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aInstituto de Astronomı́a y Fı́sica del Espacio, CC. 67, suc. 28, 1428 Buenos Aires, Argentina
bDepartamento de Fı́sica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, 1428 Buenos Aires, Argentina

Available online 8 September 2005
Abstract

We analyze in situ observations of magnetic reconnection at the Earth magnetopause to estimate the importance of

the Hall current during the merging of interplanetary and magnetospheric magnetic field lines. The reconnection

process is studied through numerical simulations, integrating the Hall MHD equations in 2.5 dimensions. A large

influence of the Hall effect is found, which can be measured by a significant increase of the reconnection rate.

r 2005 Published by Elsevier Ltd.
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1. Introduction

Conducting plasmas show a tendency to develop thin

and intense current sheets where magnetic reconnection

can take place. As a result, a sheared magnetic field

reverses its sign (inside the so-called ‘‘diffusion region’’),

the magnetic field lines experience topological rearran-

gements, and part of the magnetic energy is released and

converted into kinetic and thermal energy (Parker,

1957). This process of magnetic reconnection can be

present in several astrophysical scenarios, such as the

magnetopause (Sonnerup et al., 1981), the magnetotail

(where it is expected to be the precursor for auroral sub-

storms, see e.g., Birn and Hesse, 1996), the solar

atmosphere (related to the occurrence of flares, coronal

mass ejections, and coronal heating, see e.g., Priest,
e front matter r 2005 Published by Elsevier Ltd.
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1984; Gosling et al., 1995), or the interplanetary medium

(as a consequence of the interaction between magnetic

clouds and the solar wind (Farrugia et al., 2001; Schmidt

and Cargill, 2003)).

One of the best studied physical scenarios, by in situ

observations, is the terrestrial magnetopause, where the

magnetic reconnection is responsible for the merging of

terrestrial and interplanetary magnetic field lines, thus

providing a source of particles, energy, and momentum

to the magnetosphere (Sonnerup et al., 1981). The

appearance of a kink in the newly reconnected lines

produces jets of plasma away from the diffusion region.

Although these plasma jets have been previously

detected ‘‘in situ’’ by Phan et al. (2000) and Paschmann

et al. (1979), observational evidence of the existence of

the diffusion regions has been obtained only recently by

Mozer et al. (2002).

Hall currents can play a significant role in the

dynamics of the fluid and the magnetic fields of many

astrophysical objects, such as dense molecular clouds,

formation of white dwarfs, or instabilities in accretion

disks (Minnini et al., 2003). Due to the low density of the

plasma in the solar wind and magnetosphere, the Hall
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currents can be of importance during magnetic recon-

nection at the Earth’s magnetopause, and some signa-

tures of the Hall current have been reported (Mozer et

al., 2002). More recently, Asano et al. (2004) and Deng

et al. (2004) used Geotail observations and identified the

spatial structure of a Hall current sheet in the Earth’s

magnetotail. These studies represent a step forward with

respect to earlier observations reported in the literature

(Deng and Matsumoto, 2001; Øieroset et al., 2001).

However, the relative importance of its contribution to

magnetic reconnection have not yet been quantified.

In this work, from in situ plasma and magnetic

observations corresponding to the terrestrial magneto-

pause, we quantitatively assess the importance of the

Hall effect in this scenario. We used observations from

the spacecraft Equator-S and identified the location and

orientation of a current layer. We also determined the

relevant plasma parameters at this reconnection site,

such as the intensity of the magnetic field, the particle

density and the width of the current layer. We also

perform numerical simulations to compare the char-

acteristics of a reconnection process with and without

the Hall current. To this end, we used the plasma

parameters derived from observations to quantify the

relevance of the Hall effect.

