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Abstract

We present a comprehensive analysis of the three-dimensional magnetic flux rope structure generated during the Lynch et al. (2019,
ApJ 880:97) magnetohydrodynamic (MHD) simulation of a global-scale, 360°-wide streamer blowout coronal mass ejection (CME)
eruption. We create both fixed and moving synthetic spacecraft to generate time series of the MHD variables through different regions
of the flux rope CME. Our moving spacecraft trajectories are derived from the spatial coordinates of Parker Solar Probe’s past encoun-
ters 7 and 9 and future encounter 23. Each synthetic time series through the simulation flux rope ejecta is fit with three different in situ
flux rope models commonly used to characterize the large-scale, coherent magnetic field rotations observed in a significant fraction of
interplanetary CMEs (ICMEs). We present each of the in situ flux rope model fits to the simulation data and discuss the similarities
and differences between the model fits and the MHD simulation’s flux rope spatial orientations, field strengths and rotations, expansion
profiles, and magnetic flux content. We compare in situ model properties to those calculated with the MHD data for both classic bipolar
and unipolar ICME flux rope configurations as well as more problematic profiles such as those with a significant radial component to the
flux rope axis orientation or profiles obtained with large impact parameters. We find general agreement among the in situ flux rope fitting
results for the classic profiles and much more variation among results for the problematic profiles. We also examine the force-free
assumption for a subset of the flux rope models and quantify properties of the Lorentz force within MHD ejecta intervals. We conclude
that the in situ flux rope models are generally a decent approximation to the field structure, but all the caveats associated with in situ flux
rope models will still apply (and perhaps moreso) at distances below 30R.. We discuss our results in the context of future PSP obser-
vations of CME:s in the extended corona.
© 2022 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Interplanetary coronal mass ejections (ICMEs) that
contain a magnetic flux-rope structure are commonly
referred to as magnetic clouds (e.g. Burlaga et al., 1981;
Marubashi, 1986; Lepping et al., 1990). Magnetic cloud
ICMEs are characterized by enhanced magnetic field mag-
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nitudes, a smooth rotation of the magnetic field, low pro-
ton temperature, and low plasma beta, corresponding to
large-scale magnetic flux ropes with typical durations at 1
AU of tens of hours (Burlaga, 1988). The properties of
ICMEs have been investigated mainly at ~ 1 AU, where
the solar wind and interplanetary magnetic field have been
measured continuously for several decades (e.g.
Richardson and Cane, 2010; Li et al., 2014; Jian et al.,
2018; Nieves-Chinchilla et al., 2019). In particular, mag-
netic cloud ICMEs have been analyzed extensively from
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the Sun-Earth L1 point, in both statistical (e.g. Lynch
et al., 2005; Li et al., 2011; Janvier et al., 2014; Wood
et al., 2017) and detailed case studies (e.g. Mostl et al.,
2008; Mostl et al., 2009; Kilpua et al., 2009; Palmerio
et al., 2017). The heliospheric evolution of ICMEs has been
recently reviewed by Manchester et al. (2017), Kilpua et al.
(2017), and Luhmann et al. (2020).

With the launch of the Parker Solar Probe (PSP; Fox
et al., 2016), we now have the opportunity for unprece-
dented coordinated multi-spacecraft observations, includ-
ing complementary remote-sensing and in situ
observations of the same solar wind and transient struc-
tures, as well as in situ measurements over a range of angu-
lar separations and radial distances (e.g. Velli et al., 2020;
Hadid et al., 2021; Mostl et al., 2022). There have already
been several well-observed slow, streamer blowout CME
events in the PSP data that exhibit flux rope morphology
in remote-sensing observations (e.g. Howard et al., 2019;
Hess et al., 2020; Wood et al., 2020; Liewer et al., 2021)
as well as in situ measurements (e.g. Korreck et al., 2020;
Lario et al., 2020; Nieves-Chinchilla et al.,, 2020;
Palmerio et al., 2021). In fact, a large percentage of coronal
mass ejections (CMEs) observed by PSP thus far (either
remotely or in situ) has been of the slow, streamer blowout
variety (Vourlidas and Webb, 2018), which tend to origi-
nate high in the corona above polarity inversion lines of
essentially quiet-Sun magnetic field distributions and typi-
cally erupt via the evolutionary processes described by
Lynch et al. (2016).

Al-Haddad et al. (2019a) examined the inner helio-
spheric evolution of two simulated CMEs and compared
the radial evolution of their ejecta size, field strength, and
velocity profiles to various empirical scaling relations
obtained from earlier statistical analyses of CMEs
observed in situ by Helios, MESSENGER, STEREO,
and the Wind and ACE spacecraft at L1. Here we employ
a similar methodology—analysis of magnetohydrodynamic
(MHD) simulation data—but with a specific focus on the
three-dimensional (3D) magnetic structure that would be
seen by synthetic spacecraft observers with radial distances
< 30R; that are either stationary or have time-dependent,
PSP-like trajectories.

In order to compare the set of simulation time series
with future PSP observations of CMEs in the extended
solar corona, we apply several common in situ flux rope
models and their fitting techniques (e.g. see Al-Haddad
et al.,, 2013; Al-Haddad et al., 2018, and references
therein). There are well-known limitations to in situ flux
rope models that have been previously discussed, including
statistical descriptions of model parameter uncertainties
(Lepping et al., 2003; Lynch et al., 2005), the inability of
these models to correctly estimate the shape of the flux rope
cross-section (Riley et al., 2004; Owens et al., 2006; Owens,
2008), and the inability to distinguish between the large-
scale magnetic field rotations of twisted versus writhed field
lines (Al-Haddad et al., 2011; Al-Haddad et al., 2019b).
Different flux rope models have been shown to give differ-
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ent flux rope orientations and other parameters (e.g.
impact parameter, field strength, etc.) when applied to
the same observational data. This led Al-Haddad et al.
(2013) to conclude that “having multiple methods able to
successfully fit or reconstruct the same event gives more
reliable results regarding the orientation of the ICME axis”
when two or more of the different models give similar
answers.

In this paper we examine the application of idealized,
in situ flux rope models to the 3D magnetic structure of
the Lynch et al. (2019) MHD simulation of a global strea-
mer blowout eruption. We generate a set of time series by
placing synthetic spacecraft throughout the computational
domain and each time series is fit with three common cylin-
drical flux rope models that are used to analyze in situ
observations of magnetic cloud ICMEs. In Section 2, we
briefly review the MHD simulation results. In Section 3,
we describe the construction of the synthetic spacecraft
time series. In Section 4, we present our results for the
in situ flux rope models applied to each of the 16 synthetic
time series. In Section 4.1, we detail a subset of the time ser-
ies that include classic bipolar and unipolar flux rope orien-
tations as well as more problematic orientations, such as
sampling along the flux rope axis or having a large impact
parameter due to a glancing trajectory. In Section 4.2, we
compare the in situ flux rope model fits to each other and
to the MHD results, including the cylinder axis orienta-
tions (4.2.1), the hodogram signatures of the magnetic field
rotation (4.2.2), inferred CME expansion profiles (4.2.3),
the force-free nature of the ejecta (4.2.4), and the derived
flux content (4.2.5). Lastly, in Section 5, we summarize
our results and discuss the implications for PSP observa-
tions of CMEs in the extended corona.

2. Overview of the numerical simulation

The MHD simulation was run with the Adaptively
Refined MHD Solver (ARMS; DeVore and Antiochos,
2008), which solves the equations of ideal MHD with
finite-volume, multidimensional flux-corrected transport
techniques (DeVore, 1991). The ARMS code utilizes the
adaptive-mesh toolkit PARAMESH (MacNeice et al.,
2000) to enable efficient multiprocessor parallelization
and dynamic, solution-adaptive grid refinement. ARMS
has been used to model a variety of dynamic phenomena
in the solar atmosphere, including CME initiation in
2.5D and 3D spherical geometries, the initiation of coronal
jets and their propagation into the solar wind, and inter-
change reconnection processes and their resulting time-
dependent solar wind outflow. One of the major advan-
tages of the ARMS code is its conservation of magnetic
helicity under a wide variety of magnetic field geometries
and complex reconnection scenarios (Pariat et al., 2015;
Knizhnik et al., 2015; Knizhnik et al., 2017).

In this work, we perform a detailed analysis of the
Lynch et al. (2019) MHD simulation of an idealized,
global-scale eruption of the entire coronal helmet streamer
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belt, i.e. a 360°-wide streamer blowout CME. While this
particular simulation did not model a specific solar (or stel-
lar) CME event, magnetic reconnection during the eruption
process creates a large-scale flux rope ejecta that contains
significant longitudinal variation in its orientation, reflect-
ing the underlying structure of the polarity inversion line
(PIL) of the streamer-belt flux distribution. Given the com-
mon formation and eruption mechanism for bipolar
streamer-blowout eruptions (e.g. Lynch et al, 2016;
Lynch et al., 2021; Vourlidas and Webb, 2018), despite
the exaggerated size of the Lynch et al. (2019) flux rope
ejecta, we will show that the simulation results contain a
variety of local orientations that we can sample with syn-
thetic spacecraft trajectories.

Fig. 1 presents a 3D visualization of the global-scale,
MHD flux rope CME ejecta at t = 150 hr. Representative
magnetic field lines are plotted in light gray. The semi-
transparent equatorial plane shows the radial velocity V,
and the leading edge of the flux rope structure at = 800
km/s. The semi-transparent meridional planes show the
proton number density (on a logarithmic scale), which
highlights the density structure of the ejecta flux rope
cross-section—the standard three-part CME structure of
an approximately circular, leading edge enhancement sur-
rounding a depleted cavity region and followed by a dense,
central core (Illing and Hundhausen, 1985; Vourlidas et al.,
2013). We note that in this particular quadrant of the sim-
ulation the axis of the flux rope is slightly below the equa-
torial plane.

Advances in Space Research 70 (2022) 1614-1640
3. Synthetic spacecraft trajectories

In the following sections, we have constructed a set of
time series corresponding to data that would be measured
by 16 different synthetic spacecraft observers, as illustrated
in Fig. 2. Eight synthetic spacecraft are stationary in space
(labeled S1-S8) and the other eight are based, in part, on
previous and future PSP trajectories near perihelion (la-
beled P1-P§). While each observer generates their own
times series of the global MHD eruption passing by, in this
study we treat each observers’ encounter as isolated and
independent, i.e., the 16 resulting time series should be con-
sidered as 16 different events that are grouped by certain
characteristics of their encounters.

