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Solar plasma

*1946 - R.Giovanelli, A theory of
chromospheric flares, Nature,
1946

NEUTRAL POINT

*1971— S.Syrovatsky, MHD
theory of thin current sheets

in Solar corona

1957 — E. Parker, Sweet’s
mechanism for merging
magnetic fields in conducting

fluids, 1957

1958 — P. Sweet, The neutral
point theory of solar flares,




STEADY STATE PLASMA FLOW WITH RECONNECTION

Sweet-Parker model Petschek model

Petschek, H. E.
Magnetic field annihilation
NASA Spec. Pub., 1964.
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S.1.Syrovatsky

Dynamic thin current sheet
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DILEMMA:
NEUTRAL SHEET OR PETSCHEK FLOW
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25 years after: Biscamp comments

NONLINEAR
MAGNETOHYDRODYNAMICS

LIETER BISKAMP

Max Flunek 1nstituie for Plasme Fhysics, Surcning

[38 & Magnctic reconneceion

smalt i, However, swilching on an anomalous resistivity o eliminah
the difugion Tayer problem, Petschek-type configumtions are sct up quite
independently of the particular ehoice of the boundary conditions. {E)
Warfous simulations of sellconsistent reconnrecting sysiems have been
performed, such g3 the process of island coalescencs (seation 6.5.1) o (he
nontinear resistive kink mede {seetion £.6.2), where no internal bonndary
conditiong thal could possibly affect the reconmection prowess have to be
impose], All develop extended current shests For small 4.

6,23 Syrovalskii’s corrent shest sofutfon

An altereative school of thoughi, with adhecenls mainly in the easter
hemisphere, orpinated from Syrovalekis theory of current sheet t'arma:l
tion (Syrovatskil, [9T1). Tike Petschek’s model his is also 2 quasi-ides]
quasi-slalionary approach, dealing ondy with 1he ideal solution, which ma
herwgver exhibit sheet-like singulariies. Thowgh Syrovatskiis theory do
not desctibe real configurtions with high reconnection tates in the limi
of small #, it provides a qualitatively encrest pictere for not-leo-ateony
cxteroa! driving,

zible WMHD», to which the major part of this chapter
myr vanishing plasma pressure p = O instead. The main
s that all currents in the systom arc localized in izolated
sheats, Hence  sulisfies Laplace’s equation

?2|p={|, (46,08}

sional incomp.
& conlined,

02,23 Syropalskif’s current shast solution

An aliermative school of thougla, with adhecents mainly in the eastern

function and one can wse complex analvsis
by the boundary conditions, I these change
|peramastric dme dependence g (x, v, 8, which
dicular component v, of the velocity fron the

F=dp v V=0,

hemisphere, orpinated (tom Syrovalskas theory of current sheet forma- )

tion (Syrovatskdi, 1971). Tike Petschek's model thig ig alsoe o quasi-ideal,

V[P, B=e x Wy,
ol v 35 cadenlated from the equation

quasi-slatignary approach, dealing only with 1he idesl solution, which may |

howeeyer exhibit sheet-like sinpulansties. Though Syrovatskii's theory dous at

— x¥Vp=0, (6. 20)

uation of motion wsing p = 0, [The latter

ot descrihe_ real configurations with high recomtiection Tates in the limit hat the current density and hence the Lorents
of small A, 1t Pl'ﬂ"l-']dﬁ q I]l]ﬂ]jtﬂ.ll'l.rﬂl}r SOt PLohine for I'I.l.'.'l'[-['l:l'-l::l-ﬁti'ﬂﬂg ically. Hencs eq. (&%) has to be rogarded as

cxternal driving,

T | b 22 h | PR Bl o Fud 1

s that the effect of the distdbuted cureeats iz




Energy storage in thin current sheets

It is easy to determine the free magnetic energy of the neutral current

A- F RAN K sheet, i.e. the energy excess with respect to the initial energy of the potential
= magnetic field having a null line (Syrovatskii 1979). This amount of energy
La bo rato ry Expe rime nts per length unit of the sheet is in Gaussian units as follows

