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Abstract Magnetic clouds (MCs) are a subset of ejecta, launched from the Sun
as coronal mass ejections. The coherent rotation of the magnetic field vector
observed in MCs leads to envision MCs as formed by flux ropes (FRs). Among
all the methods used to analyze MCs, Lepping’s method (Lepping, Jones, and
Burlaga, 1990, J. Geophys. Res. 95, 11957) is the broadest used. While this
fitting method does not require the axial field component to vanish at the MC
boundaries, this idea is largely spread in publications. Then, we revisit Lepping’s
method to emphasize its hypothesis and the meaning of its output parameters.
As originally defined, these parameters imply a fitted FR which could be smaller
or larger than the studied MC. We rather provide a re-interpretation of Lepping’s
results with a fitted model limited to the observed MC interval. We find that,
typically the crossed FRs are asymmetric with a larger side both in size and
magnetic flux before or after the FR axis. At the boundary of the largest side we
find an axial magnetic field component distributed around zero which we justify
by the physics of solar eruptions. In contrast, at the boundary of the smaller side

X P. Démoulin
pascal.demoulin@obspm.fr

S. Dasso
dasso@df.uba.ar

M. Janvier

mjanvier@ias.u-psud.fr

1 LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Univ.
Paris Diderot, Sorbonne Paris Cite, 5 place Jules Janssen, 92195 Meudon, France

2 CONICET, Universidad de Buenos Aires, Instituto de Astronomia y Fisica del
Espacio, CC. 67, Suc. 28, 1428 Buenos Aires,Argentina

Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales,
Departamento de Ciencias de la Atmdsfera y los Océanos and Departamento de

Fisica, 1428 Buenos Aires, Argentina

4 Institut d’Astrophysique Spatiale, UMR8617, Univ. Paris-Sud-CNRS, Université
Paris-Saclay, Batiment 121, 91405 Orsay Cedex, France

SOLA: demoulini9_Lundquist_fit_reloaded_V4.tex; 29 November 2019; 11:59; p. 1


http://orcid.org/0000-0001-8215-6532
http://orcid.org/0000-0002-7680-4721
http://orcid.org/0000-0002-6203-5239
mailto:Pascal.Demoulin@obspm.fr
mailto:dasso@df.uba.ar
mailto:mjanvier@ias.u-psud.fr

P. Démoulin et al.

the axial field distribution is shifted to positive values, as expected with erosion
acting during the interplanetary travel. This new analysis of Lepping’s results
have several implications. First, global quantities, such as magnetic fluxes and
helicity, need to be revised depending on the aim (estimating global properties of
FRs just after the solar launch or at 1 au). Second, the deduced twist profiles in
MCs range quasi-continuously from nearly uniform, to increasing away from the
FR axis, up to a reversal near the MC boundaries. There is no trace of outsider
cases, but a continuum of cases. Finally, the impact parameter of the remaining
FR crossed at 1 au is revised. Its distribution is compatible with weakly flatten
FR cross-sections.

Keywords: Coronal Mass Ejections, Interplanetary; Helicity, Magnetic; Mag-
netic fields, Interplanetary

1. Introduction

Magnetic clouds (MCs) are a part of ejecta launched from the Sun. Many studies
are focussed on MCs because of their highly organized magnetic field. The in
situ observations at the Earth orbit show a large and coherent rotation of the
magnetic field vector on a time scale of the order of one day (e.g., Burlaga
et al., 1981; Burlaga and Behannon, 1982; Gosling, 1990; Lepping, Burlaga, and
Jones, 1990). These observations are typically interpreted as the presence of a
twisted magnetic flux tube, or flux rope (FR), crossed by the spacecraft. MCs
also have typically a lower proton temperature compared to the solar wind with
the same speed, and a low plasma beta. As the magnetic forces are expected to
be dominant, MCs are described with a force-free configuration in a progressive
expansion as they move away from the Sun (e.g., Shimazu and Vandas, 2002;
Démoulin and Dasso, 2009; Vandas, Romashets, and Geranios, 2015).

While in situ observations provide detailed plasma and magnetic field mea-
surements along the spacecraft trajectory, modeling is needed to estimate more
global physical parameters, such as magnetic flux and helicity. In particular,
such approach is needed to relate the local in situ observations to the physics of
the coronal source region (e.g., Dasso et al., 2005b; Qiu et al., 2007; Nakwacki
et al., 2011; Rodriguez et al., 2008; Hu et al., 2014). A classical approach is to fit
a FR model to the observed magnetic field. This allows finding approximately
the local orientation of the FR axis; then, the data are rotated in the FR frame
defined by the FR axis direction and the spacecraft trajectory.

Several FR models have been proposed to describe MCs. The simplest ones
assume local cylindrical symmetric magneto-static FR solutions. Among the
ones with the lowest number of free parameters, the Lundquist’s model assumes
a linear force-free field (FFF) with a simple profile (described with one harmonic
of the linear FFF, Lundquist, 1950; Goldstein, 1983). This field is at the base
of Lepping’s method for MC data fitting (Lepping, Burlaga, and Jones, 1990).
Despite its simplicity, this model describes well the magnetic field of a large
fraction of MCs, at least when the unity field vectors B/B are compared (e.g.,
Lepping, Burlaga, and Jones, 1990; Burlaga, 1995; Burlaga et al., 1998; Lynch
et al., 2003; Dasso et al., 2005b; Lynch et al., 2005; Wang et al., 2015).
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Another simple model is a non-linear FFF with a uniform twist, known as the
Gold and Hoyle’s solution (Gold and Hoyle, 1960). It has a cylindrical symmetry
and the same number of free parameters as the Lundquist’s model. This model
was applied successfully to case studies (e.g., Farrugia et al., 1999; Dasso et al.,
2003, 2006) and more recently to larger sets of MCs (Hu, Qiu, and Krucker,
2015; Wang et al., 2016).

Other models, with more free parameters, have been proposed: for exam-
ple, with an elliptical cross-section shape and/or non-force free fields (e.g.,
Vandas and Romashets, 2003; Hidalgo, Nieves-Chinchilla, and Cid, 2002; Nieves-
Chinchilla et al., 2018). Still, the Lundquist’s model with Lepping’s fitting pro-
cedure remains a reference in the domain, in particular since it was applied
systematically to MCs observed at 1 au by Wind spacecraft, demonstrating its
ability to fit a large variety of data (e.g., Lepping, Berdichevsky, and Fergu-
son, 2003; Lepping et al., 2006; Lepping and Wu, 2007, 2010; Lepping et al.,
2018). Several authors developed their own version based on the pioneering
work’s of Lepping (e.g., Lynch et al., 2005; Leitner et al., 2007; Marubashi
et al., 2015; Good et al., 2019; Nishimura, Marubashi, and Tokumaru, 2019).
Furthermore, it became a source of comparison for authors developing other
approaches (e.g., Nieves-Chinchilla, Hidalgo, and Sequeiros, 2005; Wang et al.,
2015; Nieves-Chinchilla et al., 2018).

The Lundquist’s profile was also used in combination with a model having a
density shell with a torus shape and fitted visually to white-light observations of
a coronal mass ejection (Thernisien, Howard, and Vourlidas, 2006; Wood et al.,
2017). This defines a FR model in the solar corona. The axial magnetic field
component is supposed to vanish at the FR boundary (the density shell) of
the torus model and the azimuthal flux is supposed to be the reconnected flux
deduced from the photospheric magnetogram and the flare loop extension (Pal
et al., 2017; Gopalswamy et al., 2017, 2018).

With in situ data, MC boundaries could be difficult to define, especially the
rear boundary. Different authors are frequently considering different boundaries,
typically with differences of few hours, because they consider different criteria
applied on different in situ parameters (e.g., Zurbuchen and Richardson, 2006;
Dasso et al., 2006; Al-Haddad et al., 2013). Since this is a research subject by
itself, in present study we keep the boundaries as defined in the Lepping’s table,
and it is not our aim to make comparison with other authors in this study.

