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MAGCGNETIC HELICITY TRANSPORT
IN THE QUIET SUN

Brian Welsch & Dana Longeope
0. Background & Context

1. Introduction & Goals

The flux of magnetic helicity through the solar photosphere has impli-

by g 2. Theoretical Approach
cations in diverse areas of current solar research, including solar dynamo g :
modelling and coronal heating. 3. Methods: Data Handling, Tracking Algonthm, Find-
Other researchers have investigated the flux of magnetic helicity from active lng Hell{:]ty Flux
regions; here, we do the same for quiet-sun magnetic fields. o
. Theoretical Predictions
We derive a theoretical expression for the total helicity flux in terms of “mu- 4. Th
tual” and “self” helicities, which arise from the relative motions of separate 5. R esults
flux elements and the time evolution of the quadrupole moments of individual = ”

magnetic flux elements, respectively. - Discussion & Future Directions
Using a tracking algorithm applied to high cadence, high resolution SOI1O/MDI
magnetograms, we determine the observed rate of self helicity flux in the quiet
sun and compare these measurements with our theoretical predictions,

Of note, we find that the orientations of small-scale flux elements in the quiet
sun are not random.
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0: One Minute of Solar Magnetism

‘If it were not for its variable magnetic field, the Sun would
have been a rather uninteresting star.’ — E.N. Parker

Magnetic fields are ommnipresent in the solar atmosphere,
and have been grouped into TWO classes —

e 1. “ACTIVE REGION” fields:

(a) SCALE: ~ 10*! Mx (1 Mx = 1 G -em?)

(b) HISTORY: oldest known - Chinese records ~ 10% yrs.
old!

(¢) SPATIAL DIST'N: £ 35° lat. from equator, scen to
emerge and diffuse over time

(d) TEMPORAL BEHAVIOR: come and go in 11 yr. cy-
cle, from “solar dynamo,” originate ncar .7R.,; generate
flares. CNIE's

(e) WHOLE-CYCLE FLUX: ~ 10% Mx

wslp 2. “QUIET SUN" fields:
(a) SCALE: ~ 10" Mx
(b) HISTORY: only really manifested spectroscopically
(c) SPATIAL DIST'N: ~ everywhere on Sun's surface!

N ~ 101
(d) TEMPORAL BEHAVIOR: come and go in ~ 40 hr
(¢) WHOLE-CYCLE FLUX: ~ 10% Mx, if made anew
every 40 hr.

3: What is Magnetic Helicity?
e “Magnetic helicity” is commonly used to mean
Hu, = [dV(A-B) = [dV(A-(V x A)).

e This integral quantilics the hukages among all pairs
of field lines.

e DETAIL: If B, on surface S bounding V' does not
vanish, then H,; does noy satisfy gauge invariance
- but B,|s # 0 on the Sun!
g

® This led Berger & Field (1984) to define a gauge-
invariant 2lative helicity,
Hap = [dV(A + Ap) - (B -Bp) ,
where
o Bp is the current-free field matching B, |s: § FieTiTioug '
o Ap is a vector potential for Bp;

. " o B is the actual magnetic field; and
REAL o A is a vector potential for B.
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1.1: Motivation: Why do we care about helicity transport?
A. dynamo theories <= helicity budget

B. if H,, is proxy for J, then H,s flux feeds energy into
“magnetic carpet” == coronal heating implications

C. lat./long. dependences in H y-flux <= ultimate fate
of active region flux

D. possible comparison of source of helicity with w/in
situ measurements of #;-flux in solar wind at 1 AU

E. “hot topic!" recent papers by Berger & Ruzmaikin
(1999), DeVore (2000), Chae (2000, 2001), Demoulin
et al (2001), study H,-flux in active regions

1.2 Goal: Measure Helicity Flux through Photosphere

o Why photosphere? We can measure B, there!

e Take photosphere as z = 0 plane in Cartesian geom-
etry.
o Relative helicity flux through photosphere is

% - 2}’5 da((A’- B)v. — (Ap - V)B’-J 4

dt
advection  “braiding”

o advection term is certainly relevant for active regions;
relevance for quiet-sun fluxes is less certain, so we
ignore it.

o “braiding” term is actually fransport of Hy,
not creation of helicity

e (in fact, H,, is well-conserved in high Ry plasmas,
even during “fast” magnetic reconnection events!)

