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We present a statistical study of dipolarization fronts (DFs), using mag-
netic field data from MMS and Cluster, at radial distances below 12 Rg and
20 Rg, respectively. Assuming that the DFs have a semi-circular cross-section
and are propelled by the magnetic tension force, we used multi-spacecraft
observat*-il determine the DF velocities. About three-quarters of the DF's
propagateard and about one-quarter tailward. Generally MMS is in
a more Hiﬁmagnetic field region and observes larger-amplitude DFs than
Cluster. Tjpe major findings obtained in this study are: (1)At MMS ~ 57%
of the DFwe faster than 150 km /s, while at Cluster only ~ 35%, indi-

cating a variable flux-transport rate inside the flow-braking region. (2)Larger
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DF velocities correspond to higher B,-values directly ahead of the DFs. We
interpret this as a snow plow-like phenomenon, resulting from a higher mag-

netic flux pile-up ahead of DFs with higher velocities.

Author Manuscript
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X-4 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

1. Introduction

The Earths magnetotail consists of two lobe regions of stretched, oppositely directed
magnetic fields separated by a high-/3 plasma/current sheet with an embedded neutral
sheet. When oppositely directed magnetic field lines reconnect in the magnetotail, the
relaxati(we magnetic tension of the stretched field lines converts the stored magnetic
energy int%a kinetic energy and heat. The magnetoplasma is accelerated earthward
in short-dli_afn Bursty Bulk Flows [BBF's, Angelopoulos et al., 1992; Baumjohann et al.,
2002]. Th@ s are the most prominent means to carry mass and energy from the tail
towards th ar-Earth region. BBFs are often accompanied by magnetic field dipolar-
izations [e.g.. Nakamura et al., 2002, 2009]. Observationally, they are seen by satellites as
a sharp in e in the vertical-to-the-current sheet component (B,), usually preceded by
a transienEease in B, [e.g., Ohtani et al., 2004]. These asymmetric bipolar variations
in the z—c@nent of the magnetic field are referred to as dipolarization fronts [DFs,
NakamE, 2002; Runov et al., 2011; Schmid et al., 2011; Fu et al., 2012a).
DFs ar mtcrpreted as thin boundary layers of earthward moving flux tubes, which
have a rew entropy compared to the ambient plasma in the tail [e.g., Pontius and
Wolf, 199 long as the entropy of the flux tube is lower, it can continue to propagate
earthward it stops when both are equal [e.g., Sergeev et al., 2012]. The pressure bal-
ance of gructures with the ambient plasma is maintained by the stronger magnetic

—t—

field Withiﬁ flux tube [see e.g., Li et al., 2011]. According to Liu et al. [2013] we call

this stronger magnetic region, led by the DF, as dipolarizing flux bundle (DFB). DFs
have a t@ickness, which is on the order of the ion inertial length [e.g., Runov et al.,
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2011; Schmid et al., 2011; Fu et al., 2012b; Huang et al., 2012], and they move as coherent
structures over macroscopic distances (several hundred ion inertial lengths) [Runov et al.,
2009]. However, a simplified picture of a gradually stopping flux tube does not always
match observations. Panov et al. [2010] showed a change in the flow burst propagation
directiom*ihllggests a rebound (bouncing) of the DF at the magnetic dipole-dominated
near—Eart@Ea sheet. It was predicted by Chen and Wolf [1999] that the earthward
movingb s can overshoot their equilibrium position, after which they will perform a
damped ogeillggion. Indeed, simulations [e.g., Birn et al., 2011] and observations [e.g.,
Schmid et gl 2011; Zhou et al., 2011; Nakamura et al., 2013; Huang et al., 2015] show
that DF's propagate not only earthward, but also tailward.

In this pa:e use Magentospheric Multiscale Mission (MMS) magnetotail observations
and compEd contrast the identified DFs with DF observations from the Cluster mis-
sion. Witms at radial distances within 12 Rg and Cluster at ~ 19Rg, it is for the first

time poE compare the inner and outer magnetotail region using multi-spacecraft

DFs.

observa

-

2. Data Qﬂvent Selection

For thisgtud;/, we use MMS magnetic field observations from the Earth’s magnetotail,
between‘ﬁ"gnd July 2015. During this period the mission was still in the commissioning
phase andE the Flux-Gate magnetometers [FGM, Russell et al., 2014; Torbert et al.,
2014] Wating continuously. For commission the Digital Flux-Gate magnetometers

(DFG) 128 Hz data are available almost over the entire period.
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X-6 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

For the DF event selection the high-resolution data are down-sampled to 1 Hz, because of
the large amount of data. However, after the DF survey we use the high-resolution data
for the analysis. To find the DF's, we apply the selection criteria introduced in Schmid
et al. [2011] without the criteria on the plasma quantities, due to the limited amount of
plasma Milable. Within 3 minute long sliding windows shifted by 30 seconds, the

following should be fulfilled:

e The ?acecraft is located in the magnetotail between Xgsy < —5Rg and |Yasm| <

15 Rg. O

e The dmnce in elevation angle (6 = arctan (BB—>) between minimum and maximum
xy

B, duringﬁrindow exceeds 10° and AB, also exceeds 4nT.
e The arrival time of the maximum B, is later than that of the minimum B,.

e The %on angle is at least in one data point (within the 3-min window) greater
than Gmaxm.

These s ion criteria are applied to each spacecraft and only events observed by all
four MM satellites are selected. An automatic routine identified 201 DF events between
April andquly 2015 at radial distances within 12 Rg.

