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The	primary	objective	of	MMS	is	to	solve	the	
electron	physics	of	magnetic	reconnection	in	the	
boundary	regions	of	the	Earth’s	magnetosphere



Outline

• What	we’ve	learned	about	magnetopause	
reconnection

• What	we’ve	learned	about	magnetotail	reconnection
• Wave	phenomena	in	reconnection
• Ubiquity	of	reconnection
• Particle	acceleration
• Prospects	for	the	future	
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Reconnection	Geometry
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netic fields and densities. However, most of the scaling re-
sults are independent of the dissipation mechanism and,
therefore, apply to collisionless and anomalous resistivity
models of asymmetric reconnection as well.

Furthermore, we show that a generic feature of asym-
metric reconnection is that the X-line and stagnation point
are not colocated. This implies that there is a bulk flow of
plasma through the X-line, as has been noted in previous
numerical studies and is often observed at the dayside mag-
netopause. We provide the physical foundation for this effect.

General scaling laws for asymmetric reconnection are
derived in Sec. II and verified with resistive magnetohydro-
dynamic numerical simulations in Sec. III. Observational
signatures of asymmetric reconnection are discussed in Sec.
IV. Conclusions and applications to magnetospheric observa-
tions are discussed in Sec. V. This paper does not address the
shock structure of asymmetric reconnection.

II. DERIVATION OF SCALING LAWS

The standard Sweet-Parker scaling laws for collisional
reconnection can be obtained using the laws of conservation
of mass, conservation of energy, and conservation of mag-
netic flux. For asymmetric reconnection, care must be taken.
To remain in a steady state, the magnetic flux entering the
dissipation region from the two upstream edges of the dissi-
pation region must be equal. If the upstream magnetic field
strengths are different on either side of the dissipation region,
the flux from the stronger field plasma must enter more
slowly than the flux from the weaker field plasma. As such, it
is the flux of mass and energy through the dissipation region
that must be balanced to achieve a steady state.

Scaling laws for the outflow speed and the reconnection
rate can be derived by balancing the flux of mass, energy,
and magnetic flux into and out of the dissipation region. A
formal derivation uses the equations of magnetohydrody-
namics !MHD" in conservative form,

!!

!t
= − " · !!v" , !1"

!!!v"
!t

= − " · #!vv + $P +
B2

8"
%I −

BB
4"

&, !2"

!E
!t

= − " · #$E + P +
B2

8"
%v −

!v · B"
4"

B&, !3"

!B
!t

= − c " # E , !4"

E = −
v # B

c
+ R , !5"

where ! is the plasma mass density, v is the flow velocity, P
is the pressure, B is the magnetic field, E is the electric field,
E= !1/2"!v2+ P / !$−1"+B2 /8" is the total energy density,
and I is the unit tensor. The ratio of specific heats is $, and R
contains all the other terms in the generalized Ohm’s law.

Integrate the evolution equations over an arbitrary vol-
ume V. We consider reconnection in a steady state, for which
all temporal derivatives vanish. Using Gauss’ theorem, the
evolution equations for mass, momentum, and energy give
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where S is the surface of V and dS is the area element point-
ing in the outward normal direction. Using Stokes’ theorem,
Faraday’s law gives

'
S

dS # E = 0. !9"

These four equations are valid for any volume V, pro-
vided a steady state has been reached. Consider two-
dimensional reconnection where there is no variation in the
out-of-plane direction. Model the dissipation region as a box
of half-width % and half-length L, as depicted as the outer
dotted line in Fig. 1. Let V extend an arbitrary height h out of
the plane, with edges in the plane defined by the rectangle
ABCD in Fig. 1. The requirement of mass continuity (Eq.
!6") for this volume gives

L!!1v1 + !2v2" * 2%!!outvout" , !10"

where the “1”, “2,” and “out” subscripts refer to properties
upstream and above, upstream and below, and in the outflow
region, respectively. By symmetry, the mass flux through the
midplane !BD" is zero. We use * to mean “scales-like.” A
similar analysis of the momentum equation (Eq. !7") only
enforces pressure balance across and along the current sheet.