CIrREUMFEAENTIAL
FLows WINY
FIEW LINES

“Draiding” term corresponds to winding of field lines.
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2. Theoretical Approach

o Assume magnetic field at surface arises from N small,

isolated “point-like” sources, e
N . ’;':'ﬂz
B,(x) ~ T 08(x — x;) . e
vl E ‘K | :a é g =
.} S -
e In Coulomb guage, vector potential for the current- & x| % = g - g
. = : S <
free field Bp, evaluated on the surface, is e =N & & - 2
= 3 — = e
a - > |Id = <
Nd;2x(x—x o e = AR
AP(X):_EQ' (—2') ) g % (212 g g K.
=127 |(x = x)]| £ il E-M e c2 25
S, } E
1 " & ] b N == 3
s o' so A% of ith source is CIRCUMFERENTIAL. - % x [ X =g @ g
@ B w | g © =
F‘" i S i S g 2
= | ([ 3 &3 "
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® 2.1 The “mutual” helicity term is easily evaluated,

where {;; = angular velocity of ®; about ®,.

‘(2;' What motions contribute to dHMUT) /d¢?
A: One example is shearing from djfferential rotation,
which partially braids field lines’ footpoints.

-

-

(L] E {111

Differential rotation causes footpoints at different latitudes to wind partially
around each other, as illustrated in this mapping over one mid-latitude ro-

tation.

2.2 Sell-Helicity Term

e Magnetic field deesn’t really originate from point
sources; must investigate B,(x) and v(x) near ea.
—————
flux, ®;.

e [Mirst, deline ith coord. of ﬁnx—wei&!lted avg. posi-
tion, X, of kth flux, ®;,
oy fs dz.’f Bz I 1 9
= ————=— | dT B, z; .
N WD, e

e Next, define local polar coordinates centered at X,

|ox| = |x - %]
sin~}(2 - (& x 6x)) .

r

¢

m o

i

|

Coordinates centered at &, the magnetic center-of-flux.

10
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e Now represent B,(r,¢) near X w/expansion in az-
imuthally orthogonal functions

B(r,¢) = phalr+ & fulr) cosné)ga(r)sin(ng)

e Coefficient functions f,(r), g.(r) quantify departure
of B;(r, ¢) from axisymmetry about axis through X.

e We define radial MOMENTS of f,(r) as

FwEm) =7 (']m dr™fu(r) ,

and similarly for GU™,

Different flux distributions have different expansion coefficients: a)
G #0,b) FI A0, ¢) H™M =0=G"

o [
(5

o Expanding v(x) about X gives

vi(0x) ~ ¥ + \ bx; = b + My(X)dz; ,

where ; is Denter-of-ﬂux velocity in &; direction.

e The Jacobian matrix M;; can be written
My Ay 18 0 =1
(,.u“ _u,_.) '”(l:l)”’(l n)
T £ 1
'T(n 1)""(1[1)'

¢ Nl where

= (My+ My)2 = %Tr(.\'l) ( “divergence”)
= (My; - Myp)/2 = antisymmetric (“curl”)
= (My — Mp)/2 = traceless.diagonal (“4"-flow)

X = (My+ My)/2 = traceless,off-diagonal (“x”-flow) .

H

.

“Flemental” floses that ean be superposed Lo represent any fow field

locally: a) “t™ fHow, b) “x" fow, ¢) “ewrl” How, d) “diverging” flow.
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Flows “generating” helicity with particular fiux distributions: a) “+"
flow, b) “x” How, ¢) “eurl” How. d) “Diverging” How might signal

helicity advection,

e Combining M;; with F,(lj} and G'f;"] gives the first
order sclf helicity flux,

dtHS‘ELF

=-9(C+XF"-TGY) .

dt

13

e Q: Can we measure CIX ; and T from B.(X.1)7

e Change in flux element’s shape determined by time
derivs of moments of normed flux distribution,

Sun « L1/ 2 L(AR" | AKY
a4 dw../.-" X0 = 4] ~’:e( - iy

Cun _ 21 Lakr o LAF® ar0
@i = G, Ly Bilra = 1) _'i(__'fc"”“i”.-n

d d 1 1/AGY
E(ﬁn bry) = EQ_'I,;J‘IB‘(I‘ ~ By )1g = £;) = i(_l_A‘ ) x

e Assuming B, is conserved, it obeys a 2-d continuity

equation,

0B,
o + Y (vB)=0.

