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Solar Eruptions
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Space Weather Prediction

Need to quantify and predict the specific and
cumulative impact of solar activity on Earth.

Necessary to understand the underlying
physics of Sun-Earth relationships

Key Questions:

— Heliophysics problematic: if an eruption
occurred:

« Will it impact the Earth?
« Will it create damages?

— Solar physics problematic: will an
eruption occur?

 When will it occur?
 Where does it occurs?
» What are its properties?
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Magnetohydrodynamics (MHD) paradigm

Fluid approximation valid for AR
dynamics but some particle dynamics at K)o (m™) | P (Pa)
small scales mtérienr | Lo s | e g
— Mean free path: 103 -10°m < length (z ~ —10 Mm)
scale of active region; 106m - 108m Photosphere 1l 00 | 9% 1022 | 7 % 107
— Collision time: 10~ s to 1s < typical time (1”_(()"“::;““ _ .
scale of active region: 1 min — 1 day " (22 Mm) 0Y | 5101 [ 21072
Couronne o e | 90 101 |2 5 1077
Fully ionized (high T, low dens) =» (= ~ 50 M)

atmosphere made of plasma

Quasi-neutral

— Length scale >> Debye length,
~ 1 cm in the corona

Non relativistic scales (v, << )

— Electric currents are induced by the
magnetic field : Ampere Law

pod =V x B.
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MHD equations

9P V(pu) =0
— 4+ u) =0,
Y P ,
ou 1 JxB
—+(u-V)yu+ —V(P+1) = + g,
[ P — P
d(e) |
W-I_V'(eu)-l_}jv'u:V'F!‘+V'F(‘+QJOU16+Q¥’1‘SC3

0B |
Esz(uxB)—Vx(R)



Lorentz force dominated medium

| | |
F(V-V)V=——-Vp+ —-JxB+ge +—-V.1

a1 P P P

* Lorentz force: 10° N.m-3
— B~0.01T, L~107
— Plasma pressure: 10° N.m3
— P~102 Pa, L~10'm
— Viscous stress & Advection: 10-1°N.m-3
— V~10°>m.s1, L~10’'m, p~10-13 kg.m-3
e Gravity: 10-1* N.m
— g~280 m.s?, p~1013 kg.m3
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ldeal & non-ideal MHD

0B
— =V xuxB)—V x(R)
0t
« For R=nj ; Magnetic Reynolds number:
— Rm >>1: Ideal MHD 0B

A — -V x(v-B)=-V x (nV x B)
— Rm << 1: Resistive MHD ot

Vol

* Solar Corona: R = —
— Vo~10°mstin~1m?st L,~10"m g
— Rm > 10'%: ideal MHD is a very good approximation of the
solar corona, for large scale structure

 EXception to the rule: generation of solar eruption
— Non-ideal effect can be LOCALLY (scale <13 m) important

VS. active regions scale (> 10’ m)
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Definition of Magnetic Helicity

Magnetic
H:/A.de . B =V x A<+ vector
\%

potential

« Helicity of the magnetic field in MHD plasmas
(Elsasser 56)

— Current helicity:

— Kinetic helicity: / -7 x udz, n=0
v (Del Soro 10)

/ B v x Bd®z,
'V

 Magnetic helicity: signed level of knotedness and
twist of magnetic field lines

— Magnetic flux weighted Gauss Linking Number
of pairs of magnetic field lines (Moffatt 1968)

ngz—ij{}{dx LW e
dm J1 /9

do 1 dr

— __f/B(x)- % x B(x') d*x d*z'

T
— Magnetic twist and writhe

H=N ®_,2
N:nbr of turns, @_,: axial flux
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Magnetic helicity properties

(Torok et al. 05)

« Magnetic helicity is an ideal MHD invariant.
For ELB: no dissipation =» magnetic helicity .

is conserved (Woltjer 58). B | L
Time variations Dissipation
dH = [ (Axﬁ—A -dS—Z[ (ExA}-LiS—ZfE-B dV
dr Javoa ot Jav Vv

« Magnetic helicity bounds the energy distribution
in the system:

,ugg[kj = kH[kJ (Frisch et al. 75)

(Alexakis et al. 06)

10°1
107"}

Cascade Helicit :

.l . o spectrum 3

* Inverse helicity cascade: Helicity goes from small 107} "1
to large spatial scales. (Frisch et al. 75, Alexakis et al. 06) 1~3|

107 I. large
1077 E._scales T

=y

1
small -|
scales

injection Kk
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Gauge invariance of magnetic helicity

« (Gauge transformation of magnetic helicity: H = /vA - B dV

A" — A+Vgp H,’n:fA-BdVJergb-BdV :H,,,+f¢B-dS
v V S
« Magnetic helicity is gauge invariant only - SDO171A
for magnetically bounded systems: Y

B-dS| <=0

« Strict definition of magnetic helicity
useless for a large number of applications:

« e.g. hatural plasmas, like the solar
corona have boundaries threaded by
magnetic fields
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Relative Magnetic Helicity

= Useful quantity: Relative Magnetic Helicity: helicity of the studied
field, B, relative to a reference field (Berger 84, Finn & Antonsen 85).

Hqy = f(A + Ap) - (B - Bp) d“V (Finn & Antonsen 85)
%

with boundary condition : (Bp . dS) |5fv = (B . dS) |3fv V X A = B

 Gauge invariant provided that studied and reference fields share
the same magnetic-flux distribution on the whole boundary.

Studied field : B Reference field : Bp

(usually potential field)
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Potential & Non Potential

For a given distribution of a magnetic field on the
boundary of a domain, there is an unigue decomposition
of the magnetic field in potential and non-potential field.

Potential field: B, = V¢, with it - (B — Bp)|gy = 0
— the potential field has the same normal distribution than
the studied field on the whole boundary

Non-potential field:
— The non potential field “carry” V x B;=V x B = 4] .
all the electric currents of the
studied field.

Thomson theorem:  Emag = Epor + Efree

— Total magnetic energy is the sum of the mag. energy of
the potential field and the “free” magnetic energy (mag.
energy of the non-potential field)

Observationally based assumption: during an eruption, B
distribution does not change = Bp and Epot do not change
=» the energy source of an eruption is the free magnetic
energy

08/03/18 - Séminaire du LPP - E. Pariat
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Relative Magnetic Helicity

= Useful quantity: Relative Magnetic Helicity: helicity of a studied field
relative to a reference field (Berger 84, Finn & Antonsen 85).

Hqy = f(A + Ap) - (B - Bp) d“V (Finn & Antonsen 85)
%

with boundary condition : (Bp . dS) |5fv = (B . dS) |3fv V X A = B

 Gauge invariant provided that studied and reference fields share
the same magnetic-flux distribution on the whole boundary.

« Standard reference field is the potential field!

Studied field : B Reference field : Bp

(usually potential field)

08/03/18 - Séminaire du LPP - E. Pariat



Outline

Context

Magnetic helicity:
— Definition
— Properties
— Measurements

Magnetic helicity
conservation in non-
Ideal MHD

— past experiments
— new tests \

e

\\'_Aﬁ

-4,;"

_—

Magnetic helicity as
an eruptivity proxy

Conclusions

08/03/18 - Séminaire du LPP - E. Pariat



Taylor conjecture

Taylor relaxation conjecture: even in
non-ldeal MHD magnetic helicity should
be well conserved (Taylor 1974)

Magnetic energy cascades to small scales
where it is dissipated while helicity cascades to
large scales (Ji et al. 95, Heidbrink & Dang 00).

Volume over which reconnection develops is
small: large scale twist/helicity is not affected

(Berger 03).

In resistive MHD, helicity dissipation is bounded

and slow compared to energy dissipation
(Berger 84, Berger 99)

— Dissipation time of helicity in typical active
region:~ several 100 year

S
< \/ My
dis. o

dH
dt

dt

dW ‘

0.1

0.08}

g0.06f [/ N\
b
a
/

!
0.02}

H before crash

/ N
20.04} :/ after crash

rla

u I 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

(Ji etal. 95)
200~

E before crash

Yooz 0a 05 08 1.0
rla

(Berger 03)
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Helicity conservation conseguence in Tokamaks

« Relaxation in laboratory experiments: plasma relax to minimum energy

state, i.e. linear force free field (LFFF) e.g. Bodin et al. 84, Taylor et al. 86,
Yamada et al. 99

(Bodin et al. 84)

\\
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Tests on magnetic helicity Conservation

Despites its potential importance, tests on Taylor’s conjecture have been
very limited!