The synthetic time series are obtained from physical
quantities in the native ARMS spherical coordinates. We
take each synthetic observing spacecraft and create a new
magnetic field time series, Brrn(¢), wWhere (Bg, Br, By)
are obtained from the ARMS (B,, By, B;) values via
straightforward linear transformations. For eleven of the
16 synthetic spacecraft, the RTN transform is given by

1 0 0][B
Bxn= |0 0 1]||B, (1)
0 -1 0]|B,

For the remaining five synthetic spacecraft (S2, S6, S8, P3,
and P7), we have rotated the MHD quantities by 90° coun-
terclockwise around 7 to obtain the RTN time series via the
transform Brrn = B,# + Byt + Byi.

Fig. 1. Snapshot of the Lynch et al. (2019) global-scale streamer blowout eruption at # = 150 hr. Representative magnetic field lines of the 3D flux rope
ejecta are shown in light gray. The semi-transparent equatorial plane shows the radial velocity V,. The meridional planes at longitudes ¢ = —130° and +4°
show the proton number density N,. The viewing perspective is centered at longitude ¢ = —67° and here the CME flux rope axis lies just below the

equatorial plane.
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Fig. 2. Location of the 16 synthetic spacecraft observers at ¢ = 150 hr. The left panel shows the radial velocity V', (with representative CME flux rope field
lines) from a top-down view of the ecliptic plane and the right panel shows N, in the meridional plane-of-the-sky from longitude ¢ = 0°. The position of
the stationary observers (S1-8) are denoted by diamonds, whereas the instantaneous position of the moving observers (P1-8) are shown as the triangular
arrow heads along the x—y and y-z plane projections of their respective trajectories during the numerical simulation.

In the synthetic spacecraft RTN coordinates, the incli-
nation angle Brry makes with respect to the R-T plane
is given by

1 By

\/B2+ B2+ B

and the azimuthal angle within the R-T plane is given by
the usual

0 =sin"

(2)

sin”! V] for By > 0,Br =20

L 2n+sin'y for By = 0, By <0 )
n—sinfltp for B <0, By =0
n+4sin'y  for By <0, By <0

where = Br/4/B; + B}. Egs. 2 and 3 yield the standard

convention for the angular ranges, é € [-90°,490°] and
2 €[0°,360°].

We use volume-weighted interpolation to obtain an esti-
mate of the MHD variables at each synthetic spacecraft’s
position from the surrounding 8 grid points. The temporal
cadence of the simulation output files are one every two
hours for ¢t < 140 hr, one per hour for 140 < ¢ < 145 hr,
and one every 5 min for ¢ > 145 hr. While actual in situ
plasma and field time series can be of much higher cadence
(i.e. seconds resolution), historically ICME flux rope mag-
netic fields have been analyzed at 1 hr resolution, so our
synthetic time series temporal resolution of 5 min is more
than adequate.
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3.1. Stationary observers

The eight stationary synthetic spacecraft are spread
around the computational domain at radial distances
between 10-20 R, to sample different regions of the simula-
tion’s global-scale flux rope CME. Due to the 3D structure
of the MHD ejecta, many of the synthetic spacecraft are
slightly above or slightly below the ecliptic plane. We note
that these positions include latitudes that exceed PSP’s
maximum out-of-the-ecliptic excursion of ~ 3° but, for
the purposes of this study, the locations were chosen to
sample different portions of the MHD ejecta. Each of the
stationary observers’ location in radial distance, latitude
(with respect to the ecliptic plane), and longitude (within
the ecliptic plane) is given in the first three columns of
Table 1 and shown visually in Fig. 2. The left panel of
Fig. 2 shows these positions projected into the equatorial
plane and right panel shows them against the plane of
the sky from a longitude of 0°. Each contour plot shows
the spatial distribution of the radial velocity at = 150 hr
during the eruption from their respective viewpoints (the
same time as shown in Fig. 1). We note that the synthetic
spacecraft in the upper left quadrant (S3, S4, P2, P3, P6,
and P8) of the ecliptic view in Fig. 2 have not yet encoun-
tered the CME by 7 = 150 hr.

Fig. 3(a) plots a representative time series of the MHD
quantities sampled by stationary observer S2. From top
to bottom we have displayed the magnetic field magnitude
|B|, the field components By (blue), By (green), and By
(red), the magnetic field vector’s elevation angle 9, its azi-
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Table 1

Synthetic spacecraft observer positions/orbits.

Observer r[Rs] Lat.* [°] Long." [°] Observer PSP Enc.# PSP Orbit ¢ Sim. ¢y [hr] Fmin [Ro]
S1 20 —10.0 30.0 P1 7 2021-01-16, 21:35 120.583 20.36
S2° 15 —10.0 60.0 P2 7 2021-01-17, 07:40 130.667 20.36
S3 20 12.0 140.0 p3° 9 2021-08-07, 20:20 140.333 16.36
S4 20 7.5 180.0 P4 9 2021-08-09, 20:55 128.917 16.00
S5 10 5.0 —145.0 P5 9¢ 2021-08-07, 22:15 122.250 16.18
S6° 15 =50 -90.0 P6 9o 2021-08-09, 19:25 132.417 15.98
S7 20 0.0 —90.0 P7° 23 2025-03-22, 00:15 123.250 9.86
S8® 15 0.0 -30.0 P8 234 2025-03-22, 12:05 135.083 9.86

# Latitude and longitude are defined with respect to and within the ecliptic plane, respectively.
® The MHD simulation data has been rotated by 90° about 7.
¢ The PSP orbit coordinates for this encounter have been rotated by 180° in longitude.
9 The PSP orbit latitude includes a time-dependent offset. See Section 3.2 for details.
(a) Stationary Observer S2 (b) PSP Trajectory P5
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Fig. 3. Representative in situ time series obtained by synthetic spacecraft observers, S2 (left) and P5 (right). Each column plots magnetic field magnitude,
the Brr~n components, the latitude (6) and longitude (A) of the vector field orientation, the radial velocity V., the proton number density N, plasma f and
the observer’s radial distance 7, (in the PS5 case, we also show the observer’s longitudinal position, ¢, in red). The vertical blue lines in each column

indicate the boundaries of the flux rope CME seen by each spacecraft.

muthal angle A, the radial velocity V,, the proton number
density N, the plasma f§ = 87P/B*, and finally the radial
distance of the observer r,,,. The CME ejecta impacts
observer S2 at a simulation time of ¢ = 148.25 hr (approx-
imately 3.25 h after the CME erupts from the Sun at
t = 145 hr) and we estimate it has passed over the space-
craft by r = 152.67 hr. The magnetic flux rope interval is
bounded by the two vertical lines. The major identifying
characteristics of a magnetic cloud flux rope ejecta are
immediately visible. The magnetic field magnitude is
enhanced, the By and By field components show a smooth,
coherent rotation through a large angle, and while there is
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a significant density enhancement during the ejecta interval
compared to the upstream solar wind values, the ejecta
itself is magnetically dominated, with a sharp transition
to low f (< 1) for the duration of the flux rope. As will
be discussed later, by visual inspection, the magnetic cloud
has a clear unipolar, West-North—East (WNE) orientation.

3.2. Parker solar probe trajectories

The spatial coordinates of the eight moving synthetic
spacecraft are derived from PSP encounter orbits 7, 9,
and 23. The encounter 7 perihelion was at a radial distance
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of 20.36 R, and occurred on 17 January 2021 at 17:35 UT.
The encounter 9 perihelion was at 15.98R, on 9 August
2021 at 19:10 UT. The encounter 23 perihelion is currently
scheduled to reach a distance of 9.86 R, on 22 March 2025
at 21:55 UT. These particular orbits were chosen such that
their perihelia roughly correspond to the radial distances of
the stationary observers (10R, 15R., and 20R.,).

In order to increase the number of PSP-like spacecraft
time series, we have duplicated the three PSP encounter
orbits and added an additional 180° shift in longitude, thus
obtaining two sets of coordinate trajectories for each PSP
encounter. Synthetic spacecraft P1 and P2 are derived from
encounter 7. P3 and P4 occur on the inbound and out-
bound legs of encounter 9, while PS5 and P6 follow the
inbound and outbound legs of the phase-shifted encounter
9 duplicate. P7 and PS8 follow portions of encounter 23 and
its duplicate. Again, due to the 3D structure of the MHD
ejecta, we have constructed a latitudinal offset for P6 and
P8 trajectories so that they intersect more of the CME.
The latitude in the P6 trajectory is defined as

Ouns (1) = 05T (1)
0s [271 ])

I 1
in units of degrees and for the duration of the interval
t € [144.5,164.5] hr. Likewise, the P8 trajectory latitude is

Oobs (1) = QESSP(I)
(t—151)
20
over the interval 7 € [141,161] hr.

+ 13.2843 (

Table 1 also summarizes properties of the P1-P8 obser-
vers. The column labeled ‘PSP Orbit ¢, lists the date and
time during the PSP Encounter # that we have assigned
to the simulation time, ‘Sim. #,.” This temporal mapping
lines up each set of PSP trajectory coordinates with their
respective sampling intervals during the MHD simulation.
Each of the P1-P8 time-dependent trajectories are shown
in Fig. 2 as lines and the arrowheads (and labels) indicate
the synthetic spacecraft’s instantaneous positions at
t =150 hr.

Fig. 3(b) plots the corresponding representative time
series of the MHD quantities sampled by the PSP-like
observer P5. Here the synthetic spacecraft encounters the
leading edge of the CME at 7y = 149.5 hr (approximately
4.5 hr after the CME erupts from the Sun at z = 145 hr)
and the magnetic flux rope portion of the ejecta appears
to end at t; = 152.5 hr. The characteristics of a coherent
flux rope ejecta are immediately visible, just as in Fig. 3
(a), and the PS5 synthetic observations show a clear bipolar,
South—-West—North (SWN) type of orientation. At the
beginning of the CME encounter P5 is at
rps(to) = (20.610R,, —0.531°, —97.144°) and by the end
it has reached rps(#;) = (19.738 R, —0.872°, —102.294°).
Therefore, during the 3-hr CME encounter, P5 transverses

(t—154.5)

20 @

(5)

1 1
E—icos [271
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a radial distance of Ary,s = 0.872 R, a change in longitude
of A¢,,, = 5.15°, and a change in latitude of Al = 0.34°
(which we will neglect below). The total distance traveled
will be the arc length AS, which can be estimated via
AS = [ rons(t) d¢p over the encounter interval corresponding
t0 [Dops (20), Pobs(t1)]. This yields AS = 1.86 R, and an aver-
age observer velocity of vy ~ AS/At = 120 km/s through
the CME. At ¢ = 151 hr, the location of P5 corresponds
to a computational grid cell size of
Ar =0.375R,,rAO = 0.286R,, and rsin0A¢ = 0.330R,.
Thus, the synthetic spacecraft PS5 travels ~ 2.3 grid cells
in the radial direction and ~ 5.5 grid cells in longitude dur-
ing the passage of the MHD ejecta.