We can then relate the time evolution of the moments
to the tlow tield via a “shape matrix,”

AR" + AR R+ B (@ -6 (R + /)
ARY A | = | (-FR"+ ") @) @) (7 -F)
aGyY 0 (K" (7 (6"

DO &N

e In words: {f THE TIME RATE OF CHANGE OF A
FLUX'S SHAPE IS RELATED TO THE SHAPE OF
THE FLUX AND THE FLOW THAT ADVECTS IT.

® Thus, we seek the FOUR unknowns T, X, C, D, given
only THREE observables, d({éz;0z;))/dt.
S

14
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e Every flux distribution has some flow ficld which lics

in null space of “shape matrix.”
u » H a__i ) l
e These “null flows” de, in general, inject helicity!

e As shape of flux evolves, null space of flow field does,
too — which we can use to our advantage!

-]

a) i =+ b) ) 11;:3;;‘?;'.;.

For every (lux distribution, some flow field will not alter its shape.

Our method:

1. Use SVD find null space at each time step.

2. Use a relaxation algorithm to add “null flow” to min-
imize time derivatives of flow components.

3. Use Monte Carlo routine to cstimate errors in in-
verted flow comps.

4. Use flow field (C, X, T') found this way to compute
self helicity flux,

dHSELF
dt
‘Igst: Rotate simulated flux w/ “pudgy ellipse” shape about
its axis, throngh 27 rad, then find flow!

-
HHHEHEH

m 4 15 414

T 1 3 i

= -3 (C+XF" -1GY).

E P
ul i LT

- [ - -

Simulated Data for Self Helivity Test

16
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3. Methods: Helicity Flux Measurement in 3 Easy Steps!

i. label fluxes and record structural attributes

and
1

1
#1

ii. track fluxes and evolution of their strcture

iii. compute H flux!

The first contrast-enhanced, unsmootbed, five-magnetogram average image from data sets &

# 2a. A small active region to the lefi (east) of this FOV was cropped from the full image in set

The first contrast-enhanced, unsmoothed, five-magnetogram average image from data sets # 2b and

- 3 1
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*0CC

700

The first contrast-enhanced, imsmoothed, five-magnetogram average image from data set # 3. A

small active region below this FOV was cropped from the full image.

3.1 Data & Handling

e SoHO MDI line-of-sight magnetograms, photospheric
B, found from Stokes V profile in Ni I (6768 A) line

e “high res” mode: 61" pixels (c. 442 km)
¢ average 5 images taken with 1 min. cadence

¢ smooth on c. 3 pixels by convolution w/“potential
extrapolation” kernel

o fit core with Gaussian; shift data by centroid

Histograms of field strengths in magnetograms from data set 1. We fit the
4 G “core” of histogram with a Gaussian. The fit is slightly displaced from
zero, and we shift the data by the negative of the displacement. We take the

error in field strength per pixel, o, to be the fitted width of the Gaussian,
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3.2 Labelling of Flux Elements

e use single-pass “flux-ranked uphill gradient” method
to label pixels in convex groups

e c. 700 labels with (1024 x 1024) pixels & 10 G thresh-
old

e require group size > 10 pixels (c. 500 elements in
(1024 x 1024) pixels), then compute & record:

1. total flux, ¢
2. location magnetie center of flux, %
3. flux's moments, Fim', GS_)'"’, ete.

T

tis
iR T
g ]
niignpumny i.‘.
:- k- - . . -

~1h
=
=14

— = =

bas i
g3 e v

L
el e S o Senn

Surface plot of magnetic field strength, in Ganss, measured by SoHO/MDL
Asterisks mark pixels grouped into one mostly-axisymmetric magnetic
flux element, shown in a) perspective and b) overhead views.

2

Labelling Results

" i
b) - 'U‘-,t'l- ‘-""rl."ll \P*‘r_

Labelling algorithin uses convexity of measured magnetic field to gronp pixels
inta flux elements,  Asterisks mark pixels grouped into one magnetic flux

element, shown in a) perspective and b) overhead views.

a)
Asterisks mark pixels grouped into one magnetic flux element, shown in a)

perspective and b) overhead views.
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Flux Elements’ Shapes Not Random!

Normed Histagram o' "‘3": K = B74 Normed Hislogram of Gl N = B74
L ¥ ¥ o B . F
Tracking Results
2 Azimuthal Velocities Meridional Velocities
E 4 T T T 2 T T T T
3
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Letitude [Helio. Deg.] Lottude [Helio. Deg )

Histograms of shape coelficients Fi™ and G§™, normalized to the relevant

aulmatial : F.lm]: Fa{”, G“,“. F}”;‘FJ”.GE”'}F}”, Bida Butic a3 Plotted sidereal rotational (left) and meridional velocities (right), as a func-

tion of Leliographic latitude in data set # 2a. The Snodgrass differential
o In g[l cases, the average, median, and fitted centroid are all _ rotation profile is shown in the left plot.

t f ;
0 the isft b e Flux elements’ rotational velocities are slightlx sub-
H o Asymmetries transform as expected as data are flipped. differential.

