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Outline

-

B Reconnecting current sheets in the flaring solar corona

B Self-similar solutions for current sheet formation
in 2D magnetohydrodynamics (MHD) and Hall MHD

B Finite-time singularities in Hall MHD
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Energy release in flares

Flare:
impulsive release of magnetic energy as radiation, heat,

fast flows and particles in the lower corona of the Sun.

Total flare energy up to £ ~ 1032 erg:

B2
B=100G, L=10"cm = —L°>¢

ST

Flare time t; ~ 10 s:

L
tr <100 ty, ta=—, wv4=
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Reconnecting current sheet




L(Sturrock, 1968)

Solar flare geometry
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Observational evidence for reconnection
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RHESSI X-ray images of a current sheet
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Flare geometry in three dimensions
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L(Maohado et al., 1983)



Hugh Hudson’s archive of flare cartoons

™ Applications Places System |-| & B& @ @ o) =Y TueSep1l6, 2:51PM

|~ solar cartoon archive x Y& =

£ £2 | [ solarmuri.ssl.berkeley.edu/~hhudson/cartoons/

Grand Archive of Flare and CME Cartoons

June 21, 2012
Why an archive? Why a cartoon?

Cartoons play an important role in discussions of how solar flares and CMEs work. These discussion may take place in august forums, or in pubs at any point
around the solar world (see bar bets ). In place of a self-consistent theory, a cartoon is often the only way to guess how different features of an event might be
related. At the bottom of this page we have a random selection from each of three categories of cartoons. To scroll through the Archive randomly, simply use the
"refresh” button on the browser. To view it systematically, click on the names below or look at the (chronological) overview or the matrix-style displays of
thumbnail images. These are large pages and require broadband access to load properly. Each cartoon page should have some (often loose) information about its
origin and a link to the published paper. Here are links to the gaudiest cartoon and to my favorite.

If you have contributions, preferably with nice digital versions of published cartoons, please send them to me at hhndson@ssl. berkeley.edu. This Archive grows
with time, and you help this accretion by pointing out omissions of colortul, influential, or timely cartoons. Note that as the years have passed there has been some
mission creep, such that there are some items only tangentially related to flares as such. Of course if you see errors in what I've written about any of these, please
let me hear.

Direct links to the toons individually by author's name
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De_Jager-Kundu Kundu Sturrock Alfven-Carlquist
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A recent flare cartoon
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 (Janvier, 2014)
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Current sheet formation at a neutral line
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Parameters of a solar active region
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Typical values:

L=10"cm, T=10K, p=10"gcm>,

B
B=10*G, wv4= = ~ 10” cm s~}
Tp
Dimensionless resistivity:
2
c
_ ~ 10—14.5
d ArvsLo

Dimensionless 10n inertial length:

C 1/2

dz' — ~ 10_6'5 >
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Dimensionless equations of Hall MHD

- N

Momentum equation:

ov+(v-V)v=-Vp+J xB

Ohm’s law:
E+vxB=d(JxB—-Vp,)

Incompressibility:

Maxwell’s equations:

VxE=-0B, V-B=0, J=VxB
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22D Hall MHD solution
-

v(r,y,t) =V xz+ Wz
B(z,y,t) = Vi) x 2 + 72

Planar components:
0i(V2) + [V, 9] = [V, ¢]
O + ¥, 0| = di[vh, Z]

Axial components:

8tI/V + [Wa qb] — [Za w]

07 + 7, ¢ = [W, ] + d;[V*, 9]
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A self-similar solution
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Stream function:

Flux function:

Axial speed:

Axial magnetic field:

o

aaaaaa

|

d FTS —p.15/31



vand Bati¢ =0




Reconnection in a resistive viscous plasma

- N

n#0, v#0=

w%wzn/(o«—@)dt

W%W+2u/(f+g)dt
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The similarity reduction (a system of ODESs)
B o

a — 2ay — 2d;ah = 0
B+ 287 + 2d;3h = 0
f—2vf+2ah =0

g+ 2vg+28h =0

h+4ag+48f =0
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Current sheet formation in 2D MHD
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d; =0
f:g:h:()v T =70
a—2ay =0
B+28v =0

Exponential growth, no finite-time singularities (FTS):
a(t) = exp(2yot)

B(t) = exp(—2vt)

(Chapman and Kendall, 1963; Sulem et al., 1985;
Grauer and Marliani, 1998)

o |

Flares an d FTS —p.19/31



Effect of the Hall term on the magnetic field
- -

d; >0

t << 1t

The angle between the magnetic separatrices, 1 = 0:

9 1/2
tan 5= (é> ~ 1 — (27 + 2d;ho)t
o
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Collapse to a current sheet: d;h, = 1074
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Collapse to a current sheet: d;h, = 1074




Collapse to a current sheet: d;h, = 1074
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Finite-time singularity: a mechanical analogy
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FTS: h(t) = oo as t — t;

h+U'(h) =0

1 1
U(h) = —§(d?h4 + a’h?) + §(d§h§ + a’h?) — 8(ango + Bofo)?

a® = —2[4d;(cogo — Bofo) — Saofo + d:hl]
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Finite-time singularity: a mechanical analogy
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Criterion for the FTS absence

o Bo(co + di fo)(Bo — digo) > 0

di(aogo — Bofo) — 2c0B9 > 0

(Litvinenko and McMahon, 2015)
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Behaviour near the singularity (A > 0)

- N

t
T=(ts —t) — 0, F:/fy(t’)dt’—>F8
0

1
(50 — dig())

B ~ 4y Bo(Bo — digo) exp(—2T) T2

1
hi = 4(Bo — digo)

dig ~ —(Bo — d;go) exp(—21's)
dzh ~ 7'_1
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An intermediate asymptotic solution

- | .
h(t) ~ (ho cosh(at) + o sinh(at)) X

a

- ~4 -1

N
2
1 d; <h0+@> exp(2at)
a

 16qa2

Singularity time, h(ts) = oc:
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Solar flares as finite-time singularities?

1.5 1.809 2

- _b) singular
(SDO EUYV image of an eruption on 31/08/2012)
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An estimate for the solar flare onset time

- N

L=10"cm, T=10°K, n=10cm™>,

B=10*G, wv4= ~ 10” cm s~}
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Summary

-

m Observational data and theoretical models strongly suggest that
reconnecting current sheets, separating the interacting magnetic
fluxes 1n the solar atmosphere, play the key role in the
dynamics and energetics of solar flares.

B The current sheet formation can be modelled as the
development of a singularity in the solution for the electric

current density at a magnetic neutral line. A finite-time collapse
to the current sheet can occur 1n a weakly collisional plasma,
described by Hall magnetohydrodynamics.

B Predictions made using the exact self-similar solutions may
have important implications for magnetic reconnection in the
laboratory and space plasmas.
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