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Abstract. We present a reconstruction technique to solvel Introduction
the steady resistive MHD equations in two dimensions with

initial inputs of field and plasma data from a single SPaCE-oyer the past few years, reconstruction of two-dimensional

craft as it passes through a coherent structure in space. tZ-D), time-independent field and plasma structures from

least two compon_ents of directly measured ele<_:tric ﬁeldsdata, taken by a single spacecraft as it passes through the
(the spaceqraft spin-plane comppnents) are requm_ad for thgtructures, has been frequently used for the analysis and in-
reconstruction, to produce two—.d|menS|onaI (2-D) field andterpretation of space data. The pioneering reconstruction
plagma maps of t.he. Cross secpon of the strycture. For COMmethod was developed for cases governed by the classical
venience, the resistivity tensqris assumed diagonal in the .- 4 shafranov (GS) equation, in which the plasma flows

reconstruction coordinates, which allows its values to be es, .. 2ssumed negligible (Sonnerup and Guo, 1996: Hau and
timated from Ohm's lawk +v x B =1 J. I_n the present Sonnerup, 1999). GS reconstruction of this type has been
paper, all three components of the electric field are used - essfully applied in various studies, e.g., of magnetopause

We benchmark our numerical code by use of an exact, aXigictures (Hau and Sonnerup, 1999: Hu and Sonnerup

symmetric solution of the resistive MHD equations and then, 54 2g03: Hasegawa et al. 20(')4 200’5. Teh and Hau 2004'
apply it to synthetic data from a 3-D, resistive, MHD numer- 5447y ‘inciuding flux transfer events (FTEs) (Sonnerup et al.,

ical simulation of reconnection in the geomagnetic tail, in 2004; Hasegawa et al., 2006: Lui et al., 2008), and also of

a phase of the event where time dependence and deviationg, 1ones in the geomagnetic tail (Hasegawa et al., 2007a)
from 2-D are both weak. The resistivity used in the simu- 5,4 magnetic flux ropes and cloud structures in the solar
lation is time-independent and localized around the recony ..+ (Hu and Sonnerup, 2001, 2002). Sonnerup et al. (2006)
nection site ir_1 an ellipsoidal region._ For the magnetic field, oy tanded the GS reconstruction method to the case where
plasma density, and pressure, we find very good agreemeny o nia| field-aligned flow is present (see Teh et al., 2007),
between the reconstruction results and the simulation, but thﬁnd also to the case of streamline reconstruction in flow per-

electric_field and plasma velocity are not predicted with thependicular to a unidirectional magnetic field (see Hasegawa
same high accuracy. et al., 2007b; Eriksson et al., 2009).

Keywords. Magnetospheric physics (Magnetopause, cusp, Recently, Sonnerup and Teh (2008) showed that recon-

and boundary layers) — Space plasma physics (Magnetic restruction can be dor_le directly from the ste_ady, 2-D, ideal
connection; Numerical simulation studies) MHD equations. In ideal MHD reconstruction, both mag-

netic field and velocity field maps can be generated, whereas
the GS-based reconstruction produces either a magnetic field
or a velocity field map. The ideal-MHD reconstruction ca-

pability has thus removed the severe restrictions imposed by

Correspondence tawV.-L. Teh the GS equation. It has now been applied to reconnection
BY

(waileong.teh@gmail.com) events at the magnetopause (Teh and Sonnerup, 2008) and in
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the solar wind (Teh et al., 2009), and also to FTEs associatedp—vL Vin(p/p¥)=j-5-7], (©)
with Kelvin-Helmholtz waves at the dusk-side magnetopause’ ~

flank (Eriksson et al., 2009). For reconnection events, th(—:~v.Bl -0, (4)
ideal-MHD reconstruction method has the advantage that it

can be performed in the X-line reference frame (Teh andy , g —q, (5)
Sonnerup, 2008; Teh et al., 2009), whereas the earlier GS-

based reconstructions were performed in the deHoffmanny x B =14 ;, (6)
Teller (HT) frame, in which the flows are field-aligned and