FIG. 1. !Color online" Schematic diagram of the dissipation region during
asymmetric reconnection. Quantities above and below the dissipation region
have a subscript of “1” and “2,” respectively. Quantities describing the out-
flow have “out” subscripts. The magnetic field lines are the !blue" solid
lines, the velocity flow is the !red" dashed lines. The points X and S mark the
X-line and the stagnation point, which are not colocated. The edges of the
dissipation region and lines through the X-line and stagnation point are
marked by dotted lines.
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Symmetric:
B,	Ne	and	Te
same	in	both	
inflow	
regions.	
Nearly	true	in	
tail.	Electron	
inflow	
stagnation	
point	and	X	
line	coincide	
at	center	of	
diffusion	
region	(From	
Phan)

Asymmetric:	Magnetosheath (top)	has	lower	B,	
higher	Ne,	and	lower	Te than	magnetosphere	
(bottom).	Stagnation	point	(S)	predicted	to	be	
displaced	toward	magnetosphere	by	Cassak and	
Shay	(2007).	Plasma	flows	through	the	X	line.



Elements	of	Hall	Reconnection
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Hall	EN

MP	EN

Symmetric																																																			Asymmetric			

Ambipolar	EN	adds	to
Hall	E-field	at	MP
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• To	identify	reconnection	events	we	
have	separations	up	to	160	km	with	
spacecraft	in	the	two	inflow	regions	
and	in	the	two	outflow	regions	(blue	
and	red	arrows).

Need	for	4	Spacecraft
• To	determine	processes	driving	

reconnection	we	have	smaller	
separations	(down	to	7	km)	
with	spacecraft	within	the	
diffusion	region	(as	shown).



MMS	Prime	Mission	Phases
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EDR	on	October	16,	2015
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Adapted	from	Hiroshi	Hasegawa+		
[2017]	and	Richard	Denton+	[2016]				

Burch+,	Science	[2016]

Simulation	by	Paul	Cassak
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Electron	Crescent	Distribution	in
Reconnection	Diffusion	Region

Burch+,	Science	[2016]
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For	Small	Guide	Field	Dissipation	Mainly	at	S

Burch	et	al.	[2016]
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PIC	simulation	showing	
localized	intense	energy	
conversion	as	observed	
by	MMS

Marc	Swisdak+,	GRL	[2018]

• (a)	Intense	localized	
bipolar	energy	conversion

• (b)	Electrons	flow	along	
separatrices,	accelerated	
through	X	line	by	Enormal

• (d)	Eparallel	ejects	electrons	
from	EDR	along	B

• (f)	Poynting	flux
• (h)	PSD	shows	spatially	
oscillating	electron	
energization	(VeL/Vae)
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B	(L	M N)

B-Omni

Guide	Field	~1

E-Omni

J	(L	M N)

J	⦁ E’

Tpar,	Q
T⊥

For	Guide	Field	~1	Dissipation	Near	X-Line	and	at	Stagnation	Point

X			X														S

Burch	&	Phan	[2016]
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Role	of	Guide	Field	in	Reconnection	Dissipation



Generalized	Ohm’s	Law
• Electron	momentum	equation	(or	generalized	Ohm’s	Law):

Eʹ																		Electron								Pressure						Hall							Resistive		
Inertia Gradient						MHD						MHD

• With	no	reconnection	the	right-hand	side	is	zero	(MHD).	
• In	the	ion	diffusion	region	the	J x	B term	will	be	most	important	

(Hall	MHD).
• In	the	electron	diffusion	region	the	first	two	terms	can	cause	the	

reconnection	E	field	in	the	electron	diffusion	region.
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Generalized	Ohm’s	Law	Analysis	for	Event	with	Smallest	S/C	Separation	(~6.4	km)
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Strong	–JM	near	X	line

Strong	guide	field,	shear	~130°

Bipolar	J⋅E’

Div Pe (red)																																														Inertial	Term	(blue)
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Torbert	et	al.	[2018]

July	11,	2017	
Tail	Reconnection	EventB
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Agyro.