Syrovatsky, 1971
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where J is total current in the sheet and L, defined by

METASTABILITY !! t=2m(%)-}

is the self-induction per length unit of the sheet. It can



Solar plasma

Magnetospheric plasma

1946 - R.Giovanelly, A
theory of chromospheric
flares, Nature, 1946

1971-1979 — S.Syrovatsky,
MHD theory of thin current
sheets in Solar corona

1957 — E. Parker, Sweet’s
mechanism for merging
magnetic fields in
conducting fluids, 1957

1958 — P. Sweet, The neutral
ﬁ)girét theory of solar flares,
58.

1957 — Sputnik launch

1957-1958 — discovery of
radiation belts by Van Allen
(inner r.b.), S.Vernov and

A.Chudakov (outer r.b)

1965 — discovery of the
Earths’ magnetotail -
N.Ness, J. Geophys. Res.,
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SAKHAROV LEGACY ::
Beginning of the Space Age

Intercontinental
Ballistic missile launcher
8K71
M=5500 kg
L=8000 km

FORTUITOUS FOR SPACE SCIENCE
SAKHAROV OVERESTIMATE
OF THE MASS REGUIRED FOR THE
THERMONUCLEAR EXPLOSIVE DEVICE

KOROLEV’S DESIGN OF 5 ENGINE
SUPERPOWERFUL R-7 LAUNCHER




« "CywecmeeHHO, YMO 8ec 3apsida, a criedoeamesibHO
U eecb Macwmab pakemsbl, 6bI1s1 IPUHSIM Ha OCHOB8e
MoelU 0oKsia0HoU 3anucku. Imo npedornpeoesniusio
pabomy eceli 02POMHOU KOHCMPYKMOPCKO-
npou3zeodcmeeHHOU op2aHuU3ayuu Ha MHoa2ue 200bl.
UmeHHO ama pakema ebigesia Ha opbumy nepebil
UCKyCCMeEeHHbIU cgymHUK 3emsnu e 1957 200y u
KocMu4YecKkuu kopabnb ¢ FOpuem Na2apuHbIM Ha
6opmy e 1961 2o0y. Tom 3apsi0, N0 KOMopbIi ece
3amo desasniocb, MHO20 paHblie, OOHaKoO, ycresl
"ucnapumbcsi”, U Ha €20 Mecmo npuwsio He4mo
coeceM uHoe..." . A.[l. CaxapoB. BocnomnHaHus

“It’s significant to note, that the charge weight and
consequently the size of the rocket were accepted
according to my memorandum. This for many years has
determined the activity of the whole rocket industry.
By means of this very rocket the First SPUTNIK was
launched in 1957 and the spacecraft with Yury Gagarin
onboard was put into orbit in 1961.

The charge, the whole activity was based on before,
vanished into thin air, but something totally different
appeared instead...”. ANDREI SAKHAROV MEMOIRS




® ... 1 He mory cyauTtb, B kKakon mepe AHgpen CaxapoB NUYHO

onpeaenusn KOHCTPYKLUMUIO U Maccy 3apsaa, npegHa3sHa4YeHHoro
AN nepBon MEXKOHTUHEHTarlbHOU pakeTbl. Ho, 6e3ycnoBHO,
MUMEHHO TOo, YTo aenan CaxapoB, noTpeboBano co3gaHUA Takou
paKeTbl, KaKyro Mbl pa3pabdoTtanu noa wucgppom P-7. N nms
CaxapoBa ToXxe OMKHO YNOMUHATbLCA B UCTOPUMN KOCMOHaBTUKMU!

B.E.YepToK, Paketbl n nroan, 1994, ROCKET AND PEOPLE

... | can’t tell exactly, whether it was Andrei Sakharov
who personally determined the construction

and the charge weight for the intercontinental rocket.
But, undoubtedly, Andrei Sakharov’s activity had
demanded such a rocket to be constructed,

ol ?HERTOK which was designed and called R-7.

