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ABSTRACT

Context. Magnetic clouds (MCs) are formed by magnetic ux ropes thatejected from the Sun as coronal mass ejections. These
structures generally have low plasma beta and travel thrtheg interplanetary medium interacting with the surrongdiolar wind.
Thus, the dynamical evolution of the internal magneticdtre of a MC is a consequence of both the conditions of it@emment
and of its own dynamical laws, which are mainly dominated tagrretic forces.

Aims. With in-situ observations the magnetic eld is only measured along thjettory of the spacecraft across the MC. Therefore,
a magnetic model is needed to reconstruct the magnetic coatipn of the encountered MC. The main aim of the presenk veio
extend the widely used cylindrical model to arbitrary cresstion shapes.

Methods. The ux rope boundary is parametrized to account for a br@adje of shapes. Then, the internal structure of the ux rope
is computed by expressing the magnetic eld as a series oesofla linear force-free eld.

Results. We analyze the magnetic eld pro le along straight cuts tingh the ux rope, in order to simulate the spacecraft cragsin
through a MC. We nd that the magnetic eld orientation is gpneakly a ected by the shape of the MC boundary. Therefore, the
MC axis can approximately be found by the typical methodsiptesly used (e.g., minimum variance). The boundary shapeta

the magnetic eld strength most. The measurement of how ntiseheld strength peaks along the crossing provides an editm

of the aspect ratio of the ux-rope cross-section. The aswtnynof the eld strength between the front and the back of M@,
after correcting for the time evolution (i.e., its aging itigrthe observation of the MC), provides an estimation ofdiess-section
global bending. A at ofand bent cross-section requires a large anisotropy of takpgressure imposed at the MC boundary by the
surrounding medium.

Conclusions. The new theoretical model developed here relaxes the eidaldsymmetry hypothesis. It is designed to estimate the
cross-section shape of the ux rope using thesitu data of one spacecraft. This allows a more accurate detatimmof the global
quantities, such as magnetic uxes and helicity. These titiesare especially important for both linking an obserC to its solar
source and for understanding the corresponding evolution.

Key words. Sun: coronal mass ejections (CMESs), Sun: magnetic eldgrpianetary medium

1. Introduction contained in these structures, such as magnetic helicityxes
(see, e.g., Démoulin 2008, and references therein).

Magnetic clouds (MCs) are magnetized plasma structures A key property of MCs is the small plasma while the
ejected from the Sun as coronal mass ejections. They are chagsma velocity in the frame moving with the MC is typically
acterized by a strongly enhanced magnetic eld strengtih Wijvell below the Alfven velocity, therefore the magnetic apn
respect to typical solar wind (SW) values, a smooth and larggijon of MCs is force-free to a rst approximation. The mag-
coherent rotation of the magnetic eld vector, and a low prot petic eld in MCs can be relatively well modeled by a linear
temperature (e.g., Burlaga et al. 1981; Klein & Burlaga )98%orce-free eld (Burlaga 1988). The simplest solution igaibed
Moreover, after decades of researches, there is preseoti§-a with a cylindrical boundary; this is the so-called Lundduis
sensus that MCs are formed by twisted magnetic ux tubegodel (Lundquist 1950). It was, and is still, widely used to
called uxropes (e.g., Burlaga 1995). the magnetic eld observed in MCs and to derive global quan-

Thein situ measurements are limited to the spacecraft trtities such as the magnetic ux and helicity (e.g., Burlag88;
jectory crossing the arriving MC. Therefore, one needs lp reLepping et al. 1990; Dasso et al. 2003; Lynch et al. 2003; ®ass
on modeling to derive the global magnetic structure from tte$ al. 2005b; Mandrini et al. 2005; Dasso et al. 2006; Leitner
local measurements. The determination of the proper magnett al. 2007). An extension of this model to an elliptical bdun
con guration for MCs is importantin order to provide goodies ary was realized by Vandas & Romashets (2003). They derived
mations of the global magneto-hydrodynamic (MHD) invatsan analytical solutions for any value of the aspect ratio ¢rafithe
ellipse sizes).

Alternatively, non-linear force-free eld models with arei
Send oprint requests toP. Démoulin cular cross-section (Gold & Hoyle 1960) have been used to
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model the magnetic con guration of interplanetary ux rape force is rather expected to react strongly to the SW deforma-
(e.g., Farrugia et al. 1999; Dasso et al. 2005b). Thece of tion. Let us suppose that the SW is able to deform the extefior
plasma pressure has been considered for both circularlgsid el the ux rope (e.g. with an asymmetric ram pressure), how then
cal cross-sections (Mulligan et al. 1999; Cid et al. 2002idtfjo does the force free eld inside the ux rope react? Is the mag-
2003). These models include a relatively large number & fraetic eld strength and orientation signi cantly &cted? How
coe cients which are determined by a least square t toithe strong should the variation of the total pressure arounduke
situ data. rope be to atterbend the ux rope cross-section? Are the ef-
The magnetic structure of MCs has also been analyzed fiegts of a at andor bended ux rope easily detected from the
solving the equations as a Cauchy problem (e.g., Hu & Sopnemagnetic eld present along a linear cut of the ux rope (as ob
2002; Hu et al. 2005). It was found that the amount of distorti served by spacecraft)? In order to answer these questians, w
from a circular cross-section is variable in the MCs analyzedevelop a technique that can solve the internal equilibriom
The limitation of such an approach is that a Cauchy problemvarious boundary shapes.
ill-posed, so that the result of the integration is very gess The paper is organized as follow. In Sect. 2 we de ne the
to modi cations of the boundary conditions. It implies thhe internal and the boundary equations for a force-free uxeop
results can be signi cantly aected by the temporal resolution,Next, we present the numerical method used to solve this-prob
by the range of the data used, as well as by the method ugemi. In Sect. 3 we analyze the magnetic eld of ux ropes with
to stabilize the integration (e.g. by a smoothing proced(ree various cross-section shapes. In particular, we deriverthg-
method was recently tested successfully with MCs crossed tgtic pressure along the ux rope boundary, as well as thed tot
two spacecraft (Liu et al. 2008; Mostl et al. 2009). magnetic ux and helicity. In Sect. 4 we investigate the imha-
Many of the above modélechniques have been comparetion contained in the magnetic eld pro le taken along a lare
by applying them to a ux rope obtained from an MHD simu-cut through the ux rope, as obtained from spacecraft oleserv
lation. Signi cant di erences have been found for cases corréions. The aim is to identify the most appropriate functiofhs
sponding to large distances between the spacecraft patthandhe observed eld to estimate each parameter of the model. We
MC axis (Riley et al. 2004). summarize our results and conclude in Sect. 5.
For many of the above methods which use analytical mod-
els, the free parameters of a given model are determinedipy mi
imizing a function which de nes the dierence of the model to 2. Method

the data. On one hand, the selected model should have enoygfhis section we present the equations of the ux-rope nhode

freedom to provide a t close enough to the data for a broag; \yell as the numerical method used to solve them.
range of MCs. On the other hand, it should not have too many

free parameters, since nding the absolute minimum of ttie di

ference function becomes rapidly a very time consuming tagkl. Force-free eld evolution
once the parameter space has a larger number of dimensi
Moreover, the probability of nding a local minimum assoted
with a wrong solution increases with the number of free para
eters. Therefore, the wide use and the success of the LLB’quM
solution is a consequence of both its low number of free param 10 210 a few times @, e.g., Lepping et al. 2003; Feng et al.

