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Current	
  distribu&on	
  in	
  Earth’s	
  magnetosphere	
  

Characteris&c	
  features	
  of	
  explosive	
  magnetotail	
  reconnec&on:	
  

•  In	
  3D	
  it	
  competes	
  with	
  flapping	
  and	
  buoyancy	
  mo&ons.	
  

•  It	
  is	
  dis&nguished	
  by	
  dipolariza&on	
  fronts.	
  	
  

•  Its	
  possibility	
  has	
  long	
  been	
  ques&oned	
  because	
  of	
  the	
  stabilizing	
  
effect	
  of	
  the	
  Bz	
  magne&c	
  field	
  (Lembege	
  and	
  Pellat,	
  1982).	
  

Bz	
  •  The	
  corresponding	
  plasma	
  instability	
  starts	
  from	
  the	
  genera&on	
  of	
  
fast	
  earthward	
  flows	
  rather	
  than	
  from	
  a	
  change	
  of	
  magne&c	
  
topology.	
  



Fast	
  earthward	
  
flows	
  

Tailward	
  
flows	
  and	
  
topology	
  
change	
  

onset	
  

Machida	
  et	
  al.	
  [2009]	
  

Magnetotail	
  explosion	
  (substorm)	
  starts	
  from	
  the	
  genera&on	
  of	
  fast	
  
earthward	
  flows	
  rather	
  than	
  from	
  a	
  change	
  of	
  magne&c	
  topology	
  

It	
  challenges	
  explana0on	
  
of	
  magnetotail	
  explosions	
  
by	
  magne0c	
  reconnec0on	
  
mechanism	
  



Dipolariza&on	
  fronts	
  challenge	
  conven&onal	
  reconnec&on	
  picture	
  

Jupiter’s	
  magnetotail	
  	
  
[Kasahara	
  et	
  al.,	
  2013]	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Mercury’s	
  magnetotail	
  
[Sundberg	
  et	
  al.,	
  2012]	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Earth’s	
  magnetotail	
  	
  
[Runov	
  et	
  al.,	
  2009]	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Conven&onal	
  
reconnec&on	
  
picture	
  implies	
  
bipolar	
  Bz	
  

perturba&ons!	
  

Slavin	
  et	
  al.	
  [2002]	
  

No	
  room	
  for	
  
mul&ple	
  plasmoids!	
  



Tearing	
  linear	
  stability	
  theory	
  

Coppi,	
  Laval	
  and	
  Pellat	
  [1966]:	
  Electron	
  tearing	
  
instability	
  of	
  1D	
  current	
  sheet	
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For	
  equilibria	
  [Schindler,	
  1972]	
  

The	
  destabiliza&on	
  factor	
  Cd	
  can	
  
be	
  presented	
  in	
  the	
  form:	
  	
   βψ ln2/2 0 −= LBu

Sitnov	
  and	
  Schindler	
  [2010]:	
  L&P	
  stability	
  criterion	
  revisited	
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Lembege	
  and	
  Pellat:	
  

Schindler	
  [1974]:	
  Ion	
  tearing	
  instability	
  

Fairfield	
  and	
  Ness	
  [1970]:	
  Bz≠0	
  

Lembege	
  and	
  Pellat	
  [1982]:	
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Sufficient	
  stability	
  criterion	
  for	
  the	
  ion	
  tearing	
  mode	
  coincides	
  with	
  
WKB	
  approxima&on	
  condi&on,	
  which	
  means	
  that	
  spontaneous	
  
reconnec&on	
  is	
  not	
  possible	
  in	
  the	
  magnetotail	
  



Tail	
  configura&on	
  prior	
  to	
  onset	
  

Machida	
  et	
  al.	
  [2009]	
  

The	
  only	
  class	
  of	
  tail	
  equilibria	
  which	
  have	
  a	
  poten&al	
  for	
  spontaneous	
  reconnec&on	
  onset	
  
must	
  have	
  a	
  region	
  of	
  the	
  tailward	
  Bz	
  gradient	
  	
  