Korolev’s DEPUTY 11,0 efore, the name of A. Sakharov should also be
mentioned in the history of Soviet cosmonautics




MexxayHapoaHblie cjeacTsud 3anycka nepsoro UC3
International Dimensions of Sputnik Launch

“Mutual deterrence” regime

 [nobanuaupoBan u nepeBen B NJIOCKOCTb HAYKU U TEXHUKU MUPHbIN
acnekT COpeBHOBaHUA MeXAay COLMarMCTU4eCKOMN U KanuTarncTuyieckomn

cncremamm

Contributed to globalization of peaceful competition between the socialistic
and capitalistic systems and transferred it to the domain of science and

technology

« 3anycK crnyTHUKA «MOJSIHOCTbIO U3MEeHUN cyTb «XOoN04HOM

BOUHbI».
“What Sputnik did... was to alter the nature of the Cold

War....” waiter McDougall, The Heavens and The Earth

* [pe3nageHt AH CCCP M.B. Kengbiuu :
«Ewwe Hen3BeCTHO, YTO UMesio bornbluee 3Ha4YeHne Ansa o6OpPOHbI
CTpaHbl: 60eBast MeXXKOHTUHEHTasfibHas pakKeTa, UfM nepBbIn

CNYTHUK»
President of the USSR Academy of Sciences Mstislav Keldysh :

“It is hard to say what strengthened the Soviet defense better —
- the ICBM or the first Sputnik ?”.
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Earth’s Magnetosphere
The scene of dynamic interactions between the Sun and Earth’s
Magnetic Field




Earth Current sheet

The Earth’s Magnetic Tail’
8 1965

NoemanN F. NEess
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SOLID EXPERIMENTAL —

PROJECTION OF MAGNETIC FIELD TOPOLOGY
ON NOON MIDNIGHT MERIDIAN PLANE



PLASMA SHEET

CURRENT SHEET — 4
PLASMA SHEET BOUNDARY LAYER ¢

Magnetosheath

B = 8nnkT/B? 2 - 6 (central) / 0.1 - 2 (outer)
lon density 0.25 cm

lon temperature ~ 4 keV

Electron temperature ~ 0.5 keV

Magnetic field <10 nT

Plasma convection velocity ~ 20 km/s

Plasma beam velocity ~ 1500 km/s

lon gyroradius ~ 300-1000 km
M.F.P. length ~ 1 a.u.




Harris model

On a plasma sheath separating regions of
oppositely directed magnetic fields.

MATHEMATICALLY ELEGANT Harris E.G., Nuovo Chimento, 23, 115-119, 1962
SIMPLE 1D KINETIC MODEL 2\
Erroneously used
by everybody / X \
and everywhere /% [\
\. B,=tanh(z/L)

__________

jy~n~cosh(z/L)

-0.57

fl y fe N

Shifted 4
maxwellians

jy~1 'Bx2I

Experimental
signature of

Vx 1 Harris profile
/\"x




Flrst steps Ig theory of CS stability.

r X 1966, PRL
: Electron Landau damping
_ ,.;-;_;‘“*w —h .

DYNAMICS OF THE GEOMAGNETIC TAIL

B. Coppi, G. Laval, and R. Pellat
International Centre for Theoretical Physics, Trieste, Italy
(Received 13 January 1966)

Harold P. Furth, Nuclear Fusion, 1962

f (21'-'_}""&1;“ EhP[‘—‘t;(ﬂl + 0,3 4 p,8 )J (I}

ate subjocted to the perturbation

Hy=be"'sin hjzsink,; z (2)

Be=B+(k, [k)be> cos kyxcos k2 {3)

Ey=(wfck;) be™ cos kyx sin & z (4) Guy LavalL
f=."u_+f1'3mr

" Bruno Coppi Rene Pellat



Two scenarios of magnetospheric activity

V'S

=

Direct driving scenario

Storage-Release scenario

Direct
dissipation

\

>

Substorm
onset

€ mmmm e > Substorm onset

Energy
Accumulation
METASTABILITY OF

MAGNETOTAIL
CONFIGURATION



OUTLINE & MOTIVATIONS

SPONTANEOUS RECONNECTION::
CHANGE OF MAGNETIC TOPOLOGY (Formation of X/O lines)