4. Simulation flux rope profiles and fitting results

Our synthetic time series are grouped into four types
representing different flux rope CME orientations and/or
CME-spacecraft configurations: Type | encounters are
classic bipolar magnetic flux rope orientations, which corre-
spond to the synthetic observers S1, S7, P1, and P5; Type 2
encounters are classic unipolar magnetic flux rope orienta-
tions, corresponding to S2, S6, P3, and P7; we call the Type
3 profiles problematic orientation encounters because the
CME-spacecraft configurations for S3, S5, P6, and P§ were
designed to intersect the CME flux rope axis at a significant
angle in the R-T plane; and the Type 4 profiles represent
problematic impact parameter encounters, where the S4,
S8, P2, and P4 CME-spacecraft configurations only inter-
sect the outer regions/periphery of the flux rope CME.

The three in situ flux rope models we have fit to the sim-
ulation data are described in detail in Appendix A. They
are the Lundquist (1950) constant-a, linear force-free cylin-
der model (LFF), the Gold and Hoyle (1960) uniform-twist
model (GH), and a non-force free circular cross-section
model (CCS; e.g. Hidalgo et al., 2000; Nieves-Chinchilla
et al., 2016). In the following sections we present our syn-
thetic spacecraft time series of the vector magnetic field
as the MHD CME intersects the various spacecraft posi-
tions and evaluate the performance of the different in situ
flux rope model fits to the simulation data. For each
MHD time series, we selected the flux rope ejecta bound-
aries by visual inspection of the magnetic field and plasma
profiles using a combination of the traditional Burlaga
(1988) magnetic cloud criteria (enhanced |B|, smooth rota-
tion in J, A, and low plasma f) and co-temporal changes in
the density and radial velocity profiles (as illustrated in
Fig. 3). These fixed boundaries were used in each of the
in situ flux rope model reconstructions. While the flux rope
boundaries were clear in our synthetic profiles, we should
mention this is a nontrivial procedure with observational
data and modifying the boundaries can, under certain cir-
cumstances, strongly affect the resulting flux rope model
fits (e.g., see Lynch et al., 2003; Riley et al., 2004;
Ruffenach et al., 2012; Al-Haddad et al., 2013).
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4.1. Model fits to synthetic time series

4.1.1. Type 1 — Classic bipolar profiles

The Type 1 simulated CME magnetic field profiles
have a local flux rope geometry that corresponds to the
classic, bipolar flux rope/magnetic cloud orientation (also
defined as a ‘low-inclination flux rope’ in Palmerio et al.,
2018). A bipolar flux rope axis orientation is essentially
parallel to the ecliptic plane (or to the R-T plane in
RTN coordinates) and points in more-or-less the =¢
direction. Thus, the normal field component either starts
positive and smoothly transitions to negative (i.e.
North-to-South) over the course of the flux rope transient
or vice versa (South-to-North). The tangential field com-
ponent is approximately zero at the leading edge flux rope
boundary but smoothly increases to its maximum magni-
tude at the center of the flux rope with positive (negative)
values pointing West (East) and then smoothly decreases
back to approximately zero at the trailing edge boundary.
These “horizontal” flux rope orientations result in the
large-scale, coherent magnetic field rotations that can be
classified as NWS, NES, SWN, or SEN using the
Bothmer and Schwenn (1998) and Mulligan et al. (1998)
convention.

Fig. 4(a) shows two of the four Type 1 synthetic space-
craft CME encounters, S1 and P35, that represent these clas-
sic bipolar flux rope profiles. Each synthetic spacecraft time
series is shown on its own row. From left to right, first we
show a 3D visualization of the spacecraft position (yellow
sphere currently sampling the yellow field line), a set of
adjacent field lines (dark gray) traced at 0.25R, intervals
in the radial direction either side of the spacecraft point,
and a set of light gray field lines indicating the approximate
MHD flux rope boundary. The next two columns are the
time series of the vector magnetic field profiles as
(|B|, 9, 4) in the center and (Bg, Br, By) on the right. In
each of the time series panels, we have indicated the flux
rope ejecta boundaries as vertical lines and plotted each
of the in situ flux rope model fits: LFF-blue, GH-green,
and CCS-orange. The parameter values for each models’
fit to S1 and PS5 are given in Table A.1.

The Type 1 flux rope profiles ought to be the simplest
and most straightforward to fit with the in situ flux rope
models. In general, each of the flux rope models captures
some or even most of the overall trend in the coherent field
rotation, but there are aspects of the MHD profiles that
certain flux rope models cannot reproduce. Specifically,
the asymmetry in the |B| profile—where the peak/maxi-
mum value is more toward the front of the ejecta than
the center. The LFF, GH, and CCS models are all symmet-
ric, by construction. This aspect is also seen in the RTN
components. All of the models underestimate the ampli-
tude of the initial negative By components because their
By profiles are symmetric with respect to the center of
the spacecraft crossing. This is a well known shortcoming
of models with cylindrical symmetry.
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The other feature worth mentioning is that the MHD
profiles, even in the simplest bipolar flux rope orientations,
have a non-zero By component. While this does not signif-
icantly affect the overall structure of the large-scale field
rotation, it does indicate that the idealized, in situ flux rope
models will not result in a perfect fit. In Appendix A, the
formulas for each model’s field components are given and
every model has a radial component of zero (in their local
flux-rope frame). Thus, to generate a non-zero By profile, it
must originate from a tilt or angle of the flux rope symme-
try axis with respect to the RTN coordinates and/or from a
trajectory that passes either above or below the flux rope
cylinder symmetry axis. In other words, an orientation of
¢y = 90°,0, = 0°, which points the zgr axis parallel to the
RTN =¢ direction will always give Bz = 0 for an impact
parameter of p, = 0. This is also true for a completely ver-
tical flux rope orientation of 6, = +90°, which we discuss
below.

4.1.2. Type 2 — Classic unipolar profiles

The Type 2 magnetic field profiles correspond to a local
unipolar flux rope/magnetic cloud orientation (also defined
as a ‘high-inclination flux rope’ in Palmerio et al., 2018). In
a unipolar flux rope event, the axis is essentially perpendic-
ular to the R—T plane, aligned with the +a direction—or at
least it makes a significant angle so the axis is highly
inclined. In these cases the normal field component is pre-
dominately North or South, while the bipolar rotation sig-
nature of positive-to-negative (negative-to-positive) is in
the West-to-East (East-to-West) direction. These “vertical”
flux rope orientations result in the large-scale, coherent
magnetic field rotations that can be classified as WNE,
WSE, ENW, or ESW in the Bothmer and Schwenn
(1998) and Mulligan et al. (1998) convention. We note that,
in general, unipolar South magnetic clouds tend to drive
the most intense geomagnetic storms (e.g. Zhang et al.,
2004), however our particular MHD coordinate transform
results in unipolar North configurations.

Fig. 4(b) shows two examples of the Type 2 synthetic
spacecraft CME encounters, S6 and P7, that represent clas-
sic unipolar flux rope orientations in the same format as
Fig. 4(a). The parameter values for each models’ fit to S6
and P7 are also given in Table A.1. Visually, the quality
of the in situ flux rope model fits to the unipolar MHD time
series seem comparable to those for the classic bipolar
events in Fig. 4(a). In general, the large-scale magnetic
structure of the coherent field rotations are reasonably well
captured in the flux rope models, with some components
matching better than others (e.g. the By profiles of S6 look
better than those of P7 but the By profiles look similar).

The fit parameters for the P7 encounter are essentially
identical across models (given the typical parameter uncer-
tainties) indicating a fairly robust reconstruction. For
example, the axial tilt 6, values are all within 70°-80°, the
impact parameters are all ~ 20%, and each model determi-
nes the flux rope size to be R. ~ 0.02 AU. The S6 encounter
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Fig. 4. (a) Type 1 magnetic field profiles representing classic bipolar MC/ICME orientations from synthetic observers S1 and P5. (b) Type 2 magnetic field
profiles representing classic unipolar MC/ICME orientations from synthetic observers S6 and P7. The planar cuts through the flux rope cross-sections
show the logarithim of mass density while the planar cuts along the axis shows the twist component of the flux rope magnetic fields. The remaining Type 1

and Type 2 encounters are shown in Fig. B.1.

fits are also pretty consistent in certain parameters (e.g.
0o, R.), however the LFF and CCS models give impact
parameters p,/R. of only a few % whereas GH gives
23%. The P7 fits are apparently a bit better than the S6 fits,
in that there is less variation between models in the orien-
tation parameters. This is likely due to the S6 time series
having more |B| asymmetry than P7. However, as we will
see in Section 4.2.2, taking the variation between different
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models as an assessment of fit quality may not encompass
the whole picture.

4.1.3. Type 3 — Problematic orientation profiles

The next category of flux rope encounter we are investi-
gating in the MHD simulation and the flux rope model fits
are profiles that we have described as having a “problem-
atic orientation.” What this means is that the flux rope axis
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makes a significant angle within the spacecraft’s R—T plane
but is still has a relatively low inclination, i.e. the flux rope
parameter angle representing tilt out of the R-T plane, 0,,
is small, but the azimuthal angle, ¢,, has a large departure
from 90° or 270°. This results in a spacecraft trajectory that
includes a significant component along or parallel to the
magnetic flux rope axis. This type of flux rope orientation
has been discussed by Marubashi (1997), who sketched the
geometry (see their Fig. 3) and presented two examples of
magnetic cloud observations consistent with this interpre-
tation. Since then, there has been a number of well-
observed flux rope ICME events that have similar mor-
phology and interpretation (Owens et al., 2012). This sce-
nario has also been recently considered in the context of
PSP CME encounters (Mostl et al., 2020).

Fig. 5(a) shows the Type 3 problematic orientation
events seen by observers S3 and P6. In these examples,
the significant angle the (local) flux rope axis makes with
respect to the +¢ direction can be seen in the constant-
latitude plane rendering of the MHD simulation B, values
(in the red-to-white-to-blue color scheme). Here the red
(blue) colors represent positive (negative) values, illustrat-
ing the bipolar or twist component of the flux rope. The
local flux rope axis, therefore, can be considered as the
By = 0 point of the sign change, i.e. essentially the mid-
point of the central white stripe between the red-to-blue
transition. The intersection of the meridional plane (R-N)
and the latitudinal plane (R-T) shows the 7 direction. Since
the angle between the flux rope axis (white stripe) and # is
not 90°, there will be some contribution of both the axial
and azimuthal fields of the flux rope to the spacecraft’s
By time series.