In Lepping’s papers, it reads that a constraint for a vanishing axial field
component is imposed at the FR boundary: B, pgr = 0 in the FR frame (with
axis attached to the FR, e.g., one axis is along and the others orthogonal to
the FR axis). While B, gr can be found small at the boundaries of some MCs,
this is not true in general and the papers do not provide further justification for
this imposed constraint. In order to check the validity of this hypothesis both
the data and the fitted model could be plotted in the FR frame. However, this
is typically not shown in the papers. Then, whether Lepping’s method really
imposes B, rr = 0 at the boundaries still needs to be checked.

Further doubts arise as to whether this constraint, B, g = 0 at the MC
boundaries, is needed since some MCs show a reversal of B, pr significantly
inside the boundaries (Vandas and Geranios, 2001; Lepping, Berdichevsky, and
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Ferguson, 2003; Lepping et al., 2006). Furthermore, previous studies showed that
a dominant fraction of MCs are eroded, at least on one side (front and/or rear),
during the travel from the Sun to 1 au (Dasso et al., 2006, 2007; Ruffenach et al.,
2015). With such erosion by magnetic reconnection with the solar wind field, how
could a small axial component could remain at the eroded FR boundary?

Forcing B, rr = 0 at the MC boundaries could have an important effect on
the deduced axis orientation for MCs where this condition is not satisfied. This
was shown by Nishimura, Marubashi, and Tokumaru (2019) who fit a large set
of MCs with the Lundquist model. They found that the deduced axis direction
could be significantly different for 30% of the MCs when the condition B, pg = 0
is imposed or not at these boundaries for the fitted model. These differences
propagate in all the other parameters which depend on the FR axis orientation.
Then, when different authors compare their results on the same events, it is
important to precise not only the time location of the selected MC boundaries
but also if B, gr = 0 is imposed or not at these boundaries.

In Section 2, we first review Lepping’s fitting procedure of in situ magnetic
field within MCs. We show that, while the fitting method does not require the
axial magnetic field component to vanish at the MC boundaries, the selected
output parameters have introduced this misleading assumption in subsequent
published papers. We define other output parameters which better represent the
crossed MC. This provides deeper informations on the physics involved in the
launch and transport of FRs. Next, we explore in Section 3 the consequences
of considering only the fitted model within the observed MC boundaries. This
affects significantly previous results on magnetic flux, twist, and helicity as well
as the impact parameter distribution. Finally, our conclusions, derived from
re-analysing Lepping’s results, are given in Section 4.

2. Lepping’s Fitting Method
2.1. Interpretation of the Output Parameters

Lepping, Burlaga, and Jones (1990) and Lepping et al. (2006) developed a
method and a numerical tool to perform a least square fit of the magnetic field
vector within MCs in order to find the FR properties such as its orientation and
its central magnetic strength. They applied it to the observations of MCs made
by the Wind spacecraft. The magnetic field model, By, is the linear FFF with a
cylindrical symmetry, so with a circular section and a straight axis (Lundquist,
1950):

By(p) = Baé, + B.e, = By [H J1(ap) &, + Jo(ap) &.]. (1)

p is the distance to the FR axis. &, (&.) is the azimuthal (axial) unit vectors
in cylindrical coordinates, and B, (B,) is the associated field component, re-
spectively. By is the magnetic field strength on the FR axis. H = +1 is the
handedness parameter or equivalently the sign of the FR magnetic helicity. J;
and Jy are the ordinary Bessel functions of order 1 and 0. Finally, « is a param-
eter related to the amount of twist per unit length along the axis (= B,/(pB.)).
In particular, in the vicinity of the FR axis the twist is «/2.
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In order to fit Br(p) to the observed components Bops(t) within a MC, the
time ¢ needs to be converted to the spatial coordinate along the spacecraft
trajectory as follows. The magnetic field is supposed to not evolve during the
spacecraft crossing (in particular the FR expansion is not included, Lepping,
Burlaga, and Jones, 1990). Then, the time-to-space conversion is modeled by
using the mean proton velocity (V) across the observed MC. This defines the
spatial coordinate along the spacecraft trajectory with (V) ¢ and where, for
conveniency, the inbound boundary is set at time ¢ = 0 and the outbound
boundary is at t = At (Figure la).

Plasma measurements within MCs show that the proton velocity speed is
typically decreasing while a spacecraft crosses a MC (Lepping et al., 2003; Jian
et al., 2008; Masfas-Meza et al., 2016). This indicates that MCs are generally in
expansion. From the observed velocity, the self-similar expansion factor could be
derived (Démoulin et al., 2008; Gulisano et al., 2010). MCs are found to expand
at a comparable rate, independently of their size or field strength. The expansion
has an increasing effect on the observed magnetic field with a larger MC duration.
Still, the effects of expansion are moderate even for large MCs (Section 4.3,
Démoulin et al., 2008). Then, below we stick with Lepping’s method, ignoring
expansion.

Next, the FR axis orientation is defined by its latitude 6 and longitude ¢
(defined in the frame of the observations). The model also needs to be rescaled
in field strength with By and in spatial size with another parameter called Ry.
This radius is defined at the first zero of Jy,

Jo(Oé Ro) = O7 (2)

then « = ¢/Ry, with ¢ the first zero of Jy (= 2.4). It is worth to note that this
scaling parameter in size, Ry, could have been defined at any other location of
the model, e.g., where axial and azimuthal components have an equal magnitude.
Different rescaling choices would not affect the fitting results, provide that the
spatial rescaling is properly taken into account.

The model also needs to have the freedom to be shifted, both along and
across the spacecraft trajectory. This introduces two extra parameters defined
when the spacecraft trajectory is at the closest approach from the FR axis.
These parameters are the time ¢y (or equivalently, the position ¢y (V') along the
trajectory) and the minimum distance of the spacecraft trajectory to the FR
axis. This distance is introduced with the closest approach parameter, CA, as a
% of Ry (Figure 1a).

Summarizing, six parameters (R, By, 0, ¢,to and CA) and a selection pa-
rameter (H = +1) are involved in the fit. They are the minimum number
of parameters needed for any FR model fitted to the data if no constraint is
imposed, such as imposing the same size for the in- and outbound (e.g., with
to = At/2) or forcing B, pr = 0 at the MC boundaries. Said differently, the
above fit has no intrinsic parameter attached to the Lundquist’s model, since
By and R are just rescaling parameters in field strength and spatial size, re-
spectively, while other parameters are geometrical parameters linked with the
encounter and the sign of the magnetic helicity. Finally, the parameter a of
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Figure 1. Schema defining the parameters used in the cross section of the Lundquist’s
model fitted to in situ observations. The schema are drawn in the FR cross section with
X /Y along/across, respectively, the spacecraft trajectory projected in the plane orthogonal to
the FR axis (along Z). X, Y, Z define the coordinates in the FR frame. The MC extension along
the spacecraft trajectory is represented with the blue segment. The circle with a red dashed
line is where the axial field component vanishes. This defines the radius Ro (Equation 2). (a)
Parameters defined by Lepping’s method. The time origin, ¢ = 0, is set at the first encountered
boundary, while the MC duration is At. The closest approach of the trajectory from the FR
axis is at time tg and at a distance defined by the percentage C'A of Rg. The region 0 < t < tg
is called the inbound and the region t9 < t < At is the outbound. (b) Parameters defined in
this work: the coordinate X, the impact parameter p, and radius R at the in- and outbound
boundaries. The case Ry > Rout > Rin is shown while any other ordering is possible with the
fit results of MCs observed at 1 au.

Equation 1 is simply related to Ry (o = ¢/Ryp) so « is only defined by rescaling
the model in size. Then, there is no extra parameter, e.g., describing the twist
profile, when using the Lundquist’s model.