« Test on “relaxation” toward minimum energy state (LFFF): mixed results
=>» not direct test of magnetic helicity conservation, but of relaxation dynamics

Laboratory experiments: difficult sampling of the full 3D magnetic field ;
axisymmetric assumption (Ji et al. 95, Barnes et al. 86, Heidbrink et al. 00, Gray et al. 10)

e Sawtooth relaxation: AH/H=1-5% : AE/E=5-10%
e« Sawtooth crash: AH/H=1%

Numerical simulation: no test in general conditions, i.e. in 3D, active-like
conditions, no periodicity ...

1.3F <« 1, (MA) @ 7
R S A e ]
- 0.026 | 1.0 bl msesssmsm st e, o 2
L 4 r .r' \\ e ‘: _U|J
0.02 I :JJJ—;/_‘//’T— HELICITY (T2-m4) \ 1 3
Y ]
= 0022} . 00 0
0.020 — “F AN T () 3
- 55 - s T
:"E = 2 E I|I f |I 'HFI' =
= Sﬂfﬂ%—ﬂ o 1 __ W _:
w 4-5 T 0 L3
- A . 0 ‘ 2 4 5 5

] TIME (s) . i
(Ji et al. 95) 08/03/18 - Séminaire du LPP - E. Pariat (Heidbrink et al. 00)



Helicity conservation & solar eruptions: concept

Coronal
magnetic
fields

>
\ )) Emerging

flux tube

Coronal Mass Ejections

Magnetic helicity conservation is the “raison d'étre” of CMEs:

No helicity dissipation in the corona. The variation of helicity is only due to
terms of flux (Berger and Field, 84) :

No helicity creation either: no efficient dynamo
Some helicity is constantly injected through the photosphere:
Hypothesis: magnetic helicity cannot be infinitely stored in the corona

= eruptions (CMEs) appear as a natural way to eject magnetic helicity
(Rust 94, Low 96).
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Helicity & solar eruption: observations

\

« Several observational studies T o e B
have shown diverse indications : | g ool ]
that magnetic helicity can be 0% ) %@@%ﬂi‘%ﬁ@%ﬁ o
tightly linked with enhanced < k. BT E ]
eruptivity: (Nindos et al. 04, £ gl Pt LA |
Labonte et al. 07, Park et al. 08, 10, < : /,.5"0 %0 lmm 10030 ]
Tziotziou et al. 12, ...) - 2750 o | perooso .
10" &= @ /'.-/"//'- <><§> l —
R ! ]
o [ @ : (b)
— 1030 1@_11 I I-|I|332 I I - I¢IO33 I
50 ; - - - : £, (n erg) (TziOtziou et al. 12)
a ) # o AR with CME +_§
Total & + * ' N =
Coronal .. ** ] |e o
Helicity = e S oW .
(10%2 Mx2) 408 X 3 [ 9 b
305— + —é 0 E | osf
20% — - e % * : 3 :'l ﬂ_ CC =086 8)0 ; i 8 CC=0.68
E * + ¥ 0007l L L L . L = el 2 ¥ A \ )
10 Ey * * % py B 10 20 30 0 50 60 E 5 10 15
op X ) Helicity change rate Helicity accumulation

(Nindos 04) Magretic Flus (1052 bx) (Park et al. 08)