the X-line is in rapid motion. E+vxB=y-j, (7

In ideal-MHD reconstruction, the magnetic field is frozen
in the plasma, i.e.E +v x B =0, and it is only numerical where the subscript. denotes vector components confined
effects that allow reconnection to occur. However, in realto the x-y-plane (the reconstruction plane), i.e., the plane per-
reconnection events the frozen-in condition is for physicalpendicular to the invariant axgs along which axi®/9z =0,
reasons invalid in the ion and electron diffusion regions. Theso thatV = xd/dx + y3/dy. The first three equations are
mechanisms that break the frozen-in condition within thesethe conservation laws for mass, momentum, and entropy,
regions are thought to be a combination of, or the separate efespectively. Equations (1) and (4) can be identically sat-
fects of, resistivity, Hall physics, and electron pressure tensoisfied by writing pv, =V xz and B, = VA x z, where
and inertia. In the present paper, only resistivity will be in- ¢ (x,y) and A(x,y) are the compressible stream function
cluded. For detailed studies of the ion diffusion region, Son-and vector potential, respectively. Note that, in general, ax-
nerup and Teh (2009) have developed a 2-D reconstructiofal fields and flows are included, i.eB = B, + B;(x,y)Z
method for ideal and resistive Hall MHD. They derived an andv =v, +v,(x,y)z. The electric field is given by =
exact axi-symmetric solution and benchmarked the numeri—V¢ (x,y) + Ez0Zz, which satisfies Eq. (5). Her&,g is
cal code for the case of ideal Hall MHD, with Ohm’s law the constant axial electric field argis the electric poten-
in the formE +v x B = (1/ne)(j x B+ Vp,). For resis- tial describing the field components in the reconstruction
tive Hall MHD, the reconstruction algorithm also exists but, plane. We assume the resistivity tensor to be diagonal in
for lack of a suitable axis-symmetric solution, has yet to bethe reconstruction coordinate system but allow for two dif-
benchmarked. From the reconstruction algorithm for resisferent values of resistivity; ; for currents in the reconstruc-
tive Hall MHD, we can obtain the case of resistive MHD by tion plane, andy, for those in the axial direction, so that
simply omitting the Hall current and electron pressure termsy - j =15, j1 +nzj-z. In our paper, this choice is made for
so that Ohm’s law reduces ®+vx B=7-j. mathematical and computational convenience. In reality, the

In the present paper, we present an exact axi-symmetricesistivity tensor is likely to be organized to a considerable
solution for resistive MHD and use it to validate the numer- extent by the complicated magnetic field near the reconnec-
ical code. We then apply resistive MHD reconstruction to ation site and, in this field, the invariant direction plays an
synthetic reconnection event from a 3-D resistive MHD sim- important role. Note that the two resistivities and n;
ulation, where the resistivity is spatially localized and time- could be assumed as functions of the current densifies
independent. The configuration to be reconstructed is onlyand| j,|, respectively. At the present stage, we assume that
weakly time dependent and the deviations from 2-D are alsahey are spatially uniform in our studies. The current den-
weak (Denton et al., 2010). sity can be written ag = (1/10)[V B, x 2 —2V2A] so that

The layout of the present paper is as follows. In Sect. 2j x B = —(1/110)[VB2/2+(V2A)VA+V A x VBy].
the basic equations for steady, 2-D, resistive MHD are Using the above expressions, Egs. (2), (3), and (7) give the
given. The reconstruction method itself is briefly describedfollowing set:
in Sect. 3. In Sect. 4, an exact axi-symmetric solution for re-
sistive MHD is presented and used to benchmark the code. 1 (Vx3/9x +vyd/dy)[(1/p)dv/dy]
Sect. 5, the resistive code is applied to the simulated recon- — —(3/8X)[p+322/2uo] + (By//LO)VZA (8)
nection event. Section 6 contains a summary and discussion
of the reconstruction results.

p(vx0/0x +vyd/dy)vy

=—(3/9y)[p+ BZ/2uol — (Bx/110) VA, )

o , n p(vxd/0x+vyd/dy)vz = (1/po)(Bxd/dx+ Byd/dy) Bz, (10)
The time-independent equations used for the resistive MHD

2 Basic equations

reconstruction are: Ey = Ex+vyBy — vz By — "L ap oy, (1)
V-pv1 =0, (1) 1o
nL
_ . Ey = Ey+v;Bx—vxB;=———0B;/0x, (12)
pv) -Vo=—Vp+jxB, 2 y y T Uzbx — Ux Dz 140 z

Ann. Geophys., 28, 2112425 2010 www.ann-geophys.net/28/2113/2010/
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E;" = Ez0+vxBy — vy By = —EVZA, (13) from y =0, the valuesA(x, y) and(x, y) are calculated by
o use of Taylor expansions to second order, i.e.,

A(x,y£Ay) = A(x,y) £AydA(x,y)/dy

VPZ% <Inp%> - (yyfgp p/dy+ yv_y 19p/9y +1/2(8y)?92Ax. ) /9y, (17)
=7 [<@>2+ (ﬁﬂ + Bz ey VEYEA) =S VDL AN/
12| \ox 3y u2 +1/2(Ay)%8%y (x,) /92, (18)

where V2A = 924 /3x2 + 924 /3y2. Equations (8) to (14) WNheredA/dy =By anddy/dy = pux. _
can be obtained from the equations in the paper of Sonnerup To determine the resistivity, we can use Eqg. (12) to esti-
and Teh (2009) by neglecting the electron pressure and Hafate the value of . and then assume thai = kn ., where
current terms in the momentum equation and Ohm's law. In% IS @ chosen constant. (The special case where- 0 and

the next section, Egs. (8) to (14) will be used as the basis fof!z 7 0 1S also doable but requires a somewnhat different proce-
the reconstruction code. dure.) After the resistivity has been determined, the values of

y-derivatives (e.g.9 B;/dy, dvz/dy, etc.) can be estimated
in sequence as follows:

3 Reconstruction method 1. The values ob B,/dy andd?A/dy? are calculated from

To perform the reconstruction, direct measurements of the Egs. (11) and (13), respectively.

electric field are required. If only two components of the 2. The value ofdv,/dy is obtained by substituting the
electric field, usually those in the spacecraft spin-plane, are  value ofd B,/dy into Eq. (10).

measured, a specified resistivity model is then needed for the

reconstruction, as discussed in detail in Appendix B of Son- 3. The derivativesdp/dy and dp/dy are calculated by
nerup and Teh (2009), in which the Hall current and elec-  solving Egs. (9) and (14) together, using the known
tron pressure terms are to be deleted for our present purposes.  Values of 3B,/dy and 32A/dy?, along with mass
In what follows, we apply the resistive MHD reconstruction conservation, which requiregvy/dy = —dvy/dx —
method under the assumption that all three electric field com- ~ (1/p)(vxdp/0x +vydp/dy).

ponents have been measured.

Before doing the reconstruction, the invariant akiand
the moving frame velocity must be determined, which is a
nontrivial task. A single-spacecraft method, based on theThe calculation of the values dfv,/dy and 3%y/dy? re-
constancy of the axial electric field componehig, in 2-D, quires that the velocity componenj # 0. At locations
steady field configurations, exists (Sonnerup and Hasegawavhere vy = 0, we can use nearby grid points and a spline
2005) but does not work when the electric field is nearly uni- function to obtain the values of the derivatives by interpola-
directional. For further discussion, see the papers on ideajion.

MHD reconstruction (Sonnerup and Teh, 2008; Teh and Son- With the known values of these y-derivatives, the quanti-
nerup, 2008, 2009). Use of multi-spacecraft information isties (o, p, v,, B;) can be advanced at each step, ea@y, y &
often needed and will be employed here. Ay)=p(x,y)+ Aydp/dy. By use of Eq. (5), we find that

The vector potentiali (x, y = 0) and compressible stream 9Ey/dy = 9Ey/dx so that the new electric field compo-
function ¢ (x,y = 0) can be calculated by integration along nent along the x-axis becomé (x,y £ Ay) = Ex(x,y) &+
the x-axis, which is chosen as the projection of the spacecraff\yd Ey/dx, whered Ey /dx is known at each step. The axial
path onto the reconstruction plane: electric field componenk,g remains unchanged and, finally,
the new set of values diy(x,y+ Ay) are obtained by sub-

4. The values ofdp/dy and 324 /dy? can be substituted
into Eq. (8) to gived?y/ay2.

x'=x

stituting the values ofi, vz, By, and B; at y = y £+ Ay into
A(x,0)=— f By(x',0)dx’, (15)  Eq. (12).
x'=0
) 4 Benchmark case
X =X
¥ (x,00=— / p(x",0)vy(x",0)dx". (16)  Our axi-symmetric{/d¢ = 0) exact solution for steady, 2-D
o (0/9z = 0), resistive MHD is similar to the case presented

in Appendix A of Sonnerup and Teh (2009), except that the
In our 2-D geometry, all physical quantities and their x- Hall term and electron pressure are eliminated and the resis-
derivatives are known at points on the x-axis=0). Away tivity is included. The exact solution depends only on the

www.ann-geophys.net/28/2113/2010/ Ann. Geophys., 28, 21125-2010
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cylindrical radiusr. It is developed in a coordinate system (a) n,=100; n,=10.0

that rotates at a constant angular rataround the invariant : e -
axisz, and slides at constant velocityV;oZ along that axis. \\\\\\\\\\\\\\\\
In the rotating frame, the momentum equation is expressed e \\\\\\\\\\\\\\\\\\\ .

AT~ )

as

v V' = —Vp+j x B+2p0 X o+ pro?, (19) , | \\\\\.\\\\.

where the prime denotes velocities evaluated in the frame O A
that is rotating and sliding along thedirection. Four exact o1 . . Emor X
integrals can be obtained from the conservation of magnetic 01
flux, mass, angular momentum, angnomentum: Yo 'ﬂfm
~ ~ _ j . ! . S[%]
B, = Bo/r, (20) 0‘1_05 03 —01 0.1 03 05

X
ﬁ:’ =0 = 1~)rO/F:‘Og’ (21)

N
NN

b, =k M By — Qi +Cy/F, (22) 0145 i N
25 Y o N 2 D1.03
ijé:KMA_o Bz+Cz, (23) N - \\\\ : » 3102
where k = Bo/,0, 2 = wro/vo, Mo = vo(iopo)*/?/Bo, 3 =

Cyp =15~ kM5 Byo+ R, andC, =i, — M ;§ Bzo. Note

Y o N\ N
that non-dimensional variables are denoted by a tilde; their ‘ \\\\\\\\\\\
reference values areof po, po, vo, Bo), Where vZ = v2)+ SRR

