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Lecture 1.

CURRENT SHEETS IN SPACE PLASMA

Outline

. Introduction.

Occurrence of current sheet (CS).

. Models of current sheets

1. Isotropic models

2. Anisotropic models (forced CS)

3. Turbulent CS

4. Reconnecting CS (Petchek) versus.
Dynamic CS (Syrovatskii)

. Particle dynamics in CS.

1. Adiabaticity, Nonadiabaticity, Quasiadiabaticity.
2. Parameters of Adiabaticity, Invariants

3. Types of quasiadiabatic orbits.

4. Nonadiabatic (Speiser). Particle acceleration.

5. Formation of phase space structures.

. Modeling of CS formation (Large Scale Kinetic)

1. Shaping of magnetotail
2. Pressure tensor and force balance -

. Selfconsistent global kinetic models of 2D current sheets.

1. Model of CS population

2. Disruptions of CS

3. Self-adjustment of CS (overpopulation, underpopulation)
4. Influence of electron component :

. Conclusions:

Intrinsic variability of current sheets.
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13.6 PHENOMENOLOGICAL MODELS OF SUBSTORMS
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e plasma sheet, a full-fledged substorm expansion takes place. Other-

ise the disturbance is quenched, and the disturbance is called a pseu-
dbreakup.
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)ILAR FLARES AND COLLISIONS BETWEEN CURRENT-CARRYING LOOPS 37

wre 16. Schematic of the magnetic configuration in an eruptive/dynamic flare.
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Thin current sheet fﬁddels

Sitnov et al,
{1999,2000]

10

Laminar current sheets Turbulent current sheets
Isotropic current Anisotropic current
sheets sheets
MHD/Kinetic| | Elecron Porced current Infinitely thin
(isotropiciion | | dominated sheet models fractal CS
dominated) isotropic CS models
CS.models models
- Harris [1962] Pritchett and Coroniti ~ Speiser [1970] Milovanov et al.
Schindler [1972] [1994, 1995) Eastwood (1972, 1974]  [1996]
Kan [1973) Hesse and Winske Hill [1975] Zelenyi et al.
Birn et al. [1975]) [1996]) Francfort and Pellat [1998]
Lembege and Hesse et al. [1996] [1976) Milovanov et al.
Pellat [1982] - Kuznetsova et al. Burkhart et al, [1992] [1999]
[1998] Pritchett and Coroniti Vet {(g g 8}
o Rastatter et al. [1999]  [1992] n '
Schindlerand  Buchwet [ 499¢] Holland snd Chen - TAKTAR(SHVILL,
Bim {1993] 7 [1993a,) 2000, 260
Lee et al. [1995] Ashour-Abdalla et al. .
Wiegelmann and o (1994)
Schindler [1995] ‘ Harold snd Chen [1996]
Bim et al. [1998] Kropotkin snd Domrin
Schindler and [1996)
Bim [1999] Kropotkin et al. [1997]
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Harris equilibrium.
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Forced current sheet (anisotropic) models

Main distinctive features: |
« Magnetic field line tension is balanced by the ion inertia rather than by the
pressure gradient; FCS resemble ED TCS with the convection field £, having

penetrated inside C§ (then £, is maybe excluded due to deHoffman-TeHer
‘system of reference) -

e Current sheet thickness L < 0, [Fm“c'Fer’l' oud Pellak, ‘3"}‘]

e FCS provides the most natural embedding mechanism (FCS is always
‘embedded inside the much thicker plasma sheet) . : o) 2,

Basic FCS
(quasi-adiabatic)
orbits

/
/\5\ current

sheet

Schematic illustration of chu;:d pariicle. 1rajecloncs in'the
field reversal of Figure 3 [afiér Speiser, 1965].
S ——

Problems:

(i) numerical or non-self-consistent models;
(i1) - unknown influence of electrons and electrostatit effects;

(iii) * catastrophie in the limit of weak anisotropy [Burkhart etal,
1992] or non-Maxwellian distribution to avoid it [Holland and
Chen, 1993]

13



%

DUNGEY (1963)

feld Southwerd

terplonetary F

in

g =)
2

=
3 eg
| Q
5 o
< &

Solor
Wind

B
i

14



' M QOCcMec;L'qn !

6.1 Current sheets: basic properties

IX

Fig. 6.2. Dynamic (Sweet-Parker) current sheet.

