Ann. Geophys., 30, 1727441, 2012 ~ "*
www.ann-geophys.net/30/1727/2012/ G Ann_ales
doi:10.5194/angeo-30-1727-2012 Geophysicae
© Author(s) 2012. CC Attribution 3.0 License. -

Remote estimation of reconnection parameters in the Earth’s
magnetotail: model and observations

A. Alexandroval”, R. Nakamural, V. S. Semeno¥, |. V. Kubyshkin 2, S. Apatenko, E. V. Panow, D. Korovinskiy 1,
H. Biernat!, W. Baumjohann?, K.-H. GlassmeieP+, and J. P. McFadder?

1Space Research Institute, Austrian Academy of Sciences, Graz, Austria

2St. Petersburg State University, St. Petersburg, Russia

3TU Braunschweig, Braunschweig, Germany

4Max-Planck Institute of Solar System Research, Katlenburg-Lindau,Germany
SSpace Science Laboratory, University of California, Berkeley, CA, USA

*Invited contribution by A. Alexandrova, recipient of the EGU Outstanding Student Poster (OSP) Award 2011.
Correspondence tAA. Alexandrova (alexandra.alexandrova@oeaw.ac.at)

Received: 9 May 2012 — Revised: 18 October 2012 — Accepted: 27 November 2012 — Published: 20 December 2012

Abstract. We develop a method to estimate the reconnectedl Introduction

magnetic flux and the location of the reconnection site us-

ing properties of magnetic field and plasma velocity distur-

bances in the regions surrounding the reconnection p|asm5ransient and localized structures of accelerated plasma par-
flow. Our analysis is based on a 3-D non-steady reconnectiofi¢les are known to affect the magnetic flux transport in the
model with a finite-sized X-line length. In this framework, Earth’s magnetotail current she@harma et al.2008. The

we obtain a system of equations capturing the relationshipgn@gnetic reconnection process, in which magnetic energy is
between the disturbances of the magnetic field and plasmEeleased and converted to particle energy, is regarded as a
flow from one side and the reconnection characteristics fronPne of the key mechanisms in the formation of these tran-
another side. These equations allow us to determine the resient structures in the magnetosphere. Fast flow formation
connection characteristics from one-point remote observa@S & consequence of the reconnection was theoretically pre-
tions of the reconnection fast flow, propagated in the mag-dicted by Schindler(1974, which was further experimen-
netotail current sheet. We apply the model to magnetic fieldt@lly shown byHones(1978 1979. Different types of the

and plasma observations at43, —11.2,—6.9) Re GSM ob- transient signatures associated with these flows in the magne-
tained by the THEMIS/ARTEMIS spacecraft, located in the totail have been observed, including bursty bulk flows (BBF)
tail lobe during a substorm event. We found that the recon{Baumjohann et al199Q Angelopoulos et al.1992, night
nection region was located at(—27, 3.5, 0)Rg GSM. The flux transfer events (NFTEBEgrgeev et 811992, plasmoids
X-line appeared to be close to the local time of the sub-(Hones et al.1984, and flux rope structures (FRlavin et
storm current wedge identified from ground-based observa@l- 1999. Propagation of the flows in the current sheet result
tions. We estimated the total magnetic flux, which was reconJn specific disturbances of the ambient plasma, e.g., the trav-
nected in the event as5 MWh. That corresponds to a small €ling compression region (TCR) events introducedavin

fraction of the total amount of magnetic flux transferred dur- et al-(1984. . _ o
ing a substorm. Experimental evidence of the reconnection region in mag-

, , , netotail has been obtained by a number of measurements,
Keywords. Space plasma physics (magnetic reconnection) e.g., by@ieroset et al(2003) using WIND data, byNa-
gai et al. (2001 using Geotail data and bRunov et al.
(2003 using Cluster data. These observations are rare ex-
amples of the direct monitoring of the reconnection diffusion
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region. Measurements of the fast flows and correspondingf NFTE pulses, showing the ability of this reconstruction
remote signatures of the flows, however, can be done moréool not only for an isolated but also for a composite recon-
frequently than the in-situ measurements of their sourcenection eventlfanova et al.2008. However, the reconstruc-
region (reconnection diffusion region or X-line). Thus the tion based on the inverse problem solution reveals some diffi-
knowledge about the reconnection region, such as the amourilties associated, for instance, with the determination of the
of the transferred energy defined through the reconnectiorX-line location, which needs to be calculated using a mini-
rate and the reconnection site, has been gained from the flomization routine, demanding an uncertain starting point.
observations that are the consequences of reconnection. An alternative method to estimate the reconnection site
The location of the near-Earth neutral line has been investiand rate, operating without inverse problem solution, is de-
gated from statistical studies, where the direction of propagascribed byKiehas et al(2008. The approach is based on an-
tion (tailward or Earthward) was taken into account with the alytical relations between the specific reconnected magnetic
spatial distribution of flows. According to a Geotail space- flux and a time integration of the magnetic field and plasma
craft survey up to 5&e down tail (Nagai et al. 1998, the  disturbances in the inflow region, for the 2-D incompress-
tailward fast flows were detected mostly beyangsy = ible case. The 2-D model operates with the X-line that has
—22Re and the Earthward flows withingsm = —30RE. an infinite length along the current direction in the current
Then the near-Earth neutral line was considered to be in besheet. The method has been applied to the traveling compres-
tween. This average location was in general confirmed bysion regions observed by the THEMIS P2 satellite located at
e.g.,Taguchi et al(1998 from IMP8 observations of TCRs —30Rg tailward Kiehas et al.2009. The reconnection flux
to be in the region between26Rg and —38Rg. Baumjo-  per unit length and the X-line location in the Earth-tail di-
hann et al(1999 obtained from Geotail statistics the recon- rection were estimated as?ix 10-1 Wb m~1 at—16Rg and
nection to occur betweenr21Rg and —26Rg. Imber et al. 12x 10 wbmt at—175Re respectively, for two sepa-
(2011 estimated the mean valuexfsy ~ —30Rg from the rate events.
FR and TCR statistics observed on THEMIS. On the other Experimental exploration in the tail suggests that the fast
hand, the presence of the X-line location closer to the Eartlflows are localized in cross-tail directiofsergeev et al.
has been shown in different studies; eRgetrukovich et al. (19964 estimated the 1-Bg value from a multi-spacecraft.
(2009 estimated thecgsm ~ —17Rg from the Cluster sur- ISEE1 and ISEE2 case study of the plasma-depleted flux tube
vey in the 11-2@Rg region in the tail. From case studies us- detected neargsy = —20Rg. Angelopoulos et al(1997),
ing multi-spacecraft conjunctions, the near-Earth X-line po-Kauristie et al(2000, andNakamura et a2001]) presented
sition is obtained atgsm ~ —7 Re (Miyashita et al. 2005, a value of 3—-Rg, obtained by comparison between satellite-
in the range betweery9-10 to~13-14Rg (Sergeev et al.  and ground-based data, auroral signatures and current sys-
2007 and ~10-12Rg (Sergeev et al.2008. One of the  tems configuration. The Cluster spacecraft survey presented
probable causes of the discrepancy in the X-line location isn Nakamura et al(2004 gives 2—3Rg for the Earthward
suggested to be in the various solar wind conditions beforanoving flows detected neagsy = —19Rg. The cross-tail
substorm onsefNagai et al, 2005. The ability of obtaining  locality of the fast flows indicates that their source region is
knowledge from one piece of evidence of the reconnectionmost likely localized along the current-aligned direction in
fast flow is crucial for the quantitative investigation in each the current sheet plane. This identifies a limitation in appli-