We comp e MMS DF events with DF observations from Cluster in the season from
July an(ﬂer 2003. During that time Cluster had similar inter-spacecraft distances
(~ 200 k‘r_erJ the spacecraft were located at larger radial distances (~ 19 Rg). We start
from the existhg Cluster DF event catalog introduced in Schmid et al. [2015], which is
based oﬁme selection criteria on the magnetic field data. We up-sample the burst

mode Flux- Magnetometer [FGM, Balogh et al., 1997] data to 128 Hz. It should be
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noted that the DF's in this list also satisfy criteria on the plasma data (|Vi| > 100km/s,
S/C within the plasma sheet, see Appendix A in Schmid et al. [2015]). Here we select
only events observed by all four Cluster spacecraft within |Zgsm| < 5Rg during 2003.
These add up to 110 DFs.
For each-*thQOl MMS and 110 Cluster events, a 3 minute interval is selected, which is
centered o@ginimum value of B, (set tot = 0s). At this point the sharp increase in B,
(dipolarTz@ starts. On the magnetic field between the minimum and maximum values
of B, a nmygmimpm variance analysis [MVA Sonnerup and Scheible, 1998] is performed,
which give normal direction to the DF. Also, the following requirements are added
to the events:

e The of the intermediate to minimum eigenvalues shall be Ajp/Amin > 4 to ensure
a minimumﬁdence level while keeping the sample size large enough for our statistical
study [seem%rgeev et al., 2006].

o Asstmgo the DF has a saddle-like shape (semi-circular geometry in XY —plane)
and is s ring the DF passage over all spacecraft, the estimated normal direction to

the front fgom each spacecraft shall differ by at most 15°, to ensure that each spacecraft

crosses th@almost at the same location.

e To mjmemmivc the projection errors in the DF velocity determination, we require the
S/C to crass tbe DF around its center (the angle between assumed propagation direction

(see sectioEnd the S/C crossing normal vector shall be smaller than 45°).

<
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X-8 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

e To accurately determine the time delay between the S/C, and thus the DF velocity,
we require all S/C to observe very similar magnetic signatures by visual inspection, to
ensure reliable cross-correlation time lags.

Therewith, 23 DFs (out of 201) represent the MMS data set for our study, and 23
DFs (ouw) the Cluster data set. The list of DFs is provided in the supplementary
material. Q_

The disfri@n of the 23 MMS and 23 Cluster DFs on the XY — plane in the GSM
Coordinatﬁjem is shown in Figure 1. Crosses and circles in black mark the barycen-
ter positiogs of MMS and Cluster, respectively. The colored arrows indicate the earth-
ward/ tailwa@ DF propagation directions and velocities. MMS observes more events in

the premi sector as the commissioning orbits do not cover postmidnight equally well.

3. Observations and Methodology

A new nate system, the T89-coordinate system { Xrgg, Yrsg, ZTso } introduced by

Manu

[Schmid et al., 2015], is used, which is based on the magnetic field model by Tsyganenko
[1989]. In%ﬂSQ—system, Xtg9 is in the direction of the magnetic tension force and is
determine@the average direction in the northern and southern lobe 4+3 R away in
the ngwsirection from the spacecraft location projected on the XY —GSM plane, and
is positiv-ewgrds the Earth. Zrgg points along Zgsm and Yrsg = Zrgg X Xgg completes

the right—md coordinate system.

We ass@DFs to propagate along Xrgg as they should be propelled by the magnetic

tension force. Hence, the DF propagation directions point radially in- or outward to/from
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SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER X-9

the Earth, as can be seen in Figure 1.

Figure 2 illustrates (a) S/C in-situ observations of B, and (b) the assumed circular
shape of the DFs in the XY-plane. n denotes the normal direction where the S/C crossed
the front. Viiming is the velocity along the crossing normal direction determined from the
timing sl To determine the time lag between the S/C observations (and thus the
normal Veccurately, the magnetic field B, data between B, i, and B, yax of those
two S/ & @are furthest apart along n are cross-correlated. On the assumption that
the DF's p@ate along Xrgg it is possible to estimate the DF velocity (Vpp in Figure
2(b)). We % estimate the thickness of the DFs using their velocities and crossing du-

rations (DFg,. in Figure 2(b)).

4. Statisjd Analysis
Figure 3 shows the superposed epoch analysis for the 23 Cluster (left) and 23 MMS

(right) evcue®® T'he data are smoothed by averaging over 128 datapoints (one second of

Manu

data). Panel (a) shows the z-component of the magnetic field +3 min around the DF
onset. Pa b), (c¢) and (d) show the superposed epoch for B,, the motional electric
field Ey7T8Q the magnetic elevation angle, 90 sec around the DF onset, respectively.
The mo@lectric field is obtained from FEy rs9 = VprB,. Since Ej rg9 is obtained
from th@-h-v%locity, only the values determined between B, i, and B, ax are reliable
(thick lineD higher B, at higher velocities leads to a higher E\ 1g9, which indicates a

higher {ansport rate towards the Earth. The magnetic elevation angle is given by

arctan (B,/Bx 1sg). To examine how B, changes in association with the DF velocity, each
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X-10 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

dataset is divided into 4 subsets: Vpp < —150km/s (black), —150km/s < Vpp < Okm/s
(blue), 0km/s < Vpp < 150km/s (magenta) and Vpp > 150km/s (red). The number of

events in each velocity bin is given in Table 1 and in the legend of Figure 3.

The frwsjpumedor result is that at MMS about ~ 57% of the DFs move faster than
150 km/s,@t Cluster only ~ 35% fall into this group, although the background
B,, -3 miy to —2min before the DF passage, is generally about ~ 3nT 4+ 1nT higher
at MMS (gee %gigure 3(a)). Furthermore, Cluster observes no fast tailward moving DFs
(Vor < —1 /s). Note that the negative DF velocities correspond to tailward moving
DFs (blue_and black lines). The superposed epoch analysis of B, also reveals that for
Cluster thge between B, in and B, max of the earthward propagating DFs (magenta
and red lir@creases with enhanced DF velocity. For MMS, however, the fast and mod-
erately ea%rd propagating DFs show a similar temporal behavior. Moreover, MMS
shows aEdecrease before the DF and a larger overshoot after the DF compared to
Cluster.

