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The Dynamic Sun

The Sun: changes in space and temperature

Clare Parnell (St Andrews) Reconnection 22nd August 2023 3/31



The Dynamic Sun

The Sun: changes in space and temperature

(solar slices movie)
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SDO_solar_slices_short.mp4
Media File (video/mp4)


The Dynamic Sun

The Sun: changes in time

(swap movie)
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swap_eclipse_512_short.mp4
Media File (video/mp4)


The Dynamic Sun

Solar Flare

(flare movie)
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trace_flare_21042002.mpg
Media File (video/mpeg)


Dynamic Magnetic Events
Dynamic Magnetic Events

Coronal Mass Ejection

“
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Earth’s dipolar magnetic field

Morth geographic pole

South magnetic pole

—
wouth geographic pole

North magnetic pole
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Earth’s Magnetic Field in 2D

Earth’s magnetic field

» Upward directed ~ Downward directed
interplanetary field interplanetary field
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Earth’s magnetic field

» Upward directed ~ Downward directed
interplanetary field interplanetary field
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Earth’s Magnetic Field in 2D

Earth's magnetic skeleton

» Upward directed ~ Downward directed

interplanetary field interplanetary field
Null points (B=0)

7

Separatrices
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Earth’s Magnetic Field in 2D

Earth's magnetic skeleton: Sun-Earth line view in 2D
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Earth’s Magnetic Field in 2D

Solar storms and aurora

(cmd substorm aurora)
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substorm_cme_aurora_gsfc.mp4
Media File (video/mp4)


Earth’s Magnetic Field in 2D

Solar storms and aurora
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Earth’s Magnetic Field in 2D

Solar storms and aurora

Energetic particles
stream down to Earth

Substorm
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Equation governing changes of magnetic field

Faraday's law: 0B/0t = -V x E
(B - magnetic field, E - electric field and t - time)
Substitute in Ohm's law: E4+vx B =N
(v - velocity and N - all non-ideal terms)
0B

—=Vx(vxB)— VxN.

advection term diffusion term
Classical Ohm'’s Law .
n—)-Llv.s
o ou
(J - electric current density, o - conductivity, - magnetic permeability)
Generalised Ohm's Law

1 1
N=!1 " jxB- —VP.+
ene
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o ene
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Magnetic Induction Equation

Induction Equation

Induction Equation (from classical Ohm'’s law)

‘lB:vX(va) + VB (Rm:'")
ot — — ~—— n

advection term diffusion term

n = 1/ou - magnetic diffusivity, R, - magnetic Reynolds number.

® R, > 1 = advection dominates (most of Universe, e.g., Ry, ~ 101°
in the global corona). i.e., plasma and magnetic field move together.

@ R, < 1 = diffusion dominates , i.e. magnetic field can slip through
plasma.

@ R, ~ 1 reconnection can occur.

0 < Ry >~ 1 occurs in localised regions
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Ideal Regions

|deal regions

Ideal Ohm's Law (R, > 1)
0B

E+vxB=0 = E:VX(VXB).

@ Plasma (v) and fieldline (w) velocities perpendicular to magnetic field
are equal
= Alfvén’s frozen-in- ﬂux theorem

e Fieldline velocity w satlsfles =V x(w x B)

Perpendicular fieldline and plasma velocity
ExB

W, =V = B2

“On the nature of three-dimensional magnetic reconnection” Hornig and Priest (2003)
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Non-Ideal Regions

Non-ideal (diffusion) regions

Non-ldeal Ohm's Law (R, < 1)

E+vxB=N 6B_

E—Vx(va)—VxN.

@ Plasma (v) and fieldline (w) velocities are not equivalent.

Perpendicular fieldline and plasma velocity
(N+VV)xB

52 WV — scalar potential

wW| =V +

“On the nature of three-dimensional magnetic reconnection” Hornig and Priest (2003)
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Non-Ideal Regions

Proof that w # v in diffusion regions

e Fieldline velocity satisfies: % =V x(w x B).

v . 0B _
e Faraday’'s law: 57 = -V x E
= E= —-wxB — \4 2
~—— ~—~—~
component | to B ‘integration constant’

o Comparing with the non-ideal Ohm’s Law: E+v x B = N.

= (v—w)xB=N+VV¥
(N+VV)xB

= W, =v, + B2

e Fieldline velocity w not defined at a null point (B = 0)
= the fieldlines have a discontinuous jump as they pass through a
null point.
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Non-Ideal Regions

Fieldline and plasma velocities

Example: Diffusion in a current sheet Fieldline velocity w:
e Non-ideal Ohm's Law: . ixB _ jy .
) Wi = Vi B2~ 0B,
E+vxB=j/o 7 =X} /4nt
= —/ P AN X.
Tt erf (7"1 2)
e B=Berf—= 3. (4ne)'/
(4nt)1/2

BO 7x2/477t 9

j= -

/Tt
e Let plasma velocity v = 0, for sim-
plicity.

