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ABSTRACT

Aims. The origin and evolution of the magnetic helicity in the solar corona are nibuweerstood. For instance, the magnetic helicity of an
active region is often about 4DMx? (10?® Wb?), but the observed processes whereby it is thought to be injected intmitbea do not yet
provide an accurate estimate of the resulting magnetic helicity budget or wiohgtien. The variation in magnetic helicity is important for
understanding the physics of flares, coronal mass ejections, andsseitiated magnetic clouds. To shed light on this topic, we investigate
here the changes in magnetic helicity due to electric currents in the conoaaifogle twisted flux tube that may model characteristic coronal
structures such as active region filaments, sigmoids, or coronal.loops

Methods. For a bipolar photospheric magnetic field and several distributions oémiiwe extrapolated the coronal field as a nonlinear force-
free field. We then computed the relative magnetic helicity, as well as thargihutual helicities.

Results. Starting from a magnetic configuration with a moderate amount of cuttegmount of magnetic helicity can increase by 2 orders
of magnitude when the maximum current strength is increased by a #@oiT he high sensitivity of magnetic helicity to the current density
can partially explain discrepancies between measured values on themiete, in the corona, and in magnetic clouds. Our conclusion is that
the magnetic helicity strongly depends on both the strength of the curnesitgland also on its distribution.

Conclusions. Only improved measurements of current density at the photospheeicvdl’advance our knowledge of the magnetic helicity
content in the solar atmosphere.
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1. Introduction values of the coronal structures and of the associated mag-
M tic helicity | . ity in the phvsi Eetic clouds are inconsistent, suggesting that the praijosgaf
agnetic helicity Is an important quantity in the physics of,,na) mass ejections (CMES) in the corona involves a trans

eruptive events occurring in the solar corona. Active ™®Qigq peryeen the mutual helicity of the overlying field and the
f|Iamgnts and sigmoids have been observed and m-odel %‘Pf helicity of the flux rope. Based on a linear force-free as
as tW'St.Gd flux bundlgs (Rust & Kumar, 1996; Aulanier %:mption, Emoulin et al. (2002) have shown that the helicity
ngqulm, 1998; Canﬁe]d et al., 1999, Al,JIan'ler etal, 1.99 ' magnetic clouds is comparable to the end-to-end helafity
Regnler. ?t al, 2.002; Gibson et al.,_ 200.2'3.@'_'” & Amari, 0 tyisted bundle formed in the associated active regibis T
2004; Torok_ & Kliem, 2003_)' Magnetic h_eI|C|ty IS also thothtsuggests that the helicity is more likely to be injected tigto
to play an important role in the formation of f!!aments (e. Ythe photosphere by flux emergence or localized magnetic field
Mackay ?t al., 1997, Ma_ckay & van Ballegooijen, ,2005) anlqmtions (see also Chae, 2001; Kusano et al., 2002; Welsch &
possibly in coronal heating (e. g., Heyvaerts & Priest, lgsﬁongcope 2003; Magara & Longcope, 2003; Longcope et al.
Priest, 1999). The instability of coronal structures isited to 2007). Thé helic’ity injection processe:c, play,a key role i@ th '
the amount of helicity stored in the magnetic field and the PYng-term evolution of solar magnetic field (e. g., Yeateslet
sibl_e_transfer of twist to writhe or self helicity from mulua2008). The helicity of magnetic clouds, however,’ is ofteurio
helicty. ) ) . to be one or two orders of magnitude greater than the estimate
Nevertheless, only proxies of the magnetic helicity hayg,onaj helicity. In this Letter, we model coronal struesiby

been used to estimate the twist of magnetic structures. Jiingje wisted flux tube with several distributions of eutr

Leamon et al. (2004), the linear force-free parametems de- yensity and study the variations in the helicity content thue
rived as a proxy for the twist of coronal structures obseiwed 5, increase in current density.

X-rays based on the thin flux tube approximation. The twist
In reconstructed magnetic fields, the magnetic energy in-
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(@) (b)

only inject a finite amount of current into a finite domain o
computation. An upper limit of the amount of free magneti
energy is given by the Aly-Sturrock (AS) limit (Aly, 1984,
Sturrock, 1991) stating that, for a magnetic field strength d
caying fast enough at infinity in the half space above the ph
tosphere, the magnetic energy of the open magnetic fieléis @

least upper bound of the magnetic energy of a force-free. fie
Thus, the magnetic helicity that can be injected into a ma L ]

netic configuration is also bounded. The magnetic energyeof t

open field configuration is about twice the magnetic energy

the potential field (e.g., Amari et al., 2000). Both the ptitdn

field energy and open field energy depend of the total unsigrféﬂ- 1. Left: distribution of the vertical cgmponent o_f the magnetic_
flux magnetic field through the surface. In a finite domain 6 Id on the bottom boundary. The polarities are defined as Gaussian

. . - . _distributions with the same maximum strength in absolute value and
computation as is the case for magnetic field extrapolatio tée same FWHM. The field-of-view is 15050 Mn?. The negative

the AS limit is used to check the validity of a magnetic confige, ey holarity is black (white). Right: (a) vertical magnetic field
uration, therefore the extrapolated configuration is abersid component in the positive polarity; (b) Gaussian distribution of the

valid when the magnetic energy of the force-free field is IoWgertical current corresponding to a constarfteld; (c) divided distri-
than the magnetic energy of the open field. This condition fgtion of current; (d) ring distribution of current.

true when closed boundary conditions are used to derive the
nonlinear force-free field.