As the segrimajor result, we find that the B, of the fast and moderately earthward
moving D rt to differ significantly ~ 60 sec before the DF passage (see Figure 3(b)).
At bothﬂr and MMS, the mean B, before the fast DFs is higher than before the

slowly pr0£aga ing DF's.

Furthermc:e find that for the events of moderate velocity, Fy g9 is smaller, which

suggest only f:mall flux transport rate in Xrgg direction. We also find a strong negative

Ey g9 for st tailward propagating MMS events, which is, however, only about half
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as large as Ey g9 for the earthward propagating events. This indicates that less flux is
transported tailward.

In addition, MMS observes slightly higher elevation angles before crossings of earthward
moving DF's than Cluster, indicating a slightly more dipolarized field configuration before
the DF p*iﬁgl The elevation angles of the fast moving DF's, particularly before the DF
crossings er than those of the slower moving DFs. Moreover, Cluster sees a larger
change ﬁ@etic elevation angles across the DFs, corresponding with a larger change
from a m il-like to a more dipolar-like field configuration. At MMS, however, this
behavior ig legs pronounced. Interestingly, tailward moving DFs at MMS show signifi-
cantly higher elevation angle before the DF than Cluster.

We also e e the relationship between the DF velocity and thickness. The slope of
linear fits EF vs. DF,e yields the temporal scale of the DFs. They are summarized
in Table ]G@reveal: (1) fast propagating DFs have smaller temporal scales but larger
DF thic han slower propagating DF's; and (2) DF thicknesses and temporal scales

are gen ger at Cluster than at MMS.

-

5. Discu@

At MM! and Cluster about three quarters of the observed DFs propagate earthward
and abomimeme quarter tailward. This is in good agreement with earlier results from

Schmid etEOll], who used Cluster observations between 2001 — 2007 and found that

more th@thirds of the studied events propagate earthward.

Typically, flow braking occurs in regions of higher background B,. To evaluate the back-
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X-12 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

ground conditions reliably, the average B, and elevation angles during the interval 3—2 min
before the DF's are estimated. Indeed, MMS observes slightly larger background B, and
elevation angles (by ~ 3nT 4+ 1nT and ~ 8° £ 4°) than Cluster, indicating that MMS
was in a more dipolar background magnetic field. We might expect that the fast moving
DFs at qiiﬂevolve into moderate moving DFs at MMS due to the flow-braking. In-
terestingler, at MMS ~ 57 % of the studied DFs propagate faster than 150 km/s,
while at‘CEer only ~ 35% of the DFs fall in this group. This contradicts the idea that
a DF mot;i comes slower when propagating earthward if these numbers should reflect
a single flgw gvolution. A possible explanation for this unexpected behavior might be,
that MMS@CIuster observed DFs at different conditions: (1) The tail-season for MMS
is betwee ch and July, while for Cluster it is between July and October. Thus the
plasma shEt is different, which may affect the location of the flow-braking region. (2)
Due to th(@l sample size, there might be a solar wind and/or solar cycle dependence
in the dEN agai et al. [2005] showed that the solar wind Vi Byoun controls the radial
distanc reconnection site in the magnetotail: magnetic reconnection takes place
closer to @rth when Vi Byoutn is higher. Indeed, using the mean of the 1-min OMNI
data over in before the DF events, we find on average a higher V, By, value at MMS
(1.1mV/m n at Cluster (0.6mV/m). (3) Since MMS might be located closer to the
ﬂow—bra%ion, only DFBs with an entropy much lower than the surrounding plasma
can be obj. According to the “plasma bubble” theory [see Wolf et al., 2009] those

DFB penetratg deeper into the near-Earth plasma sheet with higher velocities. Indeed,

Shiokawa [1997] showed that although the occurrence rate of the high-speed flows
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substantially decreases when the satellite comes closer to the Earth until 10 Rg, but then
slightly increase inside of 10 Rg (see their Figure 1(a)). (4) MMS may observe only a selec-
tion of DFs, those with an enhanced magnetic tension force or a reduced pressure-gradient
force. As shown by Shiokawa et al. [1997], the earthward flow can be easily braked within
a few RE-M the typical tailward pressure-gradient force of 1.2 x 10717 Pa/m. Thus,
either red L@ ailward pressure-gradient force or higher acceleration by enhanced earth-
ward magpetic tension force is necessary to transport DFs from the reconnection region

outside 20&)} inside 12 Rg. The DF velocity at the flow braking region seems therefore

more Varié%han stopping at one distance.

An impor;nplication of the high velocity DFs at MMS is that these events transport a
high amoﬁmagnetic flux, as evidenced by the high E g9 (see Figure 3(c)), although
located in@re dipolar field region. This fact indicates that a strong magnetic flux

transpoEke place even in the inner magnetosphere. Nakamura et al. [2009] showed

that th nsport rate, obtained from the timing velocity, ion flow velocity and elec-
tric field rgeasurements are quite consistent. Here E\ 1g9 is determined from Vpp and not
from the flow velocity or direct electric field measurements. Hence, it only reflects
the flux trErt rate properly, if the plasma flow velocity corresponds to the DF velocity.
Furtherm rger DF velocities actually correspond to higher B, values just before

the DFs (see Ejgure 3(b)). The interesting point is that both spacecraft missions observes

this beha Ithough they are located in different regions (more/less dipolar magnetic
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X-14 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

field). This suggests that the increased ambient B,, from —60s to —10s ahead of the DF,
exhibit rather local than global characteristics: the ambient B, represents a local property
of the magnetic field before the DF. This behavior has also been reported by Nakamura
et al. [2009] who studied the flux transport in the tail and investigated pulses of DFs.
We inten*ﬁhﬁlat the higher ambient B, originates from a magnetic flux pile-up in the
plasma, c the already increased plasma velocity in front of the DF. The increased
plasma HoEead of the DF is a result of the remote sensing of the approaching DF by
the plasmtijﬂar to a snowplow accumulating and pushing the snow ahead of it. In a
superposed, egoch analysis Runov et al. [2009] showed that the plasma velocity increases
gradually, starting ~ 40s before the DF. This is in good agreement with our results, since

the mean "™5™8Carts to significantly differ ~ 60s ahead of the front.