, , . Error
v+ v,0and B = Bi + BZ,+ B, The radial components B o1
of Eq. (19) and the entropy law are: Y oy 1"
~2 ~ ~ ~ ~ - B ) S[%]
U0 d_p_EM*Zd_pzM*2§ @ M*Z@drB¢ *los 03 -0.1 01 03 05
Fp2di oy 00 dF - A0TE R T A gy x
~ 2 =2
P K MT2B, + & Yo (24) Fig. 1. Comparison of exact benchmark solution with reconstruc-
7 4070 T 5 735’ tion, for (a) 77, =7, =100, and(b) 77, =1.0,7, =0.5. The top
panel shows the overlay of the exact magnetic field lines (black)
1 _opdp 1 _,dp and streamlines (white) with entrogy= p/p? in color, while the
—( 1 M T% + ﬁ 50 E middle panel shows the corresponding reconstruction results. The
Y g 2p~ s 7;/ 7/~ . error distribution for entropys, expressed in percent of the average
=V,0 M 5oT (N 1Ljg+02J7), (25)  of S| over the reconstruction window, is shown in the bottom pane!.

12 o The green line on the left in the first two panels of Fig. 1b indicates
whereM;o = vo(po/ypo)~<. Also, the resistivities and cur-  ine |ocations wherey =0.

rent densities have been made non-dimensional using the
normalization constantg,gvorg and Bo/ ioro, respectively.

In the rotating (primed) frame, the electric fiedtl isas- .  147B, 1 (. By, - 1 P . Cy
sumed to be purely radial. Also, the radial current density/z= 7 7z = 7 | '35 —Broz <KMA0 By _Qr+7> :
Jr must be equal to zero in our special geometry, in which

d/9¢ =0 andd/dz =0. The angular and z-components of (29)

the Ohm’s law equation can be written as:
d With a specified resistivity, we can now solve Egs. (24) and

dB, (25) for dp/dr anddp/dr by use of Egs. (28) and (29).

ﬁégr - ﬁréz = ﬁj_jga = _YNU_ (26)

di The actual integration of the system is performed by a sim-
and ple outward marching procedure, starting7at 1 where
. the flow is taken to be field-aligned, i.e(¥o, ﬁ(’po,ﬁéo) =
~ ~ - 1d(FB = = = - = =
UrBy — 17;Br =z jz="1z= (r f") . 27) (Bro, Byo, Bz0). The quantitiesg, p, By, Bz, etc.) are then
Foodr advanced to first order so that, for exampl; + A7) =
By substituting Egs. (20)—(23) into Egs. (26) and (27), we 5(7)+ AFd/d7. The final step is to revert to the fixed frame
can get in which the velocity components aloggandz are trans-
1B 1 /B 1 formed as
et z r0 25 ~ ~
=———=—|—&M,{B;+Cz)—vr0—=Bz], (28 - - - . - ~
¢ dr 71 ( r (Mo B2+ C2) vror,o Z) (28) by = v; +QF; U=+ Va0 (30)

Ann. Geophys., 28, 2112425 2010 www.ann-geophys.net/28/2113/2010/
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Also, the electric field components (normalized ugBo)
change to:

Er = E; — Q;B‘Z—F Vzoé(/);

The overlay maps of magnetic field lines (black) and stream-
lines (white), with pseudo-entropy = p/p" in color, are
shown in the top panel of each of the two panel blocks
in Fig. 1, for the exact solution with (a); =7, = 10.0

0.2

and (b) 7, = 1.0,ji, =05. The non-dimensional pa-  -osf i
rameters used areM,o = 0.45, Mo = 0.40, Q = 0.875, A7l 2 ;
(B2, B2y, BZ) = (52.0 2, 53) = (0.50,0.15,0.35), Vz0= Wowe s a o s

1.0, andy =5/3. Note that the constant axial electric field
Ezois 0.62 for both cases. The data taken from the exact soFig. 2. Plot of magnetic field lines (black) and streamlines (white)
lution along the liney =0 are used as initial values for the inthex’—z’ plane of the simulation, with the extremely weak, nor-
reconstruction, the results of which are shown in the mid-malized (in units of 20 nT) field,/ in that plane shown in color.
dle panel of each panel block. Error distribution maps are inAlso shown are six simulated spacecraft paths through the vicinity
the third panel of each block. Within the reconstruction do- of the reconnection site. The spacecraft paths are in reality inclined
main, the errors are less than 1.0% for all quantities, includ-PY 19-5 to thex’ " plane. The simulated spacecraft 14 form a
ing those not shown in the paper. For the case in panel (b) ofEtranedron configuration while the spacecraft 5 and 6 are used as
: . . ! L auxiliaries for verification of the reconstruction results. The region
Fig. 1, the green line shown in the first two panels indicates R . .
. o . to be reconstructed is within the black box. In the simulation, the
locations whereyy = 0. The results indicate that the interpo- y'-axis is the axis of approximate invariance.
lation is doing well at locations fairly close to the lize=0
(the spacecraft path), but that the errors start to grow when
the integration is extended to locations further away. The
overall results show that the reconstruction method is ableéWo =1000kms?, and By = 20nT, for the length, the ve-
to recover the field and plasma configurations accurately fofocity, and the magnetic field, respectively, and the resistiv-
a relatively narrow domain, elongated along the line 0. ity is normalized byuoWoLo. In the expression fos, the
We have also performed experiments for various numerical’ andy” axes are directed tailward and duskward, respec-
parameters, namely, doubling the grid resolution and extendtively, andz’ =x’ x y’. We see that the resistivity is spatially
ing the domain to 50% largey| value. The results for the localized and time-independent. Figure 2 shows the mag-
errors are summarized in Table 1. netic field line and streamline configurations in the- 7’
From the benchmarking exercises described above, w®lane, with the axial field, in color, from the simulation,
conclude that the numerical code functions properly andalong with six simulated spacecraft paths through the vicin-
gives accurate results in an elongated region surrounding thigy of the reconnection site. The axial field is seen to be ex-
data line aty = 0, provided the base assumptions of the re-tremely weak. Field lines and streamlines were obtained by
construction, namely that the object reconstructed is 2-D andlirect integration, using the simulated field and flow compo-
time independent, are precisely satisfied. nents in the plane. In the simulation, the valuygs=0.05,
x0=38, Lx=4, Ly=8, andL, =1 were used. The simu-
lated spacecraft 1-4 form a tetrahedron configuration, while
5 Case study: simulated magnetotail reconnection the spacecraft 5 and 6 are used as auxiliaries for verifica-
event tion of the reconstruction results. Figure 3 shows the mag-
netic field, electric field, and plasma data for all six simu-

