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Abstract. Recent research using high-resolution magnetic According to the ideal MHD theory, when a rotational dis-
field data to examine the interior structures of MHD shockscontinuity approaches a slow shock from the postshock side,
in interplanetary space and in the magnetotail led to a surthe rotational discontinuity would always penetrate through
prising discovery that a slow-mode shock is often followed the slow shock from behind and then continue to propagate
by an adjoining rotational discontinuity layer on the post- away from the slow shock as a separate MHD discontinu-
shock side. The thickness of each layer is of the order of &ty in the preshock region. Thus, the ideal MHD description
few ion inertial lengths. Such a compound structure is knowncannot explain why the rotational discontinuity may not pen-
as a double discontinuity. When the magnetic field rotatesetrate through the shock layer. The alternative is to explore
by several degrees per ion inertial length inside a thin layerwhether the Hall-MHD theory can explain the merging of a
the Hall current term becomes important in the generalizedslow shock layer and an adjoining rotational layer into a sta-
Ohm’s law. Steady state solutions based on the Hall-MHDble compound structure.
theory have been obtained to show the merging of arotational In this paper we first present the observational evidence
layer and a slow shock layer to form a compound structurefor the compound structure composed of a slow shock layer
like the observed double discontinuities. and a rotational layer based on high-resolution data; the rota-
tional layer has a thickness of the order of a few ion inertial
lengths. Then we show that when the magnetic field rotates
by several degrees per ion inertial length inside a thin layer,
1 Introduction the Hall current term becomes important in the generalized
Ohm’s law. We show that steady-state Hall-MHD equations
MHD shock, rotational discontinuity, tangential discontinu- can produce solutions for compound structure composed of
ity, and contact discontinuity are four kind of MHD discon- a slow shock and an adjoining rotational layer.
tinuities well understood in theory, and their existence in
space plasma has been verified by using observational data
from spacecraft. A small number of slow shocks have beerp  Observation of double discontinuity in interplanetary
observed in interplanetary space (Chao and Olbert, 1970; space
Burlaga and Chao, 1971; Richter et al., 1985; Whang et al.,
1996) and in the magnetotail (Feldman et al., 1984, 1985 Typical identification of slow shocks from observational data
1987; Smith et al., 1984; Seon et al., 1995; Saito et al., 1995is to treat the shock as a discontinuity and to analyze the jump
1996). conditions of the plasma and magnetic field on two sides of
Our recent research using high-resolution magnetic fieldthe shock. Figures 1 and 2 show an example for the obser-
data to examine the interior structures of MHD discontinu- vation of a forward slow shock in interplanetary space on
ities in interplanetary space and in the magnetotail led to & April 1995 from the Wind spacecraft. Observational data
surprising discovery that a slow shock is often followed by in Fig. 1, at the rate of one data point in every 84 s, show the
an adjoining rotational discontinuity layer on the postshocksignature of a forward slow shock across which the proton
side. We call such a compound structure a double discontidensity increases, the proton temperature increases, and the

nuity (Whang et al., 1997, 1998, 2001). magnitude of magnetic field decreases. Available electron
data from Wind have time resolution of 12's; Fig. 2 shows
Correspondence toY. C. Whang that the electron density has a sharp jump at the shock cross-
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Fig. 2. The electron density has a sharp jump at the shock crossp2 _
ing. The time resolution of the electron data is 12 s. If better time-

00:44

anda andC; denote the Alfén speed and slow speed. Ta-
ble 1 show various shock parameters associated with the
slow shock of 6 April 1995 derived from the observational
Fig. 1. Identification of a slow shock crossing on 6 April 1995, data; the post shock conditions agree well with those calcu-
from the Wind magnetic field and proton data. The time resolutionlated from the Rankine-Hugoniot solutions. The relative flow
speedd/, <a cosf on both sides of the shock;,>C,1 on

the preshock side, ardh, <Cy2 on the postshock side.

In the strict sense, MHD shocks are not discontinuities; a
shock has a finite thickness across which physical properties
change continuously. Observational data from the magnetic
field, the proton, and the electron experiments are available
at different time resolutions. The magnetic field data from
Wind are available at the rate of one data point per 92 ms.
Making use of high-resolution data we can examine the inte-
rior structure within the finite thickness of the discontinuity
observed on 6 April 1995.