-
There is QSU significant number of tailward moving DFs observed from both, Clus-
ter and -'Since it is unreasonable to assume reconnection so close to Earth, the
tailwar ating events are the result of a DF rebound (bouncing) at the magnetic
dipole-dorginated near-Earth plasma sheet: The fast moving DFs get first compressed
at the dip minated region, and are then reflected tailward [e.g. Panov et al., 2010;
Birn et al. 1]. Indeed we observe compressed DFs with smaller temporal scales and
spatial #Ijesses at MMS than at Cluster. As the DFs move tailward, the magnetic

e

tension fojws them down. In agreement with this picture, there are no fast tailward

moving DF's i: Cluster. Only MMS observes fast tailward propagating DFs, with high

elevation before the DFs. We interpret the high elevation angles as the remnants
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SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER X-15

of previously earthward propagating DFs. Thus we suggest that the fast tailward moving

DFs are recorded directly after the rebound of the fast earthward moving DFs.

The results obtained in this study are subject to a number of assumptions: (1) The
DFs hav*ﬁli—circular geometry, which is stable during the DF passage over all space-
craft; (2) @&les of the DFs are much larger than the probes separations; and (3) the
DFs are propetled by the magnetic tension force and thus propagate along the magnetic
field line daresgion in the lobes (above and below each observation location), projected
onto the XY 2GSM plane. In general the DF propagation direction is different from the
DF crossing normal direction. Hence, the estimated timing velocity is only a projection
(underestiﬁn) of the actual DF velocity. Thus, we deproject this velocity onto the
assumed E@paga’cion direction. To keep deprojection errors low, we require that the
S/C cross MFS at a maximal cone-angle of 45° around this propagation direction. The
time laﬁen the spacecraft are clearly larger than the data resolution and are thus
a rathe ncertainty factor in the DF velocity determination. However, our findings

can only ke interpreted in the context of the aforementioned assumptions. In reality, the

DF propa and structure might be much more complicated, as their geometry might

not stable Eff Iphey might expand as they propagate.

e —
6. Sumraand Conclusion

Assm{he DF to be a stable, semi-circular structure, propagating along the mag-

netic tension force, the major results obtained in this study are:
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X -16 SCHMID ET AL.: DFS OBSERVED BY MMS AND CLUSTER

(1) A larger fraction of the DFs move faster closer toward Earth than further down the
tail. This is contrary to the expectation that the DFs and associated DFBs should be
braking in a more dipolar field where the flux tube entropy of the DFBs equals the entropy
of the surrounding plasma. Here we discuss different alternatives for this behavior. First,
a tempoMtion of the DF's due to different solar wind conditions and/or plasma sheet
tilting and have taken place. It is also possible that we only observe a selection

of DFs El(iser to Earth, those with higher velocities in the first place. Clearly, a much

larger dat of DFs is necessary to determine which mechanism is responsible for the
unexpect avior of the DF's close to Earth.

2) Larger wvelomtles actually correspond to higher B, values directly ahead of the
DFs. Th1 vior is observed by both, Cluster and MMS, although they are located in

different rﬁs in the tail (more/less dipolar magnetic field). We interpret the higher

B, to a lo%ow plow-like phenomenon resulting from a higher DF velocity and thus a

higher E flux pile-up ahead of the DF.
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{

NUSCTrip

SC_po . png

a

Author M

Figure 1. ™ XY —position of MMS (stars) and Cluster (dots) during the observations
of the DF events. The colored arrows indicate the earthward/tailward DF propagation

directions and velocities as of the 4 velocity bins.
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Figure 2 Illustration of (a) S/C in-situ observations of the magnetic field Z—component

hor Manus

(B,), (bwmmdhcd circular shape of the DF in the XY-plane. n denotes the normal
direction v@the S/C crossed the front. Viming is the velocity of the magnetic structure,
obtaine e timing method. Vpr is the DF velocity along the assumed propagation
direction Xrgg. As is the observed front thickness (between B, yin and B, max) and DF g

the actual DF thickness.
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Figuref3. Superposed Epoch analysis of (a and b) B,, (c) motional electric field and
(d) thedmesdlletic clevation angle of the DFs observed by Cluster (left panels) and MMS

(right panelg). The 23 Cluster and 23 MMS events are divided into 4 subsets according

to the{elocity. The number of events in each bin is given in the legend.
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Table 1. Number of events in each velocity bin, the temporal scale of the DFs with
95 % confidence bounds obtained from the linear regression and the mean DF thickness

with standard deviation.