eters and of the inclusion of the basic physics ( ux rope). 2007 Wu & Leppi :
. . ; pping 2007, and references therein). OtherE®rc
Previous studies have shown that the core of MCs30% .such as gravity are also negligible with respect to the mégne

of their size) is generally more symmetric than the remagni ressure gradient, therefore the magnetic eld evolutian be
part (Dasso et al. 2005a). Moreover, using combined Obserrg%scribed to rst é approximation, by a sequence of foree-f
tions of several spacecraft, some recent analyses havahQWuilibriafj B 0) eg.,as prop,osed by Démoulin & Dasso
that the core of the MCs is signi cantly more circular thaeith (2009) T

oblate outer part (Liu et al. 2008; Kilpua et al. 2009; Mdaztthl. '
2009). Still, the Lundquist solution is known to have dulties
in tting the magnetic eld strength, in particular it was tmd

that it frequently overestimates the axial component of ¢

tHthe frame moving with the mean MC speed, the plasma veloc-

I_iéy is typically smaller than the Alfvén velocity (a few 16@n/s,
urlaga & Behannon 1982). Moreover, the plasmis low in

Cs (typically 0:1, with values ranging from less than

An MC typically has an elongated ux rope structure with
a cross-section size much smaller than the curvature radius
its axis, so locally the ux rope is approximately straigkite
. ) .. also assume that the magnetic eld can be regarded as locally
gelar thde |u>;-\r/op3 axg |(Qe.g., Ghulltsarzigc;aé al. 2035)' qu?teu' i jnvariant along the ux rope axis. We use below an orthogonal
almodef ot vanaas omashets ( ) provides a better ame, called the MC frame, with coordinatesy; 2). zis along

EbsgrvgdtMclst.hav[rI]ﬁ_a_ e(qu sttren%th mprte unifo;m trf:tan in tht‘ﬁe local MC axisx s in the direction of the mean MC velocity
rg;egzj\llz nsdoa: :eotr;il 5 (I)SOIET) ICates the existence ot someua projected o_rthogonally to the MC axis, and t;hdirectio_n com-
' : pletes the right-handed orthogonal frame. The equatidh= 0

In some MHD simulations, the ux rope is strongly cOM- 4 the invariance o8 in z implies that one can write the eld

pressed in the propagation direction, such that it becomles I.q 1, onents aB, = @=@andB, = @=@, whereA(x:
atively at (e.9., Vandas et al. 2002), and it can even .de.pelc?s thg magnetic- ux funct%n. Thzyprojection of eld Iin(ea)i?;\
a bending of the lateral sides towards the front directiofit as;;a orthogonal to theaxis is given by isocontours @¥(x; y)
moves away from the Sun (e.g., Riley et al. 2003; Manches(%ie force-free condition implies 1Y)

et al. 2004). Owens et al. (2006) proposed a kinematic mode

of this evolution with an initial Lundquist solution passly de- dB2=2

formed by a given velocity ow. However, inside MCs the mag4A + d;\ =0; with B/(A): 1)
netic pressure dominates both the plasma and the ram ihterna

pressure (both a low plasmaand, in the frame moving with For an elliptical partial dierential equation, such as Eq. (1),
the MC, a plasma velocity lower than the Alfvén velocity ara boundary condition is generally required all around tiggore

typically found in MCs). With such dominance, the magnetiwhere the solution is searched for (otherwise the probleith is




P. Démoulin and S. Dasso: Magnetic cloud models with beditodntate cross-section boundaries 3

posed, and, in particular, the solution is typically verynwsie 2.3. Linear force-free eld
iv mall modi cations of th I ndary val . . - . .
tive to small modi cations of the selected boundary valugsje The Lundquist solution was, and still is, widely used fori-est

boundary of the ux rope is de ned by the set of eld lines hav_mating the magnetic con guration of MCs crossed by a space-
ing a given value ofA\(X; y). Without loss of generality, the origin craft (Sect. 1). We continue in the same line, by supposing a

of Acan be setat the boundary, therefore linear force-free magnetic eld, i.e. witlB,(A) being a linear
A(X: V) = O: @) function of A. The axial componen8,, is typically low at the
' ' boundary of MCs, so we restriB,(A) to an a ne function ofA.

wherexy; yp are the coordinates of the boundary (they are mofd'erefore, Eq. (1) is simpli ed to

precisely de ned in Sect. 2.2). The maximal value Afx;y) BJ(A) = A; (5)
within the ux rope de nes both the maximum amount of AZyay 27 = Q- 6)
imuthal magnetic ux and the positiorx{y) of the ux rope '
center. Below we simply set this maximum as Equation (6) is linear im, therefore we can expregsas

a linear combination of solutions. Since the Lundquist Sofu
A(0;0)=1; (3) is worked out in cylindrical coordinates, and since MCs ate e

pected to be not too far from being cylindrical (as a consagee
since the azimuthal ux is later re-normalized to any desireof magnetic tension), a set of functions can be searchedfor i
value. Equations (1,2,3) have a non-singular solutiorAoty)  cylindrical coordinates. Then Eq. (6) is rewritten as
only for someB,(A) functions (for example for a discrete series

of B;(A = 1) values). This series of solutions are called resonah@® @ + 1 @ + 2A=0: 7)
solutions (e.g. Morse & Feshbach 1953). This point is furthe @  @r 12 @ '
explained in Sect. 2.4. wherer; are the classical cylindrical coordinates (radius and

azimuth angle). We look for separable solutions;in i.e. of the

form A(r; ) = f(r)g( ). A Fourier decomposition of\ in the

direction, together with the continuity &, implies thatg( ) can

The ux-rope boundary can be generically de ned by a closelde decomposed in a series of sin(+ ) functions, wherenis

parametric curver, = (X(9);yn(s), wheres is the variable aninteger and is real number. The remaining equation fgr)

de ning the position along the curve. The shape of the boundan be reduced to the Bessel éiential equation of ordem

ary in uences the shape of the eld lines within the ux rope.(e.g., Botha & Evangelidis 2004). Therefore, any non-siagu

However, with an elliptic problem, such as given by Eq. (i t A(r; ) can be expressed as a linear combination of an in nite

small scale deformations of the boundary are rapidly dampedmber of functions (e.g. Vladimirov 1984)

inside the volume (see end of Sect. 3.2). Conversely, krgpwi N : )

A(x;y) in the deep interior of the ux rope, or on a cut through it ™ (1) = Jn( r)sinm +); (8)

(such as with spacecraft observations) does not provigkbtel whereJy, is the ordinary Bessel function of order Romashets

information on the spatial uctuations of the boundary. & VVandas (2005) derived the magnetic components from aserie
We de ne a boundary shape that includes the main distd¥f such functions, and determined the free coients by a tto

tions found in some MHD simulations (Sect. 1). In view of firev the magnetic data of some MCs (withoutimposing any boundary

ous works, an elliptical shape is a natural starting poingréat shape, dierent to the present study).

