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1. Modeling Relative Magnetic Helicity



Definition of magnetic helicity

19t century, Gauss discovered a simple formula which counts the linking of two Curves
when study the asteroid orbits which linked the Earth’s orbit. (Epple 1998)

1 de r dy
Link number of two curves: Lix = —— %?g " dr do.
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Coulomb Gauge: A(x) = e [ ok B(y)d’y

Magnetic Helicity: K= fA -.Bd’x.  The unit is Mx?

Berger (1999) 4



Definition of Relative Magnetic Helicity

Requirement of Invariance of magnetic helicity

H,=[A-Bdx H,=|(A+Vy)-Bd’x=H, ONLY IF B-n|=0

Y v
He= [ (A+4,) (B-Pav.
ﬂ @ Finn-Antonsen Formula (1985)
S

S
IF V.-Ap =0 Apr’i|3:0

B, =B(xeV) B,=P(xeV)

B=VxA P=VxA, dH;t(V)=—2j(E-1§)dV+2q'>(Z1PxE)-d§
V S

Berger and Field (1984) ’



Modeling Relative Magnetic Helicity in Cartesian Coordinate

Formulas:

Divergence Free V- Ap' =0

Definition of Vector Potential

1: Boundary conditions of the vector potential
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Modeling Relative Magnetic Helicity in Cartesian Coordinate

: : : . Yang , Buechner, Santos & Zhang (2013)
2. Resolving the Poisson Equation of Vector potential Yang , Buechner, Skala & Zhang (2018)
VX(VXZP) = V(V-Zp)—AZP =0 A = —] The solution of Poission/Laplace equation
) N . doesn’t satisfy the gauge of Vector potentail
Vx(VxA)=V(Ved)-Ad=J AA, =0
3. Modify vector potential VxM _+ A (4> Modify the boundary condition of Vector Potentials and clean
P P the Divergence
AM, =(VxA,) -P. AMy:(VxAp)y—Py AM, =(VxA,) =P, Ap=-V-A,
M.(2=0,1)=0 M, (y=0,1,)=0 M (x=0,1)=0 Y -
oM. 8 oM., —f =—(VxM, )],
E(X:O,IX)ZO ’ Zy(x:()’lx):o ’ a—y'(y:(),ly)zo on s 3
oM, oM
W(FO’Q):O agzy (z=0,1.)=0 5 (2=0.1)=0
I Hermann von Helmholtz
. y A'=A +VxM +V
Mixed-type boundary condition P P p ¢P .
L Hg= f (A+A,)-(B-P)av,
. . , *
Similar for A A =A+HVxM+Vg .




Remote Magnetic Helicity Calculation System

Please Register Here: http://sun.bao.ac.cn/NAOCHSOS/rmhcs.htm

Download Address: https://github.com/youngastronomy/RMHCS

Calculate Relative Magnetic Helicity through this system in IDL just run

rh3d_remote,bx,by,bz,name=name,email=email

Magnetic Helicity estimations in models and 03

observations of the solar magnetic field
Gherardo Valori*, INAF - Osservatorio astronomico di Roma (Italy) i mt“
Etienne Pariat**, LESIA - Observatoire de Paris Meudon (France) 02 e

Yang Guo, Nanjing University (China) . ﬁ
Yang Liu, Stanford University (USA) = o«

Georgoulis Manolis, Academy of Athens (Greece)
INTERNATIONAL George Rudenko, Institute of Solar-Terrestrial Physics SB RAS (Russia) 01f o
fl SPACE Shangbin Yang (National Astronomical Observatories, China) £

SCIENCE i i i i i i C
SHTIE Julia Thalmann, Institute of Physics/IGAM, University of Graz (Austria) ¢

(a) MHD stable

http://www.issibern.ch/teams/magnetichelicity/ 0.0

40 80 120 160 200

Note:

The maximul size of data is 256x256x256, less in 10 minutes.

the data can be resized to small volume to obtain the very similar results. Valori et al. 2016 Space Science Review
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Outline

2. Magnetic Helicity in Newly Emerging Active Regions



Modeling Relative Magnetic Helicity in Observations

General formula for relative magnetic helicity evolution in a volume

Emerging and Shearing

dH , (V) N, O, . Of One Newly Emerging
=—2J‘(EOB)dV+2¢<AP><E)OdS Active Regions
dt p <
Dissipation + Helicity Flux across boundary
\deal MHD: =2j((AP-V)B—(AP-B)V)-dS
S
Shearing + Emerging
— _2J‘( )B dS Chae et al. (2001) Combine Shearing and Emerging
LCT Demoulin and Berger (2003) Term together