Non trivial problem in collisionless plasma
(only LANDAU damping)

Observational constraints:

possibility to accumulate magnetic flux -
possibility quickly release stored energy—

METASTABILITY

* HARRIS SHEET PARADIGMA- OVERSTABILITY

* Realistic models of CS — anisotropy , bifurcations , steepening

- Stability properties of anisotropic CS- and their free energy reservoirs
* Nonlinear effects and inverse cascade

» Substorm implications

« Overlapping of tearing/kink/sausage modes

» Conclusions



tE

Metastabillity

Metastability is a general scientific concept which describes
states of delicate equilibrium. A system is in a metastable
state when it is in equilibrium (not changing with time) but is
susceptible to fall into lower-energy states with only slight
interaction.

N

A metastable system with a
weakly stable state (1), an
unstable transition state (2)
and a strongly stable state (3)

Xv

ambient
pressure

surface
t =
ension

pressure

In order for boiling to occur, the
vapor pressure must exceed
the ambient pressure plus a
small amount of pressure
induced by the surface tension



Bz - destruction of electron Electron stabilization.
Landau damping. b

| Map of stability
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Karl Schindler
A Theory of the Substorm Mechanism

K. SCHINDLER Tearing instability in plasma configurations

Galeev, A. A., Zelenyi, L. M. JETP, 1976
1974, JGR :

Fig. 4. Regime of ion tearing: the electrons are gyroscopic, and
the ions see a neutral sheet. The ion motion perpendicular to the plane

shown is unidirectional on either side of the broken line. Albert Galeev



Stabilization of ion tearing mode by the

*compressibility of magnetized e||ectron
A

Z

B ={B, tanh(z/L)0,B, } ABSOLUTE

STABILITY
OF HARRIS TYPE
FIELD REVERSAL
with 1B,1>0

B, effects =
Metastability

| fie
eoces of,./OH,

2
dvdr ~ jn—ldr ~—
n,




DOES ION TEARING EXIST?

R. Pellat, F.V. Coronitil, and P.L. Priichett?

Department of Physics, University of California

|

MAGNETIC RECONNECTION
IN COLLISIONLESS FIELD REVERSALS

THE UNIVERSALITY OF THE ION TEARING MODE

M.M. Kuznetsova and L.M. Zelenyi
Space Research Institute, Moscow, U.5.S.R.

In conclusion, neither pitch-angle diffusion nor stochastic
orbit diffusion removes the stabilizing effect of electron
compressibility. Cross-field spatial diffusion can result in
an unstable electron tearing mode, but to reach the ion
tearing regime requires diffusion rates which are
inconsistent with the initial assumed equilibrium. Thus,
within our present state of knowledge, there is no
parameter space for an ion tearing mode.

|

Concluding this paper we would like to summarize all possible

1)

2)
3)
)

mechanism of the destabilization of the tearing mode
(spontaneous reconnection) which exists according to our
present understanding of the problem:

Pitch angle diffusion (external or intrinsic), studied in this
paper.

Magnetic shear (By field).

Collisions even very weak

Violation of the WKB approach for long-wavelength
perturbations (kL<Bz/B0).

DEAD END'!

For HARRIS CS MODEL




Very intense

discussions
Leaders of both
groups were

serious pipe smokers

EXCHANGE
OF IDEAS
and CUBAN

TOBACCO

Alex GALEEV

Rene PELLAT




DOES ION TEARING EXIST?

R. Pellat, F.V. Coronitil, and P.L. Priichett?

Department of Physics, University of California

|

MAGNETIC RECONNECTION
IN COLLISIONLESS FIELD REVERSALS

THE UNIVERSALITY OF THE ION TEARING MODE

M.M. Kuznetsova and L.M. Zelenyi
Space Research Institute, Moscow, U.5.S.R.