individual case of magnetotail reconnection. cability of the 2-D approach and a deficiency of knowledge
Based on the 2-D non-steady Petschek-type MHD (mag-about the reconnection attributes from the 2-D study.
netohydrodynamics) modebémenov et 411984 Biernat et In this study we present the 3-D non-steady reconnection

al., 1987 Semenov et 311992 Heyn and Semengd996), model, which is a generalization of the 2-D model for the
the magnetic field and plasma flow configurations are rep-case of localized reconnection region. A reconnection line
resented analytically as functions of the reconnection elecwith a finite length in the current-aligned direction in the
tric field (which defines the reconnection rat&emenov  current sheet plane is considered, providing a more realistic
et al. (20053 solved the inverse problem of estimating the and appropriate description of the reconnection in the mag-
reconnection rate from the magnetic field profile in ambi- netotail. In frame of the 3-D model, we obtain the follow-
ent to the plasma flow region — the inflow region. The pro- ing reconnection parameters: three coordinates of the X-line
posed reconstruction technique was first applie@émenov  center, X-line length, and the reconnected magnetic flux, us-
et al. (20058 to Cluster multiple spacecraft observations ing observations of magnetic field and plasma velocity dis-
of the night flux transfer event, studied I8ergeev et al. turbances in the inflow region. We describe the disturbances
(2005. From the observations of the 1-min duration pulse from the fast reconnection flow sufficiently distant to the X-
near(—16.7, 0.2, 4.5) Re GSM, the reconstruction gave the line so that the non-MHD processes in the reconnection dif-
electric field in a range of 1-2 mV i for the X-line located ~ fusion region can be neglected. We assume that plasma is
at 29—-30Rg tailward. The method was extended to a com- incompressible, which is satisfied in plasma in the magneto-
pressible plasma case and an asymmetric magnetic field cotiail lobes. Therefore, there are only Aifm waves in the sur-
figuration (vanova et al.2007) and applied to the sequence rounding medium, perturbed by the reconnection flow. We
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generalize a solution of MHD equations obtained in the 2- tz 1
D model Semenov et al.1984 Biernat et al, 1987 under

an assumption of a weak reconnection, so that the distur-
bances of the plasma parameters are small to compare with
the characteristics of the undisturbed initial values. We find
the relationships between the reconnection parameters and

B
Epe
WL
the magnetic field and plasma velocity disturbances in the %%
inflow region, following the technique developed in the 2- W
_/\_/L

D model Kiehas et al. 2009. The obtained relations al-
low one to estimate the global reconnection characteristics _
remotely from one-point measurements of the local char-
acteristics of the matter surrounding the reconnection fast Yy,
flow. We describe an analytical procedure of constructing the j/%
equations (Sec®, AppendixA). We present an application

B

of the model (Sectd) to the THEMIS spacecraft measure-
ments in the magnetotail during a substorm event (Sct. D ﬁ r
“E

2 Theoretical model

We describe the magnetic reconnection process in the Earth’s @
magnetotail current sheet in the framework of the non-steady E@® 4
Petschek-type reconnection mod&eMmenov et al.1984

Biernat et al. 1987 with a localized diffusion region in the /\
direction of reconnection electric field in the current sheet N
plane. We describe here main statements of the 2-D model t
(Semenov et al1984 and approximations that are used for Epy) *
generalization for the 3-D case. The derivation of formulas

is presented in Appendi&. The initial configuration of the

system consists of a planar current sheet, which separates | |
plasmas trapped by anti-parallel magnetic fields. We consider —a a y
scales much larger than the ion inertia length and therefore
assume ideal, infinitely conducting incompressible plasma.
We also assume that there is no plasma transfer through theig. 1. (a) Stages of reconnection according to the non-steady
current sheet and the total pressure is kept constant across Retschek-type reconnection model with a finite-sized X-line. Pan-
which allows us to describe the current sheet as a tangentiadls 1 and 2 illustrate the switch-on and growing phases respectively;
discontinuity. In reality, the pressure balance across the magpranel 3 illustrates the switch-off phase and detaching of the outflow
netotail current sheet is not obligatorily satisfied due to va-regions.S™ marks the slow shock fronts on Panels 2 and 3. Pan-
riety of instabilities and other transient processes. However€!S 1-3 are adapted frokiehas et al(2009. Panel 4 illustrates the
the current sheet thinning and stretching are observed befor&;line in the y-direction across the current shdb). Configuration

the reconnection onsePétrukovich et al.2009. This fact %f the model electric field, as a functions of timé(r), and ofy,
makes it possible to assume the initial current sheet configu- ).
ration to be thin and ideal. The initial configuration of fields
and currents is shown in Figa panel 1.