The MC magnetic field norm, B(t), is often asymmetric with respect to ¢ =
to as a consequence of both expansion and intrinsic spatial asymmetry (e.g.,
compression by the sheath pressure). To facilitate the fit convergence and to limit
the interference of this asymmetry on the deduced FR axis direction, Lepping’s
method is performed in two steps (Lepping, Berdichevsky, and Ferguson, 2003).
In the first step, the magnetic field vectors from the observations and the model
are normalized to unity (B changed to B/|B|, then By = 1 in this step) and the
associated chi-squared, x?2, is minimized. H is determined by selecting the lowest
x2 value given by the two possible signs. The quality of the fit is characterized
by the square root of the reduced chi-square defined as xYgr = \/x?/(3Nq — n),
where n = 5 is the number of parameters of the fit and Ny is the number of
data points (Lepping and Wu, 2010). In the second step, a fit to the original
data is performed by minimizing x?2, this time on the full vectors to determine
By (keeping Ry, 0, ¢,to and CA fixed). Since the fields are not normalized, x? is
different from the previous step and its reduced form, Xp, is a measure of the
magnetic field difference between the observations and the model.

Xr is used to characterize the quality of the fit, and it is one of the criteria
used to associate a fitting quality to MCs (Lepping, Burlaga, and Jones, 1990).
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In particular, xgr is supposed to quantify the goodness of the FR orientation.
However, using the normalized fields does not guarantie that the spatial asym-
metry was fully removed (there is no correction along the spacecraft trajectory
while magnetic compression implies both an enhanced field and a shorter spatial
extention). Then, we emphasize that g is a better estimation of the fit quality
than Yg.

The MCs are set in three quality groups: good (@), fair (Q2), and poor
(Qs3) as defined in the Appendix A of Lepping et al. (2006). Quality Qs is first
defined with all the MCs with too high values of Xg or one of the check tests
not satisfied. Next, quality ()1 contains all the MCs with model fit close enough
to the data (Y below a selected treshold). Finally, quality @2 contains all the
remaining MCs.

Rather than ¢y, the asymmetry factor is provided as a percentage with

asf =100 |1 — 2to/At]. (3)

asf = 0 when the closest approach of the FR axis is at the center of the observed
MC time interval and asf = 100 when the closest approach would be at one MC
boundary (t = 0 or At, Figure 1). Inverting Equation 3 provides ¢, as

to = At/2 (1 + asf/100) , (4)

then the inclusion of an absolute value in the definition of asf does not permit
to distinguish between a closest approach time located before or after the center
of the MC time interval.

The fitted parameters for MCs observed by the Wind spacecraft are available
at http://wind.nasa.gov/mfi/mag_cloud_S1.html| (Lepping and Wu, 2010).

2.2. New MC Parameters

The fitting procedure of Lepping described above is fully justified as it does not
introduce an apriori knowledge on the FR present within the observed MC, apart
that the field is one mode of the linear FFF in a cylindrical configuration. This
description of the magnetic model could be changed to another one, e.g., Gold
and Hoyle’s or Vandas’s model (see Section 1). The same parameters as with
the Lepping’s method would be present, with extra parameters specific to the
magnetic model (e.g., to describe the cross section shape). The only difference
could be that the radius normalization would need to be changed as the location
B, rr = 0 may not exist such as in the Gold and Hoyle’s model. In this case,
the spatial size is normalized to another radius, e.g., where azimuthal and axial
components are equal. Another more general normalisation is to set it where the
axial field component has decreased by a given fraction of By. We conclude that
the fitting procedure of Lepping is quite general, adaptable to other FR models
and built on the strong foundations of the x? minimisation.

While the defined fitting parameters are well justified, and in particular not
redundant, their physical meanings are not. Ry is defined where B, rr = 0
in the fitted model (Equation 2), and this location can be within or outside
of the observed MC, with different possible locations in the in- and outbound
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sides. There is no justification in Lepping’s papers, and subsequent ones, that
B, rr = 0 should occur or not at both MC boundaries. This is approximately
true for some MCs but false for most of them (Section 2.3). In Section 2.6, we
will develop an argumentation to justify B, pr = 0 at the FR boundary from the
present knowledge of how coronal mass ejections are launched at the Sun. Still,
we also will argue that this ideal case is not expected to be generally present
within in situ observations of MCs both because of solar and interplanetary
physical processes. We conclude that the condition B, rr = 0 should not be
imposed when analyzing the fitted results of Lepping because of the physics
involved, and also because the Lepping’s fitting procedure does not impose it.

The fitting procedure return a FR model which is defined in the full space with
Equation 1. The model is only fitting the data within the observed time interval
so it should be considered only in this time interval (¢ in [0, At], Figure 1a). With
the conversion of time to the space coordinate X and with X origin set at t = tg
(i.e., at X where the minimum approach distance occurs), the MC boundaries
are located at Xi, and X,y for the in- and outbound, respectively (Figure 1b).
They are related with the fitted parameters as

Xin = —to (V) cos A and Xout = (At —tg) (V) cos A, (5)

where the location angle A is defined as arcsin (cos¢ cosf) (X is related to
the cone angle 8y as A = 90° — (4, see Janvier, Démoulin, and Dasso, 2013).
cos A accounts for the projection factor between the spacecraft trajectory and
its projection on the FR cross-section (orthogonal to the FR axis).

Xin and X are associated to the model radius R;, and Royu, defined at the
corresponding MC boundaries, as (Figure 1b)

R, = \/ Xi2n + (pRO)2 and Rouy = \/ Xgut + (pRO)2 ) (6)

where we introduce the impact parameter, p, defined as p = C' A /100. Since t
is defined with a sign ambiguity, the results in Lepping’s table only allow us to
define the inferior and superior values of R at the MC boundaries

Rinf = min(Xina Xout) and Rsup = maX(Xinv Xout) 5 (7)

then, the identification of the in- and outbound is lost. We avoid labelling these
radii with ”minimum” and ”maximum” since the observed FR could even have
a larger radius earlier on during its propagation so that the maximum radius
is not necessarily observed due to a possible erosion process (e.g., Dasso et al.,
2006; Lavraud et al., 2014). Finally, it is worth normalizing these radii to Ry
(Equation 2) to better estimate their differences with Ry,

Tinf = Rinf/RO and Tsup = Rsup/RO . (8)

2.3. Radius of Observed MCs

The results of Equations 7 and 8 applied to Lepping’s list are shown in Fig-
ures 2a,b with the MCs ranked by time. The variable, indexyc, in abscissa is
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Figure 2. Radius, rins and rsup, of the fitted FR at the MC boundaries, defined with Rj,¢
and Rsup, Equation 7, and normalized by Ro defined by B, pr = 0. The perfect match of Rj,¢
and Rgsup with Rg is marked by an horizontal green line. (a,b) The results are ordered with
the ranking index of MCs as ordered in Lepping’s table (so with observation time). Next, the
results are ordered with the index derived from ranking (c,d) rsup and (e,f) rinf with growing
values. The left column (a,c,e) contains all MCs observed by Wind at 1 au from February 1995
to December 2012 (163 MCs), while the right column (b,d,f) contain only MCs of quality 1
and 2 (96 MCs).
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Figure 3. Radius, rins and rsup, of the fitted FR at the MC boundaries, as in Figure 2, in
function of the observed time. The times of the minimum and maximum of the solar cycle are
added at the bottom. (a) All MCs observed by Wind at 1 au from February 1995 to December
2012, (b) MCs of quality 1 and 2.

simply the integer giving the position in the ranked list. This index is almost the
event identifier within the Lepping’s table except that the identifier has some
real values (due to the inclusion of more MCs during the revision of the table).
This index is growing in time from February 1995 to December 2012.

First, there are significant deviations of both rins and rg,p away from 1, so
from the ideal FR with B, pr = 0 set at the FR boundary (Figure 2a). These
deviations from unity are only slightly reduced when the MC set is restricted to
qualities 1 and 2 (Figure 2b). Moreover, there is no coherence of the deviation
between neighbouring MCs, so with time, and in particular no link with the solar
cycle (Figure 3). Indeed, the frequency of MCs is function of the year within the
solar cycle, then changing the abscissa from indexyic to time only regroup the
MCs closer around the maximum of the solar cycle, and no coherent variation
of 7ins and 7gyp is present with the solar cycle.