In conclusion, neither pitch-angle diffusion nor stochastic
orbit diffusion removes the stabilizing effect of electron
compressibility. Cross-field spatial diffusion can result in
an unstable electron tearing mode, but to reach the ion
tearing regime requires diffusion rates which are
inconsistent with the initial assumed equilibrium. Thus,
within our present state of knowledge, there is no
parameter space for an ion tearing mode.

|

Concluding this paper we would like to summarize all possible

1)

2)
3)
)

mechanism of the destabilization of the tearing mode
(spontaneous reconnection) which exists according to our
present understanding of the problem:

Pitch angle diffusion (external or intrinsic), studied in this
paper.

Magnetic shear (By field).

Collisions even very weak

Violation of the WKB approach for long-wavelength
perturbations (kL<Bz/B0).

DEAD END'!

For HARRIS CS MODEL

It is necessary to develop a new model

of

realistic current sheet compatible with 4-point
CLUSTER observations of real current profiles
and recalculate its stability properties




Spacecraft observations of magnetotail processes
(1992-....)

Geotail (1)

Interball (2+2)

C1
c2 o
Cc3
C4

(nT




CLUSTER
CS OBSERVATIONS

RELRE %1 Runov et al., 2006 collection
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Non symmetric | | 3 +J11  Nakamura et al., 2006
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Essence of nonadiabatic particle motion

Transient (Speiser) orbit

Breaking of usual
guiding center
description

Sﬁmvzdz ~ const

N
N |-

Quasiadiabatic integral of
motion /, is conserved during
ion motion




Self-consistent equilibrium model
of anisotropic CS

The quasi-adiabatic integral of motion (action integral 1z) is approximately

conserved along ion trajectory

0 1
K =—0W <] ] E—fmvzdzzconst
(EAST 2
Bz=const= Parameter Action
integral Iz
Al <1 g
_ over fast
injected ions A7) . .
e Varlable is
approximately
conserved

E

Slow motion

Quasi-adiabatic orbit "l

Fast motion

Using approximate
I,~const makes the

system integrable.




Map of distribution function of Speiser ions at the edges and in the center
of CS
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TCS Model electron
€=Vv,/V, b =B/B, - ion

Current density in the drift approximation

E,B . o
omeene 22 € 59,5, 15 5, (B0

Bx(VB)B
jeN(pH_pJ_)[ X( 4 ) :| B 0 2
B| “~
4 Ion d.istribution
df/dt — O fl‘ function
e N r"“

a’B_47z<

_’ 3 . .
S I RS (N
\J=Hh0t 9Hcold V3 J
Grad- Shafranov vy
B = BO’ P, = O  system of Equations \ /

vZ

'




Thin current sheets

ROLE OF ANISOTROPY

z/L
Harris-like current density profile Double-humped and peaked current
coincides with plasma density profile sheets are embedded inside plasma sheet

Realistic features of TCS: embedding, bifurcation,
overshoots, steepening




Fast CS crossing and the model of thin current sheet

Observations approximated by Thin CS model and Harris CS
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Energy principle for tearing mode.

— : Marginal stability.
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Different components of tearing mode energy
sufficient criteria of instability.

Perturbation of magnetic field 5 l 1 4 < O

total tearing mode energy
2 Harris current sheet L=p,
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j Free energy We 0
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components of energy L=0.7p, b =0.1 -5 kp,
) - Total tearing energy for
Ti/Te=3 10— Harris CS with B =0




Embedding of observed CS and their sources of Free energy
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Parameter space of TCS instability
T/T =3

0

Integral
instability
k0, 0] window for all
kp;>0.5 L= |
0<kL<3

Unstable CS
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| table CS
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e

Initial moment

NL mode growth




B,/B,

Linear theory and Cluster observations
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Evolution of metastable CS during the growth
phase. Thinning & stretching towards instabillity.