variety of boundaries can be de ned from the deformation of In practice,A(r; ) is approximated by a nite series df; .

an ellipse, but small-scale variations have only a localience This series satis es Eq. (6) exactly, but in most cases{is &

on the force-free eld, so we explore only large-scale defar only approximately the selected boundary condition (EqTAg

tions. To minimize the number of free parameters, we resitic  Precision depends on both the number of functions kept isghe

analysis to boundaries symmetric in thelirection (orthogonal ries and on the shape of the boundary. Exceptrier 0 (which

to the mean MC velocity). With these constraints, we detiie t recovers the Lundquist solution), tHg (r; ) = 0 isocontour

2.2. Boundary

following parametrization has a variety of non-circular shapes. So a combination @&raév

m modes can approximate a wide variety of boundary shapes.
Xp = cos(9)+asir’( s); Still, these modes have comparable sizes inxhedirections,
Vo = bsin( 9); @) SO this series of functions is not suited to approximate aigm

netic con gurations. The numerical results obtained with set

wheres ranges froms = 0 at the front tos = 1 at the back, Of functions de ned by Eq. (8) con rm this. Moreover, some
and tos = 2 to close the boundary at the front. The central siZdCs have amagnetic eld norm which is nearly uniformin their
of this boundary in the direction (aty = 0) is normalized to Cross-section (e.g., Vandas etal. 2005). This indicatepprox-

2, 50 thabtont = 1 andXpack = 1. The maximal extension in imate magnetic-pressure balanc_e, therefore a low magieetic
they direction is at k;y) = (a; b), with dy=dx = 0 at those SION, SO a at magnetic con guration. o
points. The aspect ratio of the ux-rope sizes along yrend x Another set of functions satisfying Eq. (6) can be derived in
(aty = 0) directions is simplp. As jaj increases from zero, the Cartesian coordlnates_. We limit ou_rselves to fgnctlonsneme
boundary becomes bent in tixedirection (see Figs. 3-5). TheY Since we are analyzing symmetric con gurations (Sect..2.2)
bending is increasing witfyj. Since the front and back bound-The basic functions are

aries are shifted by the sameamount for a givery value, the ¢ (x.y) = cos( xcos )cos(ysin );

area of the cross-section is preserved. £ (cy) = sin( xcos )cos(ysin ): )

A wider variety of boundaries can be analyzed with the® ) = y '
method described below. However, Eq. (4) already providesmere is any real number in the interval;[G2] (values be-
broad range of boundaries (see Figs. 3-5) with only two fieee pyond this interval only provide redundancy). Such a set o€fu
rametersg; b). tions is, a priori, not well adapted to approximate the sofut
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2.4. Numerical solution with a linear force-free eld

In practice, in Eq. (9) is discretized, with an equi-partition
of nvalues in [Q =2] since we do not privilege any direction.
The case = =2 givesfs-2(x;y) = 0, so that the number of
functions retained in the series in 2 1. These functions are

fi(x;y) = cos( xcos j)cos(ysin ;) foriin[1;n]

with ;= =20 1)Hn 1);
fi(x;y) = sin( xcos j)cos(ysin ;) foriin[n+1;2n 1]
with ;= =230 n 1)Hn 1): (20)
Therefore A(x; y) is written as the series
X1
Axy) = cifi(xy): (11)

i=1

The coe cientsc; are found so thaf(x; y) best satisfy both the
oundary condition of Eqg. (2) and the normalization of Eq. (3
Equations (2,3,6) de ne an eigenvalue problem that has a
non singular solution inside the boundary only for a diseret
series of eigenvalues (e.g. Morse & Feshbach 1953; Moon
& Spencer 1988). WithA(x;y) described by 2 1 functions
(Eq. 11), we should se&(xy;j; yi;j) = 0 at Zn 1 boundary po-
sitions. Therefore, the values can be obtained by nding the
zeros of detfj(Xq:j; Yi;j)) With i; j within [1;2n 1] (e.g. Morse
& Feshbach 1953; Trott 2006, chap. 3.5). For the application
to MCs, we are interested in the smalleseigenvalues, since
for larger eigenvalue&(x; y) and the magnetic eld components
also vanish inside the boundary, and this case is not obs$arve
MCs. We nd that this method works well for small valuesrof
However, am increases, the determinant computation involves
the sunfsubtraction of a large number of terms, each being the
product of 2 1 functions §i(Xyj; Yi;j))- This implies that the
determinant has huge variations withIn particular, the deter-
minant is very small when computed below the rst eigenvalue
while it reaches large values just above. The range of vaniat
can reach more than ten orders of magnitude. This huge range
does not facilitate the precise localization of the rstaef the
determinant, thus the determination of the rst eigenvalye
conclude that this approach is ective only for small values of
n.

Another approach is to perform a least square t of Eq. (11)
to bothn, boundary points and to the normalization condition
A(0;0) = 1 (e.g. Trott 2006, chap. 1.2). With this methagl
2n 2. The conditiorA(0; 0) = 1 is only approximately satis ed,

0 but this can be corrected afterwards by multiplydyg; y) by a

constant factor. More importantly, the conditi&{j; Yo;;) = 0
is only approximately satis ed at the, boundary points. We

Fig. 2. Log-log plot of the smallest -eigenvalue and the associateode ned the mean error as

mean error, Eq. (12), as a function of thextension of the ux rope

=2
b
(parameteb). The three thicker curves are the numerical results for t — 1 E‘ v )2 . 2% .
g ) ;—bﬂ p Abojii)’+ (A0 U ¢ (2

boundary given by Eq. (4) and withgiven in the inset. Irfa), the thin
continuous line is the smallest eigenvalue dbr a rectangular bound-

ary [Eq. (15)].

The advantage of this approach is th@t) has a restricted range
of variations, with comparable values of the local maximhilev
the minima are well marked. This implies that the eigenvalue

for a cylindrical boundary, since each of them has a recti@nguare well de ned (Fig. 1). This regular behavior is presentdo
shape folA(x; y) = 0. However, we found that a set of such funcwider range ofn values than with the determinant method de-
tions gives a good approximation to the Lundquist solutiee( scribed above. This implies that we can investigate casts wi
below). Moreover, they have the advantage of being able to aplarger set of functions, and therefore with a broader rarige
proximate very at con gurations since the spatial wave t@gc boundary shapes. Still, the method is numerically limitedal-

in x andy directions can be very derent (the ratio of the wave ues ofn typically below 15. For largen, e( ) has rapid uctu-

vectorsis tan ).

ations due to the nite numerical precision in summing a éarg
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Fig. 3. Projected eld lines orthogonal to the ux rope axis (isotouars
of A, left panels) and isocontours of the magnetic eld noBnfright
panels) for the rst eigen solution (lowesteigenvalue, Fig. 2a) for an
aspect ratido = 0:5. Both A and B are independently normalized to
a maximal value of 1, and decrease monotonously from the aper Fig.5. Projected eld lines (isocontours @&, top panels) and isocon-
center towards its boundary. The isocontours are equiespbbetween tours of the magnetic eld nornB (bottom panels). The boundaries are
0:1 to 09 in steps of @L. The isocontour B and the boundary are out- de ned by Eq. (4) with an aspect ratto= 3. The drawing convention
lined with a thicker line. The top row is for a rectangular hdary and is the same as in Fig. 3.
the second row for an elliptic boundary. The three bottomsrtave
boundaries de ned by Eq. (4).
3.1. Analytical solutions

The best-known solution is the Lundquist solution. It is jgiyn
the rst eigen-solution of a linear force-free eld

(Br; B;B) = (0;J1( 1); Jo( 1)) (13)

with By; B ; B, being the radial, azimuthal and axial component,
respectively. With a ux rope radius normalized to unity and
B, = 0 atthe ux-rope boundary, is the rst zero of the Bessel
functionJp, called |, therefore | 2:4.

