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Reconnection with asymmetry in the out ow direction

f ® Reconnection in physically realistic scenarios often have T
asymmetry in the out ow direction

» Reconnection in planetary magnetotails

» Coronal mass ejections, solar ares, & ux cancellation
events

» Magnetically channeled disks in the winds of massive stars

» Reconnection with multiple competing reconnection sites

» Laboratory merging of toroidal plasma con gurations (e.g. ,
MRX, SSX, TS-3/4)

® Cassak & Shay (2007) extend the Sweet-Parker model to
describe reconnection between plasmas with different
upstream magnetic eld strengths and/or different densiti es

® A similar analysis is presented here for reconnection with
asymmetric downstream pressure and OUt OW | o, asymmetic recomecton o3t



Reconnection with asymmetry in the out ow direction
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The asymmetry in the out ow direction in the Earth's magneto tail (left) and in coronal
mass ejections (right) involves one out ow jet propagating into a higher density
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MRX Experimental Setup
a - a
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® |eft: By changing the currents in the ux cores, two distinct modes of reconnection
can be induced in MRX (Yamada et al. 1997). Our simulations of MRX investigate both
of these modes of operation (see Murphy & Sovinec 2008 for details).

® Right: A sample nite element grid used for simulations of two- uid pull reconnection
in MRX.
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NIMROD's Non-ldeal Hall MHD Model

NIMROD solves the equations of extended MHD cast in a single uid T
form. The model below is used in simulations of MRX to study the
interplay between local and global effects in the reconnection process.
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Two- uid effects are included via the Hall and electron pres sure
gradient terms in the generalized Ohm's law (blue). The terms in red
are included for numerical purposes.
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Pull reconnection is asymmetric in the in ow direction
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The reconnection layer length is limited by the ux core sepa ration and the out ow is
greatly slowed due to high downstream pressure (Above: resistive MHD simulation)

Out ow is con ned between the ux cores and separatrix

Inboard side is depleted of density quickly because of lower volume than outboard side

Higher outboard pressure then leads to radially inward drift of current sheet
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Push reconnection is asymmetric in the out ow direction
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Due to cylindrical geometry effects, the inboard downstream region
guickly develops high pressure, pushing the X-point to larger radii
(Above: resistive MHD simulation)

This leads to a stronger tension force towards low radii to
compensate for the steeper pressure gradient

o |
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X-point motion Is observed during counter-helicity push reconnection
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Hall symmetry breaking is apparent when the orientation of the oppositely directed
toroidal elds is reversed during two- uid counter-helici ty push reconnection in MRX
(Inomoto et al. 2006)

Because the plane in which the reconnecting eld lines are ba sed is no longer the
poloidal plane, a component of the electron velocity associated with the reconnecting
current is in the radial direction

This radial component of electron velocity pulls the reconnecting eld lines, resulting in
this shift in position of the X-point and asymmetric out ow p atterns
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Counter-helicity simulations highlight the importance of tension forces
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The left plot shows out-of-plane current density contours with a magnetic eld stream
trace, and the right plot shows pressure contours with V; vectors for a counter-helicity
simulation of push reconnection in linear geometry

The current sheet position becomes shifted with respect to 37.5 cm and there is
asymmetric out ow, in accordance with the results from Inom oto et al. (2006).
Several effects contribute to asymmetric out ow

On the left, increased magnetic pressure impedes the out ow (e.g. Inomoto et al.
2006)

On the right, increased magnetic tension facilitates out o w
Above and below, diamagnetic effects result in strong ion o w to the right
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Developing a model for asymmetric reconnection
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The above gure represents a long and thin reconnection laye r with
asymmetric downstream pressure

The current sheet lengthisgivenby 2L L, + + LR

The solid vertical bar represents the ow stagnation point, and the
dashed bar represents the magnetic eld null

The reconnection process is assumed to be steady within an inertial
L reference frame J
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Equations of steady-state MHD In integral form

f The equations of steady-state resistive MHD can be written asj
I

dS (V)=0 (7)
| S
2
dS VWV + p+B—’I‘ ﬁ:O (8)
| S 2 0 0
2
s Y4 P vy EB_g ©)
S 2 1 0
dS E =0 (10)
S

In order, these represent conservation of mass, momentum,
energy, and ux

These relations are valid for any closed volume in steady-state

 MHD -
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Finding scaling relations for asymmetric out ow
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The surface integrals from the last slide are integrated over the entire
volume of the reconnection layer

Conservation of mass gives
2 inVinL LML+ rRVR (11)
Conservation of momentum in the out ow direction gives
2 2
LS+ pL RVR T PR (12)

Ignoring upstream kinetic energy/downstream magnetic energy and
de ning =( 1), conservation of energy gives

B2 V2 V.2
2Vnl pint+t -0 V. pL+—L +Vg prt RZR
(13)
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These relations are used to nd the out ow velocity

If relations (11), (12), and (13) are met exactly, then the relation T
CeL V|_6 + CyL V|_4 + CoL VL2 + CoL =0 (14)

can be used with equation (13) to nd V. and Vr. The coef cients
depend on: Bin, Pin, in, PLr,aNd LR .