Vx¥, = yxB=0

e
-

Fig. 6.3. Schematic drawing of Petschek’s reconnecticn configuration.

Biscambp; crdisism cf _ |

IMCens, sreluc ¥

o

3' &
o
A,

r o |
a \"*’@~51"1’“1’?'~’s‘- I»f kS h 620

15



Generaliza L'ons

gff F "Lfo'ﬂj ege-

ig. 6.5. Petschek-type reconnection configurations: magnetic field lines (full),
tream lines(dashed), slow mode shocks (heavy). (a) Petschek’s original® config-
ration (“fast mode expansion™). (b) Sonncrup-type configuration (“slow mode

xpansion”). Ue
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D Biscamp. NL MHD, 1993 -

6.2.2 I’elscheks s‘low shock model

Sl T and
[

The model proposed by Petschek (1964) at a symposium on solar flares
was almost immediately accepted as a major breakthrough in the theory of
reconnection, serving as the basic concept for the following two decades.
In fact most papers (at least in the western hemisphere) on the subject
of reconnection deal with one or the other variant of Petschek’s model,
notably the review article by Vasyliunas (1975), or a subsequent review by
Forbes & Priest (1987). Only in recent years has the basic inconsistency
in the theory become apparent. Because of its historical importance

Fig. 6.3. Schematic drawing of Petschek’s reconnection configuration.

Petschek’s model is described briefly, before we point out where the

theory is in error, both conceptually and formall;i. | ‘

0.2.3  Svrovatskii's ('urrcm s‘lwel solution

An alternative school of lhought with adhuents mdmly in the eastern-
hemlsphcrc originated {rom Syrovatskii’s theory of current sheet forma.

" tion (Syrovatskii, 1971). Like Petschek’s model this is also a quasi-ideal,
quasi-stationary approach, dealing only with the ideal solution, which may
however exhibit sheet-like singularitics. Though Syrovatskii's thcmy docs
not describe real configurations with high reconnection rates in the limit
of small 5, it provides a qualitatively correct picture for not-too-strong
external driving. ) .

17
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Fig. 6.6. Generation of a singular current at an X-point. (a) Initial nonsingular
configuration; (b) effect of an induced singular line current in the original X-
point, leading to a fictitious O-point and two adjacent X-points. The heavy line
indicates the actually arising sheet current. (
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Fig. 6.7. Contours of the magnetic potential y = Re{F},bwhere F is given by

eq. (6.26); heavy line = current sheet, dashed line = separatrix. (a) General case

yo-< b exhibiting gingularities at the current sheet endpoints; (b) limiting regular

case yo = b (from Syrovatskii, 1971).
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294 J. BUCHNER
L "]

"

e HARRIS

Fig. 3. = Magnetic field and density strocture of 3D reconnection through thin'current sheets.

A ————————,

One difference between 2D and 31 reconnection is that in three dimensions plasma
outflow is possible also in the third, the original current. direction.

Further, our siinulations revealed regions of vimishing magnetic fields, although in
their specific 3D form. Let us illustrate the generie structure of the resulting three-
dimensional reconnection by showing some typical magnetic field topologies [44]. We use
the results of kinctic plasma simulations with the PIC code GISMO [45). The initial con-
figuration is the same as for the current instability investigations before. The difference
is that we now show results obtained for a mass radio n, : M; =1 : 25 and for an even
thinner sheet, which reconnects faster.

The general picture of 3D reconnection can be seen in fig. 3. The figure combines
density and maguetic ficld information of the developed nonlinear configurational in-
stability in one plot. The density modulation, cinsed by the bulk current instability,
reveals regions of enhanced and lower density. The higher density regions correspond
to darker regions at the side planes of the box (in the color version on the net: blue).
The side planes depict. density contour plots through contral cutting planes of the box
in fig. 3. As one can sce in the figure, :aud. even hetter, by rotating the structure using
the corresponding virtual-reality-files o the wet (author’s homepage, click the figure),
the field reminds the pattern of Petschok veconnestion only year the density maxima.