Reconnection initiates with a spontaneous drop in con-model, the disturbed tangential discontinuity breaks down to
ductivity or, in other words, with the breaking down of the a system of slow shock waves. The shock waves, bounding
frozen-in condition in a local area — diffusion region, or X- the outflow region, propagate in the current sheet in opposite
line. The finite conductivity zone is defined through the re- directions away from the diffusion region, accelerating the
connection electric fiel&r. The frozen-in condition is still  plasma particles in transit and causing the plasma convec-
valid outside the diffusion region. Magnetic field diffuses tion towards the shock in the inflow region. The propagated
into this region from both sides of the current sheet, allowingstructure disturbs the surrounding space producing the MHD
the ambient plasma particles to penetrate the current sheetvaves. As the plasma is incompressible, there are no slow
The initially parallel to the current sheet magnetic field lines magnetosonic waves; the fast magnetosonic waves propagate
become connected through the current sheet, creating a note infinity considerably fast, and only Alén waves propa-
mal magnetic field component. According to the Petschekgate in the inflow region. In addition, we neglect contribution

(b)
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of waves coming from other sources, considering that themagnetic field (B| = B;). In the inflow region we obtained a
propagated shock is the only perturbation source in the inset of equations (Eq#&20), which contains the relationships
flow region. Or, in other words, we describe the disturbancesetween the magnetic field and plasma velocity perturbations
in physical quantities in a small distant from the shock front. from one side, and théx, y, z) location of the X-line cen-

A significant characteristic of the model is the reconnec-ter and specific reconnected magnetic flgxfrom another
tion electric fieldEr changing with time, which defines the side. In fact, the left-hand sides of Eq#&20) present time
non-steady character of the reconnection process. We conntegrals of B and V components. This gives an opportu-
sider reconnection to proceed during the time interval ofnity to obtain the reconnection parameters from the time in-
t € (0, 10). When the reconnection electric field is switched tegration of the magnetic field and the plasma velocity com-
on attr = 0, the outflow regions form and start to evolve. In ponents, having the measurements in a single point in the
the outflow regions plasma is accelerated due to Ampere’snflow region. The characteristic disturbances should appear
force, which is perpendicular to both the magnetic field andon the relatively quiet stable background, so that the integra-
the reconnection electric field. Therefore, the outflow regionstion over rest edges of the signal would give zero. In prac-
expand in opposite directions outwards of the X-line (seetice we chose an event in which we could identify clearly
Fig. 1a panel 2). Atr = g the ER is switched off. All con-  the start and end of the signal. We then examined the results
ditions at the diffusion region are restored to the unperturbedy changing the intervals to confirm our assumption. We dis-
stage. The outflow regions are teared off and propagate, cacuss a specific numerical scheme of solving the equations in
rying the reconnected magnetic flux (see Higpanel 3). Sect.4, where we apply the model to observations in lobe of

The reconnection electric field works in a limited region the Earth’s magnetosphere.
alongy, which is illustrated in Figla panel 4. We describe We simulate the magnetic field and velocity disturbances
the behavior of the plasma parameters sufficiently away fromin the inflow region, according to the modeled reconnection
the X-line. Then in first approximation one can consider theelectric field. We put a certain synthetic electric field (fol-
specific shape of the reconnection electric field as negligidowing the investigations in the 2-D model §rehas et al.
ble. In this respect we present thgr(y) = Er(cons} in 2009 and calculate the magnetic field and velocity in the
an appropriate simple way as a step (Heaviside) functionjnflow region using formulasA5) for different (x, y, z) po-
Oa?— y2), wherea = L/2 is half of the X-line lengthL. sitions of the observational point relative to the center of the
In addition, we assume that the outflow regions spread onlyX-line. Details are described in Appendi Figure2 shows
along the x-direction, having a constant size in y-direction.the result — a schematic map of the particular forms of six
We organize the problem solution in a first-order approxi- components disturbances in each quadrant of 3-D space rel-
mation, and therefore we do not consider the local behavative to the center of the X-line. A comparison between the
ior of the X-line during its activity time period € (O, 7). observations o8 and V disturbances and this map would
Some recent simulation studies have suggested that the speatlow one to know where the observation was made with re-
of the expansion of the reconnection region in dawn—duskspect to the X-line center. Such qualitative knowledge can be
direction is about the speed of the plasma drift of the cur-obtained without any calculations or additional analysis.
rent sheet before the reconnectidtakamura et al.2012),
which is an order smaller than the Aéa speed. Therefore,
we consider the constant size of the X-lineyiras a valid 3 Observation
assumption. Thereby, we describe the electric field function
asER(t, y) = E(1)©(a?— y?). In summary, the assumptions On 15 February 2010 an enhancement of the AE (auroral
give the form of the reconnection electric field as it is shown electrojet) index from 100 up to 600 nT was detected around
in Fig. 1b. 08:50 UT (see Fig3a panel 1). The enhancement is associ-

The macroscopic approach omits all non-MHD processesated with poleward and westward expansion of the aurora,
inside the diffusion region, considering them to be containedobserved around 08:45 UT by the Fort Smith (FSMI) ground
in the unit volume of instantaneous breaking and re-closingstation. The station was placed at 67.88 306.64 E mag-
of magnetic field lines. In this way, ideal MHD is reason- netic latitude and longitude, respectively, and was approxi-
able to describe plasma processes in all regions outside ahately at 00:40 MLT at the time of interest. Auroral bulge
this exceptional region. Here we outline the model in brief. was formed by 08:56 UT.