04 | | |

Petrukovich et al., 2007
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Nonlinear evolution

Preonset CS. N
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Pellat 1983

Y MHD /4| 4,
_ (kD)4 Le
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I I

Formation of large scale plasmoid
from small scale islands




Pellat 1983
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Formation of large scale plasmoid
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Where reconnection could occur in the Earth’s
magnetosphere 7

Quiet conditions
Topological distant
tail reconnection

Middle tail

reconnection

Baker et al. 1996
Petrukovich et al. 1998
Phan et al. 2000

Near Earth
Initiation
Lui 1991

Kan 1998




Localization of the substorm onset

Ground auroral Injection in the inner part  Tailward plasmoid
breakup (Poker Flat ~ (Interball-1 X=-11.5Rg)  (Geotail X=-28.5 R;)
MSP
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on magnetotail

energy flow

Substorm onset at X=-15.5 Ry, 11:26:10 UT



Tail Reconnection Triggering
Substorm Onset Science 2008

Vassilis Angelopoulos,'* James P. McFadden,? Davin Larson,? Charles W. Carlson,?
Stephen B. Mende,” Harald Frey,? Tai Phan,? David G. Sibeck,® Karl-Heinz Glassmeier,*
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Andrei Runov,® Xu-Zhi Zhou,* Larry Kepko’
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Eigenmodes of TCS

Symmetric and
Asymmetric modes
propagating in CS plane.

Kink/Sausage perturbations:
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Tearing perturbations
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Multimode structure of TCS perturbations
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Propagation of oblique drift waves in the CS
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Statistics of wave direction

Standing tearing modes for k=k, (120 cases)

Propagating oblique modes w=k vy



Nonlinear interaction of numerous wave modes existing in the
magnetotail- Non-Equilibrium Steady State (NESS)

Z
=
a
Ballooning Tearing = Multiscale
;: selfsimilar fractal
s, structuring
=
0 =
Z) —
LHD 8
Sausage =
400 %
0 =
Drift-kink 0 8@ 0 ®
- NESS
Non-Stationary

Steady State

Nonlinear interaction of various unstable
nodes. Saturation of fluctuation growth
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Superposition of instabilities




Geometry of the system
Stationary field =—>» B, =B tanh(z/L)e +B.e

Turbulent field —3» /B=B +B,. +B

tearing

sausage

Hot plasma outflows
Field line B={Bx(z),0,Bz}
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Particle dynamics

Test particles traces
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Oblique modes

Oblique propagation

Absence of
magnetic field nulls

Heating due to
Oblique waves

/

Propagating Kink +
standing Tearing

time

Frozen turbulent structures
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Formation of nonmaxwellian spectra
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Acceleration mechanism

Single wave — surfacton acceleration

Wave ensemble — piecewise surfatron acceleratio

T\ > -
O . ‘g Sagdeev and Shapiro, 1973
B> Katsouleas and Dawson, 1983
E A/ —=> Chernikov et al., 1992
7‘ /2 - e Neishtadt et al., 2009

) 7 ‘
‘. - Acceleration due to resonant

Particle —wave interaction

Diffusion in turbulent magnetic field




Intermittent wave structure
A~J,(kx+ky—tw)= 6B~ J,

elementary wave mode

Ensemble of propagating NL structures
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Cross-Scale Coupling

Slow in time

SPACE WEATHER MHD-scale

dynamics

. SPACE PLASMA PHYSICS e

. dynamics SPACE
lon-electron hybrid scale WEATHER
Flectron-scale Unresolved
dynamics by MHD

Large in space
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Conclusions:

Configurations with magnetic field reversals
(current sheets) are intrinsically metastable.

For certain (quite narrow narrow region of parameters
L, Bn) TCS can become unstable to tearing
perturbation (contrary to the Harris one), which drives
the spontaneous reconnection

CS wave modes are effective particle accelerators by
“piecewise surfatron” mechanism

Tearing mode ingredient is necessary for particle
acceleration. Importance of oblique modes

*More data (CrossScale+Scope+ROI) are needed
 Electron scales are still not resolved
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