The values of e, (in red) are dispersed around unity with only a slightly
larger range when quality 3 is included (Figures 2a,b). We next change the
abscissa to a ranking by growing order of 74, where the index of rg,, list is
index,,,,. This orders the results and then allows us to better see the variety
and also the organisation of the observed cases (Figures 2¢,d). About 60% of
the MCs have rg,, > 1, so an axial field reversal with B, pr < 0, near at least
one of the MC boundaries. Next, rg,p has almost a linear trend. This is not a
trivial result since only a monotonous behaviour is imposed by using index,,, in
abscissa. More precisely, a steeper slope is present at both ends of the rg,, index
range. The number of MCs present in a given 74, interval, e.g., Arg,, = 0.1, is
inversely proportional to the slope of 75y, (index,, ) shown in Figures 2c,d. Then,
a steeper slope indicates few cases in the wings of the rg,, probability distribution
as confirmed by Figures 4a,b (with bin width Arg,, = 0.1). Moreover, it is
remarkable that the probability distribution of rg,, values is almost the same
when MCs of quality 3 (67 MCs) are added to those of quality 1 and 2 (96
MCs), showing that these supposed worse fitted cases have in fact a similar rgyp
distribution.

SOLA: demoulinl9_Lundquist_fit_reloaded_V4.tex; 29 November 2019; 11:59; p. 10



Lundquist Fit Reloaded: Application to Magnetic Clouds

Q23 030 Qi
mean = 1.09 ™ ~YI'mean =1.03 — b
025 med.=1.07 (@), med.-104 (b)
0.20 0=0.24 020 0=0.20 -
kurt. = 4.8 : kurt.=3.8
015} skew.=0.8 . 045/ skew.=0.5
0.10 [ 0.10
0.05 0.05
o0 — 000 ol
0.5 1.0 15 r 0.5 1.0 15
sup sup
Q1,z,3 Q1,z
mean =0.79 . o.20[Mmean = 0.85 —
015 med. = 0.84 (c) med. = 0.87 (d)
0=0.27 045 6=0.21
kurt.=2.7 T kurt.=2.3
0.10
skew. =-0.3 010 skew. = 0.01
005 0.05
0.00
0.00 0.5 1.0 15 . 0.5 1.0 1.5 r
inf inf

Figure 4. Probability distributions of the normalized radius at MC boundaries (ri,¢ and
rsup defined by Equation 8) for all MCs (left column) and for MCs of quality 1 and 2 (right
column). The horizontal extension of the grey region behind histograms is fixed for all panels
to the mean +20 of panel (a) as a guide for comparison between panels and later on it is used
in Figures 8 and 10.

The variety of cases for ri s and its organisation in the MC data set are better
shown with an abscissa defined by the ranking by growing order of ri,¢, so by
introducing the corresponding index,in¢ (Figures 2e,f). Even more than reyp, Tinf
is almost a linear function of index,, ,. There is again only a steepening of the
slope for few cases at both ends of index;i,s. Then, Figures 2e,f implies that the
probability distribution of 7j,¢ is relatively flat with fewer cases for the extreme
values of 7i,¢. This is confirmed with an histogram representation (Figures 4c,d).

The grey region between ri,s and 74y, in Figure 2 shows the asymmetry in size
of the in- and outbound regions. While it is present in all the plots of Figure 2,
this asymmetry is better seen with riys index in abscissa. For quality 1 and 2
(Figure 2f) the difference is spread between 0 and 0.5 nearly uniformly with ri,¢
(or 7gyp) index, while adding quality 3 (Figure 2e¢) includes many cases which
are more asymmetric especially for lower 7j,¢ values. This is the consequence of
one of Lepping’s criteria setting some MCs to quality 3 as follows. In parallel
of the fit results, the FR radius is estimated from the fitted parameters by
forcing top = 0 (Equation 8 in Lepping et al., 2006). When this derived radius is
significantly different than Ry, the corresponding MC is set in quality 3 whatever
the fit quality g is. This is not a consistency check as claimed, but rather a
filter which removes from qualities 1 and 2 MCs with too large to/At values,
so implicitly with a too large reup/7int ratio (as deduced from Equations 5 - 8).
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Figure 5. Probability distributions of the azimuthal b, = Bs/Bo (left half side) and axial
b. = B./Bo (right half side) magnetic field components at the MC boundaries associated
with 7sup (top row) and riys (bottom row). All components are normalized by the central field
magnitude By. In panels with orange histograms (a,c,e,g) the components are computed from
Lundquist’s fit while in panels with blue histograms (b,d,f,h) the components are from the in
situ data rotated in the FR frame. All the MCs of the data set are used (quality 1-3).

This is why Figure 2e has many MCs with a large rsup/7Tint ratio in contrast of
Figure 2f.

The cases with both ri,f > 1 and rg,, > 1 were called annulus cases in Lep-
ping’s papers because their FR core (B, pr > 0 by definition) is surrounded by
an annulus of B, pr < 0 (Lepping, Berdichevsky, and Ferguson, 2003; Lepping
et al., 2006). These MCs also were described as special cases while Figures 2e,f
show that they are in fact only part of a quasi-continuous distribution (larger
values of ri,¢). Moreover the inclusion of quality 3 (Figure 2e) does not change
significantly the right side of the plot compared with quality 1 and 2 (Figure 2f),
so the relative number of annulus cases, while it does on the small radius side
(due to the selection describe above). About 20% of cases have riy > 1, so
B, rr < 0, at both MC boundaries. We conclude that these annulus cases are
not outsiders or MCs perturbed / not well observed, but they are only a part of
the distribution of FR cases launched from the Sun.

Next, the distributions of rg,p and riy are shown in Figure 4. rg,;, distributions
are nearly centered on r = 1 (both mean and median slightly above 1) and
approximately symmetric (small skewness). They also have a narrow core with
small wings (large kurtosis). In contrast the distribution of ri,¢, Figures 4c,d,
are centered at values around r = 0.8. They are flatter (lower kurtosis than
Figures 4a,b) while still approximately symmetric (low skewness). Adding the
cases of quality 3 increases the extension to lower r values, then increases slightly
the standard deviation o of ri,s distribution (due to the selection of MCs as
explained two paragraphs above).

2.4. Field Components at MC Boundaries

The analysis above showed that the FR radii obtained from observations of the
MC boundaries are frequently different than Rg (Equation 2). This is equivalent
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to say that B, pr # 0 in general. This can be seen directly on the right half of
Figure 5 with the histograms of b, = B, /By at the MC boundaries. The results
with the Lundquist fit applied to all MCs is shown in Figures 5c,g. b, ,p is nearly
centered on 0 (mean = —0.06, median = —0.08) but with a broad distribution
(o =0.21), while b, jur is centered on ~ 0.25 (mean = 0.28, median = 0.22) and
with a broader distribution (o = 0.33). These results only weakly change if MCs
are restricted to qualities 1 and 2 (the main differences are b, jn¢ centered on
0.19 with a smaller o of 0.26).

The value of B, at the MC boundaries also can be analysed directly from the
observations after rotating them in the FR frame. The associated histograms
are shown Figures 5d,h with the same normalization by By. These histograms
have differences with respect to the ones derived from the Lundquist fit. Indeed,
the data values are more sensitive to the local fluctuations of the magnetic field
and the precise definition of the MC boundaries. Still, the data histograms of
Figures 5d,h are comparable if drawn slightly within the MC or restricting MCs
to qualities 1 and 2 (not shown). Moreover, the main point is that the histograms
derived from the Lundquist fit and the data are globally comparable, leading to
the same conclusion that B, pr = 0 is typically not well satisfied at the MC
boundaries, and especially on one side (corresponding to rin¢). More precisely,
b, sup < 0 is a bit more present in the data than in the fit results, while b, j,r < 0
is present for a comparable number of cases, so the analysis of data show a similar
proportion of annulus cases.