Linking coronal & interplanetary physics

AR 7912, 14 Oct. 1995 4 days later

before
CME Wy 7
Computed
field lines
after
CME
0 10 il 0 L] 50 il 7l
E 20 W\a‘ "
§ GMJH"H\\W',-\W‘ uLNi J L{JW.-‘* ki
Pl wItime (h)
Data: Remote sensing but global In situ but local Green et al. 07
Magnetograms + coronal loops Measurements of the 3 components of B
+ extrapolation + flux rope model
= AI_|corona = HMagnetic Cloud
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: . I — Ld p)
H conservation : A ‘corona 'Magnetic Cloud *
. . y ICME Solar source AR Total
« Clear qualitative link: same Positive Negative
chirality / sign of helicity
g . Positive 10 3 13
* Rough quantitative Negative | 0 .
agreement between AR & Total 1l 23 34
MC helicity
e within |arge measurement ( Mandrini et al. 2005, Luoni et al. 2005,Dasso
imprecision et al. 2006, Nakwacki et al. 11, Cho et al. 13 )
( Lynch et al. 2005 )
tiny event T E e des (132) I ]
T 6 Events | 5% ¢ e 24} large event
Nbr - 14 Oct. 1995
Leoug=0.5AU 1u b als . L -2 AU
— cloud —
2.3< |AHcgrondl <31 I —~ \' 113 < AHgprons <6 l factor
15< |Hyoql <30 . J’L 7 Hy, <12% ~2
o LT . n . 0 0
Units : 103 Mx? T 40 41 42 43 44 45 -
Units : 1042 Mx?
Loglo Hcloud (MXZ)
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Helicity and magnetic reconnection

Helicity modifies the properties &
dynamics of reconnection / energy
dissipation : e.g. Linton et al. 01, Del Soro et al. 10

mag
TR > :
opposite helicity same helicity (Del Soro et al. 10)
1.00 P ' ]
RL slingshot . S =
simghot. RE e - TSN 172
slingshot™ T slingshot bounce/ /,’ - - bounce e
3. 9 merge 3. -~ RN} A
S / \ /9{ : Ko = 010
% i aé? 0:3 E * - i = ' 0.3 T, [ ;::5 ] i ,
ST s o S 05 o % 0,100 o
2 *{ """"" S 6 2% ; K6 Q - 8 i iy, ™
slingshot - f'%'.'_'% s slingshot bounce);K/ " tunnel W = | ol
: fh AN , merge b 0.01 00 ]
/ ‘ ' ‘ ) e ‘ 0.1 1.0 100 ]
1 S 1 i LT
bounceé™. % _-“bounce merge - oy ~“tunnel/merge 0.1 1.0 10.0
5 o -
bounce merge

(Linton et al. 01) (Del Soro et al. 10)
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Relative magnetic helicity conservation ?

* For most configuration in natural plasma,
classical definition of helicity cannot be
used!

 To study the conservation of magnetic
helicity in general configurations =»
study the conservation of relative
magnetic helicity.

Hey = f (A+Ap)-(B-By) dV |
Vv LY Nl + PFSS
VXA=8B |

with boundary condition :

(Bp - dS) oy = (B - dS) |sv

Relative Magnetic Helicity: helicity of a
studied field relative to a reference field
(Berger 84, Finn & Antonsen 85).
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Relative magnetic helicity estimations

« The computation of relative magnetic helicity is not straightforward:

— Computation of reference field must be done imposing boundary
conditions on the whole domain boundary.

— Many previous methods assumed semi-infinite volumes while all existing
datasets are bounded volumes: could lead to incorrect results (valori et al. 11, 12)
error in intensity, even in sign!

« Several methods recently develoned on 3D cuboid system (valori et al. 2016)
— Using Coulomb gauge: V-A=0
Thalmann et al. 2011, Rudenko & Myshyakov 2011, Yang et al. 2013
» Simpler theoretical formulation
» Harder to implement numerically
— Using DeVore gauge (DeVore et al. 2000) : A; =0
Valori, Démoulin & Pariat 2012, Moraitis et al. 2014
» More complex theoretical formulation
» Simpler to implement numerically: more precise

« New method to compute relative magnetic helicity in spherical wedge

domains. (Moraitis et al. submitted)
08/03/18 - Séminaire du LPP - E. Pariat



Relative magnetic helicity estimations

Benchmarking of these methods performed by ISSI
team on "Helicity estimations in models and
observations®: Valori et al. 2016