X	Line

Roy
Torbert +
(2019)



A

B

C
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50	keV

85	keV

120	keV

Electrons
Trapped

(B)

Electron	
jet	along	
separatrix

(C)

x,	y,	z
B

Vi

Ve

50	keV

85	keV

120	keV

Energetic	
electrons	in	
reconnection	
structure

Roy	
Torbert+	
[2018]

>100	keV	
electrons	
streaming	
along	
separatrix
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What	is	the	Reconnection	Rate?

• Simulations	show	“canonical	rate”	of	0.1VA
• Ways	to	measure	reconnection	rate:

- Measure	ion	inflow	rate
- Aspect	ratio	of	diffusion	region
- Exhaust	angle	of	outflow
- Reconnection	electric	field

• With	Cluster,	Phan	et	al.	(2007)	used	Vi inflow/ViA ~0.07
• With	MMS	we	can	measure	electron	inflow	rate,	aspect	ratio	of	

electron	diffusion	region,	exhaust	angle	of	electron	diffusion	region,	
reconnection	electric	field	in	the	EDR

• Results	for	tail	reconnection	shown	next



Boundary	Normal	Coordinates
LN =	reconnection	plane(reconnection	rate)

Reconnection	
Rate	Results	
from	
Genestreti+	
[2018]

Since	EN>>	EM
and	BN<<	BL
LMN	transform	
is	largest	error	
in	reconnection	
rate.

Good	LMN
transform

Bad	LMN
transform
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Reconnection	Rate	for	July	
11,	2017	Tail	Reconnection

Tailward
(VL	<	0)

X	Line
(VL ~	0)

Earthward
(VL >	0)
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High	Frequency	Waves	in	the	
Reconnection	Region

Upper	hybrid	waves	caused	by	electron	crescents	
at	magnetopause	and	tail	reconnection	regions
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Magnetopause,	Graham+	(2017) Tail,	Burch+	(2019)
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Ubiquity	of	Reconnection

Shock	transition	region,	Wang	et	al.	(2018) FTE,	Øieroset et	al.	(2016)
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Ubiquity	of	Reconnection

Importance	
of	Epar for	
high	guide	
field	MS	
reconnection	
(Wilder	et	
al.,	2018)

Kelvin	Helmholtz	
Reconnection	(Eriksson	et	
al,	2016)



Standard	Reconnection
Electron	Reconnection

- Standard	reconnection	observed	at	magnetopause,	
magnetotail,	solar	wind,	laminar	magnetosheath,	etc...

- Most	observations	are	of	the	extended	(MHD-scale)	
exhausts

ion and	electron diffusion	regions	

di’s
de

exhaust

No	ion	exhausts
Magnetic	energy	converted	into	electrons	only

ion	
jets

ion	
jets

MMS	Observations	of	Electron	Reconnection	without	Ion	Coupling	in	Turbulence

Tai	Phan	+,	Nature	[2018]



Extended	Mission	Campaigns

Campaign														A																																		B																																								C																										 D
Dusk	to	Noon	MP							Noon	to	Dawn	MP										Dawn	Flank	MP								Tail	Reconnection
Quasi-perp	Shock					Quasi-parallel	Shock								Magnetosheath
Pristine	Solar	Wind													Foreshock			6/26/19



MMS	Phases	4A+4B	(incl	orbit	raise)

Apogee-Raise	1:
2	Feb	2019

Apogee-Raise	2:
8	Feb	2019

Solar	
wind	
campaign



Summary
• MMS	has	solved	most	of	the	outstanding	problems	of	magnetic	reconnection	
in	space,	including	guide	field	effects,	cause	of	reconnection	electric	field,	
reconnection	rate.

• Computer	simulations	provided	important	predictions	about	reconnection	
that	MMS	has	confirmed.

• Computer	simulations	are	limited	with	respect	to	MMS	in	their	ability	to	
access	electron	time	scales,	including	turbulence	and	waves.

• MMS	has	found	reconnection	to	be	far	more	ubiquitous	than	imagined.

• Full	data	set	available	at	Level	2	30	days	after	acquisition	at:

https://lasp.colorado.edu/mms/sdc/public/
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