Bz = ε1B0 1+
α

cosh2 ε2 ξ −ξ0( )( )
"
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ξ = x / L, ε1 << ε2 <<1

And	
  it	
  must	
  be	
  located	
  sufficiently	
  far	
  from	
  the	
  planet	
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Sufficient	
  instability	
  condi0on	
  

To	
  be	
  unstable	
  the	
  tail	
  current	
  sheet	
  must	
  also	
  be	
  sufficiently	
  thin	
  	
  
[Biskamp	
  et	
  al.,	
  1970;	
  Schindler,	
  1974;	
  Pritchel	
  et	
  al,	
  1991;	
  Brilnacher	
  et	
  al.,	
  1995]:	
  

How	
  can	
  one	
  explain	
  sufficiently	
  thin	
  current	
  
sheets	
  far	
  from	
  the	
  planet?	
  

Lz ≤ ρ0i B0 / Bz( )1/ν

ν=5/2	
  for	
  Lz>>ρ0i	
  and	
  ν=3	
  for	
  Lz<ρ0i	
  	
  

For	
  1972	
  Schindler-­‐class	
  
magnetotail	
  equilibria	
  Lz	
  is	
  
increasing	
  tailward	
  because	
  	
  

∂(logLz )
∂x

=
Bz
LB0

Here	
  is	
  a	
  problem:	
  

Lz ∝ρ0i ∝1/ B0To	
  be	
  more	
  precise:	
  

Thus,	
  the	
  instability	
  window	
  shrinks	
  with	
  the	
  
distance	
  from	
  Earth	
  



Observa&ons	
  

THEMIS	
  [Artemyev	
  et	
  al.,	
  2015]	
  

Cluster	
  [Runov	
  et	
  al.,	
  2005]	
  

h/



New	
  class	
  of	
  2D	
  equilibria	
  describes	
  flat	
  profiles	
  of	
  pressure	
  and	
  current	
  sheet	
  thickness	
  
and	
  it	
  helps	
  explain	
  why	
  the	
  current	
  sheet	
  may	
  be	
  sufficiently	
  thin	
  far	
  from	
  the	
  planet	
  

2D	
  current	
  sheet	
  equilibrium	
  taking	
  into	
  account	
  the	
  dipole	
  field	
  

Pressure	
  dip	
  	
  	
  	
  	
  

Bz	
  hump	
  

Bz	
  hump	
  

Pressure	
  dip	
  	
  	
  	
  	
  

2010	
  tail	
  equilibrium	
   Wang	
  et	
  al.	
  [2004]	
  

Pressure	
  dip	
  	
  	
  	
  	
  

Flat	
  profiles	
  of	
  pressure	
  and	
  
current	
  sheet	
  thickness	
  

Bz	
  hump	
  

ψcs	
  

Pressure	
  plateau	
  

ψ	
  

Smaller	
  box	
  with	
  
open	
  boundaries	
  
	
  	
  

Bz	
  hump	
  with	
  dipole	
  field	
  



2D	
  PIC	
  simula&ons	
  with	
  open	
  boundaries	
  

Instability	
  has	
  formal	
  signatures	
  of	
  the	
  ion	
  tearing	
  

Looks	
  more	
  like	
  slingshot/slippage	
  than	
  tearing	
  
d=di=c/ωpi	
  

Pritchel	
  et	
  al.	
  
[1991]	
  



Spontaneous	
  tail	
  reconnec&on	
  onset	
  is	
  possible,	
  but	
  it	
  is	
  manifested	
  primarily	
  
by	
  the	
  forma&on	
  of	
  fast	
  earthward	
  flows	
  and	
  dipolariza&on	
  fronts	
  

Dipolariza&on	
  front	
  as	
  a	
  reconnec&on	
  trigger	
  

(a)

(b)

(a)

$+��

Sitnov,	
  Buzulukova,	
  Swisdak,	
  Merkin,	
  Moore	
  [2013]	
  
(d)

Bessho	
  and	
  Bhalacharjee	
  [2014]	
  



