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[1] Constant-o force-free magnetic flux rope models have proven to be a valuable first
step toward understanding the global context of in situ observations of magnetic clouds.
However, cylindrical symmetry is necessarily assumed when using such models, and it is
apparent from both observations and modeling that magnetic clouds have highly
noncircular cross sections. A number of approaches have been adopted to relax the
circular cross section approximation: frequently, the cross-sectional shape is allowed to
take an arbitrarily chosen shape (usually elliptical), increasing the number of free
parameters that are fit between data and model. While a better “fit” may be achieved in
terms of reducing the mean square error between the model and observed magnetic
field time series, it is not always clear that this translates to a more accurate reconstruction
of the global structure of the magnetic cloud. We develop a new, noncircular cross
section flux rope model that is constrained by observations of CMEs/ICMEs and
knowledge of the physical processes acting on the magnetic cloud: The magnetic cloud is
assumed to initially take the form of a force-free flux rope in the low corona but to be
subsequently deformed by a combination of axis-centered self-expansion and heliocentric
radial expansion. The resulting analytical solution is validated by fitting to artificial time

series produced by numerical MHD simulations of magnetic clouds and shown to

accurately reproduce the global structure.
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1. Introduction

[2] Coronal mass ejections (CMEs) are huge expulsions
of solar plasma and magnetic field through the corona and
out into the heliosphere. CMEs are known to be the major
cause of severe geomagnetic disturbances [e.g., Cane and
Richardson, 2003], making them of critical importance to
space weather studies. Remote measurements of CMEs,
notably coronagraph observations (e.g., the Large Angle
Spectroscopic Coronagraph) [Brueckner et al., 1995] have
highlighted both the event to event variability in CME size,
speed, and morphology [St. Cyr et al., 2000] and the lack of
a single, coherent picture of the processes driving eruption
[e.g., Linker et al., 2003; Antiochos et al., 1999; Chen,
1996]. The interplanetary manifestations of CMEs (ICMEs)
allow the only in situ sampling of ejecta magnetic fields and
plasma. Thus ICME observations and modeling can provide
valuable information about the magnetic configuration and
orientation of ejecta which may prove key in constraining
theories of CME initiation, as well as aiding our under-
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standing of the evolution of ejecta during their transit from
the Sun to 1 AU.

[3] Magnetic clouds (MCs) are a subset of ICMEs,
comprising somewhere between a quarter and a third of
all ejecta [Cane and Richardson, 2003]. They are charac-
terized by a smooth magnetic field rotation and enhanced
magnetic field magnitude, coupled with a reduced proton
temperature [Burlaga et al., 1981]. The field rotation has
been attributed to a magnetic flux rope (MFR) and success-
fully modeled as a constant-a force-free magnetic flux rope
(CaMFR) [Lundquist, 1950; Burlaga, 1988; Lepping et al.,
1990], enabling the single-point measurements to be inter-
preted in terms of the large-scale structure of the magnetic
cloud. This approach has proved highly productive: the
local orientation of the MC (i.e., the axis of the flux rope)
and its helicity can be estimated, allowing comparisons with
remote observations of filament orientations and handiness,
resulting in the discovery of solar cycle and hemispheric
trends in the Sun’s behavior [Bothmer and Schwenn, 1998;
Mulligan et al., 1998], whereas the MC radius and axial
magnetic field strength can put constraints on the closed
flux introduced into heliosphere by an ejection.

[4] A major shortcoming of CaMFR models is the
intrinsic assumption of cylindrical symmetry. There are a
number of reasons to believe that MCs have highly noncir-
cular cross sections. Observationally, the shock standoff
distance ahead of fast-moving MCs is too large to be created
by a cylindrical obstacle to the flow [Russell and Mulligan,
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Figure 1. A schematic representation of the geometry

used to generate the kinematically distorted flux-rope
model. A constant-a force-free flux rope is initially located
at a heliocentric height %,. Each point within the flux-rope
then moves subject to two velocities: antisunward at speed
Vg, and antiaxially (i.e., in the R direction) at a speed Vgy.
The intensity of the axial and nonaxial magnetic field
components are assumed to remain unchanged.