The same analysis is performed with the azimuthal field component at the MC
boundaries. Since the function b, (r) = Ji(r) is maximum for » ~ 0.77, which
is about the mean value of iy (Figures 4c), the histogram of b, inf is clustered
below the maximum value of J; (= 0.58, Figure 5e). A similar clustering of
basup 1s present (Figure 5a), while less important since rqy,p, is centered near 1
(Figures 4a). Then, with the Lundquist fit, the values of b, at MC boundaries
are much less spread than those of the b, component. In contrast, the histograms
of b, derived directly from the data have a significant tail with b, up to unity
(Figures 5b,f). This implies that the Lundquist fit typically provides a too low
azimuthal field near the FR boundaries.

The distributions of 7, b,, b, (Figures 4 and 5) can be understood in the con-
text of FR erosion during the interplanetary travel (Dasso et al., 2006; Ruffenach
et al., 2015). Supposing that FRs are formed in the corona with b, ~ 0 at their
boundaries (Section 2.6), the distributions of rg,p and b, s, centered on 1 and
0, respectively, are compatible with FRs that are not significantly eroded on one
side. With significant erosion they would be more similar to the distributions
of Tins and b, in¢. Indeed, this is an expected result since fast MCs are expected
to be eroded at the front (reconnection with the overtaken solar wind magnetic
field which is forming the sheath magnetic field), while slow MCs are rather
expected to be eroded at the rear when they are overtaken by a fast stream.
The amount of erosion is variable depending on the forcing (e.g., difference
of velocities and relative orientation of the magnetic fields). More generally, we
cannot insure if ryyp and b, ¢up kept the solar distributions or are also transformed
by erosion. In contrast, the larger extension of the distributions of ring/ by int
towards smaller/larger values, respectively, is characteristic of erosion or/and
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Figure 6. Examples of correlation analysis of rgup (top) and riys (bottom) for the full set of
MCs. The red lines are least square fits with a linear function to derive the main tendency.
The Pearson and Spearman correlation coefficients are reported. (a,c) Correlations with Rg.
(b,d) Correlations with |p|. The purple line in (d), rinf = p, is the limit of detection of a FR
on one side (either in- or outbound). The dashed green line indicates a plausible bias due to
the non detection of too asymmetric FRs in terms of in- or outbound extensions.

that FRs were never fully formed in the corona but get an arcade like flux on
the front.

We conclude that, because of the physical processes involved, it is important
to not impose B, pr = 0 at the MC boundaries when fitting a FR model to the
in situ data.

2.5. Correlations with MC Physical Parameters

We test whether riys and rg,p are correlated with global MC physical parameters
by performing a least square fit of a linear function in order to derive the main
tendency, and by computing the Pearson and Spearman (or rank) correlation
coefficients. Examples of results are shown in Figures 6a,c for Ry. No correlation
is found for Ry, (V'), 8 and ¢ as the absolute value of the correlation coefficients is
close to or below 0.1 for all these parameters. A weak positive correlation is found
with By, with correlation factors between 0.14 and 0.28 but these correlations
are tied to few (4 or 5) outsider cases with extreme By values (> 40 nT).

The only significant correlations found are between ri,¢ and the absolute value
of the impact parameter |p| (Figure 6d). However, the condition ri,¢ > |p| is
needed to detect the smallest FR side. For example, in Figure 1b, where ri,s = rin
was selected, the limiting case corresponds to Xi, = 0, then R;, = |p| Ry so that
the spacecraft cannot observe the inbound region. This condition is well present
in Figure 6d with only data points above this limit (purple line). This condition
is at the origin of most of the correlation of ri,¢ with |p| since only a weak increase
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of riys with |p| is present at the top part of rin¢ values. Since rgyp is frequently
well above riyf, the condition 74, > |p| affects only weakly rg,, (at most only
for the largest |p| values) and 74yp is uncorrelated with |p| (Figure 6b).

Another observational selection is likely to be present for riy,; with no data
points below the dashed green line (Figure 6d). Then, only MCs with large
enough in- and outbound, 7j,f > 0.2, then not too eroded, are defined as MCs.
An equivalent observational selection has no effect on 74, (Figure 6b). This
apparent selection effect on ri,¢, for |p| < 0.2, is still surprising since for larger
|p| values some MCs (approximately 15 cases) are observed with riys = |p| (blue
points close to the purple line in Figure 6d). This corresponds to about 10% of
observed MCs defined with no in- or outbound crossed (so only less than half of
the FR crossed by the spacecraft).

We conclude that 7i,s and rg,p, as well as their ratio, have no significant cor-
relation with the global physical parameters and those describing the encounter
geometry when estimated for the full set of MCs. The same conclusion is reached
when restricting the MCs to qualities 1 and 2 (not shown). These results indicate
that the amount of erosion is independent of the MC properties.

2.6. Solar Origin of Flux Ropes

The solar origin of MCs is typically eruptive flares in active regions or eruptions
of quiescent filaments. These flares have typically two ribbons which trace the
chromospheric feet of the field lines (FLs) involved in the magnetic reconnection.
A first set of reconnected FLs are observed as flare loops. A second set is observed
as sigmoidal loops which expand and move up rapidly. They trace the erupting
FR which is further enlarged with the new reconnected flux wrapped around it
as the FR is ejected upward (e.g., Janvier, 2017; Welsch, 2018, and references
therein).

A direct deduction from the coronal images of the FR structure, and in
particular its twist profile, is typically difficult as the bright loops tracing the
FR are usually only a few, not well observed all along the FR, and they have
rapidly a too weak brightness compare to the background as the FR expands
and is ejected. Flare loops below, being less extended and in a more dense region,
are typically much better observed all along the flare duration. The first formed
loops have typically a magnetic shear. Then, as higher flare loops are formed
below the erupting FR, they become more potential, i.e., more orthogonal to
the underlying photospheric inversion line (PIL) of the vertical component of
the magnetic field (e.g., Asai et al., 2003; Su et al., 2006; Liu et al., 2010). A
devoted study confirms these findings both observationally and in a numerical
model of eruptive flares (Figures 2 and 7, respectively, of Aulanier, Janvier, and
Schmieder, 2012). In parallel to this shear evolution, the successive layers added
to the eruptive FR are formed by more twisted field lines, as summarized in
Figure 7.

In the idealized case described above, the erupting FR is progressively wrappedll
by the surrounding arcade which is formed by a more potential field at large
heights. Supposing that this wrapped field could reconnect behind the erupting
FR, this implies a negligible axial field at the FR periphery. This is a justification
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Figure 7. Evolution of magnetic configuration for an eruptive flare or for a quiescent filament
eruption as seen from a top view. The system of sheared arcades (black) is progressively
transformed to a FR (red) and an underlying arcade of flare loops (purple) during the eruption.
(a) shows two FLs (black) which are progressively brought nearby below the FR core (outlined
by a blue FL) in panel (a’). Next, two reconnection steps are shown. (a’,a’’) shows a step at
the flare beginning, which enlarges the FR core. (b’,b’") shows another step later in the flare
(we omit the earlier step similar to panel (a)), which build up the FR periphery (the central
black FL reconnect twice, in general at different times). Because the original arcade (in black)
is more sheared closer to the photospheric inversion line, a less twisted core than the periphery
is built by this reconnection process (corresponding to a stronger B, field component in the
FR core).

for selecting B, pr = 0 at the FR boundary of a model fitting in situ MC data.
However, solar configurations are more complex than this simple description.
For example, the PIL is rarely straight along the eruptive FR, and part of the
upper arcade could belong to another magnetic bipole (e.g., Schrijver and Title,
2011; van Driel-Gesztelyi et al., 2014; van Driel-Gesztelyi and Green, 2015).
This implies that the potential field may be not orthogonal to the local PIL.
Furthermore, the potentiality of the arcade is not guaranteed; it can even have
an opposite helicity sign than the erupting FR (e.g., Cho et al., 2013; Vemareddy
and Démoulin, 2017). Finally, erupting FR in simulations are frequently observed
to rotate (with transfer of twist to writhe helicity, e.g., Kliem, Torok, and
Thompson, 2012). This introduces another variability for the B, pgr component
of the overlying/reconnecting arcade.

