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Abstract: Previous studies suggest that dipolarization fronts (DFs) are 1 to 3Rg (R is the earth radius) wide in the dawn-dusk direction.
Recent kinetic simulations have found that DFs may break up into small-scale structures after they are produced by reconnection.
Motivated by this simulation, we revisited the scale size of DFs in the dawn-dusk direction by using Cluster observations during the years
when the inter-distance among Cluster spacecraft was between 1000 and 2000 km. We selected the DFs that were detected by more than
one spacecraft and estimated the radii of these DFs by a simple geometrical analysis, which is based on comparison of DF normals
observed by different spacecraft. We found a few DFs that were only a few ion inertial lengths in the dawn-dusk direction. These results
point out the importance of multi-scale coupling during the evolution of DFs.
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1. Introduction

Magnetospheric substorms are one of the most important explos-
ive phenomena in space weather. One crucial substorm ingredi-
ent is the dipolarization front (DF), which refers to the transient in-
crease of magnetic field B, embedded within earthward fast flows
in the magnetotail (e.g., Nakamura et al., 2002; Ohtani et al., 2004;
Runov et al., 2009). A DF is a boundary layer separating an earth-
ward moving depleted flux tube that contains hot tenuous plas-
mas and an ambient flux tube that contains cold dense plasmas
(Runov et al.,, 2011). It is also a thin current layer where the Hall
electric field normal to the front has been observed (Zhou M et al.,
2009; Fu HS et al., 2012a). DFs are pivotal in the dynamics of Earth’
s magnetotail. Liu J et al. (2014) found that DFs carry significant
magnetic flux in the magnetotail. It is suggested that DFs are ma-
jor sites for energy conversion and particle acceleration in the
near-Earth magnetotail (Huang SY et al, 2012, 2015a; Angelo-
poulos et al.,, 2013; Deng XH et al,, 2010; Ashour-Abdalla et al.,
2011; Fu HS et al,, 2011; Wang Y et al.,, 2015). Moreover, DFs are
usually accompanied by different plasma waves, from the ion
cyclotron frequency to above the electron cyclotron frequency,
that substantially affect the dynamics of particles near the DFs
(Deng XH et al., 2010; Zhou M et al., 2009, 2013, 2014; Li HM et al.,
2015).

The normal-direction thickness of most DFs is on the order of the
ion inertial length or ion Larmor radius (Runov et al., 2009; Zhou M
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et al., 2009); the widths of DFs along their dawn-dusk (cross-tail)
direction is generally believed to be of the fluid scale, which is
much larger than the ion characteristic scales. Sergeev et al. (1996)
found that depleted flux tubes, the leading edges of which re-
semble DFs, are 1-2Rg wide in the dawn-dusk direction in the
near-Earth tail. This is similar to the inferred width of fast earth-
ward flows in the magnetotail (Nakamura et al., 2004). Recent
multi-spacecraft analysis using THEMIS and Cluster observations
have confirmed the previous results that DF width is a few (1-3)Re
in the dawn-dusk direction (Liu J et al.,, 2013; Huang SY et al,,
2015b).

Recent 3-D kinetic simulation has suggested that DFs may break
up to form multiple small-scale (a few ion inertial lengths) DFs
along the tangential surface of the front (Pritchett et al., 2014,
2016). Energy conversion and dissipation at a DF mainly occurs in
these ion-scale small structures. Moreover, Zhou M et al. (2017)
studied a three-dimensional X-line in the near-Earth magnetotail.
They found that two spacecraft that were separated by 1Rg along
the dawn-dusk direction observed different magnetic structures
(one observed flux ropes and the other one observed DFs) near
the diffusion region. This implies that the DFs had dawn-dusk
sizes much smaller than 1Rg close to the X-line.