The detailed description of the model is presented in the Ap- At the time of the substorm onset, THEMIS (Time
pendixA. History of Events and Macroscale Interactions dur-

The set of MHD equations (Egé.l) is solved to find the ing Substorms)/ARTEMIS spacecraft Ar{gelopoulos
magnetic field and velocity in the outflow and inflow re- 2008 probe P2 was located in the southern lobe at
gions, under the assumption of a small disturbance of thg—43.0, —11.2, —6.9) Re GSM. Spin resolution data from
current sheet in the z-direction. As a result, the outflow re-the fluxgate magnetometer (FGM) onboarlgter et al.
gions propagate along the current sheet with &tfweloc- 2008 are shown in Fig3a panels 2 and 3. Magnetic field
ity (]V| = Vx = Va), carrying the normal to the current sheet variations appeared during the time period between 08:42
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1 2 5 6 A slight increase in density from.D2 to Q26 cnT2 ap-
X>0Y>0Z>0  X>0 Y<0Z>0 X<0Y>0Z>0  X<0Y<0Z>0 peared at the time of the magnetic field compression. This
is followed by a further increase to.4¥ cnm3 maximum
value after the recovery of the magnetic field and plasma
flow disturbances. The other THEMIS/ARTEMIS spacecraft

9 VAR HRVAR V did not observe anything connected to the event. The P1
1

probe was at the day sidexat= 80 Re GSM. The other three
satellites (P3, P4, P5) were very close to each other near

| . Wy . ~ (-8, —8, 0.3) Re GSM (see Fig3b) and did not observe
e ; : e = any corresponding signatures (see Ba@panel 6).
A location of the substorm current wedge is recon-

\Z SRR EYZ VT e VT structed from the midlatitude magnetic field observations
LS t ‘ 1 VS t by THEMIS and INTERMAGNET (International Real-time
N . Magnetic Observatory Networkhttp://www.intermagnet.
1 ° t/ 1 s org) ground magnetometers. We apply the method proposed
- 1% 4l 5 by Horning et al.(1974 and developed byergeev et al.
“1% T w1 (1996Hh. The longitudinal locations and intensity of the field-
3 4 y 7 8 aligned currents (FAC) were found by minimizing the stan-
X>0Y>02<0  X>0 Y<0 Z<0 X<0Y>027<0  X<0Y<0 Z<0 dard deviation between the model and the observed mag-

By netic field variations on the ground. According to the midlat-
f itude ground-based observations, the current wedge started
y to develop at 08:45 UT. Figua presents the magnetic field
/] variations in northwardBx- and eastwardy-components
Bz“ﬂ/ at different longitudes at 08:56 UT (red points), the model
magnetic field variations (blue points) and the model FAC
Mo i locations (vertical dashed lines). The reconstructed FAC lo-
cations are 22:00 and 23:30 MLT.
The model of the substorm current wedge considers FAC
v A to flow along dipole field lines starting from the equatorial
P plane at &g radial distance. We assume the reconnection
fast flow propagates Earthward along the magnetic tension
Fig. 2. Schematic map of the characteristic time variations of the force producing the substorm current wedge in the corre-
magnetic field and plasma velocity in the inflow region. Each plotin Sponding longitudinal sector. In order to find the location
each panel presents the variation of corresponding variable aroundf the source region, we trace the model FAC location at
zero level in normalized units depending on time in standard time6 Rg back to the tail along the magnetic tension force. The
units. Numbered points denote different possible locations of themagnetic field is taken from the model T98s{ganenkp
“detector”; x-direction is collinear to the direction of the flow; the 1995 1996 with the input parameters of the solar wind:
is the direction of the reconnection electric fietds perpendicular flow pressurep = 1.2 nPa;By — _75nT: B,=—3nT: and
to the current sheet plane. Dst=—29nT. The result of the tracing is shown in Fith.
The reconstructed current wedge was located mainly in the
pre-midnight sector. This gives an explanation why THEMIS
and 09:01 UT with a magnitude of abott B| =3.3nT on  P3, P4 and P5 probes did not observe any activity signatures:
a stable background witlBg = —14.7nT (which leads to their local time is away from the conjugate region of the sub-
A|B|/|Bg| = 0.23). storm activity.
The absolute value of thBy component increased from
14.9nT to 178 nT at 08:54 UT, indicating a localized com-
pression of the magnetic field. The disturbances inBe 4 Model application
and Bz-components exhibit bipolar signatures. The inflection
points inBy and B, were observed when thig, compression  We apply the model described in Se2to the event exam-
reached its maximum value. ined in Sect3. We interpret the magnetic field and plasma
lon velocity and density data with 3-s resolution from the observations by P2 as a response of the lobe plasma to a fast
ESA instrumentlficFadden et a]2008ab) are displayed in  reconnection flow propagated in the current sheet. A qual-
Fig. 3a panels 4 and 5. Clear bipolar perturbations inWe itative estimation of the reconnection site can be provided
andV;-components of the plasma velocity were observed byby comparison of variations with the schematic map pre-
P2 at the time scale of the magnetic field perturbation. sented in Fig2. The observed magnetic field and plasma
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Fig. 3. (a) 15 February 2010 substorm event overview. From top to bottom: auroral electrojet index; THEMIS/ARTEMIS P2 magnetic field
components; magnetic field magnitude; plasma velocity components; plasma density; THEMIS P5 magnetic field components. The data are
presented in GSM coordinate systdim). Positions of the satellites in GSM coordinates.