Numerous tests: sensibility to resolution, twist,

0.0551 "

0.050F

0.045F

# Coulomb SY
% Coulomb JT
O = = =@ DeVore SA
M= ==A DeVore KM
@ = = =E] DeVore GV

solenoidality using various types of data. * o
: 0.040F
— Force free fields (Low & Lou 1990) *, j}"
— Stable flux rope (Titov & Démoulin 1999, data fromT. Torok) oossp B ~mf 8
— Flux emergence simulations (Leake et al. 2013, 2014)
) 0.030 La
Methods perform very consistently when B 0.1% 19 10%
sufficiently solenoidal Fav
y (Valori et al. 16)
0.3 0.3 v
dmiinn L) goulomb sy
Bl o -l8 DavoresA
e & =222 Devors ku
ook pr o2k 3 - = =E] DeVore GV
«°
(“68\! o
f:
o1f ;'! 01 o
0’ “.gym'”'”'
& .\:m‘
!( ‘ _;:4
(@) MHD stable w¥ (b) MHD unstable
0.0 2 L 0.0 LE2 ] L
40 80 120 160 200 40 80 120 160 20C
Time Time
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Magnetic helicity dissipation estimation

« General formulation of the time variation of the relative magnetic helicity:

Magnetic helicity dissipation

Time dr It
variation

JH 9 Helicity variation
= =2 LB -E dV +2 L —V-ApdV  of the reference field

; {} 4 - i } . " ()qu
of relative + [ (H Ap) X ————|-dS-2 I —A, -dS
i av o Jsy O
maghnetic ) L
helicity +2 [ (B-Ap)v-dS-2 [ (v-Ap)B -dS
Jav Jav (Pariat et al. 15)

« Helicity-conservation estimation: measure the difference between
- helicity variations in ¢
- helicity flux through the boundary sides §.
« Method independent of the non-ideal processes, i.e. reconnection-model

dH
B Ftﬂt

Cm:—zf E-BdV=
v dt
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SDO/AIA 304 A 06:00:08 |

Test case: coronal jet simul.

« 3D MHD simulation of a solar coronal jet:
Pariat et al. 09,10,15b ; Dalmasse et al. 12

— Magnetic helicity/energy injected by
bottom boundary motions

« First phase: helicity/energy storage.
— Quasi-ideal MHD: reconnection inhibited.

(Shen et al. 11)

— Very impulsive energy release by recon.
— Ejection of helicity.
80 [ 1500 [
- — = = JE, - - -
O, , Hg ’
O, H, l'
e —_ l'
- it E ‘
s | “Ideal” / z ;
S a1 MHD ) ® 500 N
- “Ideal” MHD
-10 | -500 1 ]
0 800 1600 0 800 1600

1 Ti u. Til [a.u.]
(Pariat et al. 15a)  Tmelas 08/03/18 - Sem:naire du LPP - E. Pa



Helicity conservation - fluxes

Helicity and its flux are estimated
independently

— Direct volume helicity computation
(Valorietal.12): B in 9/

— Helicity flux computation: B, v on §

=» Magnetic helicity is very well
conserved both during the quasi-
Ideal MHD and non-ideal phases.

Hq;=f(A+Ap)-(B—Bp) dVv
%
Ffor:FVn'l'FBn"'Fmix"'Fqb

 dH

Cm_ E_Fmr

Helicity rate [a.u.]

(Pariat et al. 15)

-12

- O mm AHV/'AI:
C

——=--0C,

|
“Ideal” MHD
|

0

800
Time [a.u.]
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0)

E-E(t

Helicity conservation vs Energy

Magnetic helicity is very well conserved.
— Dissipated helicity is very small compared to

the helicity injected in the system.

— The dissipated helicity is very small compared
to the amount of magnetic energy dissipated.

70 ; !

OE,

— Ea'-.-'

“Ildeal” MHD
-10 1

0 400
(Pariat et al. 15)

800
Time

1200 1600

AI_]dis;<; Ideal 3
— <3x10™
AHmj
AI_Idiss, Non-ideal
AH. <0.02

AJEdiss, Non-ideal ~0.6
A E'inj o

1500

1000

500

L “Ideal” MHD

0
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Helicity conservation tests

Forty years after, the Taylor conjecture can
now be numerically tested in general
configurations, using typical numerical data
sets.