Motivated by the above-mentioned simulations and observations,
we revisited the dawn-dusk sizes of the DFs in the near-Earth tail
by using data from the Cluster mission in the years 2001, 2002,
and 2004 (Escoubet et al, 1997), years during which the four
Cluster spacecraft kept a tetrahedron shape in space with spacing
that ranged from 1000 to 2000 km. This spacing enabled Cluster
touncover the ion-scale DFs or the ion-scale structures de-
veloped on DFs that cannot be resolved by THEMIS, or by Cluster
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after the year 2005, when the spacing among these spacecrafts
was generally larger than 5000 km (e.g., Liu J et al., 2013; Huang
SY et al.,, 2015b). Data from the Fluxgate magnetometer (FGM)
(Balogh et al., 2001), Electric Field and Waves (EFW) (Gustafsson et
al., 2001) and Cluster lon Spectrometry (CIS) (Réme et al., 2001) in-
struments on board Cluster were used in this study. We should
note that the CIS instrument on C2 has been out of order since
2001, hence ion plasma data were available only from the other
three spacecraft. We used the spacecraft potential provided by
the EFW instrument to monitor rapid variations of plasma density
(Pedersen et al., 2008). Although the spacecraft potential cannot
always provide an accurate value for the plasma density, its vari-
ations are a good indicator of density change.

2. Database and Methodology

In total, we selected 96 DFs observed by Cluster in the near-Earth
magnetotail during the years of 2001, 2002, and 2004. These DFs
are from the database in Li HM et al. (2015), which includes a total
of 282 DFs. The 96 chosen for this study were identified by using
the following criteria:

(1) The spacecraft was in the plasma sheet, i.e., plasma 3> 0.5 and
|Bx|< 20 nT.

(2) The observed increase of B, was rapid, i.e., AB,>10nT in 16 s.

(3) The magnetic field disturbance before the DF was small, i.e.,
variance of the fluctuations was less than 3 nT in 3 mins before the
arrival of the DF.

These criteria are similar to those used in previous statistical stud-
ies of DFs (Schmid et al., 2011; Fu HS et al., 2012b; Liu J et al.,
2013).

To calculate the radii of DFs using our multi-spacecraft method,
we further require that the DF must be observed by more than
one spacecraft — that is, the time delays between DF data collec-
ted by different spacecraft should be less than 20 s.

We employed the same geometry analysis as Liu J et al. (2013) to
estimate the dawn-dusk sizes of the DFs. We assumed that a DF is
a semicircular structure in the X-Y plane, in geocentric solar mag-
netosphere (GSM) coordinates, and that it is symmetric with re-
spect to the propagation direction of the DF (See Figure 1). We re-
positioned each DF into a local orthogonal coordinate system
X'Y'Z" by rotating the GSM coordinate system about the Zys axis

1 VB,V . . .
—= |, where V; is the field line velo-

by a certain angle ¢ = tan™

city Vg=EXxB/B? (Liu J et al., 201 3)ljnyhich has been averaged over all
the spacecraft that encountered the DF. X" is along the projection
of Vg in the Xgsm-Ygsm plane, Z'=Zgsm and Y'=Z"xX". Minimum vari-
ance analysis (MVA) of the magnetic fields (Sonnerup and
Scheible, 1998) is used to determine the normal orientation N of
the DFs at the contact point of the spacecraft trajectory and the
DF. The ratio between the intermediate eigenvalue A, and the
minimum eigenvalue A; is used to evaluate the accuracy of the
MVA. Here we require that A,/A3 must be larger than 10 to provide
a reliable normal direction. If Ay/As is less than 10, then the obser-
vation from this spacecraft will be discarded. Moreover, N; is al-
ways set as positive.
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Figure 1. Demonstration of how to estimate the radius of the DF
(assuming it is a semi-circle in the X*Y" plane) by two spacecraft
observations. ny and n; are the normals of DF at the two contact
points between the two spacecraft and the DF layer. X" is in the
direction of the DF's convective velocity in the Xgsm-Ygsm plane, while
Y"is orthogonal to X" and lies in the Xgsm-Ygsm plane.

The DF radius, r, can be estimated from a dual observation by the
following equation. Here AY" is the separation of the two space-
craft in the Y* direction, and the azimuthal angle, 6%, between the
DF normal and the X" axis is given by 8"=tan"'(Npf, ,»/Nor, x+), where
Npk is the normal of the DF estimated by each spacecraft.