(a)

(b)

(a)

$+��

Different	
  2D	
  PIC	
  simula&ons	
  compared	
  

Sitnov,	
  Buzulukova,	
  Swisdak,	
  
Merkin,	
  Moore	
  [2013]	
  

Pritchel	
  [2015]	
  

Open	
  boundaries	
  
Closed	
  boundaries	
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Onset	
  in	
  3D:	
  	
  
Flapping	
  mo&ons	
  



Onset	
  in	
  3D:	
  	
  
Buoyancy	
  mo&ons	
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  Observa0ons	
  of	
  magnetotail	
  explosions	
  

THEMIS	
  	
  	
  	
  	
  	
  	
  
02/07	
  2009	
  	
  
[Oka	
  et	
  al.,	
  2011]	
  



YGSM	
  

ZGSM	
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c/
ω
pi
	
  

10c/ωpi	
  

3-­‐D	
  simula0on	
  setup	
  

Open	
  
boundary	
  

mi/me=128,	
  c/vA=15,	
  
L=0.75c/ωpi	
  

By/B0=ε1B0[1+αcosh-­‐2(ε2(ξ-­‐ξ0))],	
  
	
  
ε1=0.03,	
  ε2=0.2,	
  α=3,	
  ξ=ξ/L	
  

Open	
  
boundary	
  

XGSM	
  



Reconnec0on	
  and	
  buoyancy	
  mo0ons	
  

Dipolariza&on	
  
front	
  

Interchange	
  
fingers	
  

Flux	
  accumula&on	
  region	
   Equilibrium	
  X-­‐line	
   O-­‐line	
  ahead	
  of	
  DF	
  
X-­‐line	
  in	
  
DF	
  wake	
  

O-­‐line	
  (in	
  
place	
  of	
  the	
  
equilibrium	
  
X-­‐line)	
  

X-­‐line	
  in	
  
DF	
  wake	
  

New	
  X-­‐line	
  behind	
  DF	
  is	
  global	
  

X-­‐line	
  in	
  
DF	
  wake	
  



Reconnec&on	
  front	
  and	
  plasma	
  bubbles	
  

X

Y

Z

ω0it=31

Plasma	
  bubble	
  

Buoyancy	
  mo&ons	
  substan&ally	
  perturb	
  the	
  dipolariza&on	
  front	
  but	
  neither	
  
destroy	
  it	
  nor	
  even	
  change	
  it	
  cri&cally	
  



Dawn-­‐dusk	
  electric	
  field	
  

Dis&nc&ve	
  features:	
  
	
  
1.  Strong	
  

reconnec&on	
  field	
  
(<Ey(z=0)>y	
  ≠0)	
  at	
  
DFs	
  

2.  Dawn-­‐dusk	
  
modula&on	
  –	
  
buoyancy	
  effect	
  

3.  North-­‐south	
  
asymmetry	
  of	
  the	
  
dawn-­‐dusk	
  electric	
  
field	
  –	
  flapping	
  
effect	
  



Plasma	
  flows	
  

Electrons	
  

Ions	
  

Different	
  mo&ons	
  of	
  electron	
  and	
  ions	
  species	
   tsunami	
  drawback	
  effect	
  ahead	
  of	
  DF	
  



DF	
  tsunami	
  drawback	
  effect:	
  observa0onal	
  signatures	
  

Earthward	
  
ion	
  mo&on	
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Cluster	
  observa&ons	
  
[Huang	
  et	
  al.,	
  2012]	
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Hall	
  magne0c	
  field	
  

Quadrupolar	
  palern	
  

Dipolar	
  palern	
  

In	
  contrast	
  to	
  the	
  classical	
  quadrupolar	
  By	
  structure	
  near	
  the	
  X-­‐line,	
  