We conclude that from the coronal physics of the eruption, a distribution
of cases around the condition B, = 0 at the FR boundary is to be expected.
Furthermore, reconnection at the front or at the rear of the FR could happen
during the travel from the Sun when magnetic fields of different origins, so
different orientations, are pushed again each others by the difference of velocity
(between the MC front and the sheath or/and between the MC rear and an
overtaking fast stream or another event). Then, when analyzing in situ data the
condition B, = 0 should not be imposed at the MC boundaries.
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Figure 8. Magnetic fluxes computed with all MCs (Q1,2,3) and the fitted Lundquist model.
(a,d) Azimuthal flux fq and (b,e) axial flux f. histograms. These fluxes are computed with
a FR model extending up to (a,b) rsup or to (d,e) rins and they are normalized to 1 for
r = 1. (c) Behavior of fu(r) and f.(r) in function of the radius r (normalized to Rp). The
horizontal extension of the grey region is defined by the mean 2o for rsup and Q12,3 (defined
in Figure 4a). (f) Axial flux associated to FRs with radius riy¢ and rsup. The results are ordered
with growing values of riys (5 MCs have f. sup < —0.1, so they are located below the plot
limits).

3. Implications
3.1. Magnetic Flux Imbalance

The azimuthal and axial fluxes, within a radius p of a cylindrical FR, are simply
computed by integration of Equation 1 with the inclusion of the geometrical
factors,

o) =L [ Bule)dy wd Fip) =2 [ 4RGN O

where L is the length considered along the FR axis. After normalization by
the corresponding fluxes obtained for the radius Ry (Equation 2), then at r =
p/Ro = 1, the normalized fluxes f,(r) = F,(p)/Fa.(Ro) and f,(r) = F,(p)/F:(Ro)l}
write (using Jo(a) = 0)

fa(r)=1—=Jy(ar) and fo(r) =rJi(ar) /Ji(a). (10)

They are plotted in Figure 8c.

Since f,(r) is approximaly linear in the interval +2¢0 around the mean of
rsup for all MCs (grey band in Figures 4 and 8c), the distribution of f, sup in
Figure 8a is similar to the distribution of rg,;, in Figure 4a. The largest difference
is a distribution of f, sup less extended to large values than with rg,, because
fa(r) is maximum near =~ 1.6. Next, as it is smaller and more spread than reyp
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(Figure 4c), the non-linearity of f,(r) implies an even broader distribution of
fa,int towards lower values (Figure 8d) than the distribution of ri,¢ (Figure 4c).
Then, the large dispersion of r values at the MC boundaries strongly affects
the determined azimuthal magnetic flux so that it cannot be approximated by
its value obtained with Ry, at least for individual MC studies. This difference
could be minimised with a statistical study, especially for f, ¢up Which has a
distribution centred close to 1 (Figure 8d). Furthermore, a statistical study which
incorporates MCs with a broad range of flux F, further minimises this difference
of f, values. For example, Qiu et al. (2007) and Gopalswamy et al. (2017) were
able to derive an important correlation between the azimuthal flux estimated at
the Sun (with flare ribbons and post-eruption arcades, respectivelly) and at 1
au (within MCs) because the studied fluxes span a factor about 30, so that even
an error of a factor 2 on individual cases has a relative moderate impact on the
correlation.

The function f,(r) is peaked at » = 1 and it has a behavior similar than b, (r)
with the difference that the extra factor r provides lower values near the origin.
This implies the transformation of the distributions of rg,p and rins (Figures 4a,c)
to ones of Figures 8b,e. Both show the clustering below f, = 1 and the extended
tail towards low values. Then, the distributions of f, sup and f. inr are similar to
those of bg sup and by in (Figures 5a,e), respectively, simply more extended on
the low value side.

The effect of the function f,(r) on the MC results is further explicited in
Figure 8f when compared to Figure 2e. A large clustering of both f, ¢,p and
fz,nf near unity is present for MCs with rg,, and 7ins spread around unity.
Next, for some rgy, values larger than 1, f, qup < finr (Figure 8f). This is
because f.(r) is not monotonically increasing with r, and it has a maximum
(Figure 8c). Finally the low r values, mostly ri,¢ values, imply a dispersion in a
long tail of low f, values. In summary, all the r values around unity contribute
to the large peak of the f, s,p and f, inr distributions, while r values significantly
away unity, both below and above, contribute to the long and weak tail of f,
distribution (Figure 8b,e).

In conclusion, because both f. s, and f, ins distributions are mostly clus-
tered near unity, the axial flux is well estimated for most MCs, i.e., nearly
independently of the precise location of the MC boundaries (within the limits of
the Lundquist approximation of the FR, Figure 8b,e). This contrasts with the
distributions of azimuthal flux which are broad (Figure 8a,d).

3.2. Magnetic Twist

The broad distributions of i,y and 74, Figure 4, also imply a variety of twist
profiles as shown in Figure 9. We selected simple cases with p = 0 and ript = Tsup,
which are still representative of the variety of cases. Cases with |[p| > 0 have
flatter twist profiles in function of X (as the FR core is not crossed), while cases
with 7in¢ lower than 7., only corresponds to profiles more truncated on the riy¢
side. The twist profile shown is located in the rinf, 7sup plot versus the index
of rins (same as Figure 2f). The four selected cases have nearby results of MCs
(crosses).
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Figure 9. (b-e) Example of twist profiles obtained with the Lundquist’s model set in the
context of Figure 2f shown at the top (a). The examples are selected to be simple with
symmetric boundaries (7inf = Tsup) and with a trajectory crossing the FR axis (p = 0). They
are still representative of the variety of the observed cases as indicated by the blue arrows.

The case rinf = Tsup = 1 is the one described by Lepping in most of his papers
since the analyzed FR model extends up to Ry (Equation 2). Moreover, this is
the case explicitly used in the fit of data by authors imposing B, pr = 0 at the
MC boundaries (e.g., Lynch et al., 2003, 2005; Vandas et al., 2006; Wang et al.,
2015; Good et al., 2019). This implies that the twist diverge to infinity at the
MC boundaries (Figure 9d).

As 7ing = reyp is lower, the twist profile is flatter (Figures 9b,c) which is
expected since only a more central part of the FR core is used. At the opposite,
for ring = rsyp > 1, the twist profile has an infinite branch at r = 1, which
corresponds to the reversal of B, pr (Figure 9e).

These four examples of twist profiles, with observed cases all around (arrow
heads), scan the typical twist profiles deduced from in situ observations. We
conclude that the twist profile deduced from fitting the Lundquist solution to in
situ, data has a broad range of twist profiles when limited to the time interval of
observed MCs.

Another model with cylindrical symmetry is a non-linear FFF with a uniform
twist (Gold and Hoyle, 1960). This model was fitted successfully to large sets of
MCs (Hu, Qiu, and Krucker, 2015; Wang et al., 2016). They show that about
half of the studied MCs can be approximately fitted with the Gold and Hoyle
model. Is this model better to represent the FR within MCs? In fact, fitting
the Lundquist’s model to in situ data with the Lepping procedure includes the
possibility of a uniform twist if the data have a uniform twist. The fit will simply
return large values of Ry, much larger than Rg,,. Then, using the Lundquist’s
model up to Ry would provide a large extrapolation of the magnetic field outside
the observed MCs. However, within the analysed MC, the Lundquist and the
Gold and Hoyle models would provide very nearby fits. Since both models have
the same number of free parameters, we conclude that the Lundquist model
should be preferred to fit in situ data with the Lepping’s procedure.
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Assuming that the fit of the Lundquist solution is close enough to the data,
e.g., by limiting the sample to quality 1 and 2, Lepping’s results imply a variety
of twist profiles when limited to the MC time interval (Figures 9d-e). Still, all
these cases have in common a nearly uniform twist around the FR axis given by
a/2. Then, Lepping’s results disagree with the ones of Wang et al. (2016, 2018)
who claim that a higher twist exist in the core (compared with the surrounding).
Moreover, since Ry = ¢/a (with ¢ =~ 2.4), Ry is intrinsically linked to the core
twist and not to the radius of the FR crossed by the spacecraft (in general
Rinf, Rsup 7£ RO)

