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Fig. 10. (Top) Magnetic measurements form the ISEE 1 and 2 spacecraft at the magnetopause during the occurrence of !ux transfer events (Elphic and
Russell, 1979). Boundary normal coordinators are used. Bottom panels show sketches of the inferred magnetic structure of FTEs (Russell and Elphic,
1978).

magnetic pressure gradient pushing outward. The boundary
is several gyro radii thick even when there is only a weak
magnetic "eld in the magnetosheath. The subsolar magne-
topause also usually includes much structure both in the
adjacent magnetosheath and in the magnetosphere for north-
ward and southward conditions. However, this structure is
quite di#erent for the two situations.
At times, when the magnetic "eld is nearly antiparallel,

the magnetopause is quite simple. It resembles an Alfven
wave with a reduced "eld strength in the middle. In these
cases there is a guide "eld but there might not be a guide

"eld at the location where reconnection began. Neverthe-
less, even in this simple situation, there is structure and that
structure makes determining the magnetopause orientation
with a single spacecraft di$cult.
While most measurements of the magnetopause current

have been at low latitude, Polar measurements at high lat-
itude have been most instrumental in giving us new in-
sight into the reconnection process. They in fact suggest
that a guide "eld is not present at the reconnection point.
This is equivalent to saying that the correct picture of re-
connection is antiparallel reconnection and not component
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Fig. 3. Front-side view of the dayside 
magnetopause with open magnetic flux tubes for 

By > 0. •G is the geomagnetic field. 

magnetopause, as reported by Saunders et al. 
(•984). 

It may be pointed out that a steady state 
reconnection configuration cannot be obtained in 
the presence of multiple X-line reconnection. 
Furthermore, the poleward convection of the 
magnetic flux tubes may disturb the magnetopause 
and prevent the formation of the quasi-steady 
rotational discontinuities and boundary layer. 
The polar-cap potential drop associated with the 
multiple X-line reconnection can be estimated to 
be • -- B R Ay/At = 50 - 150 kV, where 

•CR E i• the ra R = dius of the flux tube, 
Ay = 10 R_ is the length of reconnectton line 
and At •- •-8 rain is the recurrence time of the 
flux transfer events. 

It should be mentioned that the number of X- 
lines is not limited to three as discussed 
above. However, the number of flux tubes formed 
(Nft) is always one less than the number of X- 
lines (Nx) , i.e., Nft = Nx-1. It is also 
possible that the two ends of a flux tube formed 
at the magnetopause are both connected to the 
IMF, or to the geomagnetic fields. Satellite 
observations may resolve this problem. 

Tearing Instability As the Cause of Multiple 
X- line Reconnectton 

The multiple X-line reconnectton process may 
occur through either (1) forced reconnection 
along several reconnection lines, or (2) the 
development of tearing instability. In this 
section we shall demonstrate that the development 
of a tearing instability at the dayside 
magnetopause may lead to FTE's. Tearing 
instability has been suggested to occur at the 
dayside magnetopause by Podgorny et al. (1978, 
1980), Quest and Coroniti (1981) and Greenly and 
Sonnerup (1981). However, the reconnectton 
geometry in Podgorny's model is completely 
different from the present one. 

Assume that the magnetic field at the• 
magnetopause is g•ven by •B = B o cos(©/2)y + B o 
sin(O/2)tanh(x/a)z in the local Cartesian 
coordinates, where l•o is ^the constant field, a is 
the thickness, and y and z are unit vectors. The 
linear growth rate y of the tearing instability 
can be calculated and is plotted in Figure 4 as a 
function of the angle 0, which can be identified 
as the polar angle of the IMF. The plasma and 
field parameters used in Figure 4 are: a = 100 

km,3B o = 30 nT, particle number density n = 10 cm' , ion thermal energy T t = 1 keV, and electron 
thermal energy T e = 200 eV. The growth rate is 
plotted for v c 0, 1, 10 and 1000 s '1 where v 
is the anomalous collisional frequency at the 
magnetopause. The anomalous collisions can be 
caused by the lower hybrid drift instability or 
the modified two-stream instability at the 
magnetopause (Huba et al., 1977; Lee, 1982). The 
anomalous collisional frequency at the dayside 
magnetopause is typically Vc < 10 s '1. 