Estimations of the helicity conservation on an
impulsive solar active like events (coronal jet).
— Independent of reconnection models
— Using several general gauges.

As conjectured, magnetic helicity is very well
conserved in this application

=» H is not dissipated but ejected by the
helical jet

(Pariat et al. 09)
08/03/18 - Séminaire du LPP - E. Pariat
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Helicity [a.u.]

1500

500
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(Pariat et al. 15)
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Flux emergence simulations

« Simulate the formation of solar active regions 60

Pseudocolor

— 3D visco-resistive MHD eq. solved with Ver: B2(G)20
Lagrangian-remap code (Arber et al. 2001) 20

— Evolution of a buoyant twisted magnetic
flux rope from the upper layer of the solar
convection zone into the solar
atmosphere.

-20 O 20
X-Axis

Pseudocolor
Var: Bz(G)
-100.0

-50.0

HMI Mag - 2011/06/27 - 12:00:41Z Time=0* 25 s
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Parametric flux emergence simulations

7 flux emergence simulations leading either to eruptive or non-eruptive
dynamics (Leake et al. 2013, 2014)

« Determine eruptivity criteria: methodology:
— extract part of the magnetic field,
— compute different physical quantities,
— search those that discriminates between the eruptive and non-eruptive cases

Pseudocolor Pseudocolor
Var: Bz2(G) Var: Bz(G)

Time=40.0013 Tim%=40.00]2
00.0 \ 00.0

1

|

|
00.0 2000

000
--200.0
—-4%0.0

|

(Leake et al. 13, 14)



Search for eruptivity criterion

Goal: search for eruptivity
indicators from 3D
coronal magnetic
datacube

Good eruptivity criterion
should:

— Discriminate eruptive and
non-eruptive sim. during
pre-eruptive phase

— Reach its highest value

 for eruptive simulation
only,

* during the pre-eruptive
phase only.

— Present similar trend for

eruptive and non-eruptive
sim. in post-eruptive phase

25

2.0

cm’ G

0.5}

0.0

5.5

50+t

45+

40+

3.5}

3.0
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Magnetic fluxes and energies

(Pariat et al. 17)
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* Neither injected magnetic flux nor magnetic energies are properly
discriminating between the different simulations and do not provide
reliable eruptivity diagnostics
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Relative magnetic helicity evolution

(Pariat et al. 17)

(e EuptSD 7 .7+ Unlike with magnetic
1 5%10° e flux & free energy,

- Rt ] helicity discriminates

e = No Erupt MD R

[ No Erupt SD P | strongly the cases

s No Erupt ND o . — Total helicity depends

« on dipole strength
» on dipole orientation

« The surrounding
(potential) field influences
the helicity content!

< magnetic helicity is a
non-local quantity!

0 50 100 150 200

* Here, eruptive simulations have lower helicity than non-eruptive one

=>» unlike what is commonly believed/expected, large total helicity

IS not a sufficient condition of eruptivity.
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Relative magnetic helicity ©

Based on the decomposition of a
magnetic field into potential and non-
potential fields....

Relative magnetic helicity can be
decomposed in 2 gauge-invariants
guantities (Berger et al. 2003) :

— H; = magnetic helicity of the current-
carrying field B; (non-potential field)

— H,; = volume-threading helicity,
between potential and current-
carrying fields

Remark for the heli-aware: Hj’ & Hpj are
different from the “self” and “mutual”
helicities

ecomposition

B

©

@

@

+

©

Hy

H;

H,;
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Hj + ZHpj

with

f(A—Ap)-(B—Bp)d(V
v

pr-(B—Bp)dfv
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Helicity decomposition evolution
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(V
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#0x10 « Total helicity is overall dominated by 2H,,
2.0x10° |
0 — A ~* 2H, has same properties than total
0 50 100 150 200 helicity = not a good eruptivity proxy
5000 ~~--- Erupt SD |
* Hbehaves similarly to Eg.,
O L NoEnmsn — higher for the eruptive
No Erupt ND

simulations in the pre-eruptive
phase

3000 = (Pariat et al. 17)