The flux rope parameter values for S3 and P6 are given in
Table A.2. Every in situ model fit for S3 gives ¢, values with
anywhere from 20°-70° departure from the classic bipolar
orientation of ¢, = 90°, while the model fits to P6 give ¢,
values with a 5°-60° departure. The model profiles shown
in the central and right columns of Fig. 5(a) do not give
the impression of especially good or especially bad flux rope
fits, even when compared to the classic Types 1 and 2 of
Fig. 4. However, there is much more variation in the fit
parameters (and derived quantities) between models for
these cases than in those previous events. For example, in
the S3 (P6) fits, the flux rope radius, R., ranges from
0.013-0.045 AU (0.018-0.037 AU), largely due to the vari-
ation in the impact parameter. In the LFF and CCS models,
the impact parameter p,/R. is found to be on the order of
50% for both S3 and P6, but the visual representation of
the spacecraft in Fig. 5(a) shows this is clearly not the case.
Thus, despite the more-or-less adequate fits to the MHD
time series components, these in situ flux rope fits should
be considered more uncertain than those of the classic types.

4.1.4. Type 4 — Problematic impact parameter profiles
Our final category of synthetic observer flux rope
encounters is the problematic impact parameter type.
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These events correspond to spacecraft trajectories that pass
a substantial distance from the central symmetry axis of the
ICME flux rope. In terms of in situ flux rope model param-
eters, the Type 4 events are usually characterized by nor-
malized impact parameters of the order p,/R. = 0.50.
The effects of the large impact parameter on the flux rope
magnetic field signatures is typically to decrease the magni-
tude of every component as well as to reduce the overall
rotation that the B vector makes during the ICME interval.
It is well known that the quality of the in situ flux rope
model fits also suffers when the impact parameter becomes
large. For example, in one of the first papers to compare
different flux rope model fits to MHD simulation data,
Riley et al. (2004) showed that when the impact parameter
was small, essentially every model gave similar and consis-
tent fitting results, whereas for a large impact parameter
there was much more variation between model fits and
none of the models did particularly well at reproducing
the actual distorted, elliptical shape of the MHD ejecta
cross-section.

Fig. 5(b) shows the Type 4 events, S8 and P4. The S8
encounter is rotated in the same manner as the classic
unipolar cases. Here we can see the 0 profile has a single,
central peak at ~70° corresponding to the unipolar By
component profile. In both of the MHD visualizations,
the large impact parameter puts the S8 and P4 spacecraft
trajectories through their flux ropes much closer to the
outer layers. Hence, the dark gray field lines are seen to
wrap around the flux rope axis much more than in Fig. 4
or 5(a) where they were essentially tracing field lines
through the central axis.

The in situ flux rope model fit parameters are fairly con-
sistent for S8, i.e. each give an axis inclination angle of
~67°, impact parameters between 50-60% of R., and R.
values of 0.036 AU. The flux rope model fit parameters
for the P4 synthetic trajectory yield consistent values for
some aspects of the eject (e.g. 6y, R.) but considerably more
variation in others (e.g. ¢y, p,). Qualitatively, the S8 time
series has a larger field strength and more of a coherent
rotation in the angular profiles and/or component profiles.
The P4 time series shows almost no rotation in the (9, 4)
angles.

An important feature of both the Type 3 and Type 4
problematic encounter profiles is that the set of y? error
norms—defined in Eq. A.6 and used in the optimization
of the model fit parameters through its minimization—
are not quantitatively worse than those of Types 1 and
2. It is also not immediately obvious that a given set of
model fits to a Type 3 or 4 time series are, by visual inspec-
tion, qualitatively worse than the Type 1 or 2 fits. In a cer-
tain sense, each set of model fits for the Type 3 and Type 4
encounters are worse than the corresponding set of model
fits for each Type 1 and Type 2 encounter, but we would
have to use a “quality of fit” metric that is includes the
variation of the models’ best-fit parameters within each
set.
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Fig. 5. (a) Type 3 magnetic field profiles representing problematic orientation MC/ICME events from synthetic observers S3 and P6. (b) Type 4 magnetic
field profiles representing problematic impact parameter MC/ICME events from synthetic observers S8 and P4. The remaining Type 3 and Type 4

encounters are shown in Fig. B.2.

4.2. Comparisons of MHD and In-situ model CME
properties

4.2.1. Flux rope geometry and orientation

One of the primary uses of the in situ flux rope models is
to estimate the large-scale ICME flux rope geometric prop-
erties and orientation. The parameters describing the flux
rope model cylinder axis direction are the two orientation
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angles: the azimuthal angle ¢, in the R—T plane and the ele-
vation angle 0y. The third parameter required to fully spec-
ify the 3D orientation with respect to the observing
spacecraft is the impact parameter p,, which describes
how close the spaceraft trajectory passes to the flux rope
cylinder axis. The radial size of the cylindrical cross-
section, R, can then be calculated as a function of the three
model orientation parameters and the observed radial
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velocity time series—specifically, the ejecta duration and an
average V, during the interval (e.g. see equation A4 in
Lynch et al., 2005).

In order to compare the in situ flux rope model fit
parameters with the MHD simulation “ground truth,” we
need to estimate equivalent cylinder geometry parameters
from the MHD data cubes. Our procedure for estimating
the MHD version of {¢,, 0y, py/Rc, R.} is as follows.
The flux rope size, R., is the most straightforward; we
choose left (L) and right (R) boundary features in the r
and 0 directions based on the mass density and current
density structure of the flux rope to obtain

1 {(rR—rL)+ (rL;‘—rR) (|0Rg0L|)}

2 2
The normalized impact parameter can then be obtained by
estimating the center of the MHD ejecta cross-section as
the mid-point of the L, R boundary features, (»,, 0,,), where
Fo = (rp +12) /2,0, = (0, + 0)/2, and using the coordi-
nates of the synthetic observing spacecraft. This yields

@ MHD ~ Vi (em - Hobs(t*))
R. R, ’

REAHD ~

(6)

(7)

where O,s(¢*) is the observer latitude at the times shown in
each of the MHD visualization panels of Figs. 4, 5, B.1,
and B.2.

The cylinder axis orientation parameters, (d)OM
are estimated from two planar cuts centered on the esti-
mated midpoint. First, the azimuthal angle, qﬁS’lHD , 1s deter-
mined from the spatial orientation of the By = 0 contour in
the r—¢ plane at the latitude midpoint, 6,,. The ¢34HD angle
is defined with respect to the +# direction and the +180°
ambiguity is resolved by choosing the direction of the pos-
itive axial field. Similarly, the elevation angle, H(I;AHD, is
determined from the spatial orientation of the B, = 0 con-
tour on a spherical wedge at the radial midpoint r, and
defined as elevation above or below the r—¢ plane at 6,
(again, in the direction of positive axial field). For both
angles, we fit a straight line to the spatial points of the
{By, B, } = 0 contours on their respective 2D planes, using
the position (r,, 0., ¢.,s) as the origin of a local RTN
Cartesian coordinate system and calculate (¢y"™, 0y""")
from these linear fits. For the rotated cases (S2, S6, S8,
P3, P7), we have applied the same procedure as in the
non-rotated MHD data and then converted these angles
into the corresponding cylinder axis orientation values
for the local (rotated) coordinate system.

Fig. 6 shows the differences between the best-fit in situ
flux rope model parameters { ¢y, 0o, py/R., R.} and the
corresponding estimates of their MHD equivalent. The
three in situ models and the MHD values are plotted as dif-
ferent symbols: MHD-black full squares; LFF-blue dia-
monds; GH-green triangles; CCS-orange x’s. The error
bars are representative 1-¢ parameter uncertainties derived
from the LFF model (e.g., see Lepping et al., 2003; Lynch
et al., 2005). We have applied these to every model and the

HD pMHD
0)

b
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MHD values. The parameter uncertainties are taken to be
oy = 30°,09 = 20°, 60/re) = 0.30, and ok, = 0.10R.. The
MHD version of the flux rope cylinder parameters for each
synthetic spacecraft’s encounter with the simulation ejecta
are also listed in Tables A.1 and A.2.

The cylinder axis orientation angles (¢,,0y) are well
approximated by every in situ flux rope model for both
the Type 1 classic bipolar profiles and the Type 2 unipolar
profiles. While it looks like there is large disagreement in
the ¢, values for the Type 2 events, recall that for highly-
inclined flux ropes (0 = £90°) the azimuthal angle
becomes essentially degenerate. The Type 3 problematic
orientation profiles show more agreement between the
in situ flux rope models and the MHD estimates for 6, than
¢o- While the overall scatter is the greatest for the Type 4
problematic impact parameter profiles, the flux rope eleva-
tion angles for the S8 and P4 profiles are the closest to the
MHD values.

The (normalized) impact parameters (p,/R.) are reason-
ably consistent between the in situ flux rope models and the
MHD estimates for both the Type 1 and 2 events, although
we note that the flux rope model’s impact parameter uncer-
tainty of 30% is the largest of the parameters examined
here. For the problematic Type 3 and 4 profiles, the impact
parameters are statistically well matched for some events
(S5, P8, S8) and not for others (S3, P6, P2, P4). The flux
rope cross-section radius, R., shows the greatest disagree-
ment between the MHD estimates and the in situ flux rope
estimates. Five of the eight flux rope model fits for the clas-
sic Type 1 and Type 2 profiles systematically underestimate
the MHD flux rope size (S1, S7, P5, S2, P3), while the other
three agree reasonably well (P1, S6, P7). Similar to the
impact parameter performance, the flux rope model R. esti-
mates for the problematic Type 3 and 4 profiles show more
variation and certain fits return obviously incorrect
answers (e.g. GH for S3, P6, S4; CCS for S4; every model
for P2, etc).

4.2.2. Hodogram signatures of the flux rope field rotations
Another method of determining how much coherent
rotation the magnetic field vector experiences during a par-
ticular event interval is to examine the hodograms of each
of the different components, i.e. Bz—B7, Bz—By, and Br—By.
Hodograms have been used since the first generation of
interplanetary magnetic field measurements (Klein and
Burlaga, 1982; Berchem and Russell, 1982), but they are
now being used fairly regularly in the analysis of ICME
flux rope ejecta (e.g. Bothmer and Schwenn, 1998;
Nieves-Chinchilla et al., 2018). The general form of the
hodograms for magnetic flux ropes are that two of the
three component-pair plots show little-to-no coherent
structure while the third shows a large, relatively smooth
rotation. In local flux rope frame coordinates, it is obvious
that the axial and azimuthal fields will be the pair of com-
ponents with the coherent rotation while neither will vary
with the radial component (defined as zero in the mathe-
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matical formulations of Appendix A). This can also be
understood as relating to the directions of minimum, inter-
mediate, and maximum variance in the magnetic field over
the ejecta interval (specificially, the eigenvectors of the vari-
ance space matrix one obtains with Minimum Variance
Analysis, e.g. see Oliveira et al., 2020; Oliveira et al.,
2021, and references therein). Herein, we will consider only
the By—By hodograms as these are expected to be the direc-
tions of maximum and intermediate variance, respectively
(or vice versa for the rotated, unipolar cases).