DF velocity number of events | temporal scale [s] | DF size [km]

: g or > 150 km/s 8 (35%) 33 £30 9600 £ 8000

Cluster @i< Vor < 150 km /s 9 (39%) 45 4 27 3700 =+ 2200

# -mnldak111 /5 < Vi < 0km/s 6 (26%) 42 + 32 1900 £ 1000

‘LCDF < —150 km/s - - -

E—)\/DF > 150 km/s 13 (57%) 1147 4400 + 3200

MMS ms < Vop < 150km/s 5 (21%) 15+8 1200 = 700

—Em/s < Vpr < 0km/s 3(13%) 17+ 10 1100 £ 900

! Vor < —150km/s 2 (9%) 10 2700 + 400

e —
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. A comparative study of Dipolarization Fronts at

. MMS and Cluster
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;. Key poirh'_
. ° MM{is_}enerally located in a more dipolar magnetic field region and observes larger-

5 amplitudewthan Cluster further down the tail

6 o A larger haction of DF's move faster closer to Earth, suggesting variable flux transport rates

7 in the ﬂov:ing region

8 ° Largw velocities correspond to a higher B, directly ahead of DFs, suggesting a higher

o flux pile-up ahead of DFs with higher velocities

-
O
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We present a statistical study of dipolarization fronts (DFs), using mag-
netic field data from MMS and Cluster, at radial distances below 12 Rg and
20 Rg, respectively. Assuming that the DFs have a semi-circular cross-section
and are propelled by the magnetic tension force, we used multi-spacecraft
observat*-il determine the DF velocities. About three-quarters of the DF's
propagateard and about one-quarter tailward. Generally MMS is in
a more dipolar magnetic field region and observes larger-amplitude DFs than

Cluster. TUajor findings obtained in this study are: (1)At MMS ~ 57%
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of the DFs move faster than 150 km/s, while at Cluster only ~ 35%, indi-
cating a variable flux-transport rate inside the flow-braking region. (2)Larger
DF velocities correspond to higher B,-values directly ahead of the DFs. We

interpret this as a snow plow-like phenomenon, resulting from a higher mag-

netic ﬂuhﬁup ahead of DFs with higher velocities.
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1. Introduction

The Earths magnetotail consists of two lobe regions of stretched, oppositely directed
magnetic fields separated by a high-/3 plasma/current sheet with an embedded neutral
sheet. When oppositely directed magnetic field lines reconnect in the magnetotail, the
relaxati(we magnetic tension of the stretched field lines converts the stored magnetic
energy int%a kinetic energy and heat. The magnetoplasma is accelerated earthward
in short-dli_afn Bursty Bulk Flows [BBF's, Angelopoulos et al., 1992; Baumjohann et al.,
2002]. Th@ s are the most prominent means to carry mass and energy from the tail
towards th ar-Earth region. BBFs are often accompanied by magnetic field dipolar-
izations [e.g.. Nakamura et al., 2002, 2009]. Observationally, they are seen by satellites as
a sharp in e in the vertical-to-the-current sheet component (B,), usually preceded by
a transienEease in B, [e.g., Ohtani et al., 2004]. These asymmetric bipolar variations
in the z—c@nent of the magnetic field are referred to as dipolarization fronts [DFs,
NakamE, 2002; Runov et al., 2011; Schmid et al., 2011; Fu et al., 2012a).
DFs ar mtcrpreted as thin boundary layers of earthward moving flux tubes, which
have a rew entropy compared to the ambient plasma in the tail [e.g., Pontius and
Wolf, 199 long as the entropy of the flux tube is lower, it can continue to propagate
earthward it stops when both are equal [e.g., Sergeev et al., 2012]. The pressure bal-
ance of gructures with the ambient plasma is maintained by the stronger magnetic

—t—

field Withiﬁ flux tube [see e.g., Li et al., 2011]. According to Liu et al. [2013] we call

this stronger :agnetic region, led by the DF, as dipolarizing flux bundle (DFB). DFs

have a typ ickness, which is on the order of the ion inertial length [e.g., Runov et al.,
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2011; Schmid et al., 2011; Fu et al., 2012b; Huang et al., 2012], and they move as coherent
structures over macroscopic distances (several hundred ion inertial lengths) [Runov et al.,
2009]. However, a simplified picture of a gradually stopping flux tube does not always
match observations. Panov et al. [2010] showed a change in the flow burst propagation
directiom*ihllggests a rebound (bouncing) of the DF at the magnetic dipole-dominated
near—Eart@Ea sheet. It was predicted by Chen and Wolf [1999] that the earthward
movingb s can overshoot their equilibrium position, after which they will perform a
damped ogeillggion. Indeed, simulations [e.g., Birn et al., 2011] and observations le.g.,
Schmid et gl 2011; Zhou et al., 2011; Nakamura et al., 2013; Huang et al., 2015] show
that DF's propagate not only earthward, but also tailward.

In this pa:e use Magentospheric Multiscale Mission (MMS) magnetotail observations
and compEd contrast the identified DF's with DF observations from the Cluster mis-
sion. Witms at radial distances within 12 Rg and Cluster at ~ 19Rg, it is for the first

time poE compare the inner and outer magnetotail region using multi-spacecraft

DFs.

observa

-

2. Data Qﬂvent Selection

For thisgtud;/, we use MMS magnetic field observations from the Earth’s magnetotail,
between‘ﬁ"gnd July 2015. During this period the mission was still in the commissioning
phase andE the Flux-Gate magnetometers [FGM, Russell et al., 2014; Torbert et al.,
2014] Wating continuously. For commission the Digital Flux-Gate magnetometers

(DFG) 128 Hz data are available almost over the entire period.
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For the DF event selection the high-resolution data are down-sampled to 1 Hz, because of
the large amount of data. However, after the DF survey we use the high-resolution data
for the analysis. To find the DF's, we apply the selection criteria introduced in Schmid
et al. [2011] without the criteria on the plasma quantities, due to the limited amount of
plasma Milable. Within 3 minute long sliding windows shifted by 30 seconds, the

following should be fulfilled:

e The ?acecraft is located in the magnetotail between Xgsy < —5Rg and |Yasm| <

15 Rg. O

e The dmnce in elevation angle (6 = arctan (BB—>) between minimum and maximum
xy

B, duringﬁrindow exceeds 10° and AB, also exceeds 4nT.

e The arrival time of the maximum B, is later than that of the minimum B,.

e The %on angle is at least in one data point (within the 3-min window) greater
than Gmaxm.