3.3. Magnetic Helicity

The magnetic helicity H quantifies how all the elementary magnetic flux tubes
are winded around each other in a defined volume. The helicity (H) of a straight
flux rope is the summation of the linked fluxes F, and dF,, with the fluxes defined
in Equation 9 (Berger, 2003; Dasso et al., 2005a):

) =2 [ )y (11)

where F, and F, are the azimuthal and axial magnetic flux, respectively. Next,
we define h(r) by normalizing H (p) with H(Ry) and r = p/Ry. After an analyt-
ical integration, with f, and f, defined by Equation 10, h(r) writes

hir) =2 /OT fz(r’)dfgyl) dr' = r? [JE(ar) — Jo(ar) Jo(ar)] J72(a).  (12)

h(r) is weak in the FR core (Figure 10c) since there is a weak azimuthal flux
(associated to a weak B,) wrapping around a weak axial flux (as the surface
involved scales as r2, so that even with large values of B, in the core, f, stays
small, Figure 8c). Around r = 1, h(r) has a linear behavior with r as this region
is associated to a maximum of f,(r) and a linear increase of f,(r). h(r) reaches
a first local maximum where both df,/dr o« b, (r) and f.(r) o« rb,(r) vanish.
Then, both contributions in the integral of Equation 11 change of sign together,
and more generally the contribution of the FR layers are always of the same sign
(those of «). This is in contrast with the twist profile that reverse its sign at Ry,
or r =1 (Figure 9).

Tsup values are mainly located in the grey band of Figure 4 (defined as mean
120 of 74yp), and reported in Figure 10c. With the exception of the most right
part of the interval, this corresponds to the range of the linear variation of h(r),
then the values of hg,, are mostly a rescaled version of rgy,, values, with simply
a broader distribution (comparing Figure 10 to Figures 2 and 4). The larger
difference is for the large rg,p values where h(r) is flatter, leading to a saturation
effect. This implies that the steeper slope, present for the larger indexes of rgyp in
Figures 2c¢,d, disappears in Figures 10d,e. Then, the right tail of hg,p histogram
is almost not present (Figure 10a). In contrast, the left tail of hgy,, histogram
is extended compare to the one of r4,,. We describe this effect below since it is
stronger for hipg.
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Figure 10. Normalized magnetic helicity h of the fitted FRs with the boundary set at the
MC boundaries, Rinf or Rsup. The normalization is done with the helicity obtained with the
FR boundary set at Rg (defined by B, pr = 0). (a,b) Histograms of hsyp and hin¢ for all MCs
(quality 1,2,3). (c) Dependance of the normalized magnetic helicity h(r) = H(R)/H(Ro) with
r = R/Rp. The horizontal extension of the grey region is fixed to the mean £20 for rsyp and
Q1,2,3 as in Figure 4. The four lower panels show hiys and hsyp ordered in abscissa with rsup
rank index (d,e), and with ri,s rank index (f,g). (d,f) show all MCs, and (e,g) only MCs of
quality 1 and 2.

SOLA: demoulinl9_Lundquist_fit_reloaded_V4.tex; 29 November 2019; 11:59; p. 21



P. Démoulin et al.

0.20{~ ;1 fit=0200.21 |py,| () 0.20 fit = 0.13-0.05 |piyl (D)
™~
0.15} 0.15
=L b/a=1
0.10 0.10} Kb/a
0.05} 0.05
0.00 0.00
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
|psup| |pinf|
Figure 11. Distributions of the impact parameters (a) |psup| = |p|/rsup and (b)
[Pint| = |p|/Ting- The distributions are least square fitted with a linear function (black line).

The color curves are the distributions computed with Vandas and Romashets (2003) model
and an aspect ratio, b/a, of the major to minor axis of the cross-section as reported.

Since iy extends to lower values than rgy,p, the non-linearity of h(r), for small
r values, implies very low values for hi,s for the smaller ri,; values (Figures 10f,g).
The helicity computed with ri,s has a broad range of values compare to the
one computed with an ideal FR (B,rr = 0 at the FR boundary). Indeed,
the histogram of hi,s peaks around 0 (Figure 10b) and is very different from
the histogram of hgy,, which rather peaks just above 1 (Figure 10a). Since 7y
defined approximately the FR which remains at 1 au while 7y, is an estimation
of the FR close to the Sun, we conclude that the erosion removes an important
amount of magnetic helicity during the travel from the Sun to 1 au. The same
conclusion is reached if MCs are restricted to quality 1 and 2 (Figures 10f,g are
similar).

3.4. Impact Parameter

The probability distribution of the absolute value of the impact parameter
Ip| = |C'A|/100 was found to decrease strongly with |p| (Lepping and Wu, 2010).
This contrasts with the expectation of an approximately flat distribution as the
consequence of spacecraft and MC trajectories having no relationship (so all |p|
values are expected to be equiprobable). Using various FR models, Démoulin,
Dasso, and Janvier (2013) demonstrated that a non-detection of MCs due to a
lower magnetic field strength and lower field rotation for larger |p| crossings could
not explain the observed distribution of |p|. Rather, the observed |p| distribution
of MCs could be explained by a FR cross section elongated in the direction
transverse to the spacecraft trajectory, on average by a factor 2 to 3 depending
on the magnetic twist profile.

The study of Démoulin, Dasso, and Janvier (2013) is based on Lepping’s
results, which report the fitted FR with radius Ry (Equation 2). But using Ry
implies extrapolating the FR model outside of the observed MC for the majority
of cases (cases with ri,s < 1 in Figure 4). For a small number of MCs, ri,s > 1,
which allows the possibility of a spacecraft trajectory passing at a distance in
between Ry and Rj,f, so having |[p| > 1. A few cases are present in Lepping’s
table. Depending on the purpose, we rather propose that Rg,, or Rins should
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be used to define the impact parameter, so we define: psyp, = pRo/Rsup and
Pinf = pRO/Rinf-

Since rgyp is fluctuating around 1 (Figures 2 and 4), the distribution of |psup|,
Figure 11a, is similar to the one of |p| (Figure la in Démoulin, Dasso, and Janvier,
2013). The least square fit to a linear function provides the global tendency
which also is similar (with slope only steeper by 10% for |psup| than for |pl).
Comparable results also are obtained by restricting the sample to quality 1 and
2. Then, within the precision of the method, the results of Démoulin, Dasso, and
Janvier (2013) apply to the FRs defined by Rsup-

The impact parameter also could be defined with Rj,¢. This is a safer way
as it represents the remaining FR when the spacecraft crossed the MC. Since
Ting 18 typically lower than 1 and broadly distributed (Figures 2 and 4) the
distribution of |piu¢| is significantly different (Figure 11b) with a much flatter
distribution than the one of |p|. Following the analysis of Démoulin, Dasso, and
Janvier (2013), with the linear FFF model of Vandas and Romashets (2003)
which generalise the Lundquist’s model to elliptical cross section, we conclude
that the remaining FRs at 1 au are typically close to a circular cross section,
with typically an aspect ratio around 1.3 (Figure 11b).

Using combined observations of several spacecraft, some previous analyses
have shown that the core of MCs is significantly more circular than their oblate
outer part (Liu et al., 2008; Kilpua et al., 2009; Mostl et al., 2009). The above
result with |pin¢| distribution shows that is likely typical at 1 au even if some
MCs have a flatter cross section (e.g., Vandas, Romashets, and Watari, 2005).

4. Conclusion

The in situ observations provide a 1D cut across magnetic structures such as
MCs. The global understanding of these data is not unique but the accumu-
lation of various studies point to the detection of FRs. This is supported by
the relatively good fit of FR models and by our present understanding of the
physics of their solar origin. Having a reliable method to derive the FR local
orientation is important as the associated errors affect all other global quantities
such as size, magnetic fluxes and helicity. Such parameters are important to link
quantitatively in situ observations to their solar sources. More precise physical
parameters are also important to better understand the physics of the transport
from the Sun, in particular the importance of magnetic erosion.