The growth rate with v -- 0 in Figure 4 is 
essentially the same as t•at obtained by Quest 
and Corontti (1981). The other curves are based 
on the growth rates obtained by Drake and Lee 
(1977)and on our numerical calculation to be 
reported in a future paper. The growth rate ¾ 
also depends on the thickness a of the current 
layer. Fo.r2t•e collisionless case, it is found 
that ¾3 • a for 0 = 180 ø, and ¾ • a' for O < 170 ø 

Since repeated FTE's are observed to occur 
every 8 minutes, it is required that the flux 

2) in tube must grow to the observed size (• 1 R E 
less than 8 minutes (= 500 s.) Therefore, the 
linear growth rate of the tearing mode is 
required to be ¾ •> 0.01 s '1. From Figure 4 and 
the strong dependence of the growth rate on the 
a, it is concluded that the tearing mode will 
grow to large amplitude only for a magnetopause 
with a •< 150 to 200 kin. The dayside 
magnetopause thickness, L (=3a), is observed to 
be •400 km in the low latitude region and •1000 
km near the cusp (Berchem and Russell, 1982). 
Thus, the tearing instability tends to occur in 
the low latitude region ( a •< 150 kin), but not 
in the high latitude region (a = 350 kin). 

The most unstable tearing mode occurs at wave 
number k = 0 3a '1 ß , with a corresponding 
wavelength in the z-direction L z -- 2•/k = 20 a •- 
3000 km for a = 150 kin. The thickness of the 

magnetic flux tubes at saturation is L x = Lz/3 = 
7a = 1000 km. Thus, the linear dimension of the 
most unstable mode is about 1/2 of the observed 
large flux tubes. However, the small magnetic 
flux tubes may coalesce and form a larger tube. 
The coalescence process is a fast process; it 
occurs within a fraction (0.1 - 0.3) of the e- 
folding time of the linear tearing instability 
(Pritchett and Wu, 1979). It is expected that 
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Fig. 4. The growth rate ¾ as a function of the 
polar angle 0 of the IMF. 
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Fi•. 2. Variation of the pressure •, the current den- 
sity •, and the magnetic field component Bz along the z 
direction across the current layer at (top) • = 180 and 
(bottom) Z = 270. 

grows. Figure 2 shows at t = 180 and t = 270 the z 
component of the magnetic field (dashed line), the pres- 
sure p, and the current density • (solid lines) in a cross 
section through the current sheet. The respective z po- 
sitions have been choosen such that the current loop has 
its maximum z extension, i.e. where the magnetic loop 
is widest. The maximum z extension of the magnetic 
field loop can be inferred from the current layer, which 
is located at • = 180 near z = 4.5 and at • = 270 near 
z = 9, respectively. A second peak in the current den- 
sity near z = 2 is a remnant from the original current 
sheet. As can be seen, J•z and p abruptly change across 
the current layer in a way opposite to each other. This 
is evidence that the current layer is a slow shock. The 
important point is that the slow shock, indicated by the 
current layer, moves outward even after the reconnection 
electric field has been turned off at the X point. This is in 
agreement with the simple analytical result of Pudovkin 
and Semenov [1985]. After • = 200 plasma continues to 
be heated and accelerated through the slow shocks and 
there is still a nonzero electromagnetic energy conversion 
term j. E at the position of the current layer. However, 
the current density in the current layer decreases with 
time and the current layer broadens. 

Application to Flux Transfer Events 

We will now apply the results of the numerical sim- 
ulations of time-dependent reconnection to our proposed 
model of FTEs. Time-dependent reconnection along an 
extended X line near the subsolar point of the dayside 
magnetosphere should result in the northward and south- 
ward propagation of the field line reversal region. A 
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Fig. 3. The projection of reconnected magnetic field lines 
after onset of reconnection in the noon-midnight meridian 
plane. 

