electron velocities, one can note that the bipolar current density inside MM1 is 256 

mainly determined associated with by the the electron velocity. One can also note that 257 

tThe maximumpeak and minimumtrough of the bipolar VeN in MM1 tend to occur near 258 

the maximum gradient of BL., The bottom panel in Figure 2 shows the electron 259 

perpendicular thermal pressure Pe⊥, and there while there is no significant change in Pe260 

⊥ in MM1.  261 

 262 

Since the magnetic dips are stationary in the ambient flow, we can estimate their scale 263 

in the cross-section by 264 
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√(∫ VMdt
t2

t1

)

2

+ (∫ VNdt
t2

t1

)

2

 265 

where VM and VN are the M and N components of the ion velocity, t1 and t2 are the start 266 

and end times of each magnetic dip. The scale of MM1 is estimated to be ~4.1 × 103 267 

km, or ~2.2 ρi, where ρi is the local ion gyro radius calculated by the average ion 268 

perpendicular temperature and the average BT in MM1 between 20:51:55 – 20:52:56 269 

UT. Since the spacecraft may not cross the center of the magnetic dip, the estimated 270 

scale is the lower limit. 271 

 272 

Figure 23. From top to bottom: Three components of the magnetic field, ion and electron velocities 273 

in LMN, the ion and electron perpendicular thermal pressures, the current density in LMN and the 274 
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ratio of |∇•B|/|∇ × B|the principal axis (LMN) coordinate system, and electron perpendicular 275 

thermal pressure between 20:51 and 20:53:30 UT. The black, red, green and blue colors indicate 276 

data obtained from MMS1, MMS2, MMS3 and MMS4, respectively. The current density is 277 

calculated by the curlometer technique. The gray region indicates the interval of the magnetic dip. 278 

 279 

2.2 Plasma properties in MM2 280 

Figure 3 4 shows the magnetic field, ion velocity, electron velocity and current 281 

density in LMN between 21:01 and 21:05 UT and ion perpendicular thermal pressure 282 

in MM5. The magnetic field data between 21:02:30 26 and 21:03:30 34 UT are used to 283 

calculate the principal axes vectors by MVA (Sonnerup and Scheible, 1998). The ratio 284 

λ2/λ3 of the intermediate to minimum eigenvalues is ~6.8, and the L, M and N directions 285 

are (0.26, 0.091, 0.96), (-0.4944, 0.8789, 0.0502) and (-0.8386, -0.4943, 0.2728) in 286 

GSM, respectively. The angles between the average magnetic field in this interval and 287 

the L, M and N directions are ~1.5°, 89° and 89°, respectively. BL is dominant during 288 

the whole interval, while BM and BN are very small. Thus, the cross-section of MM5 289 

MM2 is also approximately parallel to the M-N plane, and almost perpendicular to the 290 

ambient magnetic field. No large-amplitude fluctuations appear in MM2 compared to 291 

MM1. The ion velocity ViM and ViN are dominant, while ViL varies around 0. 292 

Interestingly, a bipolar feature in ViN with a variation up to 73 80 km/s (peak minus 293 

trough) can be distinctly found inside the dip, while ViM tends to increase compared to 294 

the ambient flow. ViN is smaller (larger) than the ambient value in the left (right) side 295 

of the dip. The peak and trough of the bipolar ViN appear when there are significant 296 

gradients in the magnetic field and the ion perpendicular thermal pressures. It indicates 297 

that the bipolar ViN could be associated with the magnetic gradient and diamagnetic 298 

drifts. The length of MM2 in the cross-section is estimated to be ~6.4 × 103 km, or 299 

~6.6 ρi. 300 

 301 

The current density in Figure 4 is also determined by the curlometer technique. 302 

Before performing the curlometer analysis, the magnetic field data have been low-pass 303 

filtered with a cutoff period of 20 seconds to reduce the effect of the high-frequency 304 
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fluctuations. One can find that jN shows a similar bipolar feature to ViN. The correlation 305 

coefficient between ViN and jN is 0.92 in the whole interval of MM2, indicating that 306 

both parameters have a strong relation. The peak minus the trough of jN during MM2 is 307 

~5.6 nA/m2. JN also shows a similar bipolar feature with a variation up to 5.4 nA/m2, 308 

By contrast, while JL jL and JN jM have no such a clear bipolar featureno significant 309 

changes. The electron velocities show variations with periods larger than 1 minute, but 310 

no clear bipolar feature appears in any component of the electron velocity during 311 