21



FIELDY REVERSAL - COUPLED OSCILLATOR -
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P d pl

Linear oscillator

- Field reversal

H=2+%Z 4 + ==
2 2 2 8 2 2
L NL L NL  coupling
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k<l 7 — (NL) — oscillations are FAST
x — (L) — motion is SLOW

02 L2 22
H:..x_.f__z__..f_}_( _._Z___)

2 2 2 2
Ux,2)
FAST OSCILLATIONS :

Action integral
1
I, =—d{mv,dz ~ const

e - bifurcation of trajectory=crossing of
separatrix=> JUMPS of I,

2

Q,

I'=sin®?a,f(k),  k=sin 529

fk)y=(1-kHK(k)+ (2k* =1)E(k)

23



Drift-free configuration B_p Zz 4B 3.

Tt~

po ‘ B

z=L

field
reversal

z=L

Buchner and Zelenyi, 1986,1989

.2 .2 2.2 .4 2

X< 2° Kk°x° Z' Kxz 1 -
H=2 4+%2 4 _1 x=xv/k

re 2

2 2 2 8 2
min 1/2
X = }Rcurv =Bn /L NBnLT/zW-lm
Pmax Bo \ Po B,

- k(x) In any
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i K -
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:
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K>1
Guiding center theory

(_Vx s Vy_, VZ ): - V_L’ VII 9¢

Cylindrical coordinates

i y=ﬁ=const
B

1 v
8 J=—{¢v,dl =const
27£§ v

Double adiabatic

equations: p, , py

2 _5
PpPy ~

Stress-balance

| pr 0 0’
!pv szB] vio p, 0|
0 0 p,)

]

Py — p, dueto PITCH-
ANGLE DIFFUSION

gyrotropic but anisotropic ﬁ

k<l
Magnetic field do not

directly control partzcle
motion

( Vs ysv )_)(v()aa() 5ﬁ

Spherical coordinates

(Zelenyi ¢t al., 90,99)

Equation of state
2+a BZ(a—l).

= const

n2+3a

Stress-balance

| e Pry

= [JxB] Vip. 2,

? \Pzx Py
dpxz (CS)
dz .

*[JXB]

nongyrotropic - ﬁ
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Transient (Speiser) orbit

R R R R N R R R L L T R R L T LT r ey

B

“Cucumber” orbit

..............................................................................................

Fig. 1. T hree types of particle trajectories in the magnetlc field
reversal. Transient (Speiser) orbits are the essential carriers of forced
current sheet. “Cucumber” and ring orbits which are enclosed inside
the simulation box and do not touch its boundaries are the quasi-

trapped plasma.

26



P AL Bl e, e ey JGR

Initial Velocity Space

Trapped

Cucumber
Bo . (escapes later)
7 A N
e Cucumber
\ﬁo {escapes later)
v E
Loss region ascaping
Y o (Speiset arbits)
Qo 0 T2 T
” g
Escaping Particles Cucumber Orbits:
2 0@ O o7 Ciﬁsss@v
-
>-10- =10
4 2
)
[
C 0+ _——_————.’/ 0~
St
N
-4 T i ; T - -2 ; T T T
Cucumber Orbits Trapped Particles
< 97 @ — <3 Q4 0" ® /Hﬂﬂl"“"‘""'“““"
T
- -10 -10 -
4 2
s
o = Tw oo
N
-4 T T T T -2 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
X CRe)

?w\ngma,h. mode £ + dawh—EJusH EV/
g O.| mV/im

27



Igv"""'f

) = const
QPFM@ abong e bhit

o
.

0|0

EEE— T
——-._——-—‘-ﬂ-——i—-—---—-.—nﬁ.c;

i‘e‘

- MpnTm'? oréits

o -
0 sin” (k)

5onneue/7, /926

28



The principal types of
ion trajectories in TCS

(X-Z plane)

and corresponding

current densities j,(Z)
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Fluid approximation
Isotropic P;;

T, =2 xVp

3

Guiding center drift approximation
Anisotropic P

=_;>{vp+pﬂ PL(B VB)}
B l B’ “IRam

Nonadiabatic approximation
Nongyrotropic P

34



ASHOUR-ABDALLA ET AL.: CONSEQUENCES OF MAGNETOTAIL ION DYNAMICS

X =20R,

1.5

e\ A
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Figure 9. Profiles of the (top) pressure anisotropy, (middle) off-diagonal pressure PpyPpp and (bottom) and
transverse current ji, at x = 20R (left-hand column) and x = 30Rg (right-hand column). This figure shows that the
region of &~ 1 neat z = 0 coincides with the region of significant off-diagonal terms and large teansverse carrent.