(flux velocity movie)
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diffusion_flux_vel.mp4
Media File (video/mp4)


2D Magnetic Reconnection

2D magnetic reconnection

@ 2D reconnection occurs at magnetic null points

Simple 2D magnetic null model
By = Bo}//ro ’

B, = Boa,2x/ro

@ o? < 0 elliptical — O-point
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@ o? > 0 hyperbolic — X-point

yi=)

Reconnection

Limiting fieldlines y = £ax
called separatrices

o4
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2D Magnetic Reconnection

2D magnetic reconnection: main characteristics

@ 2D reconnection occurs only at @ Separatrices split field up into 4
X-points domains
@ Stagnation type flow required @ Incoming fieldlines from opposite

domains break and reconnect in

@ Reconnection requires a current . .
pairs at X-point

sheet

@ Flux transferred from one pair of
flux domains into another pair

(2D reconnection movie) \!/ ‘A> (‘<‘
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rec_2D_loop.mp4
Media File (video/mp4)


[GEESTE] Rl DRSIZEG VRS ST RSN M Y LSSl Sweet-Parker steady-state reconnection

Sweet-Parker reconnection “model”

@ Based on the ideas of Sweet (1958) and order-of-magnitude calculations of
Parker (1957).

@ Considered the order of magnitude steady-state, incompressible, localised
behaviour about a 2D diffusion region.

@ Assume a thin current layer lies along
the x-axis of length 2L and width 2/

Vi B
(1< L) ! =
@ Inflow into diffusion region: Steady flow E + . =
and magnetic field: v; and B; | |
@ Outflow from diffusion region: Steady Gmmmm e 2L oo >
ﬂOW and magnetic fleld Vo and BO Sketch of Sweet-Parker diffusion region and

surrounding field.

@ Incompressible implies density constant
pi = Po=p
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[GEESTE] Rl DRSIZEG VRS ST RSN M Y LSSl Sweet-Parker steady-state reconnection

Sweet-Parker reconnection “model”: Reconnection rate

e Reconnection rate (2D):
Rate of change of flux = dA/0t = |E|
(from Faraday's law).

|E[ = [vB| = Ma|B||val,

where Ma = v/va (Alfvén Mach num-
ber) and B(x,y) = V x A(x, y)z.

M, — dimension-less measure of the re-
connection rate in 2D.

Clare Parnell (St Andrews)

Reconnection

Sweet-Parker reconnection rate:

Lo e [nvai
1 L L7

since, V, = Va;.

Vi TIVAi
My, = — = /VAI'7
VAi L

n 1
= . 1
Lva; Rmi )

If L = 10" m — global length-scale, then
Rmi = 1012
= Sweet-parker reconnection rate:

Mg = 107°

Too slow to_explain solar flares
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Classical 2D Steady-state Reconnection Models Petschek reconnection

Petschek reconnection model

@ Petschek (1964) realised that a fast outflow would cause shocks to form,
that could be used to speed up the reconnection rate.

@ Thin current layer along x-axis of length
2L and width 2/ embedded large external
field 2L (/ < L < Le).

@ External inflow region: v, and B,
@ Local inflow region: v; and B;

@ Outflow region: v, and B,

@ Incompressible: p. = p; = po = p

Sketch of Petschek reconnection model.

@ Standing slow magnetoacoustic shocks
extending from corners of the diffusion
region.
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Classical 2D Steady-state Reconnection Models

Petschek reconnection model

e Petschek reconnection rate:

™

In?lXMAe W .
me

(2)

If L = 10" m - global length-scale,
Rmi = 10%
= Petschek reconnection rate:

My = 1072

Fast enough to explain solar flares.

Clare Parnell (St Andrews)

Reconnection

Petschek reconnection

e Dimensions of current layer (diffusion
region):

/ 1 L 1

Le B RmeMAe, Te - RmeM,%e'

As reconnection rate My increases,
the dimensions of the current layer de-
crease.
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ical 2D Steady-state Reconnection Models Petschek reconnection

Other 2D steady-sate reconnection models

@ Wide range of 2D steady-state reconnection models

Sweet-Parker Petschek Petschek Sonnerup
v y analytical/numerical
out

Reconnec tion 22nd August 2023 28 /31



Dynamic 2D Reconnection Models Numerical 2D Reconnection

Numerical 2D reconnection “model”

(tearing-mode inst movie)

Figure: Tearing-mode Instability: a resistive (non-ideal) instability
Tearing-mode Instability:
@ arises when current sheet gets too long.
@ Is a 2D resistive (non-ideal) instability
@ Initiates reconnection in 2D

@ Reconnection then occurs at multiple 2D X-points
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doublegemmhd_top.mp4
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Summary of Part 1

Magnetic Reconnection

Magnetic reconnection:
@ Is a local process with significant global consequences

@ |s a change in magnetic connectivity of plasma elements in a region of
non-idealness

@ Fundamental process of energy release =
magnetic energy converted to (1) thermal energy, (2) bulk plasma
motions and (3) particle acceleration.

@ Magnetic reconnection permits the restructuring of the magnetic field

@ First proposed in 1940's, studied in detail since late 1950's (see, for
example, Forbes and Priest 2000)
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Summary of Part 1

Numerical reconnection “model”
The Universe is

3D

Are there any differences between 2D and 3D reconnection?
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