MM2The N component of the electron velocity, however, shows no such characteristics, 312 

indicating that the bipolar JN jN is mainly determined by the bipolar ViN. The ion 313 

perpendicular thermal pressure Pi⊥ in the structure is obviously larger than the ambient 314 

value, and Pi⊥ tends to be larger from the edge to the center of MM5. 315 
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 316 
Figure 34. Three components of the magnetic field, ion and electron velocities, current density in 317 

the principal axis (LMN) coordinate system, and ion perpendicular thermal pressure between 2101 318 

and 2105 UT.From top to bottom: Three components of the magnetic field, ion and electron 319 

velocities in LMN, the ion and electron perpendicular thermal pressures, the current density in LMN 320 

and the ratio of |∇•B|/|∇ × B| between 21:01 and 21:05 UT. The black, red, green and blue colors 321 

indicate data obtained from MMS1, MMS2, MMS3 and MMS4, respectively. The current density 322 

is calculated by the curlometer technique. The gray region indicates the interval of the magnetic dip. 323 

 324 

To look at the variations of the ion flow in MM5MM2, we assume that the ion 325 

velocity observed during MM5 MM2 consists of Vi_a and Vi_md, where Vi_a is the 326 

ambient ion velocity, and Vi_md is the ion velocity inside the magnetic dipMM2 relative 327 
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to the ambient flow. The average velocity 30 seconds before and after MM5 MM2 is 328 

selected to be regarded as Vi_a with a value of (-2.6, 51.4, 33.4) km/s in LMN. Figure 329 

4 5 shows the deflection of Vi_md in the M-N plane. The arrows indicate the direction 330 

of the ion velocity, and their lengths indicate the magnitude of Vi_md in the M-N plane. 331 

The direction of Vi_md gradually changes from around -60° to 50° in the M-N plane. 332 

Also, the strength of Vi_md in this plane gradually increases and then decreases from the 333 

left side of the magnetic dip to the right side. In addition, the N component of Vi_md 334 

changes from negative to positive at just around the center of the structure. 335 

 336 

 337 

Figure 45. Ion velocities Vi_md in the M-N plane during MM5MM2. The arrows indicates the 338 

direction of the ion velocities, and their lengths indicate the amplitude of the ion velocities. And the 339 

gray line indicates the total magnetic field of MM5MM2. 340 

 341 

3 Discussion 342 

Figure 1 shows the ambient plasma is marginally mirror stable, indicating that the 343 

mirror mode structures are not locally generated. Since mirror mode structures they are 344 

stationary in the ambient flow, we can estimate the distance of the structures relative to 345 

the DF in the Y direction using the average VY ~30 km/s during the structures. tThus, 346 

they are estimated likely to occur dawnside of the MMS spacecraft with a distance of 347 

~4 RE in the Y direction when the spacecraft are crossing the DF at around 20:38 UT, 348 

where the average VY ~30 km/s during the structures are used. Compared this distance 349 

with the typical size of the DF (~3 RE) (Huang et al., 2015a) and the size of the 350 

structuresmagnetic dips in Figure 1, the mirror mode structures might come from the 351 

dawnside flank of the DF. Since the DF is considered to be a tangential discontinuity 352 
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(Schmid et al., 2019) which pushes the background plasma to its flanks (Fu et al., 2012a, 353 

2012b; Liu et al., 2013; Birn et al., 2015), the plasma near the flank is expected to come 354 

from the pressure pileup region ahead of DFs. In addition, mMirror mode structures 355 

have been reported to occur be potentially generated in such a pressure pileup region 356 

(Zieger et al., 2011; Wang et al., 2016). The pileup of the magnetic field and the ion 357 

reflection ahead of the DF are suggested to provide free energy to excite the ion mirror 358 

instability (Zieger et al., 2011; Wang et al., 2016). Thus, the mirror mode structures in 359 

Figure 1 might originate from the pressure pileup region ahead of the DF. 360 

 361 

Based on Ampère’s law, there should exist a current in the magnetic dip to sustain 362 

the structure’s stability, and the current is determined by the collective behavior of 363 

electrons and ions (see Constantinescu, 2002). Figure 2 3 and 3 4 shows that a bipolar 364 

current density is observed in both MM1 and MM5MM2. BL changes ~6 5 nT in MM1 365 

between 20:52:30 and 20:52:56 UT, and half of the estimated length of MM1 is 42.83 366 

05 × 103 km in the cross-section. Assuming that BM and BN are 0, and BL changes 367 

just along the trajectory of MMS, Thus, a current density jB with a value of ~2 nA/m2 368 

in the cross-section is necessary to be self-consistent with the magnetic field depression. 369 