We now apply the resistive MHD reconstruction code to alated spacecraft; the reconstruction interval is sandwiched
synthetic reconnection event in the geomagnetic tail, ob-between the two gray vertical lines. Note that the simula-
tained from a 3-D, resistive MHD simulation (e.g., Birn et tion data were all taken at a single instant and therefore com-

al., 2009). In the simulation model, the resistivity, assumedprise snapshot information about the structure. The coordi-

isotropic, is given by nate system used in Fig. 3 was intentionally rotated by one
of us (J. B.) in a way that was unknown to the other authors
1 = 1o/ cosly, (32)  who analyzed the results, and the rotated data was used in

the reconstruction. The purpose of this blind test was to see
where s = [((x" — x0)/Lx)?> + (//Ly)? + (z'/L,)?1%? and  if the orientation of the invariant direction, as well as any
10,20, Lx, Ly, and L, are non-dimensional constants. The motion of the X-line, could be independently deduced from
reference values used for the simulation Age=1000km, the spacecraft data. In the rotated coordinates, the positions

www.ann-geophys.net/28/2113/2010/ Ann. Geophys., 28, 211Z5-2010
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Table 1. Reconstruction errofs

Resistive MHD
(M40=0.45,M,n=0.40,2=0.875,V,0=1.0,y =5/3,

11 =1z=100)
51/101, 101/201, 101/301,
Window (2y/Ix)  Window (2y/Ix)  Window (2y/Ix)
0.20° 0.2¢° 0.3¢
Error A (%) 0.014 0.005 0.010
Errory (%) 0.030 0.011 0.019
Error Bz (%) 0.001 0.000 0.000
Error vz (%) 0.002 0.001 0.002
Error S (%) 0.013 0.012 0.057
Error Ex (%) 0.156 0.059 0.105
Error Ey (%) 0.701 0.257 0.527

aAverage, in domair-Ix/2 < x <Ix/2, of error magnitudes at= +ymax= +ly expressed in percent of average magnitude of corresponding
quantity (e.g.Bz) over the window. For the test cas&2), ESO, B2) = (#%, ﬁio, 72 = (0.5,0.15,0.35).

b Benchmark case shown in Fig. 1a.

€ Grid resolution inx andy increased by factor 2.

d The larger grid resolution anig increased by 50%.

Synthetic Data

0 0
-100 -50 0 50 100 -100 -50 0 50 100
Pseudo Time Pseudo Time

Fig. 3. Plots of the magnetic field, electric field, and plasma data for all six simulated spacecraft. The color used for spacecraft 1 to 6 are
black, red, green, blue, cyan, and magenta, respectively. In the rotated coordinates (see text for details), the positions for the spacecraft 1—
ats =0 are: [0,0,0], [a,0,0], [Y2a,/3/aa,01, [Yoa,v/Y12a,+/2;a), [3/2a,a,0], and[3/a,3/a,0], respectively, where = 100km. The
reconstruction time interval is enclosed by the two vertical lines.

Ann. Geophys., 28, 2112425 2010 www.ann-geophys.net/28/2113/2010/
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Ez [mV/m]

0 100 200 300 400 500 600 700

Pseudo Time

Fig. 4. (a)Plot of the measured axial electric field in the recon-
struction interval, evaluated in the moving frame and based on the
data from spacecraft 3b) Plot of the dimensionless resistivity,

in the reconstruction interval used in the simulation (squares) and
recovered from the reconstruction (circles).