In Section 2, we present the data analysis, quantifying

the importance of the Hall term. The results of our

numerical simulations are presented in Section 3,

showing a sizeable increase of the reconnection rate

when the Hall term is considered. Finally, in Section 4,

we list our conclusions.
2. Observations

In this section we analyze magnetic observations

made by the spacecraft Equator-S with a temporal

cadence of 0.5 s, during a magnetopause crossing. On

February 11, 1998, Equator-S crossed several times the

magnetopause, while the spacecraft Wind simulta-

neously observed the persistent presence of a southward

oriented solar wind magnetic field (Phan et al., 2000),

thus providing the proper conditions for magnetic

reconnection. More specifically, we report results of a

magnetopause crossing starting at 13:32:51 UT and

finishing at 13:33:48 UT. The magnetopause crossing is

identified by a velocity jump, which in turn, quantita-

tively corresponds to the difference of the magnetic field

components, as emerges from magnetic reconnection

theoretical models (Phan et al., 2000).

Since the magnetic field is solenoidal, whenever the

spacecraft crosses the thin current layer, along its linear

path it records an almost constant perpendicular (to the

layer) component of the field, while the tangential

component shows a large rotation.
We analyze the three components of the magnetic

field vector given in geocentric solar ecliptic (GSE)

coordinates. In this reference frame x̂GSE corresponds to

the Earth–Sun direction, ẑGSE points to the north

(perpendicular to the ecliptic plane), and ŷGSE is such

that the system is right handed. The three upper panels

of Fig. 1 show these components, with the current layer

confined between the dotted vertical lines. In general

terms, the magnetopause can be identified by a

transition from high-density and southward-field

(Bz;GSEo0) in the solar wind to low-density and north-

ward-field in the magnetosphere. However, the detailed

structure of these transitions varies from event to event.

Also, other physical quantities such as the electrostatic

potential or the temperatures jump as well, providing

valuable information about the physics involved in these

events (see, for instance, Hull et al., 2000).

It is possible to estimate the orientation of the layer by

applying the so-called minimum variance (MV) method

to the magnetic observations (Sonnerup and Cahill,

1967). This method finds the direction (n̂) in which the

mean quadratic deviation of the field, hðB � n̂� hB � n̂iÞ2i,
is minimum (maximum). It is possible to show that this

is equivalent to finding the eigenvector corresponding to

the smallest (highest) eigenvalue of the covariance

matrix Mi;j ¼ hBiBji � hBiihBji. Thus, the MV method

determines the direction of the maximum (bxlayer) and

minimum (bylayer) variance of the field, and therefore

determines the spatial orientation of the layer.

The two lower panels show Bx;layer and By;layer, after

applying a minimum variance technique to the observa-

tions of this event. We find a very good differentiated

variance of the components, with a maximum to

minimum eigenvalue ratio of about 17, and the normal

to the layer being n̂ ¼ ð0:56;�0:73; 0:41Þ, expressed in

GSE coordinates.

In Fig. 1 we see that the spacecraft takes 6–8 s to cross

the magnetopause. The width of the layer (d) can be

estimated from a normal speed of vn�100 km=s, thus

yielding d� 600–800 km.

The Hall term in the induction equation is expected to

become significant at length scales smaller or of the

order of LH ¼ c=opi, where c is the speed of the light

and opi is the ion plasma frequency. The observed

proton density in the event considered is np�5–10 cm
�3,

and thus the Hall length corresponds to LH�100km.

Therefore, a priori we can expect the Hall current to

produce a non-negligible effect on the reconnection

process, since LH=d�0:12–0.17.
The three upper panels of Fig. 2 show the components

of the vector velocity field in the layer-oriented frame. In

the upper panel, we show the large change of magnitude

of the Vx;layer component at the magnetopause (the flow

tangential acceleration across the reconnection current

sheet), while the other two components of the velocity

remain almost constant. The last panel of this figure
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Fig. 1. Magnetic field observations from 13:31:50 to 13:35:00 (UT) on February 11, 1998. From top to bottom: (a) Component BxðtÞ of

the magnetic field in GSE coordinates (in nT), (b) Idem ByðtÞ, (c) Idem BzðtÞ, (d) Component of magnetic field tangential to the current

layer after applying the minimum variance method, (e) Idem for the perpendicular component.
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shows the proton particle density, showing a marked

density drop as the spacecraft enters to the magneto-

sphere.
3. Simulation model

When the width of the current layer reaches values of

the order of LH or lower, it is no longer valid to neglect

the Hall term in the generalized Ohm’s law (Wang et al.,

2000). Including two-fluid effects, Ohm’s law can be

written as (see also Ma and Bhattacharjee, 2001;