The amplitude of the bipolar jN in MM1 is ~2 nA/m2 between 20:52:30 and 20:52:56 370 

UT, almost equal to jB, indicating that MM1 is a stable structure (Constantinescu, 2002). 371 

Similarly, MM5 MM2 is also a stable structure. The variations of the current density in 372 

MM1 is mainly contributed by the variations of the electron velocity. By contrast, no 373 

significant changes occur in the electron velocity, while a bipolar ion velocity similar 374 

to the current density appears in ViN. Thus, the bipolar current density in MM5 is mainly 375 

contributed by the variations of the ion velocity. 376 

 377 

Significant changes can be found in electron velocities in MM1, while the three 378 

components of the ion velocity are almost constant. Therefore, the current density in 379 

MM1 is mainly contributed by electrons. The amplitude of the bipolar electron velocity 380 

in VeN is ~40 km/s (see Figure 3). Three kind of the electron drift motions are expected 381 
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to create the current density, i.e. the magnetic gradient drift, the magnetic curvature 382 

drift and the diamagnetic drift. The electron perpendicular thermal pressure Pe ⊥ 383 

changes ~0.002 nPa in MM1, the average electron number density is ~0.4 cm-3, and the 384 

average total magnetic field is ~3 nT. Consequently, the estimated electron diamagnetic 385 

drift velocity is ~4 km/s, much smaller than the amplitude of the bipolar VeN. The peak 386 

of the bipolar VeN occurs in the time interval between 20:52:40 and 20:52:50 UT, during 387 

which there are no significant magnetic field fluctuations. We select this time interval 388 

to estimate the velocities of the magnetic gradient and curvature drifts. The total 389 

magnetic field changes ~1.1 nT, and the median total magnetic field is ~2.2 nT in this 390 

interval. The median electron perpendicular and parallel temperatures are ~680 eV and 391 

650 eV. The length scale of MM1 is ~4.1 × 103 km in the M-N plane and its duration 392 

is ~61 s, thus the length for the time interval between 20:52:40 and 20:52:50 UT is ~680 393 

km. Using the data from all four MMS satellites, we can determine the curvature of 394 

MM1 by 395 

𝜌𝑐 = 𝐵−2𝐵𝑖∇𝑖𝐵𝑗 − 𝐵−4𝐵𝑗𝐵𝑖𝐵𝑙∇𝑖𝐵𝑙 396 

where the indices i, j and l indicates the three components of the magnetic field, and B 397 

= |B| (Shen et al., 2003). The curvature radius RC is 1/ρc. Before performing the 398 

calculation, the magnetic field data have been low-pass filtered with a cutoff period of 399 

1 second to reduce the effect of the high-frequency noise. The median RC in this interval 400 

is 1.1 × 103 km. Thus, the velocities of the electron magnetic gradient and curvature 401 

drifts are ~209 km/s and 262 km/s, respectively. Since the magnetic curvature drift in 402 

MM1 is in the opposite direction of the magnetic gradient drift., thus the collective 403 

velocity of these two velocities are ~53 km/s, which is close to the amplitude of the 404 

bipolar VeN. It suggests that the bipolar electron velocity in MM1 is mainly formed by 405 

the electron magnetic gradient and curvature drifts. 406 

Figuring out the magnetic field geometry, we can get the exact values of the magnetic 407 

gradient and curvature drifts. Due to the small interspacecraft distance among the MMS 408 

satellites, it is difficult to get a reasonable magnetic field geometry and a reliable 409 

curvature radius of MM1. Nevertheless, it is expected that both the magnetic gradient 410 
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and curvature drifts contribute significantly to the formation of the current in MM1. 411 

The size of MM1 is ~2.2 ρi, and its central magnetic field strength is almost 0. Thus, 412 

the ion gyro radius is expected to significantly change within one orbit, and ions would 413 

randomly jump between neighboring magnetic dips. These ions are referred to as 414 

chaotic particles (Büchner and Zelenyi, 1989), which could be one reason why ions do 415 

not seem to contribute to the formation of the current in MM1. 416 

The size of MM1 is ~3 ρi, and its central magnetic field strength is almost 0. Thus, 417 

the ion gyro radius is expected to significantly change within one orbit, and ions would 418 

randomly jump between neighboring magnetic dips (Constantinescu, 2002). These ions 419 

are referred to as chaotic particles, which do not contributed to the formation of the 420 

current in the mirror mode structure (Constantinescu, 2002). It might be an important 421 

reason that the current in MM1 is mainly contributed by electrons. The size of MM1 is 422 