we can write (32) for current in terms of P

Pmax
® /z=0= Llm

33
T 33)

From (33) we can relate the value P2™ to the magnetic field at
the edge of the current sheet

B,B.(z=dy)
4n

" Finally, we reduce this equation to a dimensionless form to
compare it with the previous results. Using (29) we get

max
Py =

max =
fﬂ—:Z&(x,z)-—f"B-;gz’:—d&)— (34)
Py, By ~Bi(z=dg)

In Figure 11b we plot two curves showing variation in the left
and right sides of (34) with x. Once again, the solid line in this
figure corresponds to PR / P,. (lefi-hand side of (34)), and the
dotted line corresponds to the right-hand side of (34). There is
good agreement between the two ¢urves, and we can conclude
that the off-diagonal terms obtained in our model can maintain the
necessary stress balance condition reasonably well.

The results of the estimates shown in this section are that the
distribution we obtained is not too far from being in equilibrium.
We do not expect the force balance condition to be exactly
satisfied. The aim of these estimates was to show that the distri-
bution of anisotropies, currents, and off-diagonal tarms are fairly
consistent with each other. These cusrent distributions could also
serve as a first iteration toward obtaining self-consistent
equilibria. We believe that such an iterative approach (also used
in other papers (e.g., Burkhart et al., 1992] is more natural than

35
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CLASSIFICATION OF MAGNETOTAIL
ION VELOCITY DISTRI

CENTRAL PLASMA SHEET (CPS)
TWO-COMPONENT

ISOTROPIC

COUNTER-
STRE AMING

TAILWARD

EARTHWARD
PLASMA SHEET BOUNDARY LAYER (PSBL)
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' SEPARATRIX: 4Kl

FAST

A- “Meandering” motion:
VARIABLES

particles cross Z=0-

B - “Guiding” center motion:
no crossings Z=#: plane

A A I ;%2 1-(1) )fn ZSMQS)

tts |
©s — phase of “fast” oscillations = IUDEJ £ _ Timofeev
] . Neistadt
Gary, Escander,
Tennyson

Linear dependence on parameter of smallness:.

‘AI ,"' ®<4 < AJ“.~ ¢oc,b (—ae‘) acwi)

_ SLOW VARIABLES: ( x I) -~ -
SRR N
N\
\
—>
x|
-
-/
/S
7
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or

Time-dependent

Self-Consistent Large-Scale Kinetic Model

 What is the effect of non-adiabatic ions on th‘e overall
structure of the magnetotail?

» How does the magnetotail adjust to changes in external

parameters (e.g. changes in the solar wind).

* Role OQ elechron cunients and V(P[i',{)

on magnetotail stzuctuze and dynamijes.
Caution: This is not a particle code, but
allows us to examine ion dynamics
on a global scale.



Kinetic models «——> MHD models

e There are Naturall SPATIAL and TEMPORAL
THRESHOLDS on application of MHD results

A > A > T

* eff
A~ pi—>pi

ff _scale of

P’
non-Adiabatic orbit

e Self-Consistent LSK 1997 ...
{0 smalll scale structuring ? |

¢ transient features ?

@ How kinetic effects could control

Large Scale Structure ?. -
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METHODOLOGY

N S L R A L A
20 40 60 80 100 120
XRg) |
Launch ions continuously from a plasma mantle

source from both hemispheres in modified
Birn-Zwingmann magnetic field model.

Populate magnetosphere for 1 hour.
Update B using Biot-Savart Law.

Continue launching and update B
every 30 seconds.

Calculate inductive electric field (~ ordér of
cross-tail field) for each interval and
add to model.
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194

SIMULATION TIMELINE

Change B Using
Particle Current
at t =3600 s. gggr:;tg(l)} s.

| t=3600s.

