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Magnetic non-potentiality and helicity
in individual solar active regions

Based on the ground and space observations of solar
vector manetograms
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Magnetic shear, current, energy and helicity inferred

from solar vector magnetograms
Magnetic shear
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Current density
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Current helicity density
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Cross helicity Some problem
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Magnetic shear, current, energy and helicity inferred

from solar vector magnetograms
® Magnetic shear
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Photospheric Vector Magnetic Fields Provide Fundamental
Information on Accumulation of Free Magnetic Energy of
ARs Above Photosphere

* The relationship among the observed
(B,), potential (B,) and non-potential (B,)
components of magnetic field

B,=B,+B,

 Total free magnetic energy

£y~ [, dv= B2

1%
e The free magnetic energy density of ARs

I Iy
pﬁee = Q(Bo —Bp) = Q(B” + 2Bn Bp)
BENUME, TE2I7B, 0% 7B, R BN T4 & 4
The B, 1s observational quantity, while o
the non-potential field B, and potential Relates to calculated potential field i
field B, are fictitious quantities. Zhang, H. 2016, SoPh, 291, 3501

Similar analysis of the non-potential energy of ARs by: Lu, Y., Wang, J., Wang, H., 1993, SoPh., 148, 119;
Yang, X., et al., 2012, SoPh., 280, 165



Relationship between photospheric magnetic field
and energy densityAR6619 on May 1991
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Evolution of free magnetic energy and shear
parameters in AR NOAA 11158 in 2011 February
inferred by HMI
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Topological distribution of helical
magnetic field in delta active regions

With reversely twisted magnetic loop With normally twisted magnetic loop

BL=0 \ BL=O/

Negative free magnetic energy
density regions?

Relevant Key Feature: Magnetic Helicity



Fast emergence of AR 10488 (MDI) in 2003
October

Liu J. & Zhang H., 2006, Velocity vector can be inferred by
Solar Phys. local correlative tracker technique
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Development of magnetic shear and twist in AR10488 in
the photosphere

Otc 2/ 04:50 UT 28 02:28 UT Otc 29 035:45 UT Otc 50 02:03 UT

correlative tracker technique



Helicity flows through the photosphere and the
relationship with photospheric helicity density

Berger (2003) and Demoulin 1\ Chae (2001); Kosano et al.
and Berger (2004) (2002); Nindos et al. (2002, 2003)
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Development of magnetic helicity density in AR10488 in
the photosphere

Injective rate of magnetic helicity from the sub-photosphere



Mean photospheric current helicity density and injective
rate of magnetic helicity into the corona in AR10488

Evolution of mean current Accumulation of magnetic helicity
helicity density from the subatmosphere
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Magnetic fields, helicity with solar
cycles, and spectral index

Based on the observations of solar vector manetograms mainly

To global properties of magnetic fields of the Sun from individual
active regions



Solar dynamo and current helicity transfer with

observation

K FH & BN BB AR B i ia
Kleeorin, N., Kuzanyan, k., Moss, D., Rogachevskii, 1., Sokoloff, D. and Zhang, H.,, Astron. Astrophys.,
2003, 1097, 1105;
H. Zhang, D. Moss, N. Kleeorin, K. Kuzanyan, I. Rogachevskii, D. Sokoloff, Y. Gao, and H. Xu, ApJ,

2012, 751, 47
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Kleeorin and Rogachevskii, PhREVE, 1999 10



Latitudinal Distribution of mean current density
of ARs in 22nd and 23rd Solar Cycles
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In this study (Gao et al. 2008), 984 active regions (6205 magnetograms in all) have been
selected from 1988 to 2005, in which 431 active regions are in the 22nd solar cycle and 553

active regions are in the 23rd solar cycle.

Hemispheric Helicity Sign Rule (Hale, 1908; Ding et al. 1986; Seehafer 1990;
Pevtsov et al. 1995; Abramenko et al. 1996; Bao & Zhang 1998; Hagino &
Sakurai 2004; Zhang et al. 2010; Hao & Zhang 2012 ...... ) 17



Mean current helicity density of ARs in 22" and 23
solar cycle with sunspot butterfly-gram inferred by
Huairou vector magnetograms
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Gao Y. et al., 2008;
Zhang, H., Sakurai, T., Pevtsov, A., Gao, Y., Xu, H., Sokoloff, D. D. & Kuzanyan, K. 2010, MNRAS, 402,
L30

After the calculation of more than 6600 vector magnetograms of ARs 18



Helicity Production by Solar Rotation
M A. Berger & A. Ruzmaikin (JGR, 2000)

75007 i ———
i Net transfer of helicity into the
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0. ., | dHeg/dt="H(V5 — Cy)

(predominantly positive curve), and

-2500: 1 into the northern corona and wind
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The Q effect contribution can be captured in a surface integral, even though the helicity itself is stored deep in the

convection zone. They (B&R) then evaluate this surface integral using solar magnetogram data and differential rotation
curves. Throughout the 22 year cycle studied (1976 -1998) the helicity production in the interior by differential rotation
had the correct sign compared to observations of coronal structures — negative in the north and positive in the south.