~20 ρe, where ρe is the local electron gyro radius. Thus, a quasi-hydrodynamic treatment 423 

can be used to describe the electrons. Three kind of drifts are expected to form the 424 

current in MM1, i.e. the magnetic gradient drift, the magnetic curvature drift, and the 425 

electron diamagnetic drift. The electron perpendicular thermal pressure Pe⊥ changes 426 

~0.002 nPa in MM1, the average electron number density is ~0.4 cm-3, and the average 427 

total magnetic field is ~3 nT. Consequently, the estimated electron diamagnetic drift 428 

velocity is ~4 km/s, much smaller than the bipolar amplitude ~70 km/s in Ve_N in Figure 429 

2. We also calculate the magnetic gradient drift velocity with an estimated value of 1.13 430 

× 102 km/s, where the electron perpendicular temperature is ~800 eV, and BL changes 431 

~6 nT in a length of 2.45 × 102 km. Figure 2 shows that the strength of the bipolar 432 

velocity in Ve_N is ~70 km/s, smaller than the magnetic gradient drift velocity. The 433 

magnetic curvature drift in MM1 is in the opposite direction of the magnetic gradient 434 

drift. Figuring out the magnetic field geometry, we can get the exact values of the 435 

magnetic gradient and curvature drifts. Due to the small interspacecraft distance among 436 

the MMS satellites, it is difficult to get a reasonable magnetic field geometry and a 437 

reliable curvature radius of MM1. Nevertheless, it is expected that both the magnetic 438 

gradient and curvature drifts contribute significantly to the formation of the current in 439 
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MM1. 440 

 441 

No significant changes occur in the electron velocity in MM2, thus the bipolar 442 

current density is mainly contributed by the variations of the ion velocity (see Figure 443 

4). The size of MM5 MM2 is ~6.67 ρi, larger than that of MM1. The ion bipolar velocity 444 

in MM5 indicates a local ion flow, suggesting there exists some magnetohydrodynamic 445 

properties in this structure. The trough of the bipolar ViN is observed at around 21:02:45 446 

UT, meanwhile, ViM increases ~50 km/s compared to the ambient flow on the left side 447 

of MM2. The amplitude of the bipolar ViN is ~50 km/s, thus, the ion velocity inside 448 

MM2 ~70 km/s relative to the ambient ion flow. The ion perpendicular thermal pressure 449 

tends to be larger from the edge of MM5 MM2 towards its center (see Figure 34), 450 

therefore, an ion diamagnetic drift is expected to be formed (Baumjohann and 451 

Treumann, 1996). We use the data in the time interval between 21:02:30 and 21:02:50 452 

UT to estimate the ion thermal pressure and magnetic gradients. Also, the average ion 453 

perpendicular and parallel temperatures, average total magnetic field and average 454 

curvature radius in this interval are used to estimate the velocities of the ion drift 455 

motions. Consequently, the velocities of the ion diamagnetic, magnetic gradient and 456 

curvature drift motions are ~17 km/s, 33 km/s and 79 km/s, respectively. By contrast, 457 

the velocities of the electron diamagnetic, magnetic gradient and curvature drifts are ~5 458 

km/s, 14 km/s and 36 km/s. Since the ion diamagnetic and magnetic curvature drifts 459 

move almost in the same direction in the M-N plane, while the ion magnetic gradient 460 

drift moves in the opposite direction. Thus, the collective drift velocity is ~63 km/s, 461 

very close to the ion velocity inside MM2 with a speed of 70 km/s. Thus, one can expect 462 

that the bipolar ViN in Figure 4 is the collective behaviors of the ion drift motions in 463 

MM2. 464 

The ion perpendicular thermal pressure changes by ~0.013 nPa for intervals 21:02:31 465 

– 21:02:40 UT and 21:03:07 – 21:03:29 UT (see Figure 4). Using the average ion 466 

density and magnetic field strength, the estimated velocities of the diamagnetic drift are 467 

40.4 km/s and 19.2 km/s for these two intervals, which is comparable with the 468 
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amplitude of the bipolar ViN in Figure 3.  Therefore, the ion bipolar velocity as well 469 

as the bipolar current in MM5 is mainly contributed by the ion diamagnetic drift. It is 470 

expected that the magnetic gradient and curvature drifts of ions move in opposite 471 

directions in MM5. We speculate that the difference of the magnetic gradient and 472 

curvature drift velocities are small possibly resulting from the magnetic field geometry 473 

of MM5. The larger scale of MM5 compared to MM1 could reduce the magnetic 474 

gradient and electron thermal pressure gradient resulting in slower magnetic gradient 475 

drift and electron diamagnetic drift velocities. That’s could be the reason why no 476 

significant bipolar occurs in the electron velocity in MM5. Another possible reason 477 

might the magnetic field geometry which might reduce the difference of the magnetic 478 

gradient and curvature drift velocities of electrons. 479 

 480 

Except for the bipolar ViN, One can note that there is an enhancement of ViM in 481 