In this paper, we focus on the method of Lepping (Lepping, Burlaga, and
Jones, 1990) both because it is the most widely applied to in situ data and
because it was a seminal method used as a base to develop other fitting methods.
The method of Lepping is based on the Lundquist model. It involves a minimum
number of free parameters needed for any FR model fitted to the data if no
constraint is imposed (e.g., not imposing the vanishing of the axial component,
B, rr, at the MC boundaries). Said differently, the above fit has no intrinsic
parameter provided by the Lundquist’s model since « (or equivalently Ry) and
By in Equation 1 are just rescaling parameters in spatial size and field strength,
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respectively. Other parameters are the helicity sign and the geometrical parame-
ters of the encounter (axis orientation angles, time and closest approach distance
from the axis). The method of Lepping can be transposed to other models, e.g., as
it was done with the Gold and Hoyle model, which introduces the same number
of free parameters than the Lundquist’s model. A more elaborated model could
be fitted by the same method, with the inclusion of extra parameters intrinsic to
the model. We conclude that the fitting method of Lepping is general and well
justified.

One key parameter of the fit is the spatial scaling parameter, Ry, defined by
the radius where B, pr = 0 (vanishing axial component). First, we notice that
Ry only scales the model to the data, and it could have been defined at any
other value of B, pr without affecting the fitted model. This different definition
is indeed needed for Gold and Hoyle’s model since B, pr is not vanishing at
any finite radius. Second, we show that using Ry as the FR boundary defines
a FR which could be smaller or larger than the studied MC with different
extensions of the in- and outbound regions. Moreover, this selection of Ry is
in general not justified by in situ data, nor by the physics of the solar launch.
At most, it is justified in the ideal case where a FR is launched from a coronal
magnetic configuration, invariant by translation and embedded in a potential
field arcade which fully reconnects behind the erupting FR. Still, solar eruptive
configurations are more divers than this, so a distribution of the axial field
component, B, rR, is rather to be expected. This distribution is further broaden
by the variety of magnetic erosion occurring during the travel from the Sun to
1 au.

While Ry is one of the fitted parameter in Lepping’s method, we emphasise
that B, rr = 0 is not imposed at the MC boundaries in contrast with other
methods which explicitly set B, pr = 0 at the MC boundaries (e.g., Lynch et al.,
2003, 2005; Vandas et al., 2006; Wang et al., 2015; Good et al., 2019). Nishimura,
Marubashi, and Tokumaru (2019) show that imposing or not B, pr = 0 at the
MC boundaries could have an important effect on the computed axis orientation.
This is likely the main origin of the difference in FR orientations found by Lynch
et al. (2005) and Lepping and Wu (2010) for the same MCs as reported in Figure
2 of Janvier et al. (2015).

In the case of Lepping’s method the output parameters define the fitted model
which, by construction, extends to the full 3D space, but which should only be
considered within the MC time interval. Then, from the fitted parameters we
computed the FR radius at the two MC boundaries, defining R;,, and Rou;. These
parameters replace Ry and to (Equation 6) where ¢ is the time of the closest
approach of the spacecraft from the FR axis. From Lepping’s published results,
to is only given indirectly with the absolute value of the asymmetry parameter
asf. This introduces an ambiguity on the location of tg, before or after the center
of the MC time interval so that only the inferior, Rin¢, and superior, Rgyp, radius
could be derived. With these new parameters the matrix of results published by
Lepping can be reloaded. This has several implications as follow.

At 1 au, Rinr and Ry are typically different, showing that each MC is formed
both by a FR and by an extra magnetic flux on one side. This extra flux could
be accreted flux either at the Sun or during the travel to 1 au. However, this
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last case is unlikely since otherwise the physical properties of the accreted flux
and plasma would be more solar wind like (as in the sheath in front of MCs).
This extra flux is rather expected to be mostly due to erosion on the other FR
side, so it was part of the ejected FR earlier on, but not when observed at 1 au.
This is in agreement with previous results on erosion (Ruffenach et al., 2015,
and references therein.). In particular an example of each case, erosion from the
front or from the rear, is shown in their Figure 2.

The distributions of Rin¢ and Ry, provide observational constraints. Ry, has
a distribution spreading around Ry (where B, pr = 0, Figure 4) as expected from
our knowledge of solar launch configurations and with the hypothesis of a weak
erosion on one of the FR side. By contrast, Ri,s extends towards much lower
values of Ry, as expected with significant and variable erosion. For both R;¢
and Rg,p, there is no evidence of outsider cases but rather a quasi-continuous
distribution of values (Figure 2). In particular, the so called annulus cases, with
B, rr < 0 close to both MC boundaries, are not a separate class of events,
but about a 20% part of the MC distribution. Also, B, pr < 0 at least at one
boundary for about 60% of MCs.

The distributions of Rjns and Ry, have implications on quantities depending
on the FR boundaries. First, the axial field component b, (normalized to the
central field strength Bj) has a broad distribution both from data and from
the Lundquist fit (especially for b, i, within [-0.5,1], Figure 5). Second, the
normalized azimuthal component near the MC boundaries is rather well defined
(= 0.5) from the Lundquist fit while more broadly distributed from the data.
The magnetic fluxes derived from the Lundquist fit, normalized by their values
obtained at Ry, have mostly the opposite axial/azimuthal distributions: the axial
flux is well defined while the azimuthal flux is broadly distributed (Figure 8).
Finally, magnetic helicity is the most affected quantity by the location of the FR
boundaries, so by erosion during the travel from the Sun to 1 au (Figure 10).

The FR remaining at 1 au has a radius R;,¢. The twist profile is very signif-
icantly affected by the Ri,¢/Ro value. As it is lower, the twist profile is flatter
(Figure 9). Indeed, the Lepping’s method includes the possibility to return a
constant twist profile if the data include it. Using the Lundquist model introduces
the same number of free parameters as using the Gold and Hoyle model, so
Lepping’s method is superior as it allows to provide a constant twist profile
without forcing it. In fact the strength of Lepping’s method is that, while the
minimum number of free parameters is used, it allows a relatively broad range of
possible twist profiles. This allows to have at least an approximate twist profile
which range from flat to increasing away the FR axis, up to infinity. Further
it allows the reversal of the axial field component. All these configurations are
expected from the solar source properties and with erosion, so Lepping’s method
is robust because it incorporates approximately, with a minimum number of
parameters, the consequences of the main physical ingredients of the FR build
up and transport.

The closest approach distance CA is expressed as a percentage of Ry in
Lepping’s results, or as a fraction of Ry with the impact parameter p. Since
Rgup has a distribution centered around Ry, p recomputed as a fraction of Ry
has a similar distribution than the original one. However the remaining FR at
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1 au has a radius Rjus. p recomputed as a fraction of R;,s has a nearly uniform
distribution as expected for randomly distributed encounters of FR ropes with
circular cross-sections. More precisely, an elliptical linear FFF model with an
aspect ratio ~ 1.3, is sufficient to interpret the distribution of p computed with
Rint, then the cross-sections are, in average, close to circular sections.

Finally, we conclude that the Lepping’s method includes all the key elements
for fitting a FR model to in situ data of MCs. It is an economic fit as it in-
cludes the minimum number of free parameters without imposing unphysical
conditions. The selection of the Lundquist model is particularly judicious as it
includes a variety of twist profiles which are globally expected from solar physics.
The key point is to understand the meaning of the fitted model, in particular
its range of validity, which is set by the MC boundaries defined on the data.
This implies to redefine some of the output parameters in order to keep a model
representing the crossed MC and not a fictitious associated FR (which could
be smaller or larger than the studied MC). With this approach, we believe that
Lepping’s method will still be very useful to analyze data of other missions such
as ESAs Solar Orbiter and NASAs Parker Solar Probe, and to investigate the
evolution of MCs in the interplanetary medium.
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