Fig. 7 shows the By—By hodogram plots for each of the
synthetic spacecraft samples of the 3D MHD flux rope
ejecta shown in Figs. 4 and 5, organized by profile type:
7(a) Type 1 bipolar profiles (S1, P5), 7(b) Type 2 unipolar
profiles (S6, P7), 7(c) Type 3 problematic orientation pro-
files (S3, P6), and 7(d) Type 4 problematic impact param-
eter profiles (S8, P4). In each panel the MHD simulation
data are shown with black squares and each of the in situ
flux rope models are shown in their respective color-
scheme: LFF (blue), GH (green), and CCS (orange). The
remaining eight observers’ hodogram plots are shown in
Fig. B.3. There are a number of interesting features in
Fig. 7: first, the hodogram representation of the field rota-
tions in the MHD simulation data on their own; second,
the hodogram representation of each of the in situ flux rope
models; and third, in the comparison of the two.

Considering the MHD simulation data, we see that the
Type 1 and Type 2 curves make a more continuous circular
arc than the Type 3 and Type 4 curves. In each panel the
Br : By aspect ratio is 1:1 so that the relative shapes
between panels can be more easily compared. The Type 3
and 4 hodogram curves tend to be less circular and have
considerably more small-scale bumps, wiggles, and/or
sharp discontinuities, i.e. the curves are less smooth. How-
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ever, the Type 1 and 2 hodograms are not completely
smooth either, as there is still some substructure along
the large-scale arcs.

The hodograms for the in situ flux rope models are gen-
erally smoother than the simulation data, as one might
expect from analytic expressions. In every case, the LFF
and GH models give continuous circular arcs, often with
a significant amount of overlap, although the GH starting
and ending points tend to not extend as far as the LFF
ones. The CCS hodograms tend to make more of a V-
shape, which makes sense given the linear relationship of
both the azimuthal and axial field components with radius
from the cylinder center (B, B. x p; see Eq. A.3) and and
these components map to Br and By in the syntheric obser-
ver’s RTN coordinates.

The B;—By hodogram plots are a complementary way of
evaluating the quality of the in situ flux rope model fits, as
well as how close the observational (simulation) data them-
selves are to the form of an idealized flux rope structure.
While there was some indication in the Fig. 4, 5 time series
that encounter Types 1 and 2 were “‘better fit” than Types 3
and 4, the hodogram vizualizations of the coherent field
rotations show more difference in the sizes, shapes, and
positions of the in situ model fits with respect to the simu-
lation data and more structural differences between the
classic and problematic events. The same trends are also
seen in the hodograms of Fig. B.3.

4.2.3. CME flux rope expansion profiles

Given the somewhat unexpected disparity between the
MHD and in situ flux rope models’ estimates for the flux
rope sizes, R., we have examined the time evolution of each
model’s R, values. It may be the case that, despite a consis-
tent offset between the MHD and flux rope model sizes, the



B.J. Lynch et al.

Advances in Space Research 70 (2022) 1614-1640

(a) Type 1 -- Classic Bipolar (c) Type 3-- Problematlc Orlentatlon
T T T T T T Y 2T T T T T
4- . 4 . : 4
S1 //’\ stP5 1 Y . P6 \\ 7
2F 'f’ki“‘-% ] oL ! ‘:;QN?\\ ]
. Of 1 of . : \l» 1 - )/ —
= = = -1 = -1 3
=N =N = =
2r 1= -2t : 1 = Z :
o o - o 2 o 2 \J 3
-4r 1 af — ] 3f MHD 3 ]
LFF
61 1 -6p 1 -4 -4 E
8L, i s s s L 8L .. i . . s . -5 ] T A A
2 0 2 4 6 8 10 2 0 2 4 6 8 -3 -2 -1 o 2 3 4 2 A 12 4
Br [uT] By [uT] Br [uT] Br [uT]
(b) Type 2 -- Classic Unipolar (d) Type 4 -- Problematic Impact Parameter
15 S6 1 2tP7 ] 8 ‘ 1
10F 1 15 1 6F
= 510 15 4 ]
2 5 13 =
o o o
5 9 2r ]
O- -
of AT o
5¢ ‘ i ‘ .1 5 ‘ ; ‘ ‘ ‘ 2l ‘ ; ‘ ‘ ; ‘ ‘ ]
-10 -5 5 10 -10 0 5 10 15 4 0 2 6 2 6
By [uT] By [uT] By [uT] By [uT]

Fig. 7. Hodograms of the By—By rotations during each observers’ CME ejecta encounter organized by profile type. (a) Type 1: S1, P5; (b) Type 2: S6, P7;
(c) Type 3: S3, P6; (d) Type 4: S8, P4. The rotations of the in situ flux rope model fits are shown in the same color scheme as Figs. 4, 5 (MHD-black, LFF-
blue, GH-green, CCS—orange). The remaining synthetic observer hodograms can be found in Fig. B.3.

estimates of the flux rope expansion rate(s) are similar. Our
previous analyses have treated each synthetic spacecraft
trajectory as an independent CME event encounter, but
here we now treat each event encounter as a a measurement
of the same CME, just at different times.
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Fig. 8. Estimates of the CME flux rope expansion profiles R.(¢) and their
associated expansion velocities V.,. The points for each flux rope model
and the MHD values follow our usual convention (MHD-black full
squares; LFF-blue diamonds; GH-green triangles; CCS-orange x’s) and
the linear fit to each flux rope model and the MHD expansion profiles are
shown as the thin solid lines in their respective colors.
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Fig. 8 plots the R. values from each of our trajectories
(from Fig. 6(d)) with respect to their temporal midpoints,
tw = (t; +1.)/2, to yield a series of R.(¢,) samples. The
points for each flux rope model and the MHD values fol-
low our usual convention (MHD-black full squares;
LFF-blue diamonds; GH-green triangles; CCS-orange
x’s). We wuse the same uncertainty estimate of
ore/R. = 10%. The linear fit to each flux rope model and
the MHD values are shown as the solid lines in the associ-
ated color. We define the expansion velocity as
Vexp = OR. /0t and convert the slope of each linear fit from
Ro/hr to km/s. These values, along with their parameter
uncertainties, are listed in the Fig. 8 legend.

There are two points to highlight in these results. First,
the MHD, LFF, and CCS models all yield remarkably sim-
ilar V¢, values on the order of 60-90 km/s. The exception
is the GH model R.(¢) values, which give a linear fit with a
negative slope—largely biased by the two problematic ori-
entation points (S3, P6) at (+ — 145) = 11 hr. The second
point is that the mean Ve, consensus for the MHD,
LFF, and CCS models is consistent with the observed
expansion speeds of flux rope CMEs in the STEREO/
COR?2 coronagraph observations during solar minimum.
The multi-viewpoint STEREO/COR2 CME catalog
(Vourlidas et al., 2017) shows the average CME expansion
velocity is Ve, ~ 100 km/s for the three years of solar min-
imum (2007-2009). This period is when the majority of
streamer blowout CMEs have an casily identifiable flux
rope morphology (Vourlidas and Webb, 2018). Given that
our MHD simulation is essentially one giant streamer-
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blowout eruption, the agreement with the observed Ve, is
encouraging. Additionally, our V., values are also entirely
consistent with the in situ velocity profiles within flux rope
ICMEs measured throughout the inner heliosphere (e.g.
Lugaz et al., 2020, and references therein). This also implies
that the LFF and CCS flux rope models are ‘“good
enough” to be able to capture a significant portion of the
MHD ejecta’s expansion, despite the fact these are both
static models and there is apparently some systematic dis-
agreement in the estimated CME flux rope sizes.

4.2.4. Evaluating the force-free assumption

An important implication of flux rope expansion in the
extended solar corona is that the magnetic structure must
not be in equilibrium, i.e. it is not force-free. The force-
free in situ flux rope models (LFF, GH) have, by definition,
Jl|B so the Lorentz force, j x B, is identically zero. It is
instructive, therefore, to investigate how appropriate this
assumption is in our MHD simulation’s time series, and
evaluate just how non-force free the CCS model fits end
up being.

A number of authors have examined this issue via differ-
ent methodologies. One way of quantifying the departure
from a force-free state is to examine the ratio of
perpendicular-to-parallel currents |, [/|j;| (e.g. Mostl
et al., 2009) or perpendicular-to-total current |j, |/|f o |
(e.g. Nieves-Chinchilla et al., 2016). This current density
decomposition, ji,, =Jj, +Jjj, is defined with respect to
the magnetic field direction and is therefore obtained via

(i-B)B q
B (8)

. 7j><B
Ji," |lg|

gy =

Given that the force-free component of the current density
(J) is parallel to B, these current ratios are simply the
equivalent of examining the misalignment angle between
the j and B vectors, defined as sinv = |j x B|/(|j||B])-

Herein, we use the Nieves-Chinchilla et al. (2016) ratio
of the perpendicular-to-total current densities because
|71/ Jora | = sin®? whereas the Mostl et al. (2009) ratio
gives |j, |/|jj| = tan¥. In practice, the force-free threshold
chosen by Mostl et al. (2009) of tan ¥ < 0.30 can be applied
to the |j, |/|Jiow | Tatio with almost no discernible differ-
ence, i.e., a maximum of 0.75° in the resulting values of
sin'(0.30) ~ tan'(0.30) ~ 17°.

Fig. 9(a) shows a representative example of the
71/ ow | ratio (and its equivalent misalignment angle
) derived from the MHD simulation data as a function
of time seen by the P5 synthetic observer. The orange W-
shaped profile shows the misalignment angle of the non-
force free CCS flux rope model, sind(r)““, determined
by the best-fit model parameters (see Appendix A and
Eq. A.5). The red dotted horizontal line denotes the
misalignment angle threshold sin(0.30) = 17.45° and the
blue dashed vertical lines indicate the flux rope boundaries
at start time ¢, and end time ¢,.
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Fig. 9. Properties of the Lorentz force during the synthetic spacecraft time
series. (a) Representative example of the ejecta profiles for the P5 observer.
The |j, |/|jiow | Profile is shown in black and corresponding misalignment
angle, ¥(¢), is shown on the right axis. The best-fit CCS model profile,
sin 19([)CCS, is plotted as the orange W-shaped curve. The magnetic flux
rope boundaries are indicated with the blue vertical dashed lines. The red
dotted line at sin¥ = 0.30 (¥ ~ 17.5°) indicates the Mostl et al. (2009),
Nieves-Chinchilla et al. (2016) “approximately force free” threshold. (b)
Comparison between the mean misalignment angles in each of the MHD
profiles (black squares) and their CCS model fits (orange x’s). The Kumar
and Rust (1996) misalignment angles are shown as purple + symbols. The
red square and x symbols indicate the percentage of each flux rope
interval that can be considered approximately force free for the MHD and
CCS models, respectively.