The net helicity flow into each hemisphere over this cycle was approximately 4x104°
MXx?.
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Magnetic helicity flux in northern and southern hemisphere in

1996-2009 inferred from 96m MDI full disk magnetograms
Yang and Zhang, 2012, ApJ; Zhang and Yang, 2013, ApJ
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Injective magnetic helicity flux from N and S hemisphere

on Oct.-Nov. 2003 from 96m MDI full disk magnetograms
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Injection of magnetic helicity flux with 23" solar
cycle inferred from

Helicity flux in N hemispere (107 Mx?/s)

Helicity flux in both hemisphere (10% Mx?/s)
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The positive helicity flux is 62%

In southern hemisphere

It is estimated about the total magnetic helicity 5x10%¢Mx? for a solar cycle.
Yang and Zhang, 2012, ApJ & Zhang and Yang, 2013, ApJ

1996 1998 2000 2002 2004 2006 2008
Time
10 T T T T T T T T i T 200
number o 1150
Total injected
6F helicity flux
1100
4 -
150
2 -

ol Y 0
1996 1998 2000 2002 2004 2006 2008 2010
Time

22

Sunspot Number



Spectrum tensors of turbulent magnetic field
H. Zhang, A. Brandenburg and D. Sokoloff, 2014, ApJL

Isotropic homogeneous turbulence, the spectrum tensor of fluctuating magnetic
fields include: energy spectrum (E) and helicity spectrum (H, ) :

(B,(k,)B,(K,t)) =T, (k,5* (k—K')

E(k,1), iH (k)
o 8, —kk )+ = e k,

1, o =
—(B)= |, E,(k.n)dk

T, (k,t)=

(A-By=|"H,(k,t)dk Hm(k,t)z%Hc(k,t)

Isotropic homogeneous turbulence, the spectrum tensor  ZEEE4EGEIFLEKE

Moftatt, H.K., Magnetic field generation in electrically conducting
fluids, 1978

Batchelor, G.K., 1953, An Introduction to Fluid Dynamics, Cambridge University Press .



Relationship Between Magnetic Energy and Helicity
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Spectrum in Active Regions

H. Zhang, A. Brandenburg and D. Sokoloff, 2014, ApJL
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Evolution of Current Helicity Spectrum in

AR111
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Evolution of Relative Scales of Magnetic Energy

and Helicity Spectrum in AR11138
H. Zhang, A. Brandenburg and D. Sokoloft, 2016 ApJ
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I, = [K'E, Wk /[, (bdk ) rM/ H= HM /2,

(e.g. Kahniashvili et al. 2013)

<2 [k_lE‘\,{(k)dk =2vém

26



Correlation between mean current and kinetic
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helicity in AR 11158
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Convection power of the sunspot and the

quiet-Sun region
Junwei Zhao & Dean-Yi Chou, 2013, SoPh, 287, 149
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Power spectrum of velocity fields:
Chou, D.-Y., Labonte, B. J., Braun, D. C. and Duvall, T. L., Jr. 1991, ApJ, 372, 314

Ruzmaikin, A. A., Cadavid, A. C., Chapman, G. A., Lawrence, J. K. and Walton, S. R.

1996, ApJ, 471, 1022
Zhao, Junwei and Chou, Dean-Yi, 2013, SoPh, 287, 149
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Relationship between magnetic and
velocity field spectrums in ARs from HMI
(NOAA11158 on Feb 14, 2011)
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The spectrum of mean velocity fields (average value over
20 min) of the active region is similar to Zhao and Chou
(2013), and different from that of magnetic field

Power spectrum of velocity fields of active regions:
Chou, D.-Y., Labonte, B. J., Braun, D. C. and Duvall, T. L., Jr. 1991, ApJ, 372, 314

Ruzmaikin, A. A., Cadavid, A. C., Chapman, G. A,, Lawrence, J. K. and Walton, S. R. 1996, ApJ, 471, 1022 §
Zhao, Junwei and Chou, Dean-Yi, 2013, SoPh, 287, 149




Relationship between magnetic and
velocity field spectrums in ARs from HMI

(NOAA11158 on Feb. 14, 2011)
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Comparison on mean magnetic energy and helicity

spectrum of ARs with solar cycles
H. Zhang, A. Brandenburg and D. Sokoloff, 2016 ApJ
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Mean power law slope of energy and helicity
spectrum of ARs in 22nd and 23rd solar cycles
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After the calculation of more than 6600 vector magnetograms of ARs

H. Zhang, A. Brandenburg and D. Sokoloff, 2016 ApJ o
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Mean integral scale 1,, of magnetic energy and relative

magnetic helicity r,, of ARs in 22nd and 23rd solar cycles
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After the calculation of more than 6200 vector magnetograms of ARs
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Mean power law slope of energy and helicity
spectrum of ARs in 22nd and 23rd solar cycles
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After the calculation of more than 6600 vector magnetograms of ARs
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Some discussions (1)

® Observations of vector magnetic fields of active
regions in the solar surface

» Measurement of vector magnetic fields still is a

fundamental topic
» The powerful flare-CM.

Hs probably relate to the

redistribution of magnetic energy density 1n the
solar surface; Evolution of non-potential magnetic

fields and helicity

» Spectrum of magnetic field and helicity

» Relationship between magnetic and kinematic

helicity
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Some discussions (2)

® Magnetic (current) helicity and its with solar
cycles

» The changes of helicity with solar cycles reflect the
complex formation process of the magnetic fields
probably

» This means we still unclear the solar dynamo
process completely

» It is a nonlinear process from the subatmosphere
into the interplanetary space and mainly contributed
from active regions
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Thank you for your attention!