The vertical current distributions are defined in the pesiti
polarity as follows:

2. Magnetic field and current distributions . . .
- Constant: « is a constant (see Fig. 1b) corresponding to

The first step in order to derive the magnetic helicity conien a linear force-free field. The current distribution is then a
the corona is to compute the 3D magnetic field in a finite vol- Gaussian distribution with the same FWHM Bsand a
ume. We assume that the coronal magnetic field is described maximum current density strengi.

well by a nonlinear force-free field satisfying the followin - Divided: the distribution is defined from a Hermite polyno-
equationsV A B = @B, wherea is the force-free function  mial of 1st order dividing the polarity into a negative and a
depending on the position, a8l- Va = 0, which implies that positive part (see Fig. 1c):

a is a constant along a given field line. The magnetic field also )

has to satisfy the solenoidal conditio® ( B = 0). We solve J()=23or exp(—r—z), 1)
this problem in accordance with the method developed by Grad o

& Rubin (1958). Following Sakurai (1981), the boundary con-  \herer is the distance from the centre of the polarity. The
ditions for solving this set of equations as a mathematicall cyrrent density flux through the positive polarity at the-bot
well-posed boundary problem are the vertical componerit®ft  tom boundary is then balanced. A free parameter of the cur-
magnetic field everywhere on the surfax®, and the distribu-  rent distribution is the angle between the polarity inver-
tion of & in one chosen polarity of2*. We use the numerical  sjon jine (PIL) and the current inversion line (CIL) in the
scheme developed by Amari et al. (1997; 1999), which was positive polarity. We have chosén= 0 (with the negative

successfully applied to solar active regions bygRier et al. cyrrents towards the PIL) such that the magnetic energy is
(2002; 2004; 2006) by qualitatively comparing the computed paximised.
field lines to multi-wavelength observations. It is impottéo ~ _ Ring: the vertical current density is defined as a Hermite

note that we use closed boundary conditions on the sidegof th o1ynomial of 2nd order in 1D:

computational box, dierent from the bottom boundary, which )

are compatible with the boundary conditions used to dehiee t _ 2 _ _r

helicity integrals (see Section 3). J(1) = 230 (1" - Co) exp( 02) @
The second step is to define the appropriate boundary con-

ditions on the bottom boundary: the vertical magnetic figid o

the surface and the distribution of the force-free functioim

one chosen polarity. As depicted in Fig. 1 left, the vertioag-

netic field on the bottom boundary is a bipolar field embedded

in a large field-of-view in order to minimise the influence loét

boundaries on the magnetic field configurations. The vértica

magnetic field componet, is described by a Gaussian distri3. Helicity measurements

bution (see Fig. 1a) with a maximum field strength of 2000

and a full-width at half-maximum (FWHM) of about 15 Mm.

The field-of-view is 15&150 Mn? with a spatial resolution of The magnetic helicity describes the complexity of the figld i

1 Mm. The peak-to-peak separation of the polarities is abdetms of its topology, connectivity or braiding, and it is aan

30 Mm. sure of both the twist of field lines around the flux bundle axis

wherer is the distance from the centre of the polarity. A
typical ring distribution is plotted in Fig. 1d with negadiv
currents in the central region surrounded by positive cur-
rents. The constarig is such that the vertical current den-
sity in the positive polarity is balanced.

9.1. Magnetic helicities



S. Regnier: Relationship between photospheric currents and coronaktiapelicity for force-free bipolar fields 3

and writhe of the axis itself (Berger, 1999). The magnetliche ‘
ity is a conserved quantity in ideal MHD for a volume bounded 107 ’ E
by a surface on which the normal field component is fixed. .
However, the magnetic helicity is not conserved whilst mod-
elling the solar corona above the photosphere since helicit
may be injected from below the photosphere into the corona
(e.g., Regnier & Canfield, 2006) or it may be expelled in mag-
netic clouds during CMEs into the interplanetary medium.
The magnetic helicity is defined as follows:

1024

Total Unsigned Current (A.m)

"023 =5 y

Hm(B) = fQ A-BdQ (3) 5 10 15 20

Current Density (mA.m™)

for a magnetic fieldB and its vector potential in a volume Fig. 2. Total unsigned current (#n) inside the computational volume
Q. The vector potential is not defined uniquely but depends as a function of the current densitly for a constant distribution

a gauge. Here we use a gauge-free expression of the magridtished line), a divided distribution (dot-dashed line), and a ring dis-
helicity due to Berger & Field (1984) and called the relativéibution (solid line).