The largest non-force free regions within the CME flux
rope are clearly at the boundaries, i.e. at the CME-solar
wind interface, but the misalignment angle is not uniformly
distributed throughout the magnetic ejecta. Using the
Mostl et al. (2009) and Nieves-Chinchilla et al. (2016)
thresholding, we find that 51% (19/37 data points) of the
PS5 ejecta interval identified in Fig. 9(a) can be considered
approximately force-free, whereas the CCS flux rope model
fit over the same interval yields 32% (12/37 data points).

We have also calculated the mean and standard devia-
tion of the misalignment angle from the MHD j(¢) x B(¢)
time series directly over each of the flux rope ejecta inter-
vals. Fig. 9(b) plots (¢) £ g, for each of the CME flux rope
intervals in our set of synthetic time series. The MHD val-
ues are shown as the black squares and the analogous val-
ues derived from the CCS model profiles are shown as the
orange x’s. The large g, values are a consequence of the
misalignment angle structure at the flux rope boundaries
(as seen in Fig. 9(a)).

A somewhat complementary approach has been
employed by Subramanian et al. (2014) in their study of
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the self-similar expansion of CMEs observed in STEREO/
SECCHI coronagraph data and how that relates to the
overall Lorentz “self-force” as a driver of the CME erup-
tion and/or propagation. Subramanian et al. (2014) used
an expression for the j x B misalignment angle

sind = x/xq = k/2.405, 9)

to evaluate the range of values for ¢ inferred by the
observed CME expansion. Here, x; is the first zero of
the Bessel function Jy(x) and x is the observed self-
similar expansion parameter, defined as the ratio of the flux
rope’s minor radius to its major radius. This expression for
the misalignment angle was derived by Kumar and Rust
(1996) under the assumption that the flux rope’s magnetic
structure has only a small departure from the LFF Bessel
function solution.

We have performed the same calculation, defining the
self-similar parameter for each of our MHD CME samples
as Kk = R./r,, using the R, values from Fig. 8 and the mid-
point distances r,, (from Section 4.2.1). We obtain an aver-
age self-similar parameter of (x) = 0.357 £ 0.042, which is
in excellent agreement with the Subramanian et al. (2014)
observational values (e.g. see their Table 1). This self-
similar parameter yields an average misalignment angle

of (9)*** =8.5°+1.0° over our set of 16 encounters

and each of the individual 9*?*® values are also shown in

Fig. 9(b) as the purple + symbols.

For most of the synthetic encounters, the MHD and
CCS values are consistent within the statistical spread,
however it is worth highlighting that both of these are
always greater than the corresponding Kumar and Rust
(1996) values. Similar to our previous findings, the CCS
flux rope model results are more consistent—with each
other and with the MHD values—over the subset of Type
1 and 2 events. The other important takeaway from Fig. 9
(b) is that the percentage of each MHD flux rope interval
that can be considered force-free is greater than the corre-
sponding percentage derived from the CCS model fits. In
other words, for 12 of our 16 profiles, the MHD intervals
have more points below the “force-free threshold” than
the CCS fits to the same intervals.

There is some ambiguity in exactly what range of
misalignment angles can be considered ‘“nearly force-
free.” Subramanian et al. (2014) obtained a similar range

of (9)** angles (5°~10°) and suggested these values were
sufficiently large to demonstrate the ‘“nearly force-free”
assumption of Kumar and Rust (1996) was inconsistent
with coronagraph observations—despite being comfort-
ably below the Mostl et al. (2009) and Nieves-Chinchilla
et al. (2016) threshold (~ 17°) used in the in situ flux rope
analyses. Overall, we conclude that the MHD flux rope
profiles obtained by our synthetic observers, while obvi-
ously not force-free, are in some sense, more force free than
the in situ CCS flux rope model fits to the same MHD pro-
files and less force free than the Kumar and Rust (1996)
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assumption of a small deviation from the LFF model
structure.

4.2.5. CME flux content

There is a direct quantitative relationship between the
reconnection flux in the corona and the magnetic flux swept
by the flare ribbons (Forbes and Priest, 1983; Qiu et al.,
2007; Kazachenko et al., 2017). Magnetic reconnection
rapidly adds flux to the CME during the eruptive flare
(Welsch, 2018) resulting in the formation of coherent,
twisted flux rope structures in agreement with remote-
sensing and in situ CME observations (e.g. Bothmer and
Schwenn, 1998; Vourlidas et al., 2013; Hu et al., 2014).
In addition to the relationship between eruptive flare
reconnection and CME acceleration (Jing et al., 2005;
Qiu et al., 2010), properties of the magnetic field—handed-
ness, orientation, and magnetic flux content—are impor-
tant quantities for making the CME-ICME connection
(e.g. Qiu et al., 2007; Démoulin, 2008; Hu et al., 2014;
Palmerio et al., 2017; Gopalswamy et al., 2017;
Gopalswamy et al., 2018).

The toroidal/axial flux @, and poloidal/twist flux ®, of
the in situ flux rope models are given by

2n Re(o)
o= [B-zpdpdo= [ do [ pdpsilo),
0 0

L R,
(Dp:/B-(})dpdz:/ dz/ dpB,(p) ,
0 0

in cylindrical flux rope coordinates (p, ¢, z). In these mod-
els with circular cross-sections, R.(¢) = R, and the area is
simply nR2. The poloidal/twist flux calculation involves
integrating dz along the flux rope axis over the entire length
of the ICME. Since the axial length L of interplanetary flux
ropes are generally unknown, it is common to either esti-
mate their value as 2-2.5 times the radial distance of the
observation (e.g. Leamon et al., 2004; Pal et al., 2021) or
just calculate the poloidal/twist flux per unit length, ®,/L.

Fig. 10 plots @, and ®,/L calculated for each in situ flux
rope model. In terms of the model parameters (or quanti-
ties derived from the model fit parameters), the toroidal/ax-
ial fluxes are calculated as:

(10)

(11)

O = (2 (xo1) /x01)Bo TR2, (12)
%M = In [1 + 7R Byn(1/7)’, (13)
0SS = (1/3)By 7R (14)

We refer the reader to Appendix A for the precise defini-
tions of each of the flux rope model parameters but note
here the general form of ®, ~ constant x (BnR?). The
poloidal/twist fluxes (per unit length) are calculated as:

(@,/2)"" = (1/x01)BoR., (15)
(®,/L)°" = In [1 + 7R?] By(1/27), (16)
(@,/2)° = (1/4) (1o /°Rc) R (17)
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Fig. 10. Left panels: Estimates of toroidal/axial flux and poloidal/twist flux from the CME cross-sections in the MHD simulation results and for each
observers’ in situ model fit. The color scheme is the same as previous figures: MHD-black full squares; LFF-blue diamonds; GH-green triangles; CCS—
orange x’s. The thin black lines are the mean MHD value from the Type 1 and Type 2 events and the dashed lines show plus and minus the standard
deviation. The thick yellow line indicates the Lynch et al. (2019) estimate of the reconnection flux. Right panel: Distribution of (®,, ®,/L) points showing
overlap between a 2D Gaussian model fit to the set of all in situ flux rope model fits (red contours) and MHD Type 1 and 2 values (black contours). The
contours are at 0.5-¢ intervals between 0.5¢ and 3.0c. See text for details.

Here we note the general form of ®,/L ~ constant x BR.
The uncertainties for the in situ flux rope model magnetic
flux quantities are obtained via the usual fractional error
addition: ¢,/®, =~ 22% and 0,/(®,/L) ~ 14%.

To evaluate the in situ flux rope model fluxes, we calcu-
late a @, and ®,/L from the MHD simulation data cube at
each time indicated in Figs. 4, 5, B.1, and B.2. The toroi-
dal/axial flux is determined by integrating BydA for
By = 0 over a spherical wedge in the r—0 plane encompass-
ing the flux rope cross-section. The poloidal/twist flux (per
unit length) is obtained by integrating |By|dr in our spher-
ical wedge for the whole range of 0 values and averaging
the positive (By > 0) and negative (By < 0) values. The
MHD flux estimates are shown as black squares in
Fig. 10. The mean ®, and ®,/L values for the Type 1
and Type 2 events are (®MP) =1.9540.16 x 10 Mx

and <(CI>p/L)MHD> =1.13+022x 10" Mx cm™'. These
averages are shown in the corresponding left Fig. 10 panels
as the solid horizontal lines with +1¢ shown as the dashed
lines. The yellow horizontal line shows the Lynch et al.
(2019) reconnection flux estimate @.,/L = 1.64 x 10"
Mx cm~! from the flare ribbon area at ¢ = 152 hr and
approximating the flux rope axis length as L = 2nRcmg
with RCME = 25R[

We note that the Type 3 and 4 MHD flux values that
deviate the most from the Type 1 and 2 average values in
one or both quantities, i.e. S3, P6, S4, and P2, have their
estimates at the largest simulation times (155.67, 154.50,
155.67, and 153.0 hr, respectively). As seen in Figs. 5 and
B.2, for each of these synthetic observers, the leading edge
or a nearby section of the magnetic ejecta has passed
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through the » = 30R, outer boundary, so it seems reason-
able to expect both the toroidal/axial and poloidal/twist
fluxes to be a bit lower in these cases.

The right panel of Fig. 10 shows the same data (with the
same colors and plot symbols) as the left panels, but now as
a two-dimensional distribution of (®,®,/L). The £1 o

range of the (OMHP) and ((®,/L)™"™) values are shaded
gray and bounded by the vertical and horizontal dashed
lines. In order to assess the overlap of the in situ flux rope
model flux values with the corresponding MHD flux esti-
mates, we fit a 2D Gaussian to the smoothed, 2D his-
togram of the in situ flux rope model points using the
standard IDL function gauss2Dfit.pro. The red con-
tours show the resulting Gaussian distribution at 0.5-¢
intervals between 0.5 and 3.0 standard deviations. The
1-6 width of the distribution function in the @, direction
is g, = 0.525 x 10*' Mx whereas in the ®,/L direction it
is g,=0325x10"" Mx ecm '. The tilt of the contour
ellipses show that the variables ((I),, @, /L) are not indepen-
dent (as expected given their dependence on the same
model parameters). We have also manually constructed a
similar 2D Gaussian from the classic-profile MHD flux
averages with their respective standard deviations given
above. The MHD-average Gaussian distribution is shown
as the black elliptical contours (at 0.5-¢ intervals) centered

on (@), ((@,/L)"")).