schematic sketch of the reconnected field lines after on- 
set of the reconnection based on the numerical results in 
Figure 1 is shown in Figure 3. Figure 3 is a projection 
of the field lines in the noon-midnight meridian plane. 
After reconnection ceases, the field line reversal region 
is advected northward and southward along the magne- 
topause. Assuming a thickness of the magnetopause cur- 
rent layer of 400 km we found that after ~ 3 min following 
the onset of reconnection the loop-like magnetic field re- 
gion has a dimension of about 0.3 P'E transverse to the 
magnetopause and about 1 P'E along the magnetopause. 
The transverse extension is still increasing. This is con- 
sistent with typical dimensions of FTEs. The magnetic 
signature of FTEs is typically -associated with variations 
in the normal magnetic field component BN, which is 
close to Bx in the simulation coordinates. At first sight, 
the topology seems to be not too different from the topol- 
ogy in the Lee and Fu [1985] model (see there Figure 2b). 
However, the difference in topology becomes clear when 
considering the effect of a finite IMF J•y component. In 
the Lee-Fu model the loops are closed due to the double 
tearing. Thus field lines enter at one end of the island 
from the magnetospheric side and leave at the other end 
into the magnetosheath. In the present model field lines 

system (see Fig. 1 caption for details). Relative to THA,
THE was located 1093 km in the!z0 direction and 770 km
in the!y0 direction, whereas THD was 1447 km in the!z0

direction and 3611 km in!y0. Initially, all three spacecraft
were located inside the magnetosphere, characterized by
BZ0 > 0 [Figs. 2(b), 2(e), and 2(h)]. At"15:19:50UT THA
crossed the magnetopause followed by further reen-
counters at "15:25 UT, "15:46 UT, and "15:57 UT
with embedded plasma jettings indicative of reconnection
observed each time [Figs. 2(b) and 2(c)]. At 16:04:50 UT
THA finally entered the magnetosheath proper. The mag-
netic shear across the magnetopause was "145# (corre-
sponding to a 32% guide field) and rather constant
throughout this interval. THE and THD crossed the mag-
netopause at 15:21:35 UT and 15:20:15 UT, respectively,
followed by multiple encounters with the magnetopause
current sheet and associated plasma jets, before exiting into
the magnetosheath proper at 16:05:25 UT and 16:03:15
UT, respectively. We now focus on the last magnetopause
crossing at around 16:00 UT (marked by the blue horizon-
tal bar in panel 2i). During this crossing VZ0 , the reconnec-
tion outflow, reversed direction.

The reversal in VZ0 could be due to either an X line
moving southward in the $z0 direction or a flux rope,
flanked by two active X lines, moving northward in the
!z0 direction. In the former (X line) scenario, the north-
ernmost spacecraft (THD) would detect the flow reversal
first, followed by THE and THA. In the latter (flux rope)
scenario, THD would observe the flow reversal last.
Figure 3 (which overlays the flow and field of the three
spacecraft) shows that the flow reversal (panel d) was first
detected by THA, followed by THE and THD, which
implies a northward moving flux rope.
A "21 km s$1 propagation speed of the flux rope along

the outflow (z0) direction (comparable to the external mag-
netosheath flow speed) was deduced from the 51 s time
delay between the flow reversal detected by THA (at
15:59:29 UT) and THE (at 16:00:20 UT), which were
located along the same meridian, but separated by
1094 km along z0. Using this speed, and the fact that the
three spacecraft traversed the flux rope for a total of nearly
12 min (from 15:52:52 UT to 16:04:36 UT), the cross
section (along z0) of the flux rope was at least 14780 km
(or 274 magnetosheath ion skin depths).

FIG. 1 (color). A simplified sketch illustrating the large-scale
features of the observed magnetic flux rope deduced from data at
around 16:00 UT shown in Figs. 2–4 and the paths of the three
THEMIS spacecraft through it. At 16:00 UT THAwas located at
GSM [10.51, 1.64, 0.61] RE, THE at GSM [10.41, 1.75, 0.78] RE,
and THD at GSM [10.42, 2.19, 0.87] RE. A common current
sheet normal coordinate system (x0, y0, z0) is used for data from
all three spacecraft and was determined by the minimum vari-
ance of the THEMIS A magnetic field across the magnetopause.
This current sheet coordinate system differs only slightly from
the GSM coordinate system: x0 % GSM &0:998;$0:026; 0:049'
is the normal vector and is 3.2# from xGSM, y

0 (% GSM [0.022,
0.997, 0.070]) is 4.2# from yGSM, and z0 (% GSM
&$0:051;$0:069; 0:996') is 4.9# away from zGSM.
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FIG. 2 (color). Overview of the multiple magnetopause cross-
ings by three spacecraft, including the flux rope observations
near 16:00 UT. (a)–(c) THA magnetic field magnitude, magnetic
field and velocity components along Z0, (d)–(f) THE magnetic
field magnitude, magnetic field, and velocity components along
Z0, (g)–(i) THD magnetic field magnitude, magnetic field, and
velocity components along Z0.