AY*
sin; —sind; |

(1

If more than two spacecraft detected the DF and provided reli-
able normal direction measurements, for the calculation we chose
data from the two spacecraft that were farthest from each other in
the Y* direction. We further limited the analysis to data from
spacecraft pairs for which A6" > 40°, in order to avoid the possibil-
ity of large errors caused by observations from an insufficient an-
gular difference. If data from the two chosen spacecraft inferred a
concave geometry, we made a second calculation of r, based on
data from a second pair of spacecraft, the pair that were the
second farthest from each other in the Y* direction and that also
satisfied AG" > 40°. We repeated this procedure until we found a
convex shape. If we could not find a convex shape for a particular
event, we discarded the event.

The errors associated with eigenvectors provided by the MVA can
be estimated as (Sonnerup and Scheible, 1998):

b= ([ TG o2 @
' M-1 (4,-4)

where Agj; is the angular deviation of vector n; toward vector n;, M
is the number of data points used for MVA, and A;, A; and A; are
the maximum, intermediate, and minimum eigenvalues, respect-
ively. Aaz; and Aas; denote the angular errors of the DF’s normal,
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estimated by MVA. For each spacecraft, we obtain four vectors
that corresponding to Aasz; and Aas,, and four corresponding 6” in
equation (1). Two spacecraft will result in 16 different values of r,
based on which we can obtain the diameter of the DF and the er-
ror associated with the calculated diameter.

3. Multiple Cases Study

Below we show two examples of small-scale DFs detected by
Cluster. Figure 2 shows the four spacecraft observations of a DF
between 23:11:00 and 23:14:00 UT on August 07, 2004, when
Cluster was near [-16.2, —8.9, 0.3]Rg in the GSM coordinates. The
four Cluster spacecraft formed a regular tetrahedron in space with
a maximum inter-distance about 1200 km. A transient increase of
B, from 0 to 14 nT was recorded by Cluster at around 23:12:20 UT.
A small B, dip from 2 to —1 nT ahead of the DF was also observed
(Figure 2¢). The duration of this DF (from the negative B, peak to
the first positive peak) was about 8 s. This DF was observed away
from the neutral sheet as B, changed from 15 to 5 nT associated
with the DF. This DF was embedded within an earthward flow
with a peak speed near 400 km/s (Figure 2e), and was accompan-
ied by a drop in the plasma density observed by C1 and C4 and an

enhancement in the plasma density observed by C2 and C3, prob-
ably because C2 and C3 approached the neutral sheet more
deeply than the other two spacecraft. These features are consist-
ent with previous observations of DFs in the near-Earth plasma
sheet (e.g., Zhou M et al., 2009).

We used MVA to determine the normal directions of the DF at the
contact point of the DF and the spacecraft trajectory. The MVA
results, spacecraft relative positions, and normal angles with re-
spect to the X" axis, are summarized in Table 1. Since Ay/As is less
than 10 for C3, we do not use the measurement from C3 to calcu-
late the radius of the DF. Following the procedure depicted in the
above section, we evaluated the radius of this DF. The moving ve-
locity of the DF is given by Vp=EXB/B? ~ (210, —148, 31) km/s. It
means that the DF moved primarily in the X-Y plane, its velocity
primarily earthward and dawnward. This DF's moving velocity is
quite different from the ion bulk velocity, suggesting that the DF
was probably not frozen-in to the ions. We estimated the DF thick-
ness by VgNpr dt, where Npg is the normal of the DF and dt is the
duration of the DF. Since the normals measured by different
spacecraft were different, the corresponding thicknesses of the DF
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Figure 2. Overview of a DF observed by the four Cluster spacecraft between 23:11:00 and 23:14:00 UT on August 07, 2004. From the top to the
bottom: (a, b, and ¢) X, Y, and Z components of the magnetic field; (d) spacecraft potential; (e, f, and g) X, Y, and Z components of the ion bulk
velocity from C1 and C3. The CIS instrument on board C2 has been out of order since 2001, hence no ion measurement data were available from
C2. Similarly, no C4 ion moment data were included because the CIS-HIA instrument on board C4 is out of order.
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Table 1. Normals estimated by MVA, ratio between the intermediate and minimum eigenvalues 1,/3, probe relative position, and the angle
between the DF normal and the X" axis. C1 is set as the origin in calculating the relative spacecraft positions. The vectors are displayed in the