These s ion criteria are applied to each spacecraft and only events observed by all
four MM satellites are selected. An automatic routine identified 201 DF events between
April andquly 2015 at radial distances within 12 Rg.

We comp e MMS DF events with DF observations from Cluster in the season from
July an(ﬂer 2003. During that time Cluster had similar inter-spacecraft distances
(~ 200 k‘r_erJ the spacecraft were located at larger radial distances (~ 19 Rg). We start
from the existhg Cluster DF event catalog introduced in Schmid et al. [2015], which is
based oﬁme selection criteria on the magnetic field data. We up-sample the burst

mode Flux- Magnetometer [FGM, Balogh et al., 1997] data to 128 Hz. It should be
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noted that the DF's in this list also satisfy criteria on the plasma data (|Vi| > 100km/s,
S/C within the plasma sheet, see Appendix A in Schmid et al. [2015]). Here we select
only events observed by all four Cluster spacecraft within |Zgsm| < 5Rg during 2003.
These add up to 110 DFs.
For each-*thQOl MMS and 110 Cluster events, a 3 minute interval is selected, which is
centered o@ginimum value of B, (set tot = 0s). At this point the sharp increase in B,
(dipolarTz@ starts. On the magnetic field between the minimum and maximum values
of B, a nmygmimpm variance analysis [MVA Sonnerup and Scheible, 1998] is performed,
which give normal direction to the DF. Also, the following requirements are added
to the events:

e The of the intermediate to minimum eigenvalues shall be Ajp/Amin > 4 to ensure
a minimumﬁdence level while keeping the sample size large enough for our statistical
study [seem%rgeev et al., 2006].

o Asstmgo the DF has a saddle-like shape (semi-circular geometry in XY —plane)
and is s ring the DF passage over all spacecraft, the estimated normal direction to

the front fgom each spacecraft shall differ by at most 15°, to ensure that each spacecraft

crosses th@almost at the same location.

e To mjmemmivc the projection errors in the DF velocity determination, we require the
S/C to crass tbe DF around its center (the angle between assumed propagation direction

(see sectioEnd the S/C crossing normal vector shall be smaller than 45°).

<
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e To accurately determine the time delay between the S/C, and thus the DF velocity,
we require all S/C to observe very similar magnetic signatures by visual inspection, to
ensure reliable cross-correlation time lags.

Therewith, 23 DFs (out of 201) represent the MMS data set for our study, and 23
DFs (ouw) the Cluster data set. The list of DFs is provided in the supplementary
material. Q_

The disfri@n of the 23 MMS and 23 Cluster DFs on the XY — plane in the GSM
Coordinatﬁjem is shown in Figure 1. Crosses and circles in black mark the barycen-
ter positiogs of MMS and Cluster, respectively. The colored arrows indicate the earth-
ward/ tailwa@ DF propagation directions and velocities. MMS observes more events in

the premi sector as the commissioning orbits do not cover postmidnight equally well.

3. Observations and Methodology

A new nate system, the T89-coordinate system { Xrgg, Yrs9, ZTso } introduced by

Manu

[Schmid et al., 2015], is used, which is based on the magnetic field model by Tsyganenko
[1989]. In%ﬂSQ—system, Xtg9 is in the direction of the magnetic tension force and is
determine@the average direction in the northern and southern lobe 3 Ry away in
the ngwsirection from the spacecraft location projected on the XY —GSM plane, and
is positiv-ewgrds the Earth. Zrgg points along Zgsm and Yrsg = Zrgg X X1gg completes

the right—md coordinate system.

We ass@DFs to propagate along Xrgg as they should be propelled by the magnetic

tension force. Hence, the DF propagation directions point radially in- or outward to/from
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the Earth, as can be seen in Figure 1.

Figure 2 illustrates (a) S/C in-situ observations of B, and (b) the assumed circular
shape of the DFs in the XY-plane. n denotes the normal direction where the S/C crossed
the front. Viiming is the velocity along the crossing normal direction determined from the
timing rejkssll To determine the time lag between the S/C observations (and thus the

normal ve ‘@) accurately, the magnetic field B, data between B, i, and B, jax of those

two S/ & \iﬁmﬁ are furthest apart along n are cross-correlated. On the assumption that
the DF's pwgate along Xrgg it is possible to estimate the DF velocity (Vpr in Figure

estimate the thickness of the DFs using their velocities and crossing du-

rations Dgfif in Figure 2(b)).

4. Statlsm Analysis

Figure 3 shows the superposed epoch analysis for the 23 Cluster (left) and 23 MMS
(right) evcue®® T'he data are smoothed by averaging over 128 datapoints (one second of
data). Panel (a) shows the z-component of the magnetic field +3 min around the DF
onset. Pa b), (c¢) and (d) show the superposed epoch for B,, the motional electric
field Ey7T8Q the magnetic elevation angle, 90 sec around the DF onset, respectively.
The mo@electric field is obtained from FEy 1s9 = VprB,. Since FEj rg9 is obtained
from th<w‘h-vglocity, only the values determined between B, i, and B, ,ax are reliable
(thick lina higher B, at higher velocities leads to a higher K\ 1g9, which indicates a

higher {ansport rate towards the Earth. The magnetic elevation angle is given by

arctan (B,/Bx 1sg). To examine how B, changes in association with the DF velocity, each
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dataset is divided into 4 subsets: Vpp < —150km/s (black), —150km/s < Vpp < Okm/s
(blue), 0km/s < Vpp < 150km/s (magenta) and Vpp > 150km/s (red). The number of

events in each velocity bin is given in Table 1 and in the legend of Figure 3.