Run Begins Tail settles into
. quasi-steady state
with oscillating x-line




Time Evolution of Magnetic Field

10 -8

[ ]
0 20 40 60 80 100 120

? — t = 5490
£ ’ | , o
B TO 20 40 60 B30 100 120
N n
':0 20 40 60 80 100 120 '.-0 20 40 60 80 100 120
? ? t=72007
B —— B Ol
"? 1 T TTPYPTPTITIFPPTTRYYYT e. T T et | MbA b T
0 20 40 60 8o 100 120 0 20 40 60 80 160 120
X (R,) | X (R,)
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Time Evolution of Particle Current

I, (Amps}

by {Amps)

Iy (Amps)

g bl
2 . g
o~
]
-3
o & 5
‘o
S
o o
H ;
-3 2
(-4 L=
g 20 40 §0 8¢ e g 20 40 80 86 100
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Bx (nT)

‘Profile of By and Jy at X =40 Rg
Time = 6600 s

Bx p, for

10

0-
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Variability in the Magnetotail

10

e PP AR T i

5 - o Xdine ]

e e e A

‘ ’ nearest Earth _: mmmmmmmm e e

i G

L) T ¥ T ) 1 Ll 1 1 L] 1) ) I b T ¥ ¥
0 20 40 60 80 - 100 120

X (Rg)

o Will use location of equatorial
- crossing of last closed field line
‘(black dot) and location of X-line
nearest Earth (red dot) as gauge
of variability in the tail.

47



OTION OF THE X-LINE IN THE MAGNETOTAIL
120 10

Faesns

CEBYSR LR kgt
P ES

h
Number of Particles
Lost to the Flanks

I I L I
3600 4200 4800 5400 6000 6600 7200
Time (secs)

Separatrix
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TRANSIENT DISRUPTIONS

of magnetotail cross-tail current
(selfconsistent regime)

“Population
of X-line region

F‘ormatmn of
X line
and strong carrent

5N

1X-lirie

2 .. | Particle escape:
‘ -f,-énargrunawap;"

> 1o distant
?mt'%%%

Replemshmmt

of Plasma Sheet
Recovery of X-line

in the middle tail -
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SumMm/

RY OF VARIABILITY

Carried out a 2-D self-cons1stent time-

~dependent LSK 81mu1at1_0n of t_he mag

~ non-adiabatic ion dynamics and the associate ed

tetetaﬂ

Tail evolves into quasi-steady state in Whl': th {f;" “
location of X-line oscillates between X~ 40 RE
and X~ 60 RE. T

“letmn Ofplas_ in
the central portion of the distant tail because af

Oscillations are caused by de

changes in the current sheet

- -IntrinSiC variability may e_xplain "‘ﬂew
- turbulence” seen in spacecraft observations.
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Magnetotail is populated by ' No parr/ s
SW (ionospheric) plasma

Magnetotail convection is driven

by SW flow around magnetos_pbere.' ' Ey mV/ m

=-'.1Vx B —

NQ and ]_Eﬁ, are independent parameters !

Is steady State Solution Always Possible?

Z0N Pagameter Space

' Quast-

3N hss -Steady

- | 1 Stste
o (@S B

QsS Qss @SS
N |

X 0.2 | @3
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X (Rp)

X (Rp)

X (Rg)

Increase of the Plasma Mantle Influx

7200

7800

Separaftrix

X-line

E ¥ ki ; 1 ¥ H 1 §

8400 5000 9600

Time {seconds)

53

10200

10800

Closest to
Equilibrivem state

System
Overpopulated



Numher of Farticles Lost

MNumber of Particles Lost

Y

. iy s 3% Trftag
# !’4;3, =03 mVim

T
7800

8400

G A L I |
9000 9600 10200 10800

Time (Seconds)

Losses Downtail (x = -120 Rg)

24000

18000

12000

S

i L %//f 9 %"Wwﬂf v

8400

¥ ¥

Y 12 13
10200

¥ ( k)
9000
Time (Seconds)

¥ E ki +
9600 108060
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Response of the Magnetotail

to Overpopulation
Original Run
16+
Sources and losses
balanced by X-line
motion
0 20 40 60 80 100 120
, 2X Influx
10 | -
— Magnetotail balances
= feself by trapping particles
& Earthward of weak
N field region (X-line motion
damped).
Overpopulation resuits in

large currents in distant tail:
Plasma mantle has less
access to current sheet

103 rrreerrgeere
0 20 40 60 80 100 120

X (Rp)
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MARY OF

SELF-ADJUSTMENT

Camed Out a para § i i ‘:, :
cross-tail electric ﬁeld and
particle mﬂux rate.