Pritchett, 2001; Birn et al., 2001)

E þ
1

c
v� B ¼

4pZ
c2

j þ
1

ne

1

c
j � B � = pe

� �
, (1)

where n is the electron and proton density (assuming

quasi-neutrality), e is the charge of the electron, Z is the

electric resistivity, v is the plasma flow velocity, pe is the

electron pressure and j is the electric current density. In

this approximation, we are neglecting the electron

inertia (i.e. we assume me ¼ 0). The inclusion of electron

inertia gives rise to even smaller spatial scales, of the

order of the electron skin depth c=ope ðope: electron
plasma frequency, see for instance Drake et al., 1997).

Assuming incompressibility (i.e. = � v ¼ 0), we can cast

the so-called Hall-MHD equations in their dimension-

less form as:

qtvþ ðv � rÞv ¼ ðr � BÞ � B �rpþ
1

R
r2v, (2)

qtB ¼ r� ½ðv� �r� BÞ � B� þ
1

S
r2B, (3)

r � B ¼ 0 ¼ r � v. (4)

In Eqs. (2)–(3), we have normalized B to a typical

magnetic intensity B0, v to the Alfvén speed

va ¼ B0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pmpn

p
(with mp the proton mass), the

total gas pressure p to rv2a, and longitudes and

times, respectively, to L0 and L0=va. The Reynolds

number is R ¼ L0va=n and S ¼ L0va=Z is the Lundquist

number. The dimensionless coefficient � is defined

as � ¼ LH=L0, and measures the relative strength

of the Hall effect. The dimensionless electron

velocity is

ve ¼ v� �= � B. (5)
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Fig. 2. Velocity (in km/s) and proton density (in particles per cm�3) observations from 13:31:50 (UT) on February 11, 1998.
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From Eq. (3) it is apparent that in the non-dissipative

limit (i.e. S!1) the magnetic field remains frozen to

the electron flow ve rather than to the bulk velocity v.
The incompressible Hall MHD simulations reported

in this paper are carried out under the geometric

approximation known as 2 1
2
D. This approximation is

based on the assumption that there is translational

symmetry along the ẑ coordinate (i.e. qz ¼ 0). Therefore,

the solenoidal magnetic and velocity fields, can be

represented as

B ¼ r� ½ẑaðx; y; tÞ� þ ẑbðx; y; tÞ, (6)

v ¼ r� ½ẑfðx; y; tÞ� þ ẑuðx; y; tÞ, (7)

where aðx; y; tÞ is the magnetic flux function and fðx; y; tÞ
is the stream function. In this approximation, the Hall

MHD equations take the form:

qta ¼ ½f� �b; a� þ
1

S
r2a, (8)

qtb ¼ ½f; b� þ ½u� �j; a� þ
1

S
r2b, (9)

qtw ¼ ½f;w� þ ½j; a� þ
1

R
r2w, (10)
qtu ¼ ½b; a� þ ½f; u� þ
1

R
r2u. (11)

The nonlinearities are expressed in terms of the standard

Poisson brackets (i.e. ½p; q� ¼ qxpqyq� qypqxq), j ¼

�r2a is the ẑ-component of the electric current den-

sity and w ¼ �r2f is the ẑ-component of the flow

vorticity.

We performed numerical integrations of Eqs. (8)–(11).