In Fig. 3 we plot 12 s of high-resolution magnetic field
data. Here the axis is the normal direction of the discon-
tinuity surface pointing in the direction of the mass flow, let
thex, y plane be parallel to the magnetic field upstream of

the shock layer,

r =

B2+ B? and ¢ =tan*(B./B,) .

resolution data are available, one can examine the internal structur&hen we can interpret the magnetic field structure of the ob-
served discontinuity as a compound structure composed of
two layers, a forward slow shock lay&rand an adjoining
rotational layerR on the postshock side? and B, decrease

of the shock.

Let subscriptsp and e denote protons and electrons, rapidly inside theS layer. Across theR layer the magnetic
subscripts 1 and 2 denote the preshock and the postshodleld rotates by an angle of50° about the normal direc-
conditions on both sides of the discontinuity, denote the tion of the shock surface, while its magnitude almost remains
normal components of the bulk velocity of the solar wind constant. The two successive layers are very close to each
in the shock frame of referencé, denote the shock angle other, and hence the compound structure looks like a new
(the angle between the shock normal and the magnetic fieldkind of MHD discontinuity. The thickness of the rotational
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Fig. 3. The 12s of high-resolution magnetic field data show the Fig. 4. The double discontinuity of 6 April 1995 was also observed
detailed structure of the shock discontinuity as a compound strucfrom Geotail. The observed signature is nearly identical to the dou-
ture composed of afi layer and an adjoinin@® layer. The change  ble discontinuities observed from Wind.
in the magnitude of the magnetic field occurs mainly insidehe
layer, and across the layer the magnetic field rotates by an angle
of ~50°. 3 Observation of double discontinuities in the

magnetotail

Double discontinuities exist not only in interplanetary space
but also in the magnetotail region; they could be a general
MHD structure in space plasma. Figure 5 shows 150s of
layer is of the order of 10 preshock ion inertial lengths, thatplasma and magnetic field data obtained from Geotail on
is defined byh=c/w,i, wherew ;= (4 Nlez/ml,)l/2 isthe 14 February 1994. The Geotail spacecraft crossed the bound-
ion plasma frequency, and; the proton mass. ary surface entering the plasma sheet from the north lobe of
the magnetotail akgsy=—54 Rg. The best available time
resolutions of the magnetic field, the electron, and the ion
On 6 April 1995, the Geotail spacecraft was also upstreanflata are, respectively 62.5ms, 3s, and 12s. The magnetic
of the Earth’s bow shock. The double discontinuity observedfield data play the vital part in identifying the rotational layer.
from Wind (Fig. 3) was also observed from Geotail (Fig. 4). The plasma density increases significantly and the magnetic
The Geotail spacecraft crossed the double discontinuity afield intensity decreases significantly across the interior of
51 min later than the crossing time of the Wind spacecraft.the slow shock layer§—layer). TheS—layer is followed
During this time interval the discontinuity surface has trav- by an adjoining rotational layer (R-layer) on the postshock
eled 204k (1.3x10°km) in interplanetary space, yet the Side. Across th&—layer the magnetic field rotates by6(°
double discontinuities observed from two spacecraft haveaboutthe normal direction of the shock surface, as the plasma
nearly identical signatures. The two crossing points were at &lensity and the magnetic field intensity remain nearly un-
distance of~60R£ (0.4x10f km) on the surface of discon- changed.
tinuity. This means that the double discontinuity must be a The observed plasma and magnetic field signature is in-
reasonably stable solar wind structure and its size is largeterpreted as the merging of a slow shock and a rotational dis-
than the dimension of the Earth’s frontside magnetosphere. continuity to form a stable compound structure. All observed
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S R rotational layer. We studied slow shocks and double discon-
tinuities at the plasma sheet-lobe boundary using the Geotail
data between 14 September 1993 and 16 February 1994 and
the Wind data between 2 January 2000 and 5 January 2000,
the occurrence ratio between the double discontinuity and the
GEOTAIL stand-alone slow shock is about 1.2.
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4 Steady-state Hall-MHD theory

X

| Attt We interpret the formation of double discontinuity as re-
sulting from the interaction of a rotational discontinuity ap-
proaching a slow shock from the postshock side; under cer-
I WS I W tain conditions, the rotational discontinuity cannot penetrate
through the shock and the two layers merge to form a stable
compound structure. According to ideal MHD theory, af-
ter the interaction the rotational layer must penetrate through
the slow shock layer; thus, the existence of such a compound
e structure cannot be explained based on ideal MHD theory.