The overlap between the in situ model fit and MHD-
average distributions presented in Fig. 10 provides another
way to visualize the flux rope model performance. The
MHD distribution contours (black) fall almost entirely
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within the 1o and 20 contours (red) of the in situ flux rope
model distribution. The peak of the in situ flux rope model
distribution lies below the peak of the MHD distribution in
both toroidal and poloidal flux coordinates (also seen in
the clustering of the individual model fit points in the
lower-left quadrant rather than a more uniform distribu-
tion across each quadrant). This suggests that the in situ
flux rope models are, at least statistically, underestimating
both components of the CME flux content: the toroidal/ax-
ial flux by ~60%, i.e., (OMP) x 1.63 (®F?), and the poloi-
dal/twist flux by ~25%, ie., ((®,/L)M™)~1.26
(((I)p/L)FR>. However, the MHD flux estimates for the
problematic Type 3 and Type 4 events are also lower than
the classic-profile averages, in roughly the same direction
and proportion as the in situ flux rope model points.

5. Discussion and conclusions

In summary, we conclude from this numerical experi-
ment that the in situ flux rope models can be used to infer
the large-scale orientation and estimate some of the physi-
cal properties such as size and flux content. Since our
MHD CME is a complex, 3D structure, we do expect some
level of variation in profiles from different observers at dif-
ferent locations, and we certainly see that. There is also at
least as much—and probably more—variation introduced
by the limitations, assumptions, and simplifications of the
flux rope models. In other words, the differences in quality
of the fits with a single model between synthetic observers
and their event types is comparable to the differences
between different model fits to the same event. The opti-
mistic interpretation is, therefore, that each of the flux rope
models we have examined does a reasonable job, most of
the time. The pessimistic interpretation, however, is that
every flux rope model fit to the MHD profiles does an
equally poor job of determining the flux rope (axis) orien-
tation and CME flux content. Regardless of personal
worldview on the merits of in situ flux rope models, our
results do contribute to a number of ongoing research
questions that we will discuss below.

There are open questions about the specific details of
when and how magnetic cloud/flux-rope CMEs become
force-free or sufficiently relaxed enough that there are no
longer any drastic changes to the internal magnetic struc-
ture of the CME. Lynch et al. (2004) found that in an
axisymmetric (2.5D) MHD simulation, the CME flux rope
structure at ~ 15R. was reasonably well-described by the
LFF model. This provides an important constraint on
the internal dissipation of “‘excess” magnetic energy via
restructuring or relaxation of the magnetic fields within
the flux rope CME. Several researchers have examined
the possibility that this dissipation process acts as a source
of localized plasma heating within the CME (e.g. Kumar
and Rust, 1996; Rakowski et al., 2007; Lee et al., 2009;
Landi et al., 2010). The results presented here show that
reasonable fits are obtained for the magnetic structure of
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the 3D MHD flux rope ejecta between 10-30 R, using both
force-free (LFF, GH) and non-force free (CCS) in situ flux
rope models. Having examined the internal structure of the
Jj x B misalignment angle ¥, we conclude that our MHD
ejecta intervals, while not force-free, appear to be more
force-free than the best-fit CCS flux rope solutions (at least
statistically) and /less force free than the Kumar and Rust
(1996) assumption that the magnetic field structure is only
a small departure from the LFF cylinder model. Given the
typical values we have obtained for the percentage of the
MHD flux rope intervals that fall below the “approxi-
mately force free” threshold of ¥ ~ 17° (Mostl et al.,
2009; Nieves-Chinchilla et al., 2016), one may characterize
the MHD ejecta as having dissipated somewhere between
~30-60% of the excess magnetic energy responsible for
the non-zero Lorentz force. In principle, this reinforces
the Lynch et al. (2004) suggestion that a significant amount
of the excess magnetic energy within the CME flux rope can
be dissipated by ~15R.

Another open question is regarding the impact of a
moving observer on the inferred structure of the magnetic
flux rope ejecta. The spatial scales of ICME flux ropes at
1 AU are large enough (~0.1 AU) that treating the space-
craft position as fixed with respect to the ICME ejecta pas-
sage is a valid approximation. However, since PSP is
moving significantly faster than previous spacecraft and
could be so close to the Sun that the CME spatial scales
are on the order of a few R, it is unclear whether this will
significantly alter the observed magnetic structure. In our
simulation data, the synthetic observers on PSP-like trajec-
tories through various portions of the MHD CME flux
rope see essentially the same profiles as the stationary
observers, despite their = 100 km/s speed. The longitudi-
nal change in our example P5 observer of Section 3.2 was
Ay ~ 5° which is much smaller than, e.g., the mean
observed angular width of 45°-60° in the LASCO CME
catalog (Yashiro et al., 2004) or the mean angular width
of ~70° for streamer blowout CMEs (Vourlidas and
Webb, 2018). Therefore, a PSP-like trajectory that inter-
sects the “nose” (or apex) of the CME should not see a sig-
nificant difference compared to a similarly situated
stationary observer (A¢,,, = 0°), especially if the flux rope
can be considered translationally-invariant along its axis.

However, there are multi-spacecraft observations (e.g.
Kilpua et al., 2011; Lugaz et al., 2018) that show longitudi-
nal differences between spacecraft of only 1°~10° can and
do result in significant and substantial differences in the
plasma and magnetic field measurements. This may reflect
a limitation of our simulation configuration; the specific
geometry of our global, 360°-wide ejecta in the numerical
simulation means almost every one of our synthetic space-
craft encounters can be considered a “nose”/apex encoun-
ter (with the exception of the Type 3 events that represent a
more skewed intersection). For real CME events with typ-
ical angular widths, we might expect to observe at least
some longitudinal wvariation ( Kilpua et al., 2009;
Mulligan et al., 2013) and the occasional flank- or leg-
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encounter where a few degrees change in the spacecraft lon-
gitude over the event duration would cause the spacecraft
to leave the coherent flux rope portion of the ejecta or,
e.g., even potential dual encounters through different por-
tions of the ejecta ( Mostl et al., 2020).

A somewhat related issue is that of the impacts or
observable consequences of CME flux ropes “aging”
(Démoulin et al., 2020). The proximity of PSP measure-
ments to the Sun could mean that any evolution of the
magnetic structure of the CME (e.g. expansion, rotation,
distortion, etc) would appear much more dramatic than
is typically observed at greater heliocentric distances.
Specifically, the duration of the PSP-like spacecraft
encounters (~3 hr) is a significant portion of the CME’s
lifetime (i.e., the CME eruption starts at ¢~ 145 hours,
so roughly 5-10 hr by Figs. 4, 5, B.1, and B.2). However,
despite our simulated CME being relatively “young,” there
does not appear to be any identifiable evolutionary aspects
of the synthetic time series that sufficiently distort or com-
plicate the flux rope structure beyond the capabilities of the
in situ cylindrical flux rope models to approximate its
large-scale coherent field rotation.

In our synthetic time series, the large-scale coherent field
rotations are largely confined to the By—By plane. Since
magnetic field hodograms are increasingly being used in
the analysis of in situ ICME observations (e.g. Nieves-
Chinchilla et al., 2019; Davies et al., 2021; Scolini et al.,
2022), including recent PSP events (e.g. Nieves-Chinchilla
et al., 2020; Winslow et al., 2021), we constructed hodo-
gram visualizations of both the MHD simulation data
and the in situ flux rope model fits to further evaluate the
quality of the flux rope model reconstructions. We find that
reasonably good fits to the Brrn(#) component time series
do not necessarily mean an equally good fit in the Br—By
hodogram representation. In general, the classic Type 1
and 2 profiles are better fit than the problematic Type 3
and 4 profiles (cf. Figs. 7, B.3), but not universally, and
there is not an individual model with a clearly superior per-
formance for each event.

Not surprisingly, the in situ flux rope model estimates of
the toroidal/axial and poloidal/twist fluxes in the CME
ejecta also tend to be a bit better for the classic profiles
than the problematic profiles. Although, again, not univer-
sally and not even consistently within the same event. For
example, in the S2 classic unipolar (Type 2) event, every
in situ model had an axial flux estimate @, that was close
to the MHD value, whereas for the twist flux density
(®,/L), every flux rope model overestimated the twist flux
by = 50% compared to the MHD value. On the other
hand, all the flux rope model underestimated the axial
fluxes of the Type 1 events while doing relatively well with
the poloidal flux for those cases. The 2D distribution of the
MHD values and in situ flux rope model fitting results in
toroidal-poloidal flux space (right panel of Fig. 10) sum-
marizes the overall performance of our entire set of model
fits in determining the CME flux content. At least on aver-
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age, the flux rope models tend to underestimate the poloi-
dal/twist flux component by ~25% and the toroidal/axial
flux component by ~60%, but in general, the distribution
of the MHD flux estimates for the classic bipolar and
unipolar orientations are not inconsistent with the much
broader distribution of in situ model fit values, i.e., almost
every MHD data point lies within the 20 contour of the
distribution of in situ model fitting results.

We expect the results of this study to be generally appli-
cable to previous and future PSP CME encounters. How-
ever, there are some limitations in our approach, largely
resulting from the idealized, global-scale nature of the
CME e¢jecta in our MHD simulation. Here we have treated
our set of synthetic spacecraft trajectories over a broad lon-
gitudinal distribution as independent CME events, but it
will be important to perform similar numerical experiments
on simulations where the CME flux rope structures are
more realistic, i.e., have smaller angular widths and/or
originate from active regions. Likewise, it will be important
to perform analyses where MHD ejecta are sampled with
synthetic spacecraft trajectories that correspond to a range
of multi-spacecraft observational geometries with varying
radial and longitudinal separation. In conclusion, while
we certainly acknowledge that there is room for improve-
ment on the in situ flux rope modeling front, it is encourag-
ing that the idealized structures of relatively simple
magnetic flux rope models are apparently as good of an
approximation of the internal magnetic configuration of
our simulated MHD ejecta during local encounters at
< 30R, as they are to in situ observations of ICME flux
ropes further out in the inner heliosphere—with all of the
usual caveats intact. We are looking forward to testing
these modeling results with future PSP measurements of
CME:s in the extended corona.
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Appendix A. In-situ flux rope models

We examine the performance of three representative flux
rope models used to characterize the in situ magnetic field
profiles of magnetic cloud/flux rope ICMEs (as in Palmerio
et al.,, 2021, but see also, e.g., Dasso et al., 2006; Al-
Haddad et al., 2013). For each of the following flux rope
models, the 3D spatial orientation of the flux rope requires
three free parameters. These are typically written as ¢, 0o,
and p, where the symmetry axis of the flux rope (given by
unit vector Z) makes an angle ¢, within the R-T plane,
makes an angle 0, out of the R-T plane, and the relative
distance between the spacecraft trajectory and the flux rope
axis is represented by p,, usually in units of flux rope radius
R..