flow variations correspond to the Figypanel 8, which deter- proximately anti-parallel magnetic fields in the magneto-
mines the X-line to be located Earthward in the x-direction, tail lobes have the major component along the x-direction
dusk-side in the y-direction and closer to the equatorial planegGSM. The observations show that the background values
in the z-direction relative to the spacecratft. are By, # 0, Bo, # 0 in GSM. We rotate the system accord-
In order to produce a quantitative evaluation of the re-ing to the inclination angles; = arctar{Bo, /|Bo|) ~ 9.2°
connection parameters, we integrate the signal over timeand a2 = arctan{Bo,/|Bo|) ~ 8.7°. The background values
We transfer the data into the normal current sheet coordi-are taken from the quiet interval ef5 min duration before
nate systemRussell et al.1983. Assuming the anti-parallel the disturbance.
magnetic field orientation at two sides of the current sheet, The magnetic field data have a trend overlapping the dis-
we move to a coordinate system of references where théurbance, which shows a presence of time oscillations of
background magnetic field iBo = (const 0, 0). The ap-  background current sheet with a frequency much lower than
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Fig. 5. Measurements of the magnetic field and velocity on
(b 15 Februa_ry 201Q by THEMIS P2. Black curves present th_e origi-
nal data with the initial background value subtracted from it. Col-
Fig. 4. (a) Red lines: magnetic field surge during 08:45-08:56 UT Ored curves present the processed signal (see4jevertical black
in dX (northward) and dY (eastward) components, measured byines limit the integration interval of the signal.
THEMIS and INTERMAGNET midlatitude ground magnetome-
ters. Blue points: model fitting of the substorm current wedge.
Green and purple lines denote the longitude positions of the upwardhe Eqgs. A20). An excessive sensitivity of the equations
and downward field-aligned currents (FAC) in ionosphere, respecto the noise threshold of the velocity data made it impos-
tively, according to model fittingb) Schematic view of the tracing  sible to solve the full system of EqsA20). Therefore, we
frqm the current wedge longitudes akg along the field lines down provide calculations using only magnetic field data, which
tail. enter the last three equations in the system of E4R20).
The following are unknowns: the specific reconnection flux
normalized to the Alfen velocity Fo/ Va; the (x, y,z) co-
a frequency of the described disturbance. The duration obrdinates of the X-line center; and the half-length of the
the disturbance corresponds to the frequency of alfput X-line a = L/2. The z-distance from the spacecraft to the
10-3s~1. We exclude all frequencies lower th@iaby using  current sheet is provided using magnetosphere modeling
high-pass filter withfy as a cutoff frequency. The final sig- by means of the Space and Time Visualization of Satellite
nal after coordinate rotation and Fourier filtering is shown in Orbits software (TIPSOD, SSC 4-D Orbit Viewer, NASA,
Fig. 5. The criterion of| B |~ 0 is used to mark out the dis- http://sscweb.gsfc.nasa.gov/tipspavhich gives the value of
turbance signature, which is indicated by black vertical linesz = —6.9 Rg with an inaccuracy of~ 1 Rg. The numerical
in Fig. 5. solution is realized by searching on the grid ¥) for the
To obtain the reconnection parameters, we use B@D)( different values of: as a parameter. The spacecraft was lo-
which present the dependence of the time integrals of theated at—43, —11.2, —6.9) Re GSM. From the qualitative
magnetic field and velocity components from the X-line cen-comparison with Fig2, we obtain the reconnection site to
ter coordinatesx, y, z), X-line lengthL = 2a and the spe- be between the spacecraft and Earth in x-direction, shifted
cific reconnected fluxFp. We use the time integration of from the spacecraftto dusk iny-direction. Then, we construct
the measured signals as input for a solving procedure othe grid within the intervals fox € (—40, —1) Rg and for
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4 ! : : : Fig. 7. Panel 1: Numerical solution for specific reconnected #igx
eo o divided by Alfvéen velocityVa, depending on the length of the X-
vt line, L. Panel 2: dependence between full reconnected Aliand
L.
4'-%6 -26.5 21 2275
X

length of the reconnection line by using the measured value
Fig. 6. X-line location obtained from numerical procedure, de- of the Va.

scribed in Sect4. Red points present the convergence area.

5 Discussion

y € (=40, —1) Rg to search the position of the X-line cen- Remote observation of the reconnection fast flow was used
ter in the corresponding sector of the 3-D coordinate systemto obtain the location of the reconnection site and the recon-
The half-length of the X-line, the parameter, varies in the nected magnetic flux. The flow, propagating in the current
range between.B and 5Rg, according to the past experi- sheet, penetrates the undisturbed lobe plasma region, lead-
mental estimations of the fast flow size, which can vary froming to the appearance of the characteristic magnetic field
1 till 10 Earth radii. We tested different grid spacings from and plasma velocity disturbances. Existence of the distur-
1Re to 0.01Rg. We determine théyp/ Va values from each bances in all three components (see F@snd5) is ev-

of the last three equations in the system of EA20). The idence for the three-dimensional nature of the propagating
mesh points at which thé&p/ Va from three equations are structure. An observation of the y-component variation, e.g.,
equal to each other with 1% of accuracy are taken as a sathe inhomogeneity in the magnetic field in the current sheet
lution. The convergence area is shown in FgThe X-line plane through the direction of currents, shows that the flow
location found to be at—26.9, 3.6, 0) Re GSM with an in- is localized in space in the y-direction (dawn—dusk direc-
accuracy of~ 2 Rg for the (x, y) values. We have solved a tion in the magnetotail ecliptic plane), as well as in the x-
sub-definite system of equations. The result presents the irand the z-directions. Thus, we applied to the observations
terrelation of the variables. However, the intervalsfaand  the Petschek-type reconnection model with the finite X-line
y solutions appeared to be comparatively narrow. Lrend length, described in Se@.