PRL 107, 165007 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

14 OCTOBER 2011

165007-2

Øieroset et al. 2011

Russell and Elphic  1978,1979

with the distance from the FTE center and within the MPCS, which pro-
vides evidence for diverse magnetic topologies (Pu et al., 2013; Zhong
et al., 2013). The absence of an overall !ow reversal (the observation of
mostly negative Vl) indicates that the spacecraft resided mainly on one
side of the exhaust region (southward of the principal X line) throughout
the interval studied. Invoking two reconnection X lines appending draped
magnetic "eld lines to a single FTE (Figure 3) fails to explain the patterns of
the Hall current and "eld variations (section 6) as well as a series of inter-
mittent signatures of !ux ropes (section 7) and the absence of oppositely
directed reconnection jets between the two X lines without the MPCS-
proper transformation.

Instead, mostly southward reconnection jets throughout the event indi-
cate the presence of multiple reconnection X lines southward of a domi-
nant X line as marked by “X line (later)” in Figure 5. Table 2 showed that
the lower part of the MPCS [related to “X line (initial)”] moves southward
faster than the upper part of the MPCS [X line (later)], indicating a relative
drift between the two X lines, that is, the initial (southern) X line being
pushed away by the southward out!ow jet from the later (northern) X line.
This "gure explains most of the observational features: (1) southward !ows
(negative Vl) thatmaximize before entering and after exiting theMPCS [jets
1 and 3 in Figures 5 and 1e, during/around which reconnection Hall signa-
tures are observed (green shadings in Figures 1h–1l) and section 6)]; (2)
reconnection jet speeds comparable to local Alfvén speeds, that is, the
Walén relation holds (Figures 1m and 1n and section 5); (3) detailed Bm
and En pro"les consistent with expected Hall "elds (green arrows and sym-
bols in Figure 5); (4) a weak !ow reversal across the central !ux rope
(Figure 1e; jets 20 and 30 in Figures 5 and 1e; note that in the central
MPCS proper, jet 2 is measured as jet 20 due to the faster southwardmotion
of the presumed initial X line); (5) unidirectional (perpendicular, counter-
streaming) low-energy electrons in the core of (on the close periphery of,
further away from) the central FTE (Figures 1q and 2e and section 7), pro-
viding evidence for diverse magnetic topologies and the MPCS under-
going reconnection; and (6) intermittent periods of !ux rope signatures
with positive-to-negative transitions in the l component of the magnetic
curvature indicating the southern-to-northern passage of FTEs [Figure 4c;
positive (negative) n components indicating MMS crossing of the magne-
tospheric (magnetosheath) side of the FTEs, as depicted in Figure 5].

During jet 4 observed from ~0059:58 to 0100:14 UT (Figure 1e), the Hall
current signatures are rather unclear (Figures 1k and 1l). The rapid change
in Vl in the MPCS proper from negative (jet 3) to positive (jet 4) values
around D0 (Figure 1e) might suggest that jet 4 is northward out!ow jets
from the new (later) X line. Points (1) to (5) indicate that there were at least
two active X lines during the event. The appearance of a series of !ux ropes
suggests that the MPCS anchored at the two X lines was unstable to the
tearing mode, leading to the formation of multiple secondary islands or
!ux ropes, to be discussed in the following section.