-
H, (1) = j ‘IHIR(I)(]L Newly Emerging Active Regions including t=0
0 dr 10



How Twisted in emerging flux tube?
393 Larger ARs 58 Newly Emerging ARs (Simple, small)

2.0

0.5

el | T I T IS S S S S S ST T B S
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
log(®r,/ )

o Hmax - Hmin (I)m.
o

7 = alog B, + b

H o |(D|1.8 lO
LaBonte, et al. 2007, ApJ,671,955 (a=1.85b=-0.41) Yang et al. 2009

No matter how big of the solar active regions, they are both twisted similarly in global topology.



Magnetic helicity exchange between
neighboring emerging ARs
S. Yang, J. Buchner, and H. Zhang 2009, ApJ, L25

NOAA
9188

Twist motion appeared |
the exchange process
From Trace Observation




20001013T121902

Twist motion appe™
the exchange proc
From Trace Obsel

hange between
= ARs

4

. Zhang 2009, ApJ, L25
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Comparison of helicity flux and accumulated magnetic helicity

fccmomo T x 1. Magnetic helicity flux Integration of Newly Emerging Active Regions
3 el 2 NLFFF magnetic field and Calculate its Relative magnetic helicity
5 -
: Consistence generally but some difference is still there
E IU“ AR 8404 A9417 AR 8722
: " _
g A0
. 3 MDI
HIIO*" — I“”IIL'II" I{I)"‘ —
Magnetic helicity of NLFFF (Mx")
Fecoorss x x ,K
é 10 E " — x*" E SMFT
g" 104! E_ * ® * _: 150 200 1] Sﬂ 100 150
2 %
gﬂ" mll' | NLFFF
T e T T e

Magnetic helicity of NLFFF (Mx")

How is magnetic helicity is redistributed in filament, solar corona, solar wind,
Wang Quan et al. (2021a) Interplanetary, magnetic cloud etc. is still an open question. 14



Outline

3. Magnetic Helicity With Solar Cycles



Imbalance of Solar Cycle: Observation Facts

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Magnetic heliciy in Solar dynamo

Magnetic helicity is conserved in the limit of large Rm

(A) Stretch x(tot) _ ﬁ +a-b

e g3
' o e

© Frisch et al. (1975, 76)
Hubbard & Brandenburg (2012)
Pipin et al. (2013)

(D)

A schematic illustration of the stretch-twist-fold-merge dynamo

What's the magnetic helicity evolution in one solar cycle from observation?

17



Magnetic heliciy in Solar dynamo

Magnetic helicity is conserved in the limit of large Rm

x(tOt):A-B']‘a-b ‘K.]—B:_a.b_l_x(tot)

A-B
A
. ¥

X(tOt) = ? (-9 09 +) *-. a*b

0
Frisch et al. (1975, 76) \
Hubbard & Brandenburg (2012)

Pipin et al. (2013)

amo.

What's the magnetic helicity evolution in one solar cycle from observation?

18



Magnetic heliciy in Solar dynamo

Magnetic helicity is conserved in the limit of large Rm

(A) Stretch x(tot) _ ﬁ +a-b

e g3
' o e

© Frisch et al. (1975, 76)
Hubbard & Brandenburg (2012)
Pipin et al. (2013)

(D)

A schematic illustration of the stretch-twist-fold-merge dynamo

What's the magnetic helicity evolution in one solar cycle from observation?

19



Transported Magnetic Helicity (m=0)

2500 ! J ! .
Berger & Ruzmaikin (2000) «+ =~ .
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Table 1
Results of the Analysis Applied to the Timeseries of Figure |
Figure N Hemisphere  AH,, AHy, £y,  Differential
(x10% Mx?) (x 10" Mx?) Rotation?
la) 393 Both 5.37 -5.45 —0.0076 YES
I(b) 197 Northern 0.9 —4.23 —0.65 YES
l¢c) 196 Southern 4.47 -1.22 0.57 YES
Id) 393 Both 4.12 —4.28 —-0.019 NO
I(e) 197 Northern 1.66 —-2.53 —-0.21 NO
1(f) 196  Southern 2.46 —~1.75 0.17 NO

50
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1
o
[ =]

-100

Transported Magnetic Helicity {(m=>5)

- Zhang (2006)
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FiG. 3.—Top and middle: Same as in Fig. 2 but for strong fields (| B.| >
1000 G). Bottom: Same as in Fie. 2 but for m = 5 mode.