The frwsjpumdor result is that at MMS about ~ 57% of the DFs move faster than
150 km/s,@t Cluster only ~ 35% fall into this group, although the background
B,, -3 miy to —2min before the DF passage, is generally about ~ 3nT 4+ 1nT higher
at MMS (gee %gigure 3(a)). Furthermore, Cluster observes no fast tailward moving DFs
(Vor < —1 /s). Note that the negative DF velocities correspond to tailward moving
DFs (blue_and black lines). The superposed epoch analysis of B, also reveals that for
Cluster thge between B, in and B, pax of the earthward propagating DFs (magenta
and red lir@creases with enhanced DF velocity. For MMS, however, the fast and mod-
erately ea%rd propagating DFs show a similar temporal behavior. Moreover, MMS
shows aEdecrease before the DF and a larger overshoot after the DF compared to
Cluster.

As the segrimajor result, we find that the B, of the fast and moderately earthward
moving D rt to differ significantly ~ 60 sec before the DF passage (see Figure 3(b)).
At bothﬂr and MMS, the mean B, before the fast DFs is higher than before the

slowly pr0£aga ing DF's.

Furthermc:e find that for the events of moderate velocity, Fy g9 is smaller, which

suggest only f:mall flux transport rate in Xrgg direction. We also find a strong negative

Ey g9 for st tailward propagating MMS events, which is, however, only about half
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as large as Ey g9 for the earthward propagating events. This indicates that less flux is
transported tailward.

In addition, MMS observes slightly higher elevation angles before crossings of earthward
moving DF's than Cluster, indicating a slightly more dipolarized field configuration before
the DF p*iﬁgl The elevation angles of the fast moving DF's, particularly before the DF
crossings er than those of the slower moving DFs. Moreover, Cluster sees a larger
change ﬁ@etic elevation angles across the DFs, corresponding with a larger change
from a m il-like to a more dipolar-like field configuration. At MMS, however, this
behavior ig legs pronounced. Interestingly, tailward moving DFs at MMS show signifi-
cantly higher elevation angle before the DF than Cluster.

We also e e the relationship between the DF velocity and thickness. The slope of
linear fits EF vs. DF,e yields the temporal scale of the DFs. They are summarized
in Table ]G@reveal: (1) fast propagating DFs have smaller temporal scales but larger
DF thic han slower propagating DF's; and (2) DF thicknesses and temporal scales

are gen ger at Cluster than at MMS.

-

5. Discu@

At MM! and Cluster about three quarters of the observed DFs propagate earthward
and abomimeme quarter tailward. This is in good agreement with earlier results from

Schmid etEOll], who used Cluster observations between 2001 — 2007 and found that

more th@thirds of the studied events propagate earthward.

Typically, flow braking occurs in regions of higher background B,. To evaluate the back-
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ground conditions reliably, the average B, and elevation angles during the interval 3—2 min
before the DF's are estimated. Indeed, MMS observes slightly larger background B, and
elevation angles (by ~ 3nT 4+ 1nT and ~ 8° £ 4°) than Cluster, indicating that MMS
was in a more dipolar background magnetic field. We might expect that the fast moving
DFs at qiiﬂevolve into moderate moving DFs at MMS due to the flow-braking. In-
terestingler, at MMS ~ 57 % of the studied DFs propagate faster than 150 km/s,
while at‘CEer only ~ 35% of the DFs fall in this group. This contradicts the idea that
a DF mot;i comes slower when propagating earthward if these numbers should reflect
a single flgw gvolution. A possible explanation for this unexpected behavior might be,
that MMS@CIuster observed DFs at different conditions: (1) The tail-season for MMS
is betwee ch and July, while for Cluster it is between July and October. Thus the
plasma shEt is different, which may affect the location of the flow-braking region. (2)
Due to th(@l sample size, there might be a solar wind and/or solar cycle dependence
in the dEN agai et al. [2005] showed that the solar wind Vj By controls the radial
distanc reconnection site in the magnetotail: magnetic reconnection takes place
closer to t@rth when Vi Bgoutn is higher. Indeed, using the mean of the 1-min OMNI
data over in before the DF events, we find on average a higher V, By, value at MMS
(1.1mV/m n at Cluster (0.6mV/m). (3) Since MMS might be located closer to the
ﬂow—bra%ion, only DFBs with an entropy much lower than the surrounding plasma
can be obj. According to the “plasma bubble” theory [see Wolf et al., 2009] those
DFB penetratg deeper into the near-Earth plasma sheet with higher velocities. Indeed,

Shiokawa [1997] showed that although the occurrence rate of the high-speed flows
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substantially decreases when the satellite comes closer to the Earth until 10 Rg, but then
slightly increase inside of 10 Rg (see their Figure 1(a)). (4) MMS may observe only a selec-
tion of DFs, those with an enhanced magnetic tension force or a reduced pressure-gradient
force. As shown by Shiokawa et al. [1997], the earthward flow can be easily braked within
a few RE-M the typical tailward pressure-gradient force of 1.2 x 10717 Pa/m. Thus,
either red L@ ailward pressure-gradient force or higher acceleration by enhanced earth-
ward magpetic tension force is necessary to transport DFs from the reconnection region

outside 20&)} inside 12 Rg. The DF velocity at the flow braking region seems therefore

more Varié%han stopping at one distance.