9. Discussion and Conclusions

In this paper, we report a series of !ux ropes that formed between two reconnection X lines observed
by the MMS mission. The southward reconnection jets throughout the event indicate that a reconnection
X line located southward of another X line was embedded downstream of the second X line. The cross
sections of the !ux ropes range from 2.5 di to 6.8 di (or 27.1 di including the region of draped

Figure 5. A schematic illustrating magnetic topology including small-scale
!ux ropes formed between the initial and new X lines in the frame of the
MPCS, along which multiple FTEs are aligned. The initial X lines are located
downstream of the second (later, dominant) X line. The cyan dashed arrow
shows a possible path of the MMS spacecraft. Reconnection out!ow jets, 1,
20, 3, 30, and 4 correspond to the MMS1 observations of Vl denoted in
Figure 1e. At the MPCS proper, jet 2 decreases to jet 20 due to the relative
motion of the initial X line (the violet arrow). Cyan letters, C, and C0 corre-
spond to the times when Bm and En change its sign. B (B0) represent when
the positive Bl decreases close to zero (increases from zero), that is, when the
spacecraft enter (exit) the MPCS. The inferred cross-sectional scales of FTEs
are shown in the ion inertial length (di).

10.1029/2018JA025611Journal of Geophysical Research: Space Physics
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Why should we care about flux transfer events?

Transient reconnection could be the dominant process in the magnetopause.

Computational simulations (Drake et al., 2006, Fermo et al., 2011) have suggested 
that FTEs can be smaller (and not detected) than previously reported.

High time resolution of MMS instruments and the small distances between the 
spacecraft enable observations of structures like small FTEs as never before. 

New results about FTEs have been reported by Eastwood et al. [2016], Hwang et 
al. [2016], Akhavan-Tafti et al. [2018], Qi et al. [2020], Kieokaew et al. [2021] and 
more.

We present evidences of magnetic reconnection and a tiny FTE on the 
magnetosheath side of the magnetopause boundary layer during an outbound 
magnetopause crossing observed by MMS.

☞

☞

☞

☞

☞
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Figure 1. From (a)–(g) is shown an overview of magnetic and plasma parameters observed by MMS3 during 10 min period following 07:02:00 UT. (h)–(j) depict
sketches of MMS trajectories and the encounter with the FTE as interpreted from the in situ observations. The numbered vertical dashed lines correspond to
the regions observed by MMS, and they represented on panels (h) to (j). Further explanation can be found in the text.

We also determined the boundary coordinate system using the nominal magnetopause location obtained
from the Shue et al. (1998) model. In a similar way it is possible to calculate the normal vector to the magne-
topause at any given location thus providing the n component. The dawn-dusk component m is calculated
by m = n ! zgsm, where zgsm = [0, 0, 1] in GSM and the north-south l component is calculated by l = m!n.
Table 1 compares the unit vectors in GSM of the MVAB and unit vectors obtained from the Shue model. The
vector N component from LMN and n component agree within an angle of "18!; thus, we will use the LMN
coordinate system for this study.

Table 1
MVAB and Shue Et Al. (1998) Model Results

(1) MVAB (2) Shue et al.
N = min = [0.890, 0.153,#0.428] n = [0.981, 0.152,#0.117]
M = int = [0.274,#0.931, 0.236] m = [0.153,#0.988, 0.000]
L = max = [0.362, 0.328, 0.872] l = [0.116, 0.018, 0.993]
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Figure 3. A comparison of magnetic field and plasma data in the time interval between 07:06:02 and 07:06:06 UT
observed by all four MMS spacecraft, indicated by colors. The vertical dashed Lines 1 and 4 indicate the negative and
positive peaks of BN . Lines 2 and 3 show the time interval when MMS1 and MMS2 crossed the core of The FTE.
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All 4 MMS observed similar B{
Difference in Ve

Difference in 
Current density

1.6 s

0.56 s

Difference in E
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Propagation direction:

v = [-0.039, 0.14, -0.98]

Speed

V =   324 km/s

FTE cross-section length

External structure

∆t = 1.6s 
L =  518 km (0.08 RE)

Internal structure 

∆t = 0.56s
𝓁 =  181 km (0.03 RE)

4.42 ion gyro-radii

631 electron gyro-radii

1.5 ion gyro-radii

221 electron gyro-radii

𝓁 L
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Conclusion 

We presented MMS observations of an outbound magnetopause crossing and magnetic 
reconnection evidence. About 1.5 min after MMS crossed the magnetopause all 
spacecraft observed one very small FTE.

The observation indicates that the FTE was generated by an intensification of 
reconnection at a preexisting reconnection line, which became bursty.

A slight difference in the VE components is observed, which may indicate that MMS1 
and MMS2 crossed the FTE closer to its core than MMS3 and MMS4. 