B

Heliographic latitude

Net Magnetic helicity in 23 Solar cycle is approximatel

Zero.

M. K. Georgoulis et al. (2009)

Zhang et al. (2010)
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Two Hemispheres have the same sign of helicity transport
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Imbalance of magnetic helicity with solar cycles-23 solar cycle
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Imbalance of magnetic helicity fluxes with solar cycles 23-24

Northern Hemisphere Southern Hemisphere
£ 41
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Mixture of positive and negative helicity flux with solar cycles
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Solar Dynamo Modeling E =V x (€ + U x E’)

® MeanField Dynamo  Pipin, V. V. & Kosovichev (2018, 2019)

o-effect Pumping effect Diffusive Tensor

pd

N o — _
gi — (aij + sz('A))Bj + nijijBk-

(a) 100

075 =

r/R

0.501

025

0.0

® Total helicity Conservation %Y =4 .B=A .B+a-b Large Scale+Small Scale

d
dt
ay(tot) ‘X*
dat  R,T,
Small-scale

el /7000 dV =—2n /{Tg J+b-j}dV — / V .F*dV Hubbard & Brandenburg (2012)

—2yB-J -V - F* — (U -V)x".

AN T~

Current-Dissipation Helicity flux at the boundary

Large Scale flow
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Dynamo Parameter Setting
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Model Simulation Observations

a(10* in millionths of solar disk)

Global Helicity FLux (10¥Mx2/s)

unspots are

S

0 250 500 YR 750 1000 /\/\\ o

1995 1997 1999 2001 2003 2005 2007 2009 2011
Year

Show the imbalance evolution of magnetic helicity with solar cycles in the observations

Yang, Pipin, Sokoloff et al. 2020, Journal of Plasma Physics, vol. 86, 775860302
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Outline

4. Magnetic Helicity in the Solar Eruption



Theoretical analysis-|

Sturrock 2001, ApJ, 548 i I k-

1.8 T T T T T T T T T

F1G. 1.—Schematic model of a long twisted flux tube held down by an
overlying magnetic arcade.

L T ' sl 4N=18

1.4

0.6
0.4} .

0.2

0 1 1 1 | 1
0 5 10 15 20 25 30 35 40 45 50

/RO
F1G. 2.—Schematic depiction of the evolution of the flux tube following

. " _— . the eruption of part of the tube through the arcade.
F1G. 4—Comparison of the energetic condition for eruption and the P P £ 28

stability condition.



tot)

Hmn (

Ideal MHD simulation

Case of Kink instability

0.00 [T ]
~0.05] ? -
~0.10} 3 .

—-0.15 S

20 40 60 80 100 120 140
(Re/Vao)

—

N=-0.16 when eruption happened

tot)

He (

Fan (2006,2007)

Case of torus instability

0.00 [T Sasaee :
—0.055—
—0.105— _
—0.155— _

20 40 60 80 100 120 140
t (RQ/VaO)

N=-0.18 when eruption happened
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Theoretical analysis-II

Zhang & Flyer (2008)

Arnold 1974 : For a divergence-free vector

field &, E(&) 2 C - |H(E)|, where C is a positive
constant dependent on the shape and size
of the compact domain M.

-1 -1
-C'|E,|<H,<C"|E,|
Magnetic helicity Bounded by Energy.

Up-limit of magnetic helicity is much smaller
In the multipolar field than in the dipole field.

n=95 n=9g
IS RS 0035 T T
0.25} SEE
0.20} 0.025}
» 0.020¢}
0.15 [z
~
o
T 0.015}
0.10
0.010}
0.05¢ o
O.OO.III|||1||I||..I...‘ 0.000II|||||||I|. |
00 05 10 1.5 00 05 1.0 15
F¢ F¢

Dipole Multipolar

How about in the Observations and Simulations?
30



x ~Hein) /Ho)

10g{(Hq

Normalized magnetic helicity in the newly emerging active regions

0.08 [
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P ~
X \
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| N i
C.U_— 002 = -
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log(#,/8,) : i
R o 20 T 30
& (10°"Mx?)
) H max — H min 1 (I)m.
log = alog + b
H D

As magnetic flux increased, the normalized helicity is

approaching to the limit. o



Modeling Relative magnetic helicity in MHD simulation

* Data-Driven 3D MHD Model (GOEMHD3)