Another simple solution can be found in Cartesian coordi-
nates. This geometry implies a rectangular boundary (& siz
2 2bwith the same normalization as in Sect. 2.2). The magnetic

eldis
p .
; (Bx;By;By) = ( 1= 1+Db?) coskxx)sin(ky);
Fig. 4. Projected eld lines (isocontours @, left panels) and isocon- b= 1+b2 sin(kx) cosk,y);
tours of the magnetic eld nornB (right panels). The boundaries are .
de ned by Eq. (4) with an aspect ratto= 1. The drawing convention coskxX) coskyy) ) ; (14)
Is the same as in Fig. 3. with ky = =2 andky, = =(2b). This rectangular solution can

obviously not be applied to observed MCs. However, it id stil

useful to have an analytical expression for quantities siscne
series (Eq. 11). Here, the computations were done with decinnagnetic ux and helicity (Sects. 3.4 and 3.5), as well asfier
numbers having 16 digits of precision. The uctuationsepf)  eigenvalue which is

can be weakened by increasing the number of boundary points, b
Ny, but this is not e cient. Within these limitations, the least- = - p——: (15)
square tting method is precise enough to derive the sotutib 271+ 12

Egs. (2,3,6) with an aspect ratio of the cross-section imahge

0.1t0 10 (Fig. 2). This provides an order of magnitude estimate for the uxeop

. . L characteristics, as shown below.
A given non-zero value cd has a very dierentimplication A 'thirq analytical solution for a linear force-free eld it

for small and largé: with a largerb, a largera value is needed 5, gjjiptical boundary (particular case of Eq. (4) with= 0)

to distort the,ux rope signi cantly (see Figs. 3-5). We CrBBlO 55 found by Vandas & Romashets (2003). Equation (6) was

scaleawith = bin Figs. 2, 8-11, g5 the precision of the methodo|ved with elliptic cylindrical coordinates, one of thavfeo-

decreases signi cantly fgaj 1.5 b (Fig. 2). ordinates system where Eq. (6) has separable solutionsllFor
b values, they found an analytical solution expressed with th
even Mathieu function of zero order. While analytical, the e

3. Flux rope solutions plicit solution .needs numerical computations thqt theyiexsd
through a series expansion of the Mathieu function. We aon r

In this section we analyze the force-free solutions founé. Vill their derivations, including their numerical resulige(com-

start with a summary of previously known force-free solnfio puted them dierently by using the Mathieu function inside the

in order to compare them later with our results. Mathematica software). We found only minor @rences in the
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Fig. 6. Examples of magnetic eld found across the ux rope along the

x-axis / = 0). B is the magnetic eld norm and = tan }(B,=B,).
b = 0:5 and 2 for the top and bottom panels, respectively.

numerical results. We also found small drences when using

the numerical method described in Sect. 2 (within the me@T errig. 7. Magnetic pressure along the ux rope boundary [Eq. (4)] nor-

found at the boundary shown in Fig. 2b).

3.2. Flux rope structure

The projections of eld lines orthogonal to the ux rope axése
given by isocontour values &f(x; y). For a force-free eld, they
are also iso-values of the axial e, [Eq. (1)]. Typically, eld
line projections inside the ux rope are more circular thae t

imposed boundary. This ect is stronger closer to the ux-rope

center (Figs. 3-5). This is due to the balance of force, devil.

The sharper parts of the boundary impose a strong curvatu

malized to the maximum pressure (located at the ux ropeegnthe
coordinates ranges frorms = 0 at the front, tos = 1 at the back.

ux rope (Fig. 6). Fora > 0, symmetric results are obtained but

such cases are usually not observed in MCs.

Next, let us consider a cut of the ux ropeat 0 in order

to simulate observations made by a spacecraft. The defammat

of the boundary much less acts the direction of the magnetic
eld than its norm. This is illustrated in Fig. 6 for one of the
rpherlcal angles §, de ning the dlrecg‘on ofB, and it is also

therefore a strong magnetic tension which reduces the iatel | true for the other angle (' = sin }(B,= B2 + B)). This result
bending inside the ux rope (see the regions around the correlds approximately also for valuesjgtbj not too large. Indeed,
of the rectangular boundary in Fig. 3a or the region with thfae isocontours o in Figs. 3-5 show that the deformation of the

most negativex-values fora
Figs. 3-5).

1; 2for the other boundaries, projected eld lines remains moderatejé is increased. Since

theseA isocontours are also isovaluesBf, the magnetic eld

The most important eect of the boundary on the core elddirection in most of the ux rope is only slightly ected ifa is
is the aspect ratio (calleld). The core eld has approximately modi ed.

an elliptical shape with an aspect ratio closer to unity ttierb
value.

The next most important ect for the core eld is a global
deformation of the boundary such as theeet induced by in-
creasingaj in Eq. (4). This is already a relatively weakect for
the eld line shape inside the ux-rope core, especially farge
b values (Figs. 3-5). For a larger bending (i.e. a laijgdr the
magnetic tension increases, so the magnetic eld lineslig
shrink towards the ux rope center (e.g. see the evolutiothef
A=Anax = 0:5 isocontour with increasinigj in Fig. 5). We notice
that the distancepack  Xiront IS preserved for eachvalue with
increasingaj, so there is no compression of the ux ropejajs

increases in all the examples shown, and the observed slgenk

is not due to a compression of the ux rope edges.

Inside the ux rope, small-scale distortions of the bound-
ary have even a weaker ect than the eect of jaj. This can
be shown by considering, for example, the eld described by
A(r; ) Jo( 1) + cJy( r)sinm in cylindrical coordinates
(Sect. 2.3). The coecient c gives the spatial- uctuation am-
plitude of the boundary (de ned b(r; ) = 0). Because the
Bessel functions behave &8 near the origin, the deformation
of the eld lines decreases rapidly with increasimgat a given
distancer inside the ux rope. We conclude that the core of the
ux rope is almost not aected by the small-scale uctuations of
the ux rope boundary.