MM5MM2. To figure out the variations of ViM and ViN in MM5MM2, we analyze the 482 

possible trajectory of the MMS spacecraft crossing MM5MM2. Mirror mode structures 483 

in the magnetosheath are found to be cigar-like structures instead of sheets or tubes 484 

(Constantinescu et al., 2003; Horbury and Lucek, 2009). To simplify our analysis, we 485 

assume that the cross-section of the MM5 MM2 structure is a circle. To be self-486 

consistent with the magnetic field depression, the ion flow as well as the current is 487 

supposed to be clockwise as the black arrows shown in Figure 56. Based on the normal 488 

directions of the both half sides of the structure along the spacecraft trajectory and the 489 

ambient flow direction, we can get the possible trajectory of the MMS spacecraft in the 490 

M-N plane. We calculate the normal directions of the two sides of MM2 the magnetic 491 

dip by MVA, and the values are (0.03, 0.79, 0.61) and (-0.05, -0.65 0.76) in LMN for 492 

the intervals 21:02:30 – 21:03 and 21:03:10 – 21:03:25 UT, respectively. The ratios of 493 

the intermediate to minimum eigenvalues λ2/λ3 are 6.4 and 8.5, respectively. The 494 

normal directions are almost orthogonal to each other, thus, the maximum length of 495 

MM2 in the cross-section could be 1.4 times the estimated length (6.6 ρi) based on the 496 

assumption of a circle. The velocity of the ambient ion flow is (-2.6, 51.4, 33.4) km/s 497 
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in LMN. Thus, we can get a possible trajectory of MMS in the M-N plane can be drawn 498 

based on the ambient flow and the above normal directions as the red arrow shown in 499 

Figure 56. Since the inter-spacecraft distances are very small compared to the scale of 500 

MM2, only the possible trajectory of MM1 is shown in Figure 6. Along the trajectory, 501 

one can note that ViNthe N component of the ion velocity changes from negative to 502 

positive from one to another side of MM5MM2, while ViM the M component is positive, 503 

which is in agreement with the deflection of the ion flow shown in Figure 45. Thus, the 504 

variations of ViM and ViN are consistent with the prediction of the ion vortex in the 505 

cross-section. indicates a ring-like flow in the cross-section of MM5. Such a ring-like 506 

flow might play an important role in the evolution of the mirror mode structure or 507 

maintaining the stability of the magnetic dip. 508 

 509 

Figure 56. Schematic of MMS1 crossing the magnetic dip in the M-N plane. The colors changing 510 

from center (red) of the magnetic dip to its edge (blue) indicate the decrease of the ion perpendicular 511 

thermal pressure as shown by the color bar. The back arrows in the magnetic dip indicate the 512 

direction of the ion velocity. The red arrow indicates a possible trajectory of MMS1. 513 

 514 

4 Summary 515 

We have studied the ion-scale mirror mode structures with a size of several to 14.41 516 

ρi in the plasma sheet on 11 August 2017. Current is expected to exist in the magnetic 517 

dip contributed by the collective behavior of electrons and ions. Our observations show 518 
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a bipolar current in two magnetic dips, and the electrons and ions play different roles 519 

in each dip. We find that a The bipolar current density in the magnetic dip with a size 520 

of ~3 2.2 ρi is mainly contributed by an electron bipolar velocity in the cross-section. 521 

The electron bipolar electron velocity could mainlymainly results from the magnetic 522 

gradient and curvature drifts of electrons. The chaotic motion of ions might be one 523 

significant reason that ions have almost no contribution to the formation of the bipolar 524 

current in this magnetic dip. For another magnetic dip with a size of 6.67 ρi, the bipolar 525 

current is mainly contributed by the ion bipolar velocity, which can be explained by the 526 

collective behavior of the ion diamagnetic drift velocitymotions. And the variations of 527 

the ion velocity in the cross-section suggest the potential existence of the ion vortex. 528 

We suggest that both the scale and as well as the magnetic geometry of the magnetic 529 

dips are is significant to determine the roles of electrons and ions in the formation of 530 

the current inside the dips.  531 
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