Fig. 5. (a)Plot of magnetic field lines in the reconstruction (x-y)
plane, with the axial fieldsz in color. The map is obtained by pro-
jection of the simulation results, evaluated in fie- z’-plane, onto

the x-y-plane. The reversal d#; across the layer, which is not
present in Fig. 2, occurs because the z-axis used in the reconstruc-

tion does not coincide exactly with thé-gxis in Fig. 2 (they form
1 3 1 1 /2 3
[a,0,0], [ /2a,\/74a,0], [%aa./Yh2a./%/3a, [52a.a.0], and an angle of 1.3). (b) Resistive MHD reconstruction map of the

(324,324, 0], respectively, where =100 km. We ,See that magnetic field lines (black solid lines) with axial fieR} in color,
at7=0, all spacecraft, except spacecraft 4, are inzhe0 based on data measured by spacecraft 3 at points along its path.
plane of the rotated system. We also know that the spacerne horizontal dashed lines are the spacecraft paths, projected onto
craft paths are all parallel but initially we do not know their the reconstruction plane, relative to which they are tilted by°L6.1
orientation relative to the rotated coordinate axes. As de-Some of the color differences between the maps in panels (a) and
scribed in detail in a separate paper (Denton et al., 2010)(b) are caused by this tilt in combination with the weakly 3-D nature
the multi-spacecraft method developed by Shi et al. (20050f the simulation. Spacecraft 1-4 form a tetrahedron configuration
2006), which is based on the gradient of the magneticWh”e spacecraft 5 and 6 are used as auxiliaries for verification of
field, was used to estimate the orientation of the invari-the reconstruction results.

ant axis and the spacecraft motion through the field con-

figuration. In the unknown, rotated coordinates, Denton et

al. (private communication, 2010) derived the invariant axis All of the following reconstruction results are based on
72 =[-0.5579-0.0771,0.8263 and the frame velocityp = analysis of the data from the simulated spacecraft 3. In the
[—16.2,10.0, —3.5]km ™%, which are then used for the re- reconstruction (as opposed to in the simulation itself), the
construction. Those values agree well with the actual valuegeference valueso, no, vo, andlo for the magnetic field,

in the simulation, namely, = [0.5591 0.056Q —0.8272] the density, the velocity, and the length are, respectively, the
and Vo, = [—16.9,10.3,—2.71kmsL. The frame velocity maximum value of the magnetic field strength, the maximum
Vos has a finite component alorig, because the spacecraft Value of the density, the Alen speed based on theandng
paths are inc"ned by 70350 thezs axis_ By using the recov- Values, and the ratiO Of the maXimum Value Of the vector pO'
ered axis and velocity instead of the exact values, this angléential A and the reference fielh.

comes out as 7329 Since this is a 3-D simulation model, the  Figure 4a shows the measured ax&lelectric field in the
invariant axis is defined as the direction along whidvoz reconstruction interval, evaluated in the frame moving with
is minimized, which is the’-axis in the simulation coordi- velocity Vo. One sees that the axial electric field is in fact not
nates. Note that the results above are based on data from thpgecisely constant in the simulation data but varies by about
tetrahedron spacecraft configuration (1-4). The method ofLl0%. As a result, the minimum variance direction of the elec-
Sonnerup and Hasegawa (2005) did not work for this eventtric field (Sonnerup and Hasegawa, 2005) is not a useful pre-
because the axial component of the electric field, which isdictor of the invariant axis. The non-constancy of the axial
much larger than the components in the reconstruction planeglectric field indicates the presence of time-dependent and 3-
is in fact not precisely constant, while the in-plane compo-D effects. In the reconstructiofi,o = 1.353 mV nT 1 will be
nents are small as a consequence of the small axial magneticsed, which is the average value. We use Eq. (12) to estimate
field and flow in the simulation and therefore have only smallthe dimensionless valuespf (normalized byovolo) along
variations. the path of spacecraft 3 through the structure. Figure 4b

of the spacecraft 1-6 at some chosen tiree0 are:[0,0,0],
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Fig. 6. Snapshot plots of the predicted magnetic fields (red dashed lines) from the reconstruction map based on spacecraft 3 and the
corresponding fields (black lines) taken by the other spacecraft directly from the simulation.