- | distant tail cu

replenishment rate is unaﬁ‘ected X-hne

 Increase of particle influx c causes flaring of the

Increase of the cross-tail field results in | s-x "
loss of particles. Process saturates since the
“,@,, s

closer to

tail, resulting in the loss of ion access to the o
rent sheet. | »
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X Rp)

X (Rg)

X (Rg)

Increase of the Cross-Tail Electric Field

—— Separatrix

X-line

700 780606 B400 9000 9600 10200

Time (seconds)
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Average Period
of Oscillation:

Average X-line
Position: 51.3 Rg

Average Period
of Oscillation:
Average X-line
Position: 4.2 Rg

Average Period
of Oscillation:
B
)gi; ? i
Average X-line
Position: 2.7




Self-consistent LSK modeling of magnetotail.

INCLUSION OF
ELECTRON CURRENTS

We assume that we can use the fluid approximation for the motion of
electrons and write

transverse dI;;l ~ 178 % B V.,P (la)
motion m,—==-¢ E+ - :

dt c ) n

dVe“ VP, :
para}lel m, » =—ek ———-uV B (1b)
motion n,

Neglecting electron inertia (slow processes: t1>1-2min) and assuming

E=-Vg -

-, E \Y B
VechEsz-l-c P ><2B , (2a)
B en,B

(2b)

_ Vit _ -
eV uvB =0

[4

Assuming isothermal Equation of State for the electron
component

~ I '
P,=nT, =cn, y=1 3)
and quasineutrality condition

o n.(s,x,)=n,(8,X%,) (4)
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Eqs (2b) - 4 give the Boltzmann relation along field lines:
[__U(s,xo)] '
4 — —_ O We(xO)
° ni(s,xo)—ne(s,xo)—ne( ’xo)e (53)

U(s,x,) = uB(s,x,) —ep(s,x,) (5b)

We could solve Eq.(5) for the potehtial (S8, %,):

1 I n.(s,x
O(s,x,) =—(uB(s,x, )+ W, (x,)In n(8,%0) | s)
€ 2 ni (09 xo )
‘MIRRFOR‘ TERM PRESSURE TERM

n,(s,x,) is determined from the kinetic calculations of ion trajectories

W, (x,) =const - electron energy

We obtain Eipm) = ~VJ—¢ , EH = ~VH§D | (7)

due to electron motion everywhere in the system.

Free Parameters

We(x0) Take as T. = 250 eV, constant throughout system.
Vel/Ve| - (Used for p) Vary between 0.0 to 0.2
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Electron currents:

JL@ = _en[Ve.L (8)

_ : e

Distribution of n. - ion trajectory calculations
Distribution ~ of ¢ -Eq. (6) |
Total electric field:

—

* Ey =Ky, +E,, +EHE + EP

. Dawn-dusk ~©@B  due to electrons
field ot

Trangverse ion current J - ion trajectory calculations in’
el )

the fields  E's(2), B()

Total current: - - L
| ¢ JL:JLe"FJu

@ Updating magnetic field::

rotB(r) = —ﬂJL(z)
- C
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Electron Current ion Current

sQ0

GCurrent (Amps)
Gurrent (Amps)

i
Toae
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61



Location of X-line vs. Time

1No Electrons

' Near Barth X-line
G ‘ ‘ J ] T £ )

U L A DL L B
7200 7800 8400 9000 9600 10200 10800

120
7 Electron Potential Fields &

100 Transverse Currents Included

0 bt L S S S e S e
7200 7800 8400 9000 9600 10200 10800
Time (Seconds)
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Standard Magnetotail Paradigm

Magnetotail Self-Adjustment

Magnetotail Overpopulation

@
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Sﬁmma_ly* :
e Magnetotail equilibrium is DYNAMIC

—> Balance of losses and Sources |
occurs only on AVERAGE

Tail always (?) adjusts to the

OVERPOPULATION/UNDERPOPULATION
at large (tens of min) TIME SCALES

For smaller (minutes) scales it reaches NESS:
NON EQUILIBRIUM STEADY STATE

variable at T ~ few min, A ~ fractions of Rg

(Reminds Syrovatsky’s DYNAMIC Current Sheet model.)

Intrinsic Variability of Magnetotail is caused by
NonAdiabatic jon dynamics in the current sheet.
" Electron effects do not modify NESS significantly

(at ion spatial/temporal scales)
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