3.3. Magnetic pressure at the boundary

The bending of the ux rope introduces an asymmetry b&he magnetic eld strengthR) is always maximum at the ux

tween the front and the back. Field lines in the front becoate

rope center (wher®, = By = 0, so whereA, and therefore

ter agaj increases (Figs. 3-5). Even an inverse curvature (curvBg(A), have an extremum). However, this center is not necessar-

away from the ux-rope center) is present for the largeptal-

ily at the geometrical center of the shape de ned by the beund

ues shown. This asymmetry is also present in the eld sttengary (see, e.g., Figs. 3- B.decreases faster toward the boundary
with the eld being stronger in the front than in the back oéth where the boundary is extended outward, or has a “corne€’, du
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to a stronger magnetic tension there (Figs. 3-5). For smhlbh
B values are concentrated in a rangexamost independently
of y, while for largeb values this range is located rather at low
jyi values. Finally, the isocontours & are remarkably dier-
ent from the eld lines (isocontours &%) with the exception of
nearly circular contoursfax 0,b 1.
The magnetic pressure at the boundary strongly depends on
the ux rope deformation (Fig. 7). Starting from the cylindr
cally symmetrical casea(= 0;b = 1), where the pressure is by
construction uniform along the boundary, a snjaillalready is
sSu cient to create a signi cant decrease of pressure on the lat-
eral sides of the ux rope (Figs. 4d-f,7b). Fbr< 1 anda = 0,
the magnetic pressure is signi cantly higher on the sidethef
ux rope (Fig. 3f), this e ect being more pronounced for smaller
b values. This eect competes with the ux rope bending (in-
creasingaj) to shift the pressure maximuminimum along the
boundary (Fig. 7a). Fdn > 1, both an increasing andjaj pro-
duce a lower magnetic pressure on the ux-rope sides (Figs. 5
f,7c).
The equilibrium of the ux rope with its surroundings
is achieved by the total pressure balance at the boundary.
Therefore, the above magnetic pressure computation giees t
total pressure needed in the surrounding SW to achieve such a
boundary shape (assuming a dominant magnetic pressude insi
the ux rope). The asymmetry of the SW pressure between the
front and the back of the ux rope can be due to encountered
di erent SW, but in most cases it is plausibly due to the ram
pressure due to the relative motion of the ux rope with respe
to the surrounding SW.
Moreover, if the SW conditions permit such low pressure on
the ux rope sides, the force-free approximation is expedte
be no longer valid in these regions (near the most bent parts o
the boundary). More precisely, even with a plasmas low as Fig. 8. Modi cation with b of the magnetic ux and helicity contained
10 2 in the ux rope center, the force-free approximation is nén the ux rope(per unit length along the axial directiof®) The max-
longer valid in the regions where the relative magneticgues imum magnetic eld strength is set to unitfh) the axial ux is nor-
reaches few 1¢ in Fig. 7 (supposing a nearly uniform plasmei“al'zed to the azimuthal ux, ant) the helicity is normalized to the
pressure). Such regions are expected to be advected with RfRGUCt Of the uxes.
plasma ow (in the absence of reconnection), so that the ex-
tended parts of the ux rope are expected to be swept aw,

a . : .
by the SW. Reconnection with the encountered SW magne\f%ere we keep the same eld and size scaling (the crossasecti

eld is also expected: it will further contribute to removestse Sizeis R 2Rb). The rectangular cross-section is larger than the

extended parts. It remains a strong core with an elliptigal- C'"cular one, sothere is more axial ux, butonly about 20%eno
shape. This core eld is expected to keep its identity whitet (while the cross-section area is about 27% larger). Thecaspe

eling in the SW (unless there is a large amount of magnetic Jﬁ:g)r:fg%uI'([jheCharre]?::aséhge?é(rlr?wlini):i(f)rzlh)?‘smr#grhe Iﬁrr]g%rrtgmc?lrj]nt.
reconnected with the overtaken SW). ’ P P

the estimation of the axial ux than the detailed shape of the
boundary. The azimuthal uxis
3.4. Magnetic ux

Far = L = BnaRL= R; 20
The axial ux of the Lundquist solution, Eqg. (13), is 2R = Amax max R (20)
Zg I() where g is given by Eq. (15). Fob = 1, Farisonly 8%
Fo=2 Brdr =2 VB R  136BnaR2;  (16) largerthanF,, . The ratio of uxesis
0
where the two rst expressions are general (valid for ajy F,g=F,g= 8= p1+ b2 R=L 2;55p1+ b2 R : (21)
while = | (de ned byB,(R) = 0) forthe numerical value. We =

have included the scaling with the radil® @nd the maximum At the limit of a small aspect-ratib, this ux ratio is constant,
eld strength Bmay) for completeness. The azimuthal uxis  while it increases linearly with in the limit of largeb (Fig. 8b).
_ _ . . With the same maximum eld strength and maximum ex-
FaL = BmaxLR= 0:42BnavlR; 17 L . . - - .
al = Bmax . mex _ ( )_ tension in bothx andy directions, the axial ux obtained with
wherelL is the axial Iength of the ux tube. The ratio of uxesis the boundary de ned by Eq (4) is a|WayS lower than the axial
Foi=FaL =2 Ji( )REL  3:36R-L: (18) Uux obtained with the rectangular boundary (Fig. 8a): Thls's i
. I . an expected result since the area de ned by Eq. (4) is slightl
The axial uxwithin arectangular cross-sectionis compliteg5jjer than the area of the rectangular boundary. Therdi
from Eq. (14) ence increases as the aspect rdtjadeparts from unity. This is
Fzr=160 2Bna®® 1:62bBnafR’; (19) aconsequence of the shrinkage of the eld lines as the car@aha
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lower aspect ratio for an elliptical than for a rectangulauibd- Forb = 1, a ux rope with a square cross-section contains only

ary (Fig. 3-5). This dierence reaches a factor about 2 (shift d@28% more helicity than a ux rope with a circular cross-senti
0:3 in log,y scale) both fob  0:1 and 10. The bending of This is only slightly above the ratio obtained above for tkizk

the ux-rope cross-section, so increasiag has a much weaker ux (20%, Sect. 3.4).

e ect (Fig. 8a). As for F,, magnetic helicity is greater for the rectangular

The azimuthal ux,F; = BnaRL= , is also an increasing cross-section, and this dérence is larger fdo values far from 1

function of b because is a decreasing function df (Fig. 2). (both smaller and larger values, Fig. 8a). Alkt{b) is a steeper

Therefore, the ratid-,=F, has a weaker dependencelmthan function thanF,(b) for low b values, whileH (b) andF,(b) have

F, (Fig. 8b). F,=F4 has a nearly linear dependence lmin a a comparable slope for lardevalues.

log-log plot, for the whole range df explored. This contrasts ~ Magnetic helicity quanti es how much the axial and az-

with the result obtained with the recta]glgular crOSS-seﬁtln imuthal uxes are interlinked. A useful quantity is the nam

the range @l < b < 10, we deduced:36' b F,=F, 4 b, ized helicity H=X(FaF,)); it is an average Gauss linking number

the lower bound being given by the Lundquist solution and t{Berger & Field 1984). It is independent bffor a rectangular

upper bound being an approximation both for low and High cross-section{ 2=8  1:23), a value just below the result of

values. the Lundquist solutionH=F5;F;)  1:25). With the boundary

de ned by Eq. (4),HF,F,) depends only weakly on both

andb (1:2 0:05) over the large range explored fo(Fig. 8c).