2002], and the angle of the deflected solar wind flow in the
sheath region ahead of such ejecta also suggests an elon-
gated structure [Owens and Cargill, 2004b]. Modeling of
ICMEs, both by means of simple numerical simulations
[Riley and Crooker, 2004] and more detailed magnetohy-
drodynamic (MHD) simulations [Riley et al., 2004], results
in MC cross sections being highly oblate at 1 AU. Noncir-
cular cross section MC models have been developed to
address this issue. Mulligan and Russell [2001] developed
an elliptical cross section model by generalizing a CaMFR
model. Hu and Sonnerup [2001] assume that magnetic
clouds can be approximated as axis-symmetric, magneto-
static structures, enabling the reconstruction of the cross-
sectional shape using the Grad-Shafranov technique. This
approach requires the axis orientation to be determined by
minimum variance analysis (MVA) [Sonnerup and Cahill
1967]. Hidalgo et al. [2002] relaxed the force-free condition
by relating the magnetic field structure of the cloud to the
current density and solved the resulting equations assuming
elliptical cross section geometry [see also Hidalgo, 2003,
2005]. Thus the general approach has been to relax the
restrictions on the cross-sectional shape and thus fit an
increased number of free model parameters to the data.
While this increase in the number of degrees of freedom
will undoubtedly lead to a better “fit” in terms of the mean
square error (MSE) between the model and observed time
series, it does not necessarily lead to a more accurate
reconstruction of the global geometry and properties of
the MC [e.g., Riley et al., 2004]. In this study we attempt
to relax the circular cross section approximation but in a
way consistent with the physics of MCs.

2. Model

[s] We begin by assuming that somewhere in the low
corona, a magnetic cloud can be approximated as a
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CaMFR (we are unconcerned whether the flux rope
existed prior to the eruption or formed during the
eruption). Despite the evidence against circular cross
section MFRs at 1 AU, there are reasons to believe they
are a relatively common feature of ejecta in the low
corona. LASCO observations of CMEs frequently exhibit
circular structures attributed to MFRs [Low, 1994; Rust,
1994; Dere et al., 1999], and MHD simulations based
upon a variety of initiation mechanisms [e.g., Antiochos
et al., 1999; Linker et al., 2003; Amari et al., 2000]
produce approximately circular cross section MFRs in the
early life of ejecta.

[6] The initial MFR is characterized by the same basic
parameters that are fit to observations at 1 AU: radius (o,
in kilometers), axial field strength (B, in nT), ., and helicity
(H, with +1 and —1 signifying right- and left-handed helicity,
respectively). Thus in axis-centered cylindrical polar coor-

dinates (f‘, dA), i) , with z aligned to the axis of the MFR, the
magnetic field is described by

B = HByJ, (o) + BoJy(or)z, (1)

where 0 <= r <= ry and 0 <= ¢ < 27, and J, and J; are
Bessel functions of the zeroth and first order. Note that ar =
2.408 corresponds to a completely poloidal field (i.e., no
axial (z) component), which is conventionally considered to
be the MFR outer boundary.

[7] At time ¢ = 0, the MFR is assumed to be at a
heliocentric height /(. Note that ry and /4 define the initial
angular extent of the CME: ry =1 Rg and hy = 2 Rg translate
to a width of 60° (see also Figure 1). Thus in heliocentric

cylindrical polar coordinates (ﬁ, 0, Z), with Z aligned to

the axis of the MFR, a point Py (r, ¢, z) inside the initial
MEFR is given by

Po(Pr, Py, Pz) = <([rsin(¢)]2 + [ho +rcos(¢)}2>l/27

arctan (#%) ,z). )

We now consider the evolution of this structure. As the flow
momentum of the solar wind far exceeds the magnetic
pressure at heliocentric distances beyond a few solar radii,
we ignore magnetic forces, in a similar manner to Riley and
Crooker [2004]. We assume two separate motions of all
points within the MFR: antisunward transit at a speed Vzp,
as is undergone by the ambient solar wind, and self-
expansion of the MFR driven by internal pressure forces.
The linearly declining speed profiles observed in magnetic
clouds at 1 AU [Owens et al., 2005] suggests the expansion
speed varies linearly with distance from the axis of the
cloud (r/rg). Thus the total velocity (V) of any point of
within the MFR is then given by