DFs	
  have	
  dipolar	
  By	
  structure	
  



Flapping	
  mo&ons	
  and	
  global	
  X-­‐line	
  behind	
  DF	
  

ω0it=31

Z

X Y

di	
  

-­‐di	
  

Bx=0	
  
surface	
  

DF	
  

O-­‐line	
  ahead	
  DF	
  

X-­‐line	
  
behind	
  DF	
  

Flapping	
  mo&ons	
  are	
  strong	
  but	
  they	
  do	
  not	
  affect	
  DF	
  or	
  new	
  X-­‐line	
  in	
  its	
  wake	
  



reconnec&on	
  and	
  buoyancy	
  (Bz)	
  

flapping	
  (Bx)	
  reconnec&on	
  and	
  buoyancy	
  (Ey)	
  

Coherent	
  growth	
  
of	
  reconnec&on,	
  
buoyancy	
  and	
  
flapping	
  mo&ons	
  



Energy	
  conversion	
  

Consistent	
  with	
  THEMIS	
  observa&ons	
  [Angelopoulos	
  et	
  al.,	
  2013]	
  the	
  energy	
  conversion	
  takes	
  
place	
  at	
  DFs,	
  away	
  from	
  X-­‐	
  and	
  O-­‐lines,	
  and	
  it	
  involves	
  scales	
  less	
  than	
  the	
  ion	
  iner&al	
  length	
  di.	
  

Total	
  

Electrons	
  

Ions	
  

X

Z

Y
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Ideal-­‐MHD	
  phase:	
  BBF	
  forma&on	
  

SR =
p1/γ

Bx

dx
Xb

X0

∫
Reduced	
  
entropy	
  
parameter	
  

PIC	
  simula&ons	
  

Key	
  phases	
  of	
  the	
  magnetotail	
  reconnec&on	
  onset	
  

MHD	
  simula&ons	
  

Hall-­‐MHD	
  (Ion	
  slippage)	
  
phase:	
  DF/PB	
  forma&on	
  

Kine&c	
  (tearing)	
  phase:	
  
X-­‐line	
  forma&on	
  

Spontaneous	
  
entropy	
  drop	
  

Entropy	
  is	
  
conserved	
  

Tail	
  reconnec&on	
  onset	
  has	
  MHD,	
  Hall-­‐MHD	
  and	
  kine&c	
  phases	
  

(a)

(b)

(a)

$+��

Merkin	
  et	
  al.	
  [2015]	
  



•  Spontaneous	
  reconnec&on	
  is	
  possible	
  in	
  the	
  magnetotail	
  in	
  case	
  
of	
  the	
  tailward	
  Bz	
  gradient;	
  but	
  it	
  is	
  manifested	
  primarily	
  by	
  the	
  
forma&on	
  of	
  fast	
  plasma	
  flows	
  (BBFs)	
  and	
  dipolariza&on	
  fronts.	
  

•  BBFs	
  and	
  fronts	
  are	
  accompanied	
  by	
  buoyancy	
  and	
  flapping	
  
mo&ons;	
  the	
  laler	
  substan&ally	
  perturb	
  the	
  dipolariza&on	
  front	
  
but	
  neither	
  destroy	
  it	
  nor	
  even	
  change	
  it	
  cri&cally.	
  

•  Magnetotail	
  reconnec&on	
  instability(ies?)	
  has	
  MHD	
  (BBF,	
  
snowplow,	
  DF)	
  ,	
  Hall-­‐MHD	
  (bubble-­‐blob	
  forma&on)	
  and	
  fully	
  
kine&c	
  (magne&c	
  topology	
  change)	
  phases.	
  

•  Magnetotail	
  reconnec&on	
  instability	
  starts	
  before	
  a	
  magne&c	
  
topology	
  change	
  	
  

Conclusion	
  



Tail	
  wagging	
  
the	
  dog!	
  

Tradi&onal	
  understanding	
  of	
  
magne&c	
  reconnec&on:	
  topology	
  
change	
  causes	
  fast	
  plasma	
  flows	
  

New	
  picture	
  of	
  magnetotail	
  
reconnec&on:	
  fast	
  plasma	
  flows	
  cause	
  
the	
  magne&c	
  topology	
  change	
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(d)

DF	
  	
  
	
  
BBF	
  