The computation is carried out in a rectangular domain

assuming periodic boundary conditions. The spatial

coordinates span the ranges �ppx; ypp. The scalar

fields aðx; y; tÞ, fðx; y; tÞ, bðx; y; tÞ and uðx; y; tÞ are

expanded in their corresponding spatial Fourier ampli-

tudes akðtÞ, fkðtÞ, bkðtÞ and ukðtÞ. The equations for these

Fourier amplitudes are evolved in time using a second

order Runge–Kutta scheme and the nonlinear terms

are evaluated following a 2
3
dealiased pseudospectral

technique. In order to provide a reconnection scenario,

the present simulations start with the fluid at rest, and

the following initial condition to the field B:

Bðx; yÞ ¼ x̂B0 tanh
yþ p=2

D

� ��

� tanh
y� p=2

D

� �
� 1

�
. ð12Þ
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Here, D ¼ 0:04p in order to simulate two thin initial

current sheets, where the reconnection process takes

place. In order to drive reconnection, a monochromatic

perturbation with kx ¼ 1 is added to the initial condi-

tion, with an intensity of 0:02B0. The Reynolds numbers

for the runs reported here are R ¼ S ¼ 500 and the

spatial size of the simulations is 256� 256 grid points.

Figs. 3 and 4 show results obtained for cases without

the Hall term (� ¼ 0) and with � ¼ 0:15, in order

to simulate similar conditions to those described in

Section 2.

In Fig. 3, we present contour plots of the magnetic

flux aðx; yÞ superimposed to grey levels of j for the cases

� ¼ 0; 0:15 when the energy conversion from magnetic to

kinetic is maximum (at time t ¼ 2). The magnetic flux

shows the typical behaviour expected for a two-

dimensional magnetic reconnection scenario and it is
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Fig. 3. Contours of magnetic flux aðx; yÞ superimposed to grey

levels of jðx; yÞ at t ¼ 2 for the cases � ¼ 0 (above) and � ¼ 0:15
(below). The brightest regions correspond to the current sheets.

� ¼ 0:15 (dashed line). We compute the total reconnected flux at

the X-point, simply as the difference fðtÞ ¼ aXðtÞ � aOðtÞ.
possible to see the structure and size of the current

sheets. We note that as � increases, the size of the current
sheet decreases, as can readily be seen by comparing the

� ¼ 0 and 0.15 cases (see Fig. 3). Consistent with this

current structure, the ion flow changes suddenly from

the low speed inflow to the much higher speed outflow,

in a shock-like fashion reminiscent of Petschek’s

configuration (see Petschek, 1964; also Shay et al.,

1998; Biskamp, 2000).

One of the most important features to evaluate the

efficiency of the reconnection process is the total

reconnected flux. The magnetic flux reconnected at the

X point can be calculated in terms of the difference of

the magnetic potential in the X-point and the O-point,

fðtÞ ¼ aXðtÞ � aOðtÞ. Fig. 4 shows that the reconnection

process is significantly faster when the Hall effect is

present. Note that even though the strength of the Hall

parameter is only 0:15, the reconnected flux at t ¼ 2,

which is the time of maximum energy transfer (from

magnetic to kinetic) is about 5 times larger.

4. Conclusions

In this paper, we study the role of the Hall effect in

reconnection processes taking place at the Earth’s

magnetopause. We analyze a particular reconnection

event observed by the spacecraft Equator-S, for which

we estimate a value for the Hall parameter of ��0:15.
We also present results from numerical simulations

within the framework of incompressible Hall MHD in 2 1
2

dimensions. We compare the resulting structure of

the current sheet from the simulations with and without

the Hall term. To quantify the relative importance

of the Hall term, we used the realistic value of ��0:15
derived from observations. Note that the current sheets

formed in the presence of the Hall term are much smaller
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than those formed when this effect is ignored. We

quantify the importance of the Hall effect, as measured

by the total reconnected flux, and show that when

the Hall term is considered, there is 5 times more

reconnected flux.

In summary, our main conclusion is that the Hall

effect is crucial during the initial stages of the merging of

terrestrial and interplanetary field lines at the magneto-

pause, inducing a faster reconnection process. Also, the

current layer displays different features than those

predicted from one-fluid MHD.
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