Therefore, the magnetic helicity contained in these uxesp

An e cient way to compute the magnetic helicity of the eldS mainly de ned by their magnetic ux (the mean ux linkage

B within a volumeV is to split the eld B into two parts, as being almost constant). We anticipate that this result el

B = Beiosed+ Bopen WhereBgoseais fully contained inside/ extended to a much broader ensemble of boundary shapes than

and Bopen has the same distribution &on the boundary of  those de ned by Eq. (4).

(Berger 2003). For an element of lendtlof a ux rope, a simple

choice forBgjosea@nd Bopen is the azimuthalB,) and axial ;)

3.5. Magnetic helicity

eld components, respectively 4. Estimation of the boundary shape from B along a
Z 1D cut of the ux rope
H =2  Aopen BolosedV ; (22) In this section, we analyze the magnetic eld pro le compite
along a cut of the ux rope along the direction (at a xedy
= 2L A, B.dS; (23) value). The aim is to provide a rst step toward the analydis o
S in-situ data by identifying the characteristics of the gl le

where A, satisesB, = (r As) 2 andS is the area of that permit us to determine approximately the parametettseof
the ux-rope cross-section. This is the classical way to eonffiodel that is most compatible with the observations. Thd na
puteH fqx a circular cross-section since Eq. (23) is reduced giptermination of the parameters will be realized by a legsase

_ R . L t to the data in a subsequent work. However, this procedsire i
H=4L ;, ABrdr.Forthe Lundquist solution, itimplies that 5 yrivial task due to the number of free parameters iraalv
The tting method will largely bene t from the following ap-
— 2 2 — 2
Hoo= 2 (BB )+ 3() 2d( )d( )=)BiaRL proximate determination of the parameters since the iterat-
0:70B82 . RL; (24) volved in the tting can be initiated closer to the best st

o ) (i.e., starting the iteration from a 'good' seed). This vépeed
where the rst expression is general, while= | (de ned by yp the convergence towards the global minimum of the functio
BAR) = 0) for the numerical value of the second expressiofe ned as the distance of the model to the observations, e e
This expression was used to estimiten MCs (e.g., Dasso et al. more importantly, it will limit the possibility of convergg to a

2003; Gulisano et al. 2005). . _ local minimum, rather than the global minimum (i.e., théis
However, Eq. (23) is not convenient to compute the heliciyng up at a false solution).

for a general cross-section shape, since one rst needsnos co
pute A, by integration ofB,. Equation (22) can be transformed .
with the vector identity (U V)=V r U U r VvV 41 Aspectratio

whereU = Agpen = Aa andV =pfdosed = Azz; The surfat;e N The aspect ratiop, of the boundary has a strongect on the
tegral on the ux rope boundary,(Aciosed  Az2) dSy, vanishes  g|q-ine curvature, so on the contribution of the magndéa-

if A,= A= 0.This is a particular gauge for the vector potentiakjon Together with the force-free balance, it implies thags
that we have already selected in Sect. 2.2. Therefore AwttD 5 strong in uence on the distribution of the eld strengghin-

atthe ux rope boundary, Eq. (22) can be rewritten as side the ux rope (Figs. 3-5). More precisely, cuts across tix
z rope parallel to the-axis, ata xedy = y,, have a clearly peaked
H=2L ABJS: (25) B(x) pro le for low b values, and this pro le becomes atter as
S

b increases (Fig. 6).

This integral is much easier to compute than the one in Eq, (23 We take advantage of the above property to present a method
since it involves only scalar quantities that are direcpatg of to estimatéd from B(X). Several attempts have been investigated

the model. to characterize thB(x) pro le as a function ob, for example by
With Eq. (25), the helicity of a ux rope with a rectangularcomputing the mean curvature of tBéx) pro le. However, this
cross-section is easily computed as curvature depends o and on the size of the x-interval crossed.

From these explorations, we nd that this approach is suotagt
to relatively low impact parameters. In our explorationiad dif-
ferent possibilities, we select the option which has thstlea-

2
HR:ﬂ b
1+ Db?

bZ
B2 R°L 1:27w B2 R°L: (26)
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with the result obtained with a rectangular cross-sectwom
Eq. (14), we nd:

_ Bfront _ Bback - n bcoskyyp)
YT+ b2coR(Kyyp) |

lBR (28)

Bcenter Bcenter

whereky = =(2b). In contrast to Eq. (27), we do not include an
averaging in the de nition ofg.r, Since we want only a quali-
tative comparison of the main trend, keeping the analyfmal
mula simplergr is weakly dependent oy, if it is small com-
pared tob. In Fig. 9, we only show the casg = 0 (to provide

a common guide for all panels). The rectangular boundary has
rer(Yp = 0) slightly aboverg for small values of andyy, but

still the global behavior is reproduced. After an explarvatof
possible functions, a better approximation is obtained byra

ple modi cation of Eq. (28), using, = 0:

Fig. 9. Evolution of magnetic eld ratiors, de ned by Eq. (27), as @ rg.approx = (b 0:07):p1+ b2: (29)
function of log,b, whereb is the aspect ratio of the ux-rope cross-

section. The averages are computed over 20% of the lengtlg #ie This provides a relatively good approximation for the nuimer
cutacross the uxrope is relatively independent afas wellas thg  cal results fofly,j  0:5b, and it results in anpunderestimation
position of the cut iry,, especially for low values of these parametersof rg only for smallb and for largejaj (jaj b, Fig. 9a-c).

The continuous lines are the numerical results, the da_sihedépre- For larde impact parametersv > 0-5b). and siani canta val-

sents the result for a rectangular boundary, Eq. (28) witk 0, and 9 pact p i N ), 9 .

the dotted line is for ues,I'e;approx Signi cantly overestimatesg for largeb, while the

the analytical approximation given by Eq. (29). reverse is true at low. If such an extreme case is needed, the
interpolation within a table of the numerical results carubed

for a more accurates estimation.