An impor;nplication of the high velocity DFs at MMS is that these events transport a
high amoﬁmagnetic flux, as evidenced by the high E g9 (see Figure 3(c)), although
located in@re dipolar field region. This fact indicates that a strong magnetic flux

transpoEke place even in the inner magnetosphere. Nakamura et al. [2009] showed

that th nsport rate, obtained from the timing velocity, ion flow velocity and elec-
tric field rgeasurements are quite consistent. Here E\ 1g9 is determined from Vpp and not
from the flow velocity or direct electric field measurements. Hence, it only reflects
the flux trErt rate properly, if the plasma flow velocity corresponds to the DF velocity.
Furtherm rger DF velocities actually correspond to higher B, values just before

the DFs (see Ejgure 3(b)). The interesting point is that both spacecraft missions observes

this beha Ithough they are located in different regions (more/less dipolar magnetic
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field). This suggests that the increased ambient B,, from —60s to —10s ahead of the DF,
exhibit rather local than global characteristics: the ambient B, represents a local property
of the magnetic field before the DF. This behavior has also been reported by Nakamura
et al. [2009] who studied the flux transport in the tail and investigated pulses of DFs.
We inten*ﬁhﬁlat the higher ambient B, originates from a magnetic flux pile-up in the
plasma, c the already increased plasma velocity in front of the DF. The increased
plasma HoEead of the DF is a result of the remote sensing of the approaching DF by
the plasmtijﬂar to a snowplow accumulating and pushing the snow ahead of it. In a
superposed, egoch analysis Runov et al. [2009] showed that the plasma velocity increases
gradually, starting ~ 40s before the DF. This is in good agreement with our results, since

the mean "™5™8Carts to significantly differ ~ 60s ahead of the front.

-
There is QSU significant number of tailward moving DFs observed from both, Clus-
ter and -'Since it is unreasonable to assume reconnection so close to Earth, the
tailwar ating events are the result of a DF rebound (bouncing) at the magnetic
dipole-dorginated near-Earth plasma sheet: The fast moving DFs get first compressed
at the dip minated region, and are then reflected tailward [e.g. Panov et al., 2010;
Birn et al. 1]. Indeed we observe compressed DFs with smaller temporal scales and
spatial #Ijesses at MMS than at Cluster. As the DFs move tailward, the magnetic

e

tension fojws them down. In agreement with this picture, there are no fast tailward

moving DF's i: Cluster. Only MMS observes fast tailward propagating DFs, with high

elevation before the DFs. We interpret the high elevation angles as the remnants
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of previously earthward propagating DFs. Thus we suggest that the fast tailward moving

DFs are recorded directly after the rebound of the fast earthward moving DFs.

The results obtained in this study are subject to a number of assumptions: (1) The
DFs hav*ﬁli—circular geometry, which is stable during the DF passage over all space-
craft; (2) @&les of the DFs are much larger than the probes separations; and (3) the
DFs are'p@ed by the magnetic tension force and thus propagate along the magnetic
field line daresgion in the lobes (above and below each observation location), projected
onto the XY 2GSM plane. In general the DF propagation direction is different from the
DF crossing normal direction. Hence, the estimated timing velocity is only a projection
(underestiﬁn) of the actual DF velocity. Thus, we deproject this velocity onto the
assumed E@paga’cion direction. To keep deprojection errors low, we require that the
S/C cross MFS at a maximal cone-angle of 45° around this propagation direction. The
time laﬁen the spacecraft are clearly larger than the data resolution and are thus
a rathe ncertainty factor in the DF velocity determination. However, our findings

can only ke interpreted in the context of the aforementioned assumptions. In reality, the

DF propa and structure might be much more complicated, as their geometry might

not stable Eff Iphey might expand as they propagate.

e —
6. Sumraand Conclusion

Assm{he DF to be a stable, semi-circular structure, propagating along the mag-

netic tension force, the major results obtained in this study are:
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(1) A larger fraction of the DFs move faster closer toward Earth than further down the
tail. This is contrary to the expectation that the DFs and associated DFBs should be
braking in a more dipolar field where the flux tube entropy of the DFBs equals the entropy
of the surrounding plasma. Here we discuss different alternatives for this behavior. First,
a tempoMtion of the DF's due to different solar wind conditions and/or plasma sheet
tilting and have taken place. It is also possible that we only observe a selection

of DF's gliier to Earth, those with higher velocities in the first place. Clearly, a much

larger dat of DFs is necessary to determine which mechanism is responsible for the
unexpect avior of the DF's close to Earth.

2) Larger wvelomtles actually correspond to higher B, values directly ahead of the
DFs. Th1 vior is observed by both, Cluster and MMS, although they are located in

different IES in the tail (more/less dipolar magnetic field). We interpret the higher

B, to a lo@ow plow-like phenomenon resulting from a higher DF velocity and thus a

higher E flux pile-up ahead of the DF.
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Figure ﬁstration of (a) S/C in-situ observations of the magnetic field Z—component
(B,), (b)%ssumed circular shape of the DF in the XY-plane. n denotes the normal

direction Dthe S/C crossed the front. Viiming is the velocity of the magnetic structure,

obtaine@ timing method. Vpp is the DF velocity along the assumed propagation

direction Xrgg. As is the observed front thickness (between B, min and B, max) and DFg,e

the actual DF thickness.
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Figure@Superposed Epoch analysis of (a and b) B,, (c¢) motional electric field and

(d) the

agnetic elevation angle of the DFs observed by Cluster (left panels) and MMS

(right‘ﬂmel@. The 23 Cluster and 23 MMS events are divided into 4 subsets according

to the DE vdlocity. The number of events in each bin is given in the legend.
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Table 1. Number of events in each velocity bin, the temporal scale of the DFs with
95 % confidence bounds obtained from the linear regression and the mean DF thickness

with standard deviation.

DF velocity number of events | temporal scale [s] | DF size [km]

: g or > 150 km/s 8 (35%) 33 £30 9800 £ 6000

Cluster @i< Vor < 150 km /s 9 (39%) 45 4 27 3700 =+ 2200

# -mnldak111 /5 < Vi < 0km/s 6 (26%) 42 + 32 1900 £ 1000

‘LCDF < —150 km/s - - -

E—)\/DF > 150 km/s 13 (57%) 1147 4400 + 3200

MMS ms < Vop < 150km/s 5 (21%) 15+8 1200 = 700

—Em/s < Vpr < 0km/s 3(13%) 17+ 10 1100 £ 900

! Vor < —150km/s 2 (9%) 10 2700 + 400

e —
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