We estimate the FTE size in the transverse direction as 4.42 ion gyroradii. The internal 
layer, where the electron bulk flow velocity exhibits different behaviors, corresponding 
to 1.5 ion gyroradii.  

It is evident that the region is not large enough to affect the ion behavior, but it does for 
the electrons, showing that the FTE's core is an electron-scale structure. 
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What is next?
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with r0 = 2.64"L. Figure 7 shows that the distribution of
FTEs in r agrees well with an exponential fit for r0 =
5277 km. Equating these values for r0, we estimate that "L !
2000 km. Using L ! 30RE for the magnetopause, one can
also indirectly estimate the average reconnection rate to be
" ! 0.01.
[30] Figure 8a shows most of the 1,098 flux transfer

events accordingly normalized. (Two events with y or r
outside of the box are excluded.) These data points are
overlaid on a steady!state numerical solution to equation (1)
with normalized source amplitude S*N = SN"L/cA = 4000 and
merging coefficient Kmrg = 6. Qualitatively, the distribution
of FTEs compares favorably with that predicted by the
model, in that the distribution of islands appears to exhibit
behavior consistent with island growth due to quasi!steady
reconnection (along the symmetry diagonal) and merging
(northward in phase space). The large majority of the FTEs
observed by Cluster fall into the region above the y =
Bt, surrr diagonal, as described by equation (13).
[31] The 52 outliers below the diagonal (in red) have

ymeas > Bt, surrrmeas. To account for these outliers, Figure 8b
shows the average in!plane magnetic field within the FTE
ymeas /Bt, surrrmeas versus Bt, surr. The 52 outliers below the
diagonal were normalized to a comparatively small Bt, surr,
almost all less than the mean Bt, surr of 23.4 nT. Further-
more, 42 out of the 52 outliers (or 81%) measured Bt, surr in
the magnetosheath, where typically Bsheath < Bsphere. Recall,
however, that the proper normalization for the magnetic
field should have accounted for Bt both in the magne-
tosheath and in the magnetosphere. When the measured
Bt, surr is quite small, it is quite likely that Bt is larger on the
other side of the magnetopause. If this is the case, then
equation (14) dictates that B0 > Bt, surr by as much as a factor
of two. Although the data necessary to make this correction
are not available, the fact that all of the outliers have low
Bt, surr suggests that the proper normalization could push
many of those outliers back into the allowed region
described by equation (13). On the other hand, if guide field
reconnection is occurring, the presence of a guide field
would have the opposite effect, since Bt, surr would include
the guide field component as well as B0. Further observa-
tional work can be done to ascertain the guide field and
magnetic field asymmetry in these events to obtain the
current normalization for the magnetic fields.

[32] Normalization issues notwithstanding, the strong
asymmetry in y " r phase space indicates that, as in the Hall
MHD simulations, merging is a very prominent factor in
island dynamics. Yet for merging to play a significant role,
very many islands must be present at any given time. This
suggests that reconnection is quite patchy at the magneto-
pause. Furthermore, the bulk of these islands will be quite
small, perhaps too small for spacecraft instrumentation to
resolve or to distinguish from noise. A large, detailed sta-
tistical study of FTEs such as that performed by Wang et al.
[2005] is likely to miss the preponderance of FTEs at small
scales. Even assuming a simple linear tearing mode that
produces FTEs typically with kl # 1 (where l # di # 50 km
is the current sheet width) yields islands as small as 2p/k #
2pl # 300 km. Therefore, the precipitous dropoff in FTEs
smaller than roughly 4000 km in Figure 7 probably does not

Figure 7. A distribution of the scale sizes of 1,098 flux
transfer events detected by Cluster between 2001 and
2003. The dashed curve fits an exponential tail with r0 =
5277 km to the tail of the distribution (beyond its peak).

Figure 8. (a) The distribution of flux transfer events in y " r
phase space, overlaid on a numerical steady!state solution to
equation (1) for appropriate parameters. Flux transfer events
above the y = B0r diagonal are in green, whereas those in
the prohibited region below the diagonal are marked in
red. (b) The (normalized) average in!plane magnetic field
within the FTE versus the absolute (non!normalized) Bt,surr.
The horizontal dashed line corresponds to the diagonal
dashed line of Figure 8a. Most of the outlier events have
small Bt,surr.
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