magnetic helicity

magnetic helicity content of the bipolar field for the thréfet-
ent current distributions described in Section 2. The maxm

] o ] _current strength ranges from 0 to 24 mx?. We first plot the
whereB andA describe the magnetic field of the configurationi 4, unsigned current insid@ as a function ofly in Fig. 2

and, Bpor and Apo describe a reference field taken to be thgy the three current distributions. In Fig. 3, the self andtual

potential field. We use the same boundary conditions as or fiyjicities are the blue and green curves, respectivelysthie

universal helicity formula derived by Hornig (2006). total relative magnetic helicity is the red curve. We alsti4n
Following Berger (1999), we define the self and mutual hgae the AS limit when the magnetic energy of the nonlinear

AHm(Bs Bpot) = L (A - Apot) : (B + Bpot) dQ, (4)

licities as force-free field is 1.7 times the magnetic energy of the poten
tial field, corresponding to the magnetic energy computed fo
Heeit(Ba) = fs; Ad - By dQ ®)  the open field. This upper limit gively = 6.6 mA-m~2 for the
constant distribution, 13.6 m#~2 for the divided distribution.
and For this range ofl, values, there is no upper limit for the ring
distribution, which indeed corresponds to a twisted fluxdian
Hrmut (Bpots Ba) = 2 L Apot - By dQ (6) confined by return currents.

The magnetic helicities have a positive sign, except for the

when the fieldB can be decomposed into two fields, the retelative magnetic helicity of the ring distribution beldly = 5
erence fieldBpy and the closed fiely. The boundary con- mA-m=2 (see Fig. 3c). From these computations, the mutual
ditions are explained in &ynier et al. (2005) and they are théhelicity values are most sensitive to the existence of areupp
same as used to compute the nonlinear force-free field in thisund for the magnetic energy. For the constant and divided
experiment. distributions (see Fig. 3a, b), the behaviour of the muteal h

We note that those definitions of self and mutual helicitidigity is strongly modified above the AS limit, whilst we get a
are dfferent from the recent definitions given by Longcope &mooth curve of mutual helicity for the ring distribution.
Malanushenko (2008). In the solar context, the self and mu- For all of the imposed current distributions, the magnetic
tual helicities as derived by Berger (1999) have been defmechelicity of the bipolar field is dominated by the self helgit
Régnier et al. (2005) from measurements based on simple cane thus the configurations are twisted flux tubes confined in a
figurations and observed active regions. The self heligityt i small domain of the computational box according to the defi-
measure of the twist and writhe of flux bundles confined in thgtion given in Regnier et al. (2005). The helicity values vary
coronal volume. The mutual helicity characterises thesings from 10°8 to 10*2 G2-.cnmf* for the constant and divided distribu-
of field lines and the large-scale twist. tions, from 167 to 10" G?.cn* for the ring distributions. The
ring distribution tends to reduce the amount of magneticchel
ity stored in the confined twisted flux tube. The relative aglfl s
helicities show an exponential growth with increasing eatr
We now compute the nonlinear force-free field in the corortensity (linear trend in Fig. 3). For moderate values of tlne ¢
for the three dierent distributions of current, and we study theent density, these helicities vary by more than 1 order aj-ma
changes in the magnetic configurations caused by an increaisede when the current densidy, is multiplied by a factor of
in the maximum vertical current strengil. In a forthcoming 2. For high values o8, a plateau exists for all helicities. This
paper, we will extensively study the changes in the geonudtrysuggests that instabilities such as kink instability caveti®p
field lines, the magnetic connectivity, and the magnetieggne when the maximum helicity is reached inside the twisted flux
budget. In this Letter, we focus our study on the changesan thundle. The increase in magnetic helicity as a function ef th

3.2. Helicities vs. current
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log(Helicity), 10 G*.cm*

log(Helicity), 10* G*.cm®
e BicaAae st

log(Helicity), 10* G*.cm’

é W‘O 1‘5 é W‘O W‘S 2‘0 5‘ W‘O 1‘5 2‘0
Current Density (mA.m™) Current Density (md.m™) Current Density (mA.m™)
Fig. 3. Relative magnetic helicityréd solid line), self helicity blue dot-dashed line), and mutual helicitygréen dashed line) as a function of
the maximum vertical current densif, from 0 to 24 mAm=2 for (a) a constant distribution, (b) a divided distribution, (c) a ring distidn.
The helicities are expressed in units of4G?-cnt*. The straight dashed lines indicate the Aly-Sturrock limit.

total current is reduced compared to the evolution witheesp conclusions also apply to the change in helicity as a funatio

to Jy, but it is still significant depending on the distribution othe total unsigned current.

J;.
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4. Discussion and conclusions
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