X*Y*Z" coordinates. The results are for the August 07, 2004 event

SC N* A2/A3 Relative position in the X"Y"Z" coordinates (km) 6" (°)
1 0.89, —0.11, 0.45 153 0,00 28
2 0.79, -0.23, 0.57 13 —1050, —60, —320 19
3 0.89, 0.09, 0.49 43 —70, —310, —1080 -
4 0.52, —0.66, 0.54 10.5 —20, —790, =240 -17

were also different. The thicknesses of this DF, as measured by
data from C1, C2, and C4, respectively, are approximately
1720km-2.4d;, 2170km-3d; and 2230km-3.1d;, where d; (~720 km)
is the ion inertial length in the ambient plasma sheet before the
arrival of the DF. This implies that the thickness of the DF was not
uniform along its tangential surface. Knowing the convection
speed of this DF’s Vg, we then transform the vectors into the DF
local coordinates X'Y"Z". Applying equation (1) to the observa-
tions from C1 and C4, we find that the DF was a convex shape in
the X'Y" plane, i.e, AN; o, c,/AY¢ .o, > 0. The angular errors of
the DF’s normal observed by C1 are: Aaz; =+0.70°, Aaz; = = 1.96°,
and by C4 are: Aasy == 0.69°, Ads; = +4.48°. The computed dia-
meter of this DF is, therefore, 2130+338km-2.8+0.4d,. This diamet-
er is much smaller than that of the DFs evaluated by THEMIS (e.g.,
Liu J et al., 2013). It is also much smaller than those of the DFs ob-
served by Cluster in the year 2005 when the inter-distance among
Cluster spacecraft was more than 5000 km (Huang SY et al.,
2015b). The relative positions of the four spacecraft with respect
to the DF is shown in Figure 3a.

The other event was observed by Cluster on October 13, 2004,
when Cluster was located at approximately [-14.2, 8.6, —2.4]R¢ in
the GSM coordinates. The four spacecraft were in a tetrahedronal
formation with maximum spacing of approximately 1300 km. This
second example DF event differs from the first, above, in that it
was observed only by three Cluster spacecrafts (C1, C3, and C4);
C2 missed this DF. Figure 4 presents the Cluster spacecraft obser-
vations from 07:43:50 to 07:45:50 UT. C3 and C4 detected the DF
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—~ O0F
g
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= —400 +
—-800 +
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nearly simultaneously at around 07:44:45 UT, while C1 observed
the DF about 7 s later. The DF was characterized by an abrupt in-
crease of B, of approximately 20 to 30 nT. This enhancement of B,
was preceded by a B, decrease of 6 nT, observed by C3; of 2 nT,
observed by C1 (the B, decrease observed by C4 was minor, only 1
nT). This DF was observed in the southern hemisphere away from
the neutral sheet where the average B, was nearly —15 nT. The DF
was embedded within an earthward flow with a peak speed
around 200 km/s (Figure 4e). Similar to the DFs reported in previ-
ously published studies, this DF was associated with a sharp
plasma density drop, indicated by decreases in spacecraft poten-
tial. Table 2 shows the multiple spacecraft analysis results for this
DF. The format is the same as in Table 1. A5/A3 from C4 was less
than 10, indicating that the DF's normal estimated from C4 data
may be unreliable. The propagation speed of this DF's Vg was
about (136, -108, 45) km/s. This speed is similar to the ion bulk
speed associated with this DF. Based on the propagating speed of
the DF, we infer that the thicknesses of the DF were about
580km-1.6d; and 810km-2.2d; as measured by C1 and C3, respect-
ively, where d (~ 360 km) is the ion inertial length in the ambient
plasma sheet. We used C1 and C3 observations to evaluate the ra-
dius of this DF. The angular errors of the DF normal observed by
C1 are: Aaz; =+ 0.38° Aas; =+ 0.58° and by C3 are: Aaz; = + 0.24°,
Aaz; = + 1.46°. The diameter of this DF is thus estimated to be
1474 + 14 km = 4.2 + 0.04d,. In addition, we find that this DF was
convex in the X*Y* plane, i.e., AN;C,_C3/AYEI_C3 > 0. Figure 3b dis-
plays the relative positions of the four spacecraft with respect to
the DF. It is clear that C2 was far duskward from the other space-
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Figure 3. Four Cluster spacecraft positions and DF in the X*Y" plane: (a) at around 23:12 UT on 07 August 2004; (b) at around 07:44 UT on 13
October 2004. The indicated positions of the spacecraft are at the time when they encountered the DF. The position of C2 in panel (b) is obtained