shows a plot of dimensionlegs values in the reconstruction dinates. TheB; values in color are the projections of the 3-D
interval, used in the simulation (squares) and recovered frommagnetic field vectors (at points in thé — z’ plane) onto
the reconstruction (circles). The agreement between the cathe invariant (z-) axis. Although there is only a small an-
culated and the actual values is much better for time® gle of 1.3 between they’-axis of the simulation and the
than that fors < 0, but overall, the agreement is not good. axis of the reconstruction, this angle causes the pronounced
This problem arises because the axial magnetic field is venanti-symmetric behavior oB,. Figure 5b shows the recon-
small in our simulation model so that the factaB,/d0x that  structed map of magnetic field lines (black solid lines), us-
multipliesn, in Eq. (12) is also small. By converting time to ing data from the simulated spacecraft 3, again with the ax-
distance, using the moving frame veloclty, one finds that ial field B, in color. The horizontal dashed lines denote
the resistivityn  does have a spatial variation with distance the spacecraft trajectories (as deduced from the data), pro-
along the spacecraft path, even though the variation differgected onto the reconstruction plane. Thend y recon-
significantly from that in the simulation setup. In the recon- struction axes arex =[0.7100 —0.56000.427Q and y =
struction, a constant non-dimensional resistivjty = 0.05 [0.43000.82490.3670, in the rotated coordinate system.
will be used, which is the maximum calculated value; f By comparing the reconstructed map with the simulation, we
we also assume that =, . This choice of the values of see that the X-point position is well predicted by the resis-
n1 andn; will give the best correlation coefficient between tive MHD reconstruction. Figures 6, 7, 8, and 9 show plots
the predictions from the reconstruction map and the measuresf the predicted values from the reconstruction map based on
ments from the other five simulated spacecraft (which are nospacecraft 3 (red dashed line) and those actually measured by
otherwise used in the reconstruction). The resistivity valuethe other 5 spacecraft (black line), for the magnetic field, the
n1 = 0.05 used for the reconstruction is close to the value atplasma velocity, the electric field, and the plasma density and
the location of the magnetic X-pointat'(~9,y' =0,z =0) pressure, respectively. There is excellent agreement of mag-
in Fig. 2, which is about @759 = 0.0485. netic field and plasma pressure between the reconstruction
and the simulation results themselves, with correlation coef-
Figure 5a shows the field line map from the simulation ficientscc=0.999 andcc=0.996, respectively. The plasma
data, taken in the’ —z’' plane ¢’=0), i.e., the field lines density and the electric field components (ofily and Ey)
in Fig. 2, and then projected onto the reconstruction coor-
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Fig. 7. Snapshot plots of the predicted plasma velocities (red dashed lines) from the reconstruction map based on spacecraft 3 and the
corresponding velocities (black lines) taken by the other spacecraft directly from the simulation.

are less well predicted, witbc=0.961 andcc=0.927, re- 6 Summary and discussion
spectively. The plasma velocity is rather poorly predicted,
with cc=0.804. For spacecraft 4, which is closest to spaceWe have extracted the steady, 2-D resistive MHD reconstruc-
craft 3, the plasma velocity is predicted with=0.904, in-  tion theory from the more general theory for resistive Hall
dicating that the velocity field can be fairly accurately re- MHD (Sonnerup and Teh, 2009), by simply neglecting the
constructed, but only within a very narrow region surround- Hall term and the electron pressure in Ohm’s law and mo-
ing the path of spacecraft that provides the source data fomentum equation. The resistive MHD reconstruction algo-
the reconstruction. To reach these results, we have slightlyithm then becomes very simple compared to that needed for
changed the plasma velocitiesyat 0 so as to obtain a con- resistive Hall MHD. Resistive MHD reconstruction is dif-
stant axial electric field of 1.353 mV . This step turns out ~ ferent from reconstructions based on ideal equations in one
to improve not only the velocity prediction (froot=0.284  important respect: In the presence of resistivity, entropy is
to cc=0.804) but also the other predictions, in particular N0 longer conserved along streamlines so that data fitting to
for density (fromcc=0.914 tocc=0.961) and electric field produce a curve of entropyversus stream functiog is not
(from cc=0.747 tocc=0.927). The corrections to the veloc- @ part of the integration scheme.
ity at y = 0 are made by maintaining the velocity component At least two components of the measured electric field,
parallel to the field but modifying the one perpendicular to usually those in the spacecraft spin plane, are required for re-
the field so as to produce a constant axial electric field, exSistive MHD reconstruction to be possible and then only by
cept as noted in the discussion section. In addition, we experdse of a specified resistivity model. When all three compo-
imented with different frame velocities for the reconstruction nents of the electric field are measured, we show that the val-
but did not achieve any further improvement of the velocity ues ofn . at points on the spacecraft trajectory can be calcu-
prediction. lated by use of the y-component of Ohm’s lalds+v x B =
n- j. For simplicity, the resistivity tensor is diagonal and has
nz =kn, wherek is a constant (in our application chosen to
bek =1). We have developed an exact axi-symmetric solu-
tion of the steady, 2-D resistive MHD and used it for valida-
tion of the resistive MHD reconstruction code. As illustrated
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Fig. 8. Snapshot plots of the predicted electric fields (red dashed lines) from the reconstruction map based on spacecraft 3 and the corre-
sponding fields (black lines) taken by the other spacecraft directly from the simulation.