pendence on other parameters (such aytheda values). We
also de ne global quantities, rather than local ones, teeHags 4.2. Orientation of the ux-rope axis

g]azgrr:(s:.e of local perturbations in future applications tbser- ':‘/lgasséi:al rr_lefchod to determine metljoé:lalvaxis orientaé'rbam
. . . is the minimum variance metho , see e.g., Sonnerup
The best estimator of the parameltere found is the ratio o~ 1967; Burlaga et al. 1982). It is based on the afi-
< Broy >1 + < Boag> ent behavior of the axjal z;nd the two ort_hogonal componeits o
rg = ront ~ f back 71 . (27) the magnetic eld which is expected, since an MC has a ux
2 < Beenter™t rope structure. The method nds the directions where the-mag
netic eld has the lowest and the highest variance (the ttird
where the averaging is done over a fractfoof the x-extension rection, with an intermediate variance, being orthogarige
of the analyzedB prole. < Beenter > extends symmetrically MV requires that the three variance values are well sepérate
around the maximal value @, and< Bfont >, < Bpack > are  condition generally metin MCs. Thus, the MV provides approx
computed in the vicinity of the ux-rope boundaries. Incs#® imately the directions y; z used above (we recall that the ux
f provides a more global determination of the averages, butdpe is supposed to move away from the Sun alory
decreases the range of variationrgfwith b, so its sensitivity. The MV was extensively used to nd the local axis of MCs
On the other hand, for a too smdllvalue,rg is too sensitive (e.g., Bothmer & Schwenn 1998; Gulisano et al. 2007, and ref-
to local B perturbations (in the application to MC data). As &rences therein). It provides more accurate results whgmji-
compromise, we seledt= 0:2. plied to a normalized time serid(t)=B(t). It was compared to
Figure 9 demonstrates that has a well de ned variation other methods, in most cases successfully, with typicadi
with b. The saturation ofg, close to 0 and 1 for small andences between the methods of the order of The most impor-
largeb values, respectively, is intrinsic to the force-free bakan tant deviation in the orientation is produced by changimgViC
(Sect. 3.2). As a consequence, the estimatidni®fess accurate boundaries (Dasso et al. 2006). Also the systematic errthrein
for small and largd values. Nextrg is weakly dependent o orientation increases with the impact parameggr,However,
so on the bending of the ux rope. This is so becausés de- the tests of Gulisano et al. (2007) with Lundquist's testdel
ned by an average of the frontand back eld; is also weakly have shown a deviation of only 3 fory, 30% of the MC
dependent omyy, a result coming from the global force balanceadius and of 20 fory, as highas 90% of the MC radius.
(Sect. 3.2). Finally, sinceg is de ned as a function o8B, this The results of Sect. 3.2 show that the orientation of the mag-
implies thatrg is explicitly independent of the estimation of thenetic eld is weakly a ected by the shape of the cross-section.
axis orientation. However, there is still an implicit degence This is true for low impact parameters (see the ogse 0 in
since the determination of the MC boundaries is more aceur#ig. 6b,d), as well as in about the half of the ux rope (as can b
in the MC frame (Dasso et al. 2006). deduced qualitatively from Figs. 3-5, see Sect. 3.2). Tioeee
The above numerical results could be directly used to estie expect that the results previously obtained in tests lficy
mate the aspect ratlousing the measured valuegf (by inter- drical models are approximately valid also for ux ropes hwit
polating a table of values). However, it is more practicallés distorted cross-section.
rive an analytical approximation. This task is largely faaied The main advantage of the MV method is that it does not
by the dominant dependencergfonb. As a guide we compare introduce an a priori on the detailed magnetic con guratidn
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Fig. 10. Estimation of< By, > = < B > with averages computed along
the entire cut of the ux rope (located @t= y,). The continuous lines
are the numerical results and the dashed lines represeantigtical
approximation given by Eq. (31). on values of the distarti@rameter
are shown(a) a= 0 and(b) a= b

the ux rope (e.g., the distribution of the twist). The smdé-

pendence of the time seri&t)=B(t) on the cross-section shaperig. 11. Evolution of the asymmetry rati,, de ned by Eq. (32), as a
further justi es the use of the MV. This provides an estimati function of log,b. The averages are computed over 20% of the length
of the MC frame, de ned by the;y; z directions, in which the along the cut across the ux rope at y,. The drawing convention is
data are transformed for the next steps. the same as in Fig. 9.

4.3. Impact parameter Finally, the estimation of,=b permits us to estimate the

extension of a central crossing from the measurg,Qf  Xsront,

sive quantities, i.e. they depend on the MC size. In ordesio as deduced frqm the observed velocit_y, fror_n the determu'na;i
e : f the boundaries and from the axial orientation of the MCthwi

timate the true size of the ux rope, it is therefore IMpottém  , ., qary parametrized by Eq. (4), this step does not depend
relate thex extension measured along the ux-rope crossing t

its value for a central crossing (wheBeis maximum). This is Sna (@sXpack  Xiont is independent af for a giveny,= value).
realized by estimatingp.

They,, position of the cut aects the three components®f 4.4. Bending
as can be deduced from Figs. 3-5. As for the determinatidn of . .
above we search for the best way to estimgteGulisano et al. A global bending of the ux rope has a relatively weakezt
(2007) have used By > normalized to the central eld strength, " the magnetic eld (Figs. 3-5). The strongestet is present
B, which was deduced by tting the Lundquist solution to th@" the.BV component as the front _eld IS Increasing with more
data. They derived a quadratic relationship betwggand < negativea values, while th.e opposite occurs in th? back O.f the
B, > =B, fora magnetic eld de ned by the Lundquist solution. ux rope (for not too largejy,j values). Therefore, information

Here, we extend this approach, by computing onais contained in the observddj pro le. However, we prefer
' ' to use theB pro le since it is independent of the ux-rope ori-

rex =< Bx>=<B>; (30) entation, and becau§B,j is indeed close t® near the ux rope
fpundaries. We de ne

Global quantities, such as magnetic ux and helicity, areeax

where the averages are computed over the full crossing of
ux rope (at a giveny,). This new de nition removes the need, _ - .
to use a particular model to normalizeB, >. fa =< Boack>r = < Brant > (32)
Figure 10 shows thatgx has a well de ned variation with where the averaging is done over a fractfoaf the x-extension
yp, but that it also depends dn and to a lesser extent an  of the analyzed pro le. As for Eq. (27), we select = 0:2.
Moreover, sinceBy is involved,rgy is also a ected by the deter-  r, strongly depends om, but only forb lower than a few
mination of the local MC frame (Sect. 4.2). With a rough estim unBs (Fig. 11). Indeed, we show curves with xed values of
tion, we ndrgx  1:2y,=b. More precisely, the proportionality a=" which implies an increasing value afwith b. Therefore,
coe cient depends weakly dn with avalue 0:7forb << 1, equivalent curves, with a xed value fa; would show an even
and 1.7 forb>> 1, so the above ane relation can be system-|gwer dependence oa for b > 1. Indeed, wherb >> 1, a

atically biased, up to 40%, for a very small or for a very larggomparable td is required in order that magnetic tension mod-

aspect ratio. A better approximation is: i es signi cantly the otherwise, atB(x) pro le (Figs. 5-6). The
L 2 jypj Yp choice of the scaling o with ~ b was guided by numerical er-
Fexapprox(Yp; 0) = €1+ 02—2+ 2 Db’ (31) rorﬁ_(see the end of Sect. 2.4). However, values lafger than

) ) Cp— b are expected to be unphysical (in particular they were not
wherec; and c; are slightly finction ofjgj’ b: ¢, = 07+ found in MHD simulations, e.g., Riley et al. 2003; Mancheste
0:2jaj bandc, = 0:9 0:2jaj b. This formula approximates et al. 2004), so we claim that Fig. 11 represents acantly
relatively wellrgy (Figure 10). Equation (31) can be used to edroad range of the parameter space which covers most of the
timatey,=b, and thereforg, when the two previous steps havebserved MC con gurations.

been realized (Sects. 4.1,4.2). The paramatean rst be set ro does not only depend oa, but also strongly orb, as

to zero, ag gy andrexapproxdepend only slightly o (Fig. 10). well as ony,=b as shown in Fig. 11. Moreover, these depen-
Then, an iteration with the next step (estimata)gcan be real- dences are coupled (the curves evolved signi cantly witl th
ized. Alternatively, this estimategi=b value can be used directly three parameters), therefore we do not present an analgtica

as a seed when tting the model to the data. proximation (which would be cumbersome). However, with
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andyp,=b approximatively determined with the previous stepshape of the boundary but with a signi cantly lower aspeet ra
(Sects. 4.1,4.3r can be estimated from the interpolation of dio, in agreement with previous observations (e.g., Dassd. e
table ofr, values. 2005a; Liu et al. 2008; Mostl et al. 2009).