S S s Recently, Lee et al. (2000) studied whether plasma
W anisotropy is responsible for the existence of double discon-

tinuity. They carried out a series of hybrid simulations to ex-
amine the interaction of a rotational discontinuity with a slow
shock in anisotropic plasma. The simulation results cannot
reproduce the formation of a double discontinuity.

We formulate the governing equation in the frame of refer-
ence attached to the discontinuity. The important dynamics
of the problem is the rapid rotation of both the magnetic field
and the fluid velocity inside a thin rotational layer. Inside
the rotational layer the fluid velocity is not field-aligned.

As the magnetic field rotates through the rotational layer by
several degrees per ion inertial length, the Hall current term
el becomes important in the steady-state generalized Ohm’s law
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Fig. 5. A double discontinuity was observed on 14 February 1994 T
when the Geotail spacecraft crossed the boundary surface entegimilarly, the rotation of the fluid velocity makes the viscous
ing the plasma sheet from the north lobe of the magnetotail atterm an |mportant partner |n the equatlon Of mo“on
Xesm=—54Rg. Across the slow shock layes ¢layer), the mag- We explored whether the Hall-MHD effect can explain the
netic field intensity decreases and the plasma density increaseg;ciance of the observed double discontinuities. Our first
Through the adjoining rotational layek ¢-layer) the magnetic field attempt is to obtain steady-state solutions based on the Hall-
rotates by an angle e¥60° about the normal direction of the shock HD th h h } f ) N d
surface while the field intensity and plasma density remains nearI)JVI theory to show the merging of a rotational layer and a
constant. slow shock layer to form a steady-state compound structure

like the observed double discontinuities (Whang, 2002).

All variables are functions of only. From the divergence

double discontinuities have large shock angle®n the free condition we obtain

preshock side. The angle through which the magnetic fieIde — const

rotates inside the rotational layer can vary over a wide range;

the rotation can be clockwise or counterclockwise. We mustWe use subscript 1 to denote the flow conditions in the up-
also point out that, in interplanetary space and in the magnestream region of the discontinuity. Without loss of generality
totail, a slow shock is not always followed by an adjoining we can set; | B, the flow is field-aligned in the upstream
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region (De Hoffman and Teller, 1950; Colburn and Sonett, practically isentropic inside the rotational layer. We use the
1970; Scudder, 1987). In this frame of reference we obtainisentropic equation

from Faraday’s law of induction
Ey,=E,=0.
Now we have

Uu;By —uyB; =

c <1dBy dBZ>
=== :

4 \ ne dx dx
and

¢ (1dB, dB,
uxBy—uyBx ZE EW%—T}C d_x .

dp 5pP
d T35 ()

p  3p
The system of governing Egs. (1)—(7) can be used to study

the variations of seven variable®,( ¢, uy, u;, a, p,
and P) through the rotational discontinuity.

5 Two-layer Hall-MHD model

We use a two-layer model to study steady-state Hall-MHD
solutions of double discontinuity. The model assumes that a

The continuity equation and the three components of thecompound structure consists of a slow shock layer followed

equation of motion can be integrated to give

puy = m = CONst, (2)
L ipi B +P +B’21
= = mu — — | mu — ],
3" dx * 8 AT gy
duy BB,
o =M~ T4
and
du; B\ B,
U— =mu; — .
dx

by a rotational layer; all flow properties are continuous across
the interface between the two layers, and¢=0 through-

out the shock layer. The model also assumes that on the ro-
tational layer side of the interfacky/d¢ andd¢/d& are not
zero. Let subscript 1 denote the conditions in the upstream
of the shock layer, and subscriptienote conditions at the
interface between the two layers. A set of modified Rankine-
Hugoniot relations is used to calculate the jump conditions
between region 1 and the interface. The Hall-MHD Egs. (1)—
(7) are used to calculate the variations of the plasma and
magnetic field in the rotational layer in the downstream of

It is convenient to introduce a dimensionless variablethe interface.

&=x/A, a dimensionless resistivitR=ncen1/B,, and a di-
mensionless viscosityt=p/mA. In order to show the rota-

tional variations of the magnetic field and the fluid velocity,

we introduce

B, = B;sing,

u; = u; Sina .