in Fig. 1 and indicated in Table 1, the results show that thetric field and plasma velocity are not predicted with the same
field and plasma configurations are accurately reconstructetigh accuracy, the worst prediction being that of the velocity.
in an elongated region surrounding the data ling=at0, pro- To improve the velocity prediction, we tried three different
vided the base assumptions of 2-D and time independencschemes: (1) using different frame velocities; (2) modifying
are precisely satisfied. the input plasma velocities at=0 to produce a constant
. o ) axial electric field of 1.353mV m!; (3) using the exact in-
We have then applied the resistive MHD reconstruction to,arjant axis and frame velocity. Only the second method re-
a synthetic reconnection event from a 3-D resistive MHD nu-gjteq in significant improvements of the velocity prediction

merical simulation, in which the resistivity is spatially local- (reachingcc=0.804). To avoid making the large corrections
ized and time independent. Six synthetic spacecraft cross thgs he velocity that would be required where the field magni-

structure in different places, proyiding shapshot informatio.n.tude is small, the velocity correction is only made where the
Data from one of the spacecraft is used for the reconstructionagnetic field magnitude is greater than some critical value
and a comparison is then made between the observations byc_ The valueB. = 2 nT was chosen because it gave the best
the other five spacecraft and the predictions from the recongrelation coefficient for the velocity components.

structed field and plasma maps. This was a blind test in the

sense that one of us (W. L. T.) did not know the orientation Possible explanations for the lower quality of the pre-
of the rotated coordinate system until after the reconstructiordictions for the electric field, plasma velocity and density
was done. Good agreement is obtained for magnetic fieldare: (1) weak time-dependence is present, as illustrated in
plasma pressure, and density, with correlation coefficients ofhe measured axial electric field,o (Fig. 4a), which is not
0.999, 0.996, and 0.961, respectively. However, the elecprecisely constant as it should be in a time-stationary 2-D
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Fig. 9. Snapshot plots of the predicted plasma densignd pressurg (red dashed lines) from the reconstruction map based on spacecraft 3
and the corresponding values (black lines) taken by the other spacecraft directly from the simulation.

structure; (2) the 2-D assumption is also violated to a small Ideal MHD Reconstruction for SC3
extent in the simulation; (3) the resistivity is assumed to be NN

constant everywhere in the reconstruction plane whereas, ir
the simulation, it has a spatial variation. The combination of

these effects could have a significant influence on the behav-
ior of the predicted electric field, plasma velocity, and den-

sity. The integration of the vector potentialis performed ~.
by use of Eq. (17), in which the value 6fA/dy? is calcu- 0 10 0 30 40 50 600 700
lated from Eq. (13). Equation (13) is only weakly coupled to ik

the plasma density and the electric field, which is a possiblexig 19, |deal MHD reconstruction map of the magnetic field lines

reason why the magnetic field is obtained with such high acpjack solid lines) with axial field; in color, based on spacecraft 3.
curacy compared to the other quantities. The reason why thehe format is the same as in Fig. 5.

plasma pressure is extremely well predicted, but the velocity
is not, cannot be readily seen from the equations.

Figure 10 shows the spacecraft-3 based reconstructioslightly better than the ideal MHD reconstruction, for which
map of the magnetic field, resulting from the use of ideal cc=0.998. In particular, it is noted that the magnetic X-point
MHD (Sonnerup and Teh, 2008) instead of resistive MHD. can be successfully recovered in the resistive MHD recon-
Comparison of the maps in Figs. 5b and 10 indicates thastruction while, in ideal MHD reconstruction, it has moved
the resistive MHD reconstruction, wittc=0.999, is doing outside the window of view. Therefore the ability we have
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developed in this paper to do resistive MHD reconstructionHasegawa, H., Sonnerup, B. W@., Fujimoto, M., Saito, Y.,

is of great potential importance for studies of reconnection and Mukai, T.. Recovery of streamlines in the flank low-

configurations that include, or are near, the reconnection site latitude boundary layer, J. Geophys. Res., 112, A04213,
itself. However, it must be kept in mind that 2-D reconstruc-  d0i:10.1029/2006JA012101, 2007b.

tions cannot properly describe 3-D topological features of theau, L.-N. and Sonnerup, B. D.: Two-dimensional coherent

field lines. structures in the magnetopause: Recovery of static equilibria

Although the base assumptions of 2-D and time stationar- ];rggr;;smgle'smcecraﬂ data, J. Geophys. Res., 104, 6899-6917,
ity for reS|sF|ve MHD reconstruction are not ex_actly valid in Hu, Q. and Sonnerup, B. ©).: Magnetopause transects from two
our simulation model, the reconstruction experimentwe have - gpacecraft: A comparison, Geophys. Res. Lett., 27(10), 1443~
reported on here is a worthwhile first test, showing the via- 1446, 2000.

bility of the new method. In future studies, the use of variousHu, Q. and Sonnerup, B. WD.: Reconstruction of magnetic flux
2-D and 3-D numerical simulation models will be desirable ropes in the solar wind, Geophys. Res. Lett., 28, 467-470, 2001.
for further diagnosis of the strengths and weaknesses of thelu, Q. and Sonnerup, B. @.: Reconstruction of magnetic clouds
method and the conditions under which it gives accurate re- in the solar wind: Orientations and configurations, J. Geophys.
sults. We conclude that resistive reconstruction can become Res., 107(A7), 1142, doi:10.1029/2001JA000293, 2002.

a valuable new tool for the interpretation of space data. Hu, Q. and Sonnerup, B. @.: Reconstruction of two-dimensional
structures in the magnetopause: Method improvements, J. Geo-
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