.
g, (3)
ro

V = VR +

where Viy is the expansion speed at the outer boundary of
the magnetic cloud. Hence at a time ¢ (in seconds), the
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Figure 2. The cross-sectional evolution of a MFR with
time, assumlng full self-expansion (the thin line), and self-
expansion limited to the R direction (the thick line). Note
that by the time the MFR has reached 30 Rg (i.e., the field of
view of LASCO), full expansion produces an increase in the
angular extent of the MFR cross section of ~55°. Limiting
self-expansion to the R direction maintains the width of the
MFR cross section, as is observed.

plasma originally at point Py will be at point P (Pg,Py Pz),
given by

PR :PR(t: 0) +tVTR<l +ﬂcos(<b—9))
ro

Py = Pe(t = 0) + tVR <Ij—(: sin(d) — 6))7 (4)

where A4 is the ratio of Vgyto V. For observations of both
magnetic cloud and noncloud ICMEs at 1 AU, Owens et al.
[2005] found 4 ~ 0.15.

[8] The thin line in Figure 2 shows the solutions of
equation (4) for » = ry and 0 <= ¢ < 27 (i.e., the outer
boundary of the MFR) at increasing times, using 4 = 0.2,
Vig = 400 km/s, hg = 2Rg, and ry = 1Rg. The cross
section of the MFR becomes highly noncircular after a
few solar radii, as was shown numerically by Riley and
Crooker [2004]. Note that due to the nonzero expansion
speed, the angular extent of the MFR increases with time.
Coronagraph observations of limb CMEs have found the
angular width of ejecta to remains constant as the CME
propagates through the corona [St. Cyr et al., 2000;
Schwenn et al., 2005]. Furthermore, in situ observations
of ICMEs at 1 AU should exhibit large (~100 km/s)
nonradial flow speeds within the body of the ejecta that
are systematically orientated by the spacecraft intersection
position, which has not been observed [e.g., Owens and
Cargill, 2004b]. Thus we limit the expansion velocity to
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the R direction, yielding a corrected version of
equation (4):

Pr = <[r sin(¢)]* + [ho + rcos(Cb)}z) .
+ Vg (1 +1:—: cos(dp — 9))

rsin(0) )

ho + rcos(¢) )

Py = arctan(

[9] The thick line plot in Figure 2 shows the solution of
equation (5) for r = g and 0 <= ¢ < 27 (i.e., the outer
boundary of the MFR). The angular extent of the MFR
cross section now remains constant with time, and the flow
velocity within the ICME is expected to be purely radial.

[10] If we assume the magnetic field intensity contained
in the poloidal and axial directions is constant (for the
magnetic cloud fit we are concerned only with the direction
of the magnetic field: see section 3), the magnetic field
vector at a point (R, 6, z) at a time ¢ is then simply a
combination of the axial and poloidal components. The
axial component is always directed along Z, while the
poloidal component is in the (R, 0) plane, directed along
the tangent to the surface of constant » (see also Figure 1):

B (R, 0, Z> = HByJ, (or) g—z + Bodo(or)Z
= HBOJI (OLV) _hor Sln(d)) 1/2
[} + 2rhg cos() + ]

tVexhor[ho + rcos(d)] s1n(d> 0) R
ro [ + 2 + 2hor cos(d)]
r[r+ ho cos( )]
h3 + 2hor cos(d) + 12
+ BoJo(ar)Z, (6)

>

+ HByJ; (o) (

where P = PzR + Py, This equation only has a real solution
if the point (R, 0, Z) is within the MFR boundary at time ¢
(i.e., there exists a solution at time 7 for 0 < r < ryand 0 <
& < 2m). Figure 3 shows the solution of equation (5) at a
number of points in the (R, 0) plane, for a given set of
parameters (hg =2 Rg, 7o =1 Rg, « =2.408, By =15 nT, H=
+1, and 4 = 0.15) at a time when the leading edge reaches a
heliocentric distance of 215Rg. Blue dots represent points
where there is no physical solution at this time, whereas the
red lines show the instantaneous magnetic field vector at
that point in space. The black curves are contours of
constant 7, the outermost contour being the magnetic cloud
boundary. The solid black line shows a closest approach of
half the magnetic cloud’s angular extent (see also Figure 5).
The next section will outline how this new magnetic field
model can be fit to in situ observations of magnetic clouds
(i.e., magnetic field time series).

3. Fitting the Model

[11] As with most magnetic cloud models, a “best fit” to
the data is achieved by varying the free parameters so as to
minimize the difference (in terms of either MSE or x?)
between the model and observed magnetic field time series.
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