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FUNDAMENTALS OF CORONAL EVOLUTION:

|

|

1. Magnetic helicity is injected by surface motions. )
4

2. It accumulates at polarity inversion lines. ﬂ‘

| 3. It is removed by coronal mass ejections.

[
— . | . i



Magnetic helicity




Magnetic helicity - the net linkage of magnetic flux.

1
H=; )/ )/ L;j®;®,

v J

H=3o,Py, 4 O;Py H=-20,9;5

Moffatt, |. Fluid Mech. [1969]



Alfvén’s theorem - magnetic flux tubes preserve their topology in a
perfectly-conducting plasma.

H. Alfvén, Nobel Prize for Physics, 1970

So magnetic helicity must be injected from the boundary:.



Relative helicity - magnetic helicity of the coronal field closed with

no external source currents.

|

/

\

Berger & Field, J. Fluid Mech. [1984]
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Footpoint motions can inject relative helicity.

Berger & Field, J. Fluid Mech. [1984]
Démoulin & Berger, Solar Phys. [2003]

e.g. sheared arcade [TRACE]




Footpoint motions can inject relative helicity.

Berger & Field, J. Fluid Mech. [1984]
Démoulin & Berger, Solar Phys. [2003]

e.g. sheared arcade [TRACE]



Footpoint motions can inject relative helicity.

Berger & Field, J. Fluid Mech. [1984]
Démoulin & Berger, Solar Phys. [2003]

e.g. sheared arcade [TRACE]
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Footpoint motions can inject relative helicity.

e.g. sheared arcade [TRACE]

Berger & Field, J. Fluid Mech. [1984]
Démoulin & Berger, Solar Phys. [2003]
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Footpoint motions can inject relative helicity.

e.g. sheared arcade [TRACE]

Berger & Field, J. Fluid Mech. [1984]
Démoulin & Berger, Solar Phys. [2003]

AVAVAR

no currents in extension



2011.02.11_23:59:19 UT [

e.g. Sun et al., ApJ [2012] e.g. Dalmasse et al., A&A [2013]

Observation 1:
Active region emergence generates ~ 104 Mx2 per cycle.

LaBonte et al., ApJ [2007]
Georgoulis et al., ApJL [2009]
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Leighton, Ap] [1964]
DeVore et al, Solar Phys. [1984]
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SDO data:

Rincon & Rieutord, Living Rev. Solar Phys. [2018]

0.139

juduodxd aoundeAT awn rur,|

N
o

S

0.087

<

0.07

0.052

0.035

0.017

yeevodya aounded oy apu g

—1).111

- =d().114

TO0NG 21000 30000 40000 20000 H00 70000
r(km)




y(km)

7000} |

60000

50000

aconf,

30000

20000

10000 f-

[ ) '

——

S

{
v -

1

LLLLEERR

10000 20000 30000 400040 20000 A0 7000

x(km)

0453

0419

-~
-

la
o0
—

0343

0205

0267

0229

0191

0.153

—l().111

yapunov exponant

Faitctmel

0.157

0.139

0.122

0.104

(.087

0.070

0.052

(.035

L

0.017

0.442

406

0360

0.332

.295

0.258

10.221

10.18<

10147

— ). 111

0.000

Fonite time Lyapunov exponent

SDO data:

Rincon & Rieutord, Living Rev. Solar Phys. [2018]

inov exponent

Hinode and SDO data (24 hrs):
Roudier, Malherbe, Rieutord & Frank, A& A [2016]



Latitude

Latitude

Radial magnetic field

1992
Year
Helicity flux % 1045
2.0
1.5
o0 1
! ! v r;‘ L0 -
iR , L : ! ‘3' i lae ™
"’.". "u.:! " za , ‘\" "J{ .-:. " "l .h}‘;' 3 o - I:
) - .l.f:. [ i " 1 - 0.0 =
aulhis it et o 45
-.l"\.|“;"‘ ’ 'gi{€~ ,{ ‘ J“.ﬂ «“.\U \ - 0.5 5
—1.0
—00 7
—1.5
T T T T T T T T —2.0
1980 1984 1988 1992 1996 2000 2004 00
Year

Observation 2;

Berger & Ruzmaikin, JGR [2000]
Hawkes & Berger, Solar Phys. [2018]
Hawkes & Yeates, in preparation.

Solar rotation generates ~ 2 x 104 Mx2 per hemisphere per cycle.



2. It accumulates at polarity inversion lines.
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**small-scale convection is critical!™*

helicity
injection diffusion

(c)

van Ballegooijen & Martens, Ap] [1989]



field-line helicity
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Field line helicity - the net linkage of magnetic flux with one field line.

H = %ZAZ(I)Z where AZ — ;LZJ(I)]

Berger, A& A [1988]
Yeates & Hornig, A&A [2016]



Martin, Bilimoria & Tracadas. [1994]

Pevtsov, Balasubramaniam & Rogers, Ap]
[2003]
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Conclusion

1. Magnetic helicity is injected by surface motions.
2. It accumulates at polarity inversion lines.
3. It is removed by coronal mass ejections.

* Progress this century so far:
e Observations and models —> general acceptance of this paradigm.
e Quantitative measurements of helicity injected and ejected.
e Improvement of helicity measures and computational methods.

* In the rest of this century?
e Credible predictions of CME magnetic structure (and geo-effectiveness),
and even advance warning of eruptions.
e Better constraints on small-scale helicity injection.
e Building detailed active-region models into global simulations.

http://www.maths.dur.ac.uk/~bmjg46/
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