Some edge effect sent.
NGkt e Average meridional velocities are ~ 10 mts north-

o Typical values from data set # 1 are 0 ~ .2, with mean/median ward.
~ —.02, meaning observed displacements of distributions’ i
centroids are 2 30/VN

B b

P2
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e Q: What gives rise to SPIKES seen in inverted flows?

¥

| &
e . . b
i L
3 g

)
Ty §881¢8
is 4 e
R U S R
3’-_‘;.; .‘{‘ T ; 1
O A
ahe "‘»‘35 af= ?
I. G0 3
sles %I e
EREEE -Eggﬁé

0 20 &0 & B0 100 '

83 0c 20

77 40 S0

sep §

Event history and inverted flows for a flux «lement in data set # 2a.

A e

o Fragmentations, collisions, and data gaps affect the time rate of change of
flux elements’ shapes, which can affect the inverted flows.

Sefl Meleity Fiun fror Elorert Seit ghicity Flu, in Dlement 4

~gurgh?

Time series of self-helicity Alux for individual flux elements from data sels $#

1 and # 2a, respectively.

e Sometimes error bars are large, The inversion proce-
dure is not the most robust!

e Fluctuations take place on long time scales. A result
of the relaxation algorithm?

32

agma®
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Time series of self-helicity flux for ALL flux elements from data set # 3, and
its Fourier transform.

e Error bars can be very large!

o Avg. dHSELF) [dt varied in sign in different data
sets, and is small (~ .1%) compared to ~ 10%Mx?/s
fluctuations.

e Long-time-scale fluctuations still present. “Ccl'-~
tive behavior,” or superposition of artifacts of many
relaxation results?

e Fluctuations are consistent, with measurement errors
about a mean self-helicity flux equal to either zero or
average measured value.

»
- ey

The flux of self-helicity, binned by magnetic flux element latitude.

o The flux of self-helicity shows no dependence on flux
element latitude.

e Shear from differential rotation acting on individual

fluxes would presumeably introduce such a depen-
dence.

[ e From these data, we infer no such shear operates on

the small spatial scales of individual fluxes.
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Mutual Helicity Fluxes

Data Set # | (dH/dt), & 5 | (@H]dl), + 6 | median{d¥,/di) | {dH/dt),, + 0,
1 A3 18063 | - 0187 £ 4.20 —6.85 " =.00457 £ 1.06 .
% 102+328 | 3.26+5.34 6.39 ~ 6374 1.04 t
2 074313 | 1614479 -2.75 ~314+ 93 |x (0
% 03.5+500 | 116+ 135 ~86.2 -2274 264
3 ~078 4+ 480 | ~5.92+1.99 -6.09 ~2.314 777

] l‘ﬁ X 033 »® (D'I I
Self Helicity Fluxes

[ Set # [ (N)y | {dH,/dt), + s | (dH,/dt), + o | median(dH,/dt) | {dH[dt),, L 6,

1 194 4114017 535+ 2.7 5.15 2544+ 13.04 u
2a 246 | -032241.21 2461210 -8.68 118+10.1 ﬁ
2h 256 | 0225+ 242 -172%1.78 ~15.9 ~B6.04+L896 (R '
2¢ | 271 | - 1BT£7.75 | -187+218 -7.15 989+ 11.54

3 | 113 03334114 [ 1314532 415 5764235

1% U a2

oc.1 Conclusions

o Average self-helicity flux was ~ 10%Mx?/s, while
fluctuations were ~ 10%Mx?/s.

e Prediction for self-helicity flux based upon shear from
differential rotation was ~ 10%Mx*/s, much higher
than observed self helicity flux. But self-helicity flux
exhibits no differential-rotation-like latitudinal de-
pendence!

e Of note: flux element shapes are not random!

o (FYI: Observed mutual helicity flux was
[%10%] than self helicity flux, as predicted.)
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00.2 Future Directions

o Might want to characterize helicity transport vs. time
in solar cycle.

o Want to apply these techniques to active regions’ evo-
lution.

e Might try to characterize flow field vs. lat./long.,
time in cycle, etc., while doing so.