Fo/ Va displayed the dependence between each other, which The estimation of the reconnection site (X-line center)
is shown in Fig.7, panel 1. The product of and Fp/Va gives the~ (—27, 3.5, 0) Re GSM. Taking the measured
appears to fill in the narrow interval in the solution area. Alfvén velocity Va = 630 kms, we calculate roughly the
This means that all the solutions provide similar values fortime difference between the moment when the reconnection
the total amount of the reconnection flux as shown in Fjg. flow from the—27 Rg reaches the spacecraft and the moment
panel 2. To calculat& = L Fy we used the measured Aim  when the Earthward-propagated flow from the same region
velocity Va = 630kmsL. The total flux is estimated to be could produce the aurora, to ker ~ 2 min. The measured

F =4.74+0.6 MWb (Fig.7, panel 2). difference is~3 min (see event overview in Se&.Fig. 3).

In summary, the numerical solution of the last three equa-As we do not take into account the compressibility of the
tions from Eqgs. £20), which involve only the magnetic field plasma and plenty of complex phenomena in the region of
measurements, produces the y) location of the X-line  the flow braking on the dipole field, the rough timing gives
center and the full reconnected magnetic flaxestimated a similar result. The value ~ 3.5Rg is in agreement with
through the relationship between the specific figand the  the longitude location of the auroral bulge, as well as with
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the local time of the reconstructed current wedge. The tracibility of plasma, as well as the infinitely thin current sheet,
ing of the current wedge to the magnetotail frames the probwhich leads to the uniform plasma density in the whole de-
able channel of propagating of the reconnection flows (seescribed space. Therefore, the Adiv velocity Va is consid-
Sect.3, Fig. 4). The estimated center of the X-line inis ered to be uniform for the inflow and outflow regions. The
placed nearly at the center of this channel in a distance oW enters the last three equations from Ed&2(), present-
x ~ —27Rg. ing the outflow region speed. The measurements are provided
The value of the total reconnected magnetic flEix- with the single spacecraft in the lobe, giving thig value
5MWhb is calculated under the assumption that the X-lineaccording to the magnetic field and plasma density in the in-
length is in the range of. = 1-10Rg and the flow speed flow region. In reality there could be an unknown difference
is Va = 630kms? (see Sect4, Fig. 7). The flux F can be  betweerVa (I R) andVa(OR). The advantage of the method
compared with the amount of the open magnetic flux in thedescribed in Sect is that the influence of this problem to the
polar cap, which is closed during the substomnFpc. An (x, y) coordinates estimation is avoided. However, the value
experimental estimation of Fpc is based on visual mon- Va, calculated from the measurements, produces reasonable
itoring of the auroral oval, using the far ultraviolet exper- timing to the ground-based activity signatures, described in
iment on the IMAGE spacecraft together with the ground- Sect.3. Therefore we provide the total fluX estimation by
based radar network SuperDARN observatiddst{(nacher  usingVa measured in lobe.
etal, 1999 Hubert et al.2006 Milan et al, 2007 DeJong et
al., 2007). According to the substorm statistiddi{an et al,
2007, the mean value of the Fpc=300MWb was found 6 Summary and conclusions
in each event. Then the one reconnection impulse in magne-
totail we described contains approximately 2% of amountWe presented a 3-D MHD non-steady reconnection model
of the total flux, converted during the substorm. Here wewith the finite X-line length (see SecR) and applied
should take into account that Fpc corresponds to the sta- this model to observations of reconnection-associated dis-
tistical value of the flux closed during a substorm with the turbances (see Seat). THEMIS/ARTEMIS P2 spacecraft
mean duration of about 70 min. In addition, past studies on 15 February 2010 between 08:42 and 09:01UT was in
of aurora show that there could be a multitude of activity in the lobe and observed the characteristic magnetic field and
the ionosphere during a substor@rfcott et al.2004). This plasma disturbances (see Se&®}t. Using the P2 magnetic
corresponds to the multiple reconnection onsets through théeld data, we determined the center of the reconnection re-
whole tail current sheet, in different magnetic local time sec-gion to be located at (—27, 3.5, 0) Re GSM (see Sec#,
tors and distances from the Earth during the entire substornfrig. 6). This estimated location is in the pre-midnight mag-
time of about and hour or more (see, e.g. Amm et al, netotail sector, which conjugates with the substorm activ-
2005 Sect. 4.4). In our case, we have analyzed one fast flowty region and the reconstructed current wedge position (see
and obtained the amount of flux, which has been converte®ect.3, Fig. 4). Numerical solution of the model equations
in a particular reconnection event. Therefore, its small valuegives the dependence between the specific reconnected flux
does not contradict with the substorm picture. and the length of the reconnection line, which defines the
The estimation of the desired reconnection parameters watotal reconnected magnetic flux ~5MWb (see Sect4,
provided by means of EqsARO), which relate the time inte-  Fig. 7).
grals of the magnetic field and plasma velocity disturbances Our method opens new opportunities to define the global
in the inflow region with the coordinates and size of the reconnection parameters from local remote observations of
source region and the specific reconnected flux. We obtainethe reconnection plasma flows. Taking into account the three-
the X-line center and the total reconnected flux using onlydimensional magnetic field behavior in the ambient region of
three last equations from Eq#20), applied to the magnetic the plasma flow, the method uses the time integration of the
field data. The full system could provide determination of the characteristic disturbances measured in one spatial point. By
X-line length in the cross-tail direction, as well as the spe-this means the method can be applied to one-point measure-
cific reconnected flux and, therefore, the reconnection ratements of the magnetic field and plasma disturbances caused
But only qualitative agreement has been obtained by takindoy the transient localized structure propagated in the current
into account the flow disturbance due to high sensitivity of sheet. The 3-D model describes the characteristic form of the
the method to the noise threshold of these data (see$ect. magnetic field and plasma velocity disturbances depending
However, using only magnetic field data, we obtained theon the observation site (see SegtFig. 2). The map of the
narrow convergence interval for tlie, y) coordinates of the  disturbances illustrated in Fig.can be used to estimate qual-
X-line center, under the parametric search with the X-lineitatively the cross-tail scale of the fast flows in the magne-
length parametet = 1-10REg . totail current sheet and, therefore, the cross-tail scale of the
We constructed the Eq#A20) on the basis of the 3-D non- reconnection region. Quantitative determination of the recon-
steady Petschek-type reconnection model with the finite X-nection location and the amount of reconnected flux in frame
line length. The model assumptions include the incompressef the 3-D model can be a valuable add-on to reconnection
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studies, as well as to the analysis of the global substorm dymodel Semenov et al1984 Biernat et al. 1987, the gen-

namics.