In the incompressible limit ( | = r = in with 1 ), the
out ow velocities are given by
> 2 2
P P P
usingp B3PR p p; p.,andc = Bh 4 Pin

0 in in
By assuming resistive dissipation, the electric eld is the n given by
S

VI +V
Ey Bin (ZLOL =) a6 |
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Solution plots for V, and SV, =V, (incompressible case)
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Left: Solution contours for the magnitude of the leftward-directed out ow velocity V|
as a function of p. and pr. Contours are separated by 0:2V, .

q__
2Vin — Vi + VR
Vi = VA separated

by 0:2. These plots assume that the scaling factors in relations (11)—(13) are unity.

Right: Contours of the normalized reconnection rate S1~

The out ow from one end depends only weakly on the downstream pressure on the

other end. The reconnection rate is greatly affected only when out ow from both sides
L of the current sheet is blocked. The current sheet thickness increases for greater J

downstream pressure.
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The ow stagnation point is found through conservation of mass
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Conservation of mass inside the current sheet gives the relations

in Vin L L VL ; (17)
in Vin ( + LRr) rR VR (18)

The position of the ow stagnation point is then given by

VL
L, 2L - ; 19
) LVL + RVR (19)
V,
+Lgr 2L RTR : (20)

LVL + RrRVR
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The magnetic eld null is approximated with the momentum equation
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The out ow component of the momentum equation (ignoring mag netic pressure) is

given by —‘
@V _ B: @& @p

§ @x 0o @z @X

Evaluating this at the ow stagnation point, Xs, and using @&=@z Bj, =, we nd

Vv

(21)

Bz(Xs) Bin @p

(22)
0 @XX: Xs
Given that B; (xn) = 0 at the magnetic eld null position, x, a Taylor expansion
around x = Xp gives Bz(Xs) = ( Xn  Xs) @@BZX + O[(Xxn  Xs)?]
Xn
We then approximate the position of the magnetic eld null in a steady state by
|
0 @p=@y,
Xn  Xs : (23)
Bin @B :@]S(n
The eld null and stagnation point will not coincide in a stea dy state unless the
pressure gradient is zero at the ow stagnation point
If the ow stagnation point and magnetic eld null are separa ted, there will be a

Poynting ux across the ow stagnation point
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MRX simulation results are used to check the assumptions ohie model
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Linear geometry simulations of MRX are performed with one downstream wall closer
to the reconnection layer than the other
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The red case is more asymmetric than the blue case
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The data are extracted when the out-of-plane current goes down by a factor of e
(diamonds) or €2 (plus signs) of its peak value in the in ow and out ow directi ons

The current sheet position is constrained by the position of the ux cores [no X-line

retreat as in Oka et al. (2008)]

Straight lines indicate that pro les do not vary signi cant ly as conditions change
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Most predicted values are consistent to simulation to witm  15-30%

-
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Parameter | Blue Case | Model || Red Case | Model
Vi (kms ) 39.4 46.8 27.0 19.6
Vk (kms 1) 43.4 50.3 33.2 23.0
Xs (cm) 0.73 0.78 1.41 1.22
(cm) 0.20 0.38 0.41 0.11
E(m1 115 101 103 83

The presence of a local pressure maximum near Xs and X,
complicates predicting

Effects not included are: time dependence, current sheet motion, 3D
effects, and what happens with a modest aspect ratio current sheet

|
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Conclusions

Magnetic reconnection with asymmetry in the out ow directi on occurs in many
situations in nature and the laboratory, including

Planetary magnetotails
Coronal mass ejections, solar ares, and ux cancellation e vents
Spheromak merging

NIMROD simulations of MRX in cylindrical geometry show:
Asymmetric in ow during pull reconnection
Asymmetric out ow during push reconnection

Modern laboratory experiments are capable of investigating asymmetric reconnection

Scaling relations are derived for the out ow velocity, elec tric eld, and interior structure
of a long and thin reconnection layer with asymmetric downstream pressure

Reconnection will be greatly slowed only when out ow from bo th ends of the
reconnection layer is blocked

The ow stagnation point and magnetic eld null will be separ ated in a steady state in
the presence of a pressure gradient

A similar model is possible for cylindrical geometry with out ow aligned with the radial
direction (see Murphy, Ph.D. thesis, 2009)
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Extra slide: Coef cients for the cubic relation

If equations (12), (13), and (14) are met exactly, then the relation T
CeL V|_6 + CyL V|_4 + CoL VL2 + CoL =0 (24)

can be used with (13) to nd V_ and Vr. The coef cients are

C } _E 2 (25)
6L A n L
2 3
CaL -+ pr 7 P L PL (26)
R
CaL L(r U)CH*+2 L pL )c ’pt
3 p
+ 22 L 1 P 1 27
PR R 2P R 2p R &0
1 2 ?
CoL R P C 5 i P (28)
R
usingp R2ZER p o pg pL,andcﬁl:'i‘—Z”m+pi% J
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