B, = B, cos¢,
Uy = u; COSet

Now, we can write the Ohm'’s law as

d Bt Ux1 B[ d¢ N Ur .

i (3) R = o) @
and

d¢

uy1 By d B; u; By
R———|—)=1-———F—cos(e—¢). (3
i B ds(Bx) PR

and the three components of the equation of motion as

4 du, B? 1+ B1+cos6;
_ = py_+t_ - """ 4
3" Mg =muxt Py 87 o2 01 @)
d BB
m./\/li = mu; — L cos(a — ), (5)
dg
and
do BxB[ .
= — ). 6
mM 2 = Jom, sin(a — ¢) (6)

When the anglex /=¢, the fluid velocityu is not field-

aligned. In the above equatiofisis the acute angle between and the plasma3 ratio.

The plasma and magnetic field have a jump across the
slow shock layer between the upstream region 1 and the in-
terfacei. The jumps in plasma and magnetic fields across
the slow shock layer are described by a system of modified
Rankine-Hugoniot relations. In addition to Eq. (1), the sys-
tem consists of

2 2

opoy B _ B
muy; + P; + = mu,1 + P1+ , (8)
8 8r
Btht Bthl
. — _ . 9
muygj - t1 - ( )
1 n; \ 2 d
Uy By |:1— X {(Rn—;) + 1} (£)I:| By uyi
= ux1Bi1 — Byuy1, (10)
and
u 5P _ui 5P 1)
2 2p; 2 2p1

Here A=./4mp1u,1/ B is the shock Alfen number. When
(d¢/d&);=0, this system reduces to the classical Rankine-
Hugoniot relations. In the absence of the Hall-MHD
terms the dimensionless solutions of the classical Rankine-
Hugoniot relations for MHD shocks can be expressed as
functions of three dimensionless parameter in the preshock
region: the shock Alfen numberA, the shock angl®,

The solutions of the modified

the normal vector and the magnetic field in the upstream andRankine-Hugoniot relations depend on one more dimension-
ﬁ1=8nP1/Bf. The effect of Joule heating and viscous dissi- less variables: the gradient of rotational angle at the inter-
pation are negligibly small in the energy equation, the flow isface(d¢/d&);.
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Fig. 6. Two example solutions witlid¢ /dx);=10°/A» and—5°/x, B=0.8, A=0.9, and6=60°. The thickness of the rotational layers is
about 2 to 3 ion inertial lengths.

We carry out solutions for steady-state model of double6 Summary and discussion
discontinuities in two steps. We first calculate the jump con-

ditions between region 1 and the interface using the modifieds MHD shock has a finite thickness across which physi-
Rankine-Hugoniot relations. Then using the shock solutiongg| properties change continuously. We used high-resolution
at the interface as the boundary condition we solve the Hall4ata to examine the magnetic field structure of slow shocks,
MHD Egs. (1)—(7) for the variations of the plasma and mag- and found that a slow shock is often followed by an adjoining
netic field in the rotational layer in the downstream of the rotational discontinuity layer on the postshock side. Such a
interface. compound structure is known as a double discontinuity. The
thickness of the rotational layer is of the order of a few ion
inertial lengths; the magnetic field rotates by several degrees

Figure 6 shows two example solutions. The interface is lo-Per ion inertial length inside the rotational layer.

cated at=0. The plots for the rotational angfeshow that The high-resolution magnetic field data obtained from
the thickness of the rotational layers is about 2 to 3 ion iner-Wind and Geotail spacecraft play a vital role in the obser-
tial lengths. The flow is compressible;, u;, B;, P, andp vation of double discontinuities. The best available time res-
change slightly through the rotational layer. The variations inolutions of the magnetic field are 92 ms for the Wind data
rotational angle®, the dimensionless tangential velocity and and 62.5 ms for the Geotail data. Prior to our discovery of
magnetic field:; /u,1 and B,/ B, through the rotational layer double discontinuities, Song et al. (1992) have reported the
are proportional to the magnitude &$/d¢ at the interface.  observation of a possible superposition of a rotational dis-
The numerical solutions in Fig. 7 show that the thickness ofcontinuity and slow mode discontinuity in front of the mag-
the rotational layer increases at increasthgThe solutions  netopause; Seon et al. (1996) have described variations of
in Fig. 8 show that the thickness of the rotational layer in- magnetic fields that could be considered as circularly polar-
creases at decreasifigThe profile of the rotational angle is ized structures in the shock layer in some slow shock cross-
almost independent of the shock Aéfiy numberA. ings in the distant magnetotail. If better resolution data were
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