Appendix A

Analytic dependence of the magnetic field and velocity
disturbances in the inflow region on the reconnection site
and flux

We use a solution for magnetic field and velocity in the in-
flow region found for the 2-D case Bemenov et al19849
andBiernat et al(1987. We generalize the 2-D solution for

eralization to 3-D of the solutions for plasma velocity and
magnetic field gives the following:

Al B andV in the outflow region

B=(0, 0, £y, ER( F 7;.7)

_ _ B
V_(VA7 Oa 0)_(:*:«/1%7 05 0)

(A3)

Positive and negative signs correspond to the regiop)
andx < 0, respectively, while the X-line is centered at the
origin of the coordinates. Formulad3) are the same as in

the 3-D case approximating the reconnection electric field as, 5 .a5e (see iKiehas et al.2009 formulas 12—16), except

a constant through the X-line. As a starting condition there

is a current sheet between two regions with equal and opp
site oriented magnetic fieldsaE = (B;—“,O, 0) (see Fig.1a).
Reconnection is initiated by a reconnection electric figid

[0

a y-dependence in thEg function is added. The outflow re-
gion propagates only in x-direction with th& velocity, as
in the 2-D model.

pointing in y-direction. The X-line has a finite length in y- A2 B andV in the inflow region
direction. We consider the case of weak reconnection, which

means that reconnection electric field is much smaller tha

Prhere is no current density in the inflow regiohx B = 0.

the characteristic electric field in the medium. The reconneCrnerefore. the magnetic field can be represented in terms of

tion electric field causes a perturbation in the magnetic field, o magnetic potential asB =

and plasma. The initial magnetic field perturbation is only in
z-direction and much smaller than the initial magnetic field.

—VW. Thus, the magnetic
potential satisfies the Laplace equatn(VW¥) = AV = 0.
Likewise, one can write the Laplace equation for the velocity

We also assume the density to be constant. The initial set OE)otentiaICD asA® — 0.
MHD equations for an incompressible plasma consists of the 1,4 boundary region corresponds to the shock waee (

equation of motion for the elementary volume of the sub-

stance in magnetic field, frozen-in condition equation, Gaus
sian law, and equation of continuity as the following:

P+ (V-V)V)=—V(p+ £2)+ L(B-V)B
98—V x(VxB)

V-B=0

V.V=0

(A1)

QuantitiesB, V, p, p, andug are magnetic field, plasma ve-

menov et al.1984. The conditions for magnetic field and
‘velocity across the shock are the same as in the 2-D model
(see inKiehas et al.2009 formulas 17—-24), except that the
reconnection electric field depends in addition yim our
case.

|

by =27 ER(F 7. 3) = ox ER( F 35.3)

, (A4)
;= —ERGT 3. 0) £ £ ER(EF 75, 0)

UZ:

locity, mass density, plasma pressure and permeability of freq’he signs+ and— correspond again to the positive and nega-

space, respectively. The system of nonlinear equatiat¥ (

tive directions of propagation of the disturbance alenghe

is solved using perturbation theory technique. The equationgrime mark () represents the time derivative. The direction
are linearized assuming that the disturbance is small as conof the initial perturbation is alsg as in the 2-D case, which
pared to the initial background value. The reconnection elecis noted by the z-subscript sign in Eé4). According to as-

tric field ER is small with respect to the medium A#n elec-
tric field. Thus, we introduce a small parameter as

_ER_VZ_BZ

_oR_ Yz _ 1 A2
A T VA B S (A2)

HereV, and B; present the perturbed magnetic field and ve-

locity, Bo is the background magnetic fielda = VaBg is

the Alfvéen electric field, and/a = ﬁ%p is the Alfvén ve-
locity.

_Bo
Equations A1) are linearized to the small parameteand

sumption of smalf perturbation, the values of magnetic field
and velocity on a boundary are postulatedzcea 0, so that
b¥ = Bz|,—0 andvy = V;|;—o.

In terms of the magnetic potential, the boundary condi-
tion for magnetic field i$,|,—o = —9W¥/dz|,—0, which cor-
responds to Neumann boundary condition. The standard so-
lution for the Neumann problem for the Laplace equation

bzdé dy see, e.g., invladimirov
—£)2+(y—m?+2? (see. eg. '
197D, wherefs is the surface integral, andandn are the
integration variables. The magnetic field components can be

is &=L
271./.S\/(x

solved taking into account the order not higher than the firstpresented a®; = —0W/dx;, wherex; = {x, y, z}. By anal-

The solutions are defined for the characteristic regions in-ogy, one can obtain the solution for the velocity compo-
ternal end external to the shock front. According to the 2-Dnents. Thus, the magnetic field and velocity components in
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the inflow region are the following: The integrable function is
(oSl el Nt
(i)b7d&d 00 00
Bi=A4 [ [ WD 1
—00—00 ((x=§)%+(y—m)?2+:%)2 A5 By = o—
00 00 AoEded (AS) 2
szzi f f L(i)v;-dédn ; 50 —0
T
0000 (=Y +O-m*%)2 (x —8) b7 ;=0 (t.E,m) dédn (A8)