These estimations can be re ned by tting the model devel- The next deformation in importance is the global bending
oped in Sect. 2 to the data, with the initial parameters st#t@o of the ux rope coming from its interaction with surrounding
above estimations. The purpose of the next paper will begtyap SW streams (see refs. in Sect. 1). The symmetric bending mode
this new technique to a set of MCs. The dience between the (Figs. 3-5) can signi cantly aect the magnetic tension, there-
initial parameters and the tted ones will provide an estiima fore also the distribution of the eld strength. With a bengli
of the precision of the above estimations when applied ta.dat in the direction of the MC propagation, a stronger eld in the
front than in the back is present, as frequently observed@s M
Such asymmetry can also come from the temporal evolution of
the magnetic eld as the observations of the front and baek ar

The present work is motivated by the need for a magnetic mo@#ifted in time (this eect is called the “aging eect”). However,
in order to derive the magnetic con guration of MCs from lbcathis e ect can be corrected, and it is usually not the main cause
measurements provided by spacecraft. The model shouldée &l the observed asymmetry between the front and back of MCs
to compute a large variety of magnetic con gurations, asabro (Démoulin et al. 2008). Moreover, even removing the agifig e
as possible, but also the parameters of the model should Ibe ect, a frontback asymmetry can still be observed in some MCs
de ned from the observations. (Mandrini et al. 2007; Dasso et al. 2007). Finally, we ndttze
To develop the above goal, we generalized the Lundquist steformation of the ux-rope core decreases with higher igpat
lution, obtained in cylindrical symmetry, the MC boundagwh frequency deformations of the boundary.
ing a broad range of shapes. We express the solution with a se-We next analyzed the results of the model with the perspec-
ries of functions satisfying the linear force-free equasgioSuch tive of applying itto MC data. In particular we search for trest
a development in series usually involve a large number @& frway to have an ecient rst estimation of the model parameters.
parameters (the multiplicative coeients of the functions in the This step is important as the parameter space to exploregis, la
series). Here we limit the freedom of the model by imposingnd our previous experience of a direct t of a simpler model t
the shape of the MC boundary (depending on few parametetbg data has shown us that a direct tdoes not always converge
Moreover, it de nes a well posed problem. For a given bougidathe correct solution. This consideration is even more irgyur
shape, the internal magnetic- eld solution is unique. Timie- as the number of free parameters is larger in the presentimode
cedure provides a solution accurate enough over a broae raM¢e also verify that the magnetic eld taken only on a lineat cu
of aspect ratios of the ux rope cross-section (typicallg @ through the ux rope was sensitive enough to determine the pa
10). While the boundary shape can be more general with tfiggneters. We nd that this is true for all parameter, wherated
method, we limit our report to the boundary deformationsaluhi in the expected physical range. The main limitation is th@me
dominantly a ect the observed magnetic eld. Other deformasurent of the bending (s&) for large aspect ratidoj.
tions have a lower eect inside the ux rope, in particular on  In previous studies, the determination of the MC axis was re-
its core, and only future studies will be able to tell if sonfe calized mainly with the minimum variance/and with a t of the
these deformations could be estimated accurately enoogh frLundquist model. We nd that the distortions of the MC bound-
the data. ary shape mainly aect the magnetic eld strength, but only
The physical origin of the cross-section deformation is theeakly its direction. Therefore, the MC axis direction folun
ux rope interaction with its surrounding SW. In particulaiur- previous studies will remain weakly acted by applying the
ing the MC travel through the heliosphere, dient parts of present new model. It implies that the local magnetic frase i
the MC boundary could be in contact with dirent parcels of relatively well de ned. This is an important result to deténe
SW having di erent pressure, therefore changing the originaccurately the locations of the MC boundaries, as well as the
shape of the MC. These changes of the MC boundary drivémapact parameter. We nd a direct relationship between the i
re-con guration of the internal magnetic eld, in a similaray pact parameter and the mean magnetic- eld component presen
to the global expansion of MCs proposed by Démoulin & Dassdong the projection of the spacecraft trajectory orthatigrio
(2009). Thus, the shape of the MC boundary given by Eq. (#)e MC axis. We conclude that all the free parameters of the
can be interpreted as a consequence of the interaction afthe model can be constrained, and so determined, from a timesseri
rope with its environment. We found that a at/and bent ux- of a measured magnetic eld within a MC.
rope cross section requires a large gradient of the totakpre Finally, we plan to study how much global quantities, such
along the MC boundary (Fig. 7). Such a large gradient of preas magnetic ux and helicity, are modi ed in comparison with
sure is unlikely to be present around MCs outside the intEigc their previous estimations using the Lundquist eld on MOsir
regions between two types of SW. model shows that the estimation of the aspect réits(the most
The most important deformation is a global elongation amportant parameter of the MC cross-section for these ¢loba
the ux-rope cross-section. It is characterized by the asp& quantities. Other boundary deformation, such as the glodyad-
tio (b), de ned by the ratio of the dimension across to the oniag (a), have a much smaller ect on the global quantities. We
along the spacecraft trajectory projected orthogonalthédMC  also found that the magnetic helicity, normalized by thedpici
axis. Simulating the crossing of the ux rope by a spacecraftf the axial and azimuthal uxes, is very weakly dependent on
we nd that, for lowb values, the magnetic eld strength peakshe boundary shape (at least with a linear force-free eld).
inside the ux rope, while it becomes atter dsincreases. We
quantify this property so thdt can be estimated from the mag-Acknowledgementswe thank Tibor Térok for reading carefully, and so, im-
netic data collected across a MC. We also con rm the resiilts Qfl?(‘j’i?hggze r’:‘g}l‘ffccf(')%t ;‘;‘; \f‘eUthfesnigk”?y'?ﬁgeﬁgggf&’%fifsovmmff325'
Vandas & Romashets (2003) who derived an analytical SCD1Ut'§artiany SL?pported by the Argentinean geangts: UBACYT X488 PICT 2007-
of a linear force-free eld contained inside an ellipticalnd-  ogs6 (ANPCyT). S.D. is member of the Carrera del Investigagient co,
ary. We nd that the con guration of the core inherits the atd CONICET.

5. Conclusions
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