Buchner et al. 2004ab; Buchner 2006; Santos and Buchner 2007
Santos et al. 2008; Skala et al. 2015; Yang et al. 2013; Yang et al. 2018

op

=-V.pu
ot o
ag;t”:_v.pﬁﬁ—Vp+}'x§—vp(ﬁ—ﬁo‘)
OB L o3 =
E_Vx(uxB—I]])
a —

EZI;XE—T]] VXB):/JO} p=2nkBT 32



Modeling Relative magnetic helicity in MHD simulation

* Data-Driven 3D MHD Model (GOEMHD3)

Buchner et al. 2004ab; Buchner 2006; Santos and Buchner 2007
. s JYaog et al. 2013; Yang et al. 2018

Santos et al.

op
o
Opi
o
oB

E=ixB-nj i p =2nk,T .



Modeling Relative magnetic helicity in MHD simulated

* Data-Driven 3D MHD Model (GOEMHD3)

Buchner et al. 2004ab; Buchner 2006; Santos and Buchner 2007
Santos et al. 2008; Skala et al. 2015; Yang et al. 2013; Yang et al. 2018

a—p:—V-nﬁ

Current depended anomalous resistivity

fo. iU < feri
nm=n,+ " :
l??ﬂ{—f— = 1) iflil = Jeri

.|1.'-.'1._'

E:—v-pu—w—upv-u#qy—l)n]

E=iixB-nj VxB=uj p =2nk,T .



Modeling Relative magnetic helicity in MHD simulation

Case-l (magnetic reconnection without eruption) Case-ll (magnetic reconnection with eruption)

NOAA 8210 NOAA 11429

Yang et al. (2013) Solar Physics Yang et al. 2018, A&A
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Our Simulation Results

Resistivity Model-I: Swith on/off o
Yang et al. (2013) i*‘ ----- e 0.029
| <« 7 No Eruption i |
<J._ g
— o |J| S Only Reconnection - = . o
77 1 |] | > ] crit +++++++++*+ (b)
e o e e o o0 oo
time (s)
Resistivity Model-Ill: Current dependence 0.02]
Yang et al. (2018) Ne‘\E 0.00
A Z ~o02} | 0.025
0, A < Jerit : - S -
7= no+ With Eruption _ T ook ~(0.038
l (1 D2 iflil> i also Reconnection & : ;( :
ot — Y LA = Jeri Only 2% magnetic § 0.8} '
Helicity escaped z ; _
. _ ~0.08
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Case Study NOAA9279
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Magnetic Helicity accumulation of NOAA9729

Before Onset Eruption Onset
07/02134 W%W%
0.01F ‘ -
E ] . = %
Y = E e \@%/ij T e
< 0.00F : @C}%C K(\\ ¢§
T C - ‘ ’
> i - ) i
o —0.01 = E Confined Eruption, Ending Ejective Eruption, Midlife
E - 5
© —0.02F =
N B ]
IS - ]
£ E =
S —0.03F =
- - 7
*0045 ! ! ! W
04/01:35 05/01:38 05/23:58 06/22:22 07/20:46 08/19:10 09/17:38
time

» The Solar Eruption occurred while helicity approached the maximum.

» The normalized Helicity (twist number ) is 0.036 when solar eruption Moore et al. 2001
happened.

38
» Eruption process satisfy Tether-cutting Model



Eruption of ARs ----Statistic Study

Chose 11 Newly Emerging AR in the 23 Solar Cycle (SOHO/MDI DATA)

® Existence of maximum magnetic flux
® Helicity flux approach to obtain the helicity H, =H_, —H_.

® Solar Flare Index SFI= 2(1000X+100M+10C+1B+0.1A)
> 1.SFI,

® The twist number N when Solar Flare happened:N:N(tref) Ly =

SFI
Flux -N Hm-SFI
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agretegram 11=Jul—2017 224646, 200

Checking using 24t powerful active regions
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Summary

1. An efficient method of calculating relative magnetic helicity (RMH) in Cartesian coordinate is developed.

Remote Magnetic Helicity Calculation System is also supplied.
2. Newly emerging active regions supply an approach to understand the distribution process of
magnetic helicity transportation from convective zone to the interplanetary.

3. Magnetic helicity flux imbalance may play an important role to understand the solar dynamo. The

conservation of magnetic helicity could behaviors in several cycles.

4 Normalized RMH when solar eruption happens shows the thresholds both in simulations and
observations. Further investigations of the RMH evolution of ARs from the Simulation s and Observations

are still needed.
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Thanks for your attention!