at 07:44:50 UT.
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Figure 4. Overview of a DF observed by Cluster between 07:43:50 and 07:45:50 UT on October 13, 2004. The format is same as Figure 2.

Table 2. The same format as Table 1. This table is for the event of Oc-
tober 13,2004

Table 3. List of the small-scale DFs observed by Cluster and their dia-
meters d in the unit of km and the ion inertial length

Relative Positions in the

SC N Mo/As X'Y'Z' coordinates (km) o)
1 0.75, 0.55, 0.35 35 0,00 75
2 - - —230, 750, —960 -
3 0.75,-0.31, 0.58 43 340, —430, -1170 17
4 0.82, 0.40, 0.41 8 —510, —500, —680 -

craft. It missed the DF because the DF was oriented in the dawn-
dusk direction.

We analyzed all of the 96 DFs following the same procedure de-
scribed above, and found 6 DFs with diameters less than 10d,,
which is substantially smaller than the dawn-dusk sizes of DFs re-
ported in previous studies (Sergeev et al., 1996; Liu J et al., 2013;
Huang SY et al,, 2015b). The observation times and the sizes of
these DFs are listed in Table 3.

4. Discussion and Summary

We have revisited the dawn-dusk scale of earthward propagating

No  Observation time of the DF (UT) d (km) d (d)

1 2001-08-24 14:51:50 2406 £ 272 6.60 + 0.80
2 2002-09-02 05:27:55 2340 £ 12 460 + 0.04
3 2002-09-30 07:47:26 2910 + 128 9.00 + 0.40
4 2004-08-07 23:12:10 2130 + 340 2.80 £ 040
5 2004-08-26 19:11:28 2886 + 142 690 + 0.34
6 2004-10-13 07:44:37 1471 +14 416 £ 0.02

DFs observed by the four Cluster spacecraft during the years 2001,
2002, and 2004, when the inter-distance among Cluster space-
craft was approximately 1000 to 2000 km. By assuming that the
DFs were semicircular with symmetry axes along their directions
of motion, we estimated the diameters of the DFs and found a few
small-scale DFs with diameters on the order of the ion inertial
length, which is much smaller than found in previously studies;
this result suggests that the dawn-dusk size of the DFs is a few
earth radii (e.g., Sergeev et al., 1996; Liu J et al., 2013).

Our result is consistent with those of Pritchett (2016), who found

Huang J and Zhou M et al.: Dipolarization front in the magnetotail



that reconnection exhausts break up into small-scale fronts of
width 1-2d; due to the ballooning /interchange-type of instability.
On the other hand, Zhou M et al. (2017) found that some DFs ori-
ginating from reconnection were quite narrow in the out-of-plane
direction (in the tail, the out-of-plane direction is close to the
dawn-dusk direction). These small-scale DFs may either expand or
merge to form larger DFs during their propagation towards Earth
(Liu J et al., 2015). We should note that these small-scale struc-
tures may be the ripples on DFs, as reported recently in 3-D PIC
simulation and magnetospheric multiscale (MMS) observations
(Vapirev et al., 2013; Pan DX et al., 2018). These ripples exhibited
either ion- or electron-scale wavelengths, and were related to in-
stabilities developed on the front.

Although this study does not reveal the formation mechanism of
these ion-scale structures on DFs, it implies that kinetic physics
plays an important role in the generation and evolution of DFs.
The size in the dawn-dusk direction is important in magneto-
spheric physics since it determines the magnitude of magnetic
flux carried by a DF (Liu J et al., 2014), and potentially affects the
energy gain obtained by particles from a DF (Birn et al., 2013).
These results are also important for understanding cross-scale
coupling in the magnetotail.
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