I
2000 — however higest values reached by
7 | non-eruptive simulations
1000 £ R N R ! : .
| ; * Hjis notagood eruptivity proxy.
L —— T R

2
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[Hi|/|H,/| : excellent eruptivity indicators

(Pariat et al. 17) Hy = Hj+2H, with

I(A—Ap)-(B—Bp)d(V
I‘V

. ema== Erupt SD
- h ¥ T H_]

6— n —

i :: - = No Erupt MD | Hp.] = f AP ’ (B - BP) d(v
--------- No Erupt SD 7 v

No Erupt ND
PR . |H;|/|H\| appears as an

1

' N excellent eruptivity

. | predictor of these sims.
. | — Highest value for the

' eruptive simulations in

. the pre-eruptive phase

— Eruptive and non-
eruptive simulations
have similar values in
post-eruption phase

Time * |Hl/|Hy| is also sensitive to
dipole strength which fits
with promptness to erupt
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Line-tied eruptive simulations

« The parametric flux simulations may be deterministically stable/instable.
— They are not starting from a stable configuration that is brought toward instability
— One cannot study the existence of an helicity instability threshold

= line-tied boundary driven simulations of solar eruptions (Zuccarello et al. 15):
— 3D visco-resitive MHD simulations; Ohm-MPI code (Aulanier et al. 10, Zuccarello et al. 16)
— Initially potential/stable configuration ; quasi-steadly injection of energy/helicity
— =>» eventual trigaer of solar-like eruption

193A; 06:00:31 UT 335A; 06:00:39 UT
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Eruption trigger time determination

For each simulation, precise determination of
the onset time, tg,, thanks to numerous
relaxation runs initiated at regular instants.

Relaxationrunatt, .

(Aulanier et al. 10, Relaxation run at t_,, — 4t,
[¢]

Zuccarello et al. 16)

n15"‘ T T T T T0.008

% ;‘7 0.006

£ _

\i‘ i 70.004%

z —10.002

SO‘O_W%: ~. ... o000

0 50 100 150 200 250 300
time /tA
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Line-tied parametric simulations

« Zuccarello et al. 2015: parametric eruptive simulations

- 4 different line-tied boundary driving patterns with different: shear around the PIL
magnetic flux dispersion + 1 non-eruptive control case (diffusion)

(Aulanier et al. 10,
Zuccarello et al. 16)
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Further evidences : line-tied eruptive simulations

Computation of several
guantities at the sim.
respective ty,, - Zuccarello
et al. to be submitted.

Efree(t)

Despites different

boundary drivers and

terupe: EFUPtiONS are

triggered when [H;|/[H,|

reaches the same value:
— <4% dispersion

— within measurement
precision of helicity

(t)

2
M

t)/ @

All other quantities have T
dispersions of values

above 8 % at to ,
including torus instability
criteria
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Outline

Context

Magnetic helicity:
— Definition
— Properties
— Measurements

Magnetic helicity
conservation in non-
Ideal MHD

— past experiments
— new tests \
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Magnetic helicity as
an eruptivity proxy

Conclusions
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Conclusions - 1

The ratio |Hj|/|Hv]| is an excellent
indicator of the eruptivity state in
several numerical models

15 different numerical simulations

inducing 11 eruptions & 6 stable
systems

in 4 very different magnetic
configuration

performed by 3 different MHD
numerical codes

=» Now needs to be validated against
proper observational datasets, of a
sufficiently good quality!

— May not be that easy... !

Possibly strong deterministic proxy
of solar eruption
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Conclusions - 2

If one can describe a phenomena within the MHD paradigm, magnetic
helicity may be worth looking at!

— Physics is based on conservation principles

— Magnetic helicity is one of the few quantity conserved in MHD
New robust (benchmarked) methods to estimate magnetic helicity in
observations and simulations datasets

— Cartesian or spherical system of coordinates

— 3D datacubes of B is all what is needed!

e) Beopp
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