3
wheret (i) = {x — &, y —, z}. The magnetic field solution is (k=824 —m2+29)2
given up to a sign ot, according to the different orienta-
tion of the magnetic field z-component and normal vector towhere
the shock boundary in > 0 andz < 0. We pay attention to
the fact thatB andV in the inflow region depend on the re- /
connection electric field through the boundary conditions inbgt lz=0 (1.8, 1) = E(")(izE(ﬂFS)—EE (fﬂFé)) , (A9)
the numerator. As the source of initial perturbation is located
only in (x, y) plane forz = 0, the integration is provided only
on x- and y-components. The initial knowledge of thg
defines the direct problem of reconnection, giving an oppor- > o
tunity to obtain magnetic field and velocity in the ambient £(1) = ©(@” —1°)
plasma out of the flow. In reality, in magnetotail reconnec-
tion, the electric field is an unknown parameter, wiil&)
and V (¢) disturbances in the inflow region are measured by
the spacecraft when a fast flow structure is passing by. The
idea of the estimation of th€r without solving the inverse
problem applies to the property of the propagated flow. The/ =
magnetic field runs through the structure. Plasma convects 0
around the flow during its propagation. Such configuration of 00 00
the field lines and stream lines is realized in the special bipo- — i/dt / / (x—&) by l.=0 (1, 1) dfdn
lar signatures, detected by the spacecraft, and placed in the 27 J o (& -2+ (y—n?+22
inflow region. Such variations contain the information about
reconnection electric field, which is not measured directly.
According to Faraday’s law, quantityr is connected to the
reconnected magnetic flux as

(0.¢] o0 o
/ Bzdxdy = /dnyR(t,y)dt
o —0o0

- 0

(A10)

Thus, the time integral aBy is presented as

Bydt (A11)

We interchange the order of integration between time integral
and space integrals. Then we divide the initial domain of in-
tegration into two: positive and negative half-spaces. Each of

00 the half-spaces we consider separately, softhat/* +J .

Fe / (A6)
5 1. For the positive half-space> 0, Eq. A12) gives

We express the reconnection electric field &&=
E(t)®(a? — y?), wherea is half-length of the X-line, and
a = L/2. Then, expressiorAp) can be written as
F=FL , (A7)
whereFp is the reconnected flux, specific to the length of the
X-line.

We see that the time integration of the electric field pro-
vides the reconnected flux. Therefore, one can integrate the
B andV solutions in the inflow region (Ep5) by convert-
ing the electric field to théy in the numerator and integrat-
ing the rest of the expression, which then depends only on the
coordinates. Here we present one example of deriving the in-
tegral of theBy magnetic field component. Other integrals
are derived by analogy. The following formulas are normal-
ized toBg andVa.

www.ann-geophys.net/30/1727/2012/

ﬁzi/adnf o9 df
) (= )2+ (=P 4222

Em(2EG¢ - —6EG—8)dr . (AL2)

The integral of the electric field () over time is the
reconnected magnetic flus. The integral of the elec-
tric field derivative E'(r) over time gives directly the
E (), which is equal to zero in both of the zero and in-
finity limits of integration. The functionE(n) can be
displaced to the outer integral over, being trans-
formed to the integration of unity in thie-a, a] limits
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of integration.

S 2F0 nf (x—f&) dE
S -2+ (2422
__(__/“ 2 ‘oodn
V=624 (y—n)2+2210
Fo 1
=2 (0_\/x2+(y—n)2+z2>dn: (A13)

(A14)

Fo/ dn
T ) VR (=22

2. For the negative half-space< 0, Eq. A12) gives

a 0
,:i/dn/ (x—&) dt
2t ) ) (-2 (-2 +eD)E

E)(—2EG+8) —€E (+8))dr

/ / (x—&) d&
(x—£)2+ (y—n)2+22)?

- O)dn (A15)

__FO/
J (\/x +(y—n)2+z2

(A16)

o / dn
T ) VA (-2
The integral over the full interval is equal to

o0
/Bxdt =Jt+J"
0

2F
= 0/ (A17)
V24 (y— n)2+z
a
= —In |y—n+\/x2+(y—n)2+zz|‘
4 —a
(A18)
The resultis
7 oF N 25 .2
/Bx(dt:—oln‘y_CH_ Sl Sl N T
4 y+a+/x2+(y+a)?+72
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Finally, we present the results of the integration of all com-
ponents in dimensional units form:

=
QU
-~
[
o

Fo (y—a)’+z2

2By (y+a)?+z2

Fo —a +a
=9 (arctany— — arctanL)

T bo Z Zz
y—a+a/x2+(y—a)?+72

ytata/x2+(y+a)?+22

>
=
I

Bydt = sign(z)fii In

(A20)
Bydt = sign(z) -

T VA

0 — O — g0 20— g0
~
QU

(WA —a)24+224%) (V/x2+ (y+a)?+22—x)
(W2 (r=0)2+22=0) (/x4 (y+a)2+22+x)

(y+a)x

n—

/X2 (+a)2 422
n (y—a)x

A/ X2+ (y—a)2+z2
The systemA420) contains the equations that capture the re-
lationships between the disturbances of the plasma parame-
ters in the inflow regions (on the left of equations) and the
reconnected magnetic fluk, the reconnection sitex, y, z)

and the length of the reconnection lihe= 2a (on the right
of equations).

o0
f Bydt = sign(z) 20 (arcta

—arcta

Appendix B

Modeling of the direct problem

We calculate the magnetic field and velocity components
in inflow region using Eq. A5) taking the synthetic re-
connection electric field. Th&(r) we introduce as: (¢) =
sir? 77 (x —1), which is active for the time period of@ 7 < 1.

The reliability of such function was approved kiehas et

al. (2009, where it was shown that the specific shape of the
function is not significant. The conditions that have to be sat-
isfied are that the electric field function should be smooth,
limited, have a maximum on the limited interval and be equal
to zero on the limits. In the y-directioy(y) =1 while

y € (—a,a); Ey(y) =0 while y ¢ (—a,a). The solution of
the direct problem for the model electric field gives fiand

V values in the inflow regions for different locatiots y, z)

of the X-line center. The full map of the magnetic field and
plasma velocity variations for different positions of the ob-
servational point with respect to the diffusion region center
is presented in Fig2.
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