A.1. Lundquist, constant-o. linear force-free model ( LFF)

The first model is the constant-a, linear force-free cylin-
der model based on the Lundquist (1950) Bessel function
solution (e.g. Lepping et al., 1990). In local, cylindrical flux
rope coordinates (p, ¢, Z), the magnetic field structure is
given by

BPZO’ B(P:HBojl((xp)a Bz:BOJO(ap)v (Al)

where H = +1 is the sign of the magnetic helicity, By is the
field strength at the center of the flux rope (at the axis) and
o is determined by setting aR, = x¢; ~ 2.405 to the first zero
of Jy. Since the model flux rope size R, is obtained from the
radial velocity and the identified flux rope boundaries in
time (e.g. see Eq. 17 in Lepping et al., 2003 or Equation
A4 in Lynch et al., 2005), the Lundquist solution model
has a total of five free parameters, { ¢, 0o, py, H, Bo }.

A.2. Gold-Hoyle, uniform-twist model (GH)

The second is the force-free, uniform-twist cylinder
model based on the Gold and Hoyle (1960) solution (e.g.
Farrugia et al., 1999). This gives a field distribution of
z — 1 + 0)2[)2 )

wpBy

By=0. B =1

(A.2)
where w = 2nt is the number of field line turns (in radians)
about the cylinder axis per unit length and B, is again the
field strength at the cylinder axis. The uniform-twist model
also has a total of five free parameters, { ¢, 0o, py, T, Bo }-
The sign of the flux rope helicity is contained in the sign of
the twist, .

A.3. Nonm-force free, circular cross-section model (CCS)

The third model is a non-force free flux rope solution
with a circular cross-section (Hidalgo et al., 2000;
Hidalgo et al., 2002; Nieves-Chinchilla et al., 2016). Here,
the model field profiles are given in terms of the electric
current density j = j?p(ﬁ +/°% in the flux rope. For the
CCS model these current density components are taken
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as constant, yielding a field distribution throughout the flux
rope of

0P y
B, =0, By =)l 5, B-= /(R —p). (A3)

The circular cross-section model, again, has five free
parameters, { ¢, 0o, py, J, ji, }, with the sign of the helicity
contained in the (relative) sign of the current density com-
ponents, /o and ;7. The field strength on the cylinder axis,
By, is obtained from By = B.(p = 0) = ,uoj?PRc.

As discussed in Section 4.2.4, a quantitative measure of
how non-force free the CCS in situ model fits are can be
evaluated by constructing the Lorentz force magnitude
|7 x B| = |j||B|sin ¥ where the angle ¥ is the misalignment
between the current density and magnetic field vectors. The
Lorentz force vector for the CCS model is

i () -0~ (0 (3)]

where we have substituted the analytic formulas above for
the j and B components. The misalignment angle, ¥, is

therefore
(1) =)= (012

\/(fii)2 + (/?)2¢(J?)2(p2/4> + (jfl)z(Rc s

The time-dependence of the above expression is captured in
the spacecraft’s trajectory through the model flux rope,
p(¢). The P5 example encounter’s CCS J(p(¢)) profile is
shown in Figs. 9(a) as the orange W-shaped curve, while

p. (A4)

d(p) =sin”'

(A.5)

the ejecta duration-averaged values, (), are shown in
Fig. 9(b) for each of the synthetic observers.

A.4. Parameter optimization and error minimization
procedure

For each flux rope model, the values of the free param-
eters are obtained via a least-squares minimization proce-
dure, similar to that originally described by Lepping
et al. (1990). Each of the mean-square error calculations
between the “model” and “‘observational” values are per-
formed in RTN coordinates. The in situ flux rope model
fields, B™®(¢) (projected into the RTN system) are taken
as the “model” values whereas the MHD simulation data,
BMUP(£) (also projected into the RTN system) are taken as
the “observational” values.

In the current study, we use a chi-squared error norm,
defined as

1
XZN;

where N is the total number of data points during the syn-
thetic observer’s passage through the CME (typically a
~3 hr interval at 12 samples per hour for a total of 30—
40 points in each time series), and we sum over the index

B

J

(1) ~ BY"™(1))
B ()

7 (A6)



B.J. Lynch et al.

j from 1-3 representing the individual # ¢, and # compo-
nents of each vector field measurement.

A.5. Flux rope model fit parameters

Tables A.1 and A.2 present the best fit parameters asso-
ciated with the LFF, GH, and CCS in situ flux rope models
applied to each of our 16 synthetic time series through the
MHD simulation data, organized by encounter type.

Table A.1 lists each of the model fits to the classic bipo-
lar profiles (Type 1; S1, P5, S7, and P1) and unipolar pro-
files (Type 2; S6, P7, S2, P3). Table A.2 lists the same
quantities for the problematic orientation profiles (Type
3; S3, P6, S5, P8) and problematic impact parameter pro-
files (Type 4; S8, P4, S4, P2). The first column identifies
the synthetic observer’s encounter Type and lists the Fig-
ure where the corresponding MHD time series and in situ
flux rope model fits are shown (Figs. 4, 5, B.1, or B.2).

The parameters for each of the flux rope model fits
include the symmetry axis orientation with respect to the
synthetic observer (i.e. ¢, 0y, and p,), the flux rope radius
R., the flux rope chirality H, and the magnitude of the axial
field at the flux rope center, By. We note that these are the
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LFF model’s free parameters and the other models have
either slightly different parameters (e.g. the field line twist,
current density component amplitudes, etc) or additional
parameters that are not listed. We have focused on these
quantities as they are the most easily compared across
models. Also listed are the toroidal/axial magnetic flux
and the poloidal/twist flux per unit length that are derived
from each model (and given in Section 4.2.5 as functions of
the model fit parameters). In the last column, we present
the numerical value of the y* error norm for each entry.

Appendix B. Additional flux rope profiles and model fits

For completeness, here we present the remaining syn-
thetic observer profiles and model fits that were not pre-
sented in the main text. These are S2, S4, S5, and S7 for
the stationary observer cases and P1, P2, P3, and P8 for
the PSP trajectory cases.

Fig. B.1(a) shows the Type 1 classic bipolar cases S7, Pl
and Fig. B.1(b) shows the Type 2 classic unipolar cases S2,
P3, in the same format as Fig. 4. Likewise, Fig. B.2(a)
shows the Type 3 problematic orientation cases S5, P8

Table A.1
In-situ flux rope model fit parameters and MHD estimates for Type 1 (classic bipolar) and Type 2 (classic unipolar) encounters.
Type/Fig. Obs. Model b0 [°] 0o [°] Po/Re R. [AU] H By [uT] ®, [Mx] ®,/L [Mx/cm] 7
LFF 74.6 14.5 0.001 0.0245 +1 6.46 1.188e+22 0.989¢+10 0.228
Type 1 S1 GH 85.1 15.2 0.101 0.0254 +1 6.81 1.358e+22 1.039¢+10 0.220
Fig. 4 CCS 70.5 12.7 —0.058 0.0240 +1 7.16 0.967e+22 1.015e+10 0.303
MHD 80.2 -9.5 0.187 0.0315 +1 5.95 2.033e+22 0.934e+10 -
LFF 74.9 1.1 0.043 0.0212 +1 6.69 0.911e+22 0.881e+10 0.056
Type 1 S7 GH 65.6 1.0 —0.055 0.0200 +1 6.94 0.882e+22 0.833e+10 0.117
Fig. B.1 CCS 71.5 0.8 0.088 0.0215 +1 7.59 0.822¢+22 0.935¢+10 0.088
MHD 83.6 -1.1 0.133 0.0283 +1 7.82 1.967e+22 1.202e+10 -
LFF 76.5 6.5 —0.031 0.0270 +1 5.36 1.197e+22 0.904e+10 0.118
Type 1 P1 GH 82.3 7.0 0.032 0.0275 +1 5.61 1.341e+22 0.926e+10 0.139
Fig. B.1 CCS 73.5 5.7 —0.090 0.0267 +1 6.29 1.051e+22 0.864e+10 0.188
MHD 74.9 -8.8 0.119 0.0271 +1 6.78 1.825¢+22 0.875¢+10 -
LFF 77.8 0.7 0.091 0.0208 +1 6.17 0.818e+22 0.802¢+10 0.089
Type 1 P5 GH 79.6 0.3 0.091 0.0209 +1 6.43 0.895¢+22 0.806e+10 0.142
Fig. 4 CCS 79.1 0.4 0.133 0.0210 +1 7.33 0.758e+22 0.793e+10 0.181
MHD 88.4 -5.0 0.216 0.0278 +1 5.82 1.875e+22 0.918e+10 —
LFF 270.8 73.4 0.138 0.0290 +1 9.01 2.295e+22 1.623e+10 0.428
Type 2 S2 GH 265.6 70.5 0.031 0.0288 +1 11.77 1.868e+22 1.968e+10 0.303
Fig. B.1 CCS 276.6 73.3 0.021 0.0288 +1 10.14 1.972e+22 1.532e+10 0.818
MHD 302.2 70.2 0.178 0.0334 +1 8.30 2.132e+22 1.153e+10 —
LFF 304.9 82.5 0.015 0.0200 +1 11.63 1.409¢e+22 1.445e+10 0.083
Type 2 S6 GH 197.7 72.1 0.231 0.0196 +1 13.24 1.515¢+22 1.498e+10 0.118
Fig. 4 CCS 329.9 79.1 —0.056 0.0196 +1 13.24 1.192e+22 1.446e+10 0.119
MHD 327.8 82.2 0.127 0.0220 +1 12.22 1.963e+22 1.526e+10 -
LFF 232.8 44.8 —0.024 0.0240 +1 5.76 1.005e+22 0.859¢+10 0.148
Type 2 P3 GH 228.5 41.5 0.021 0.0230 +1 6.98 0.819e+22 0.954e+10 0.124
Fig. B.1 CCS 232.1 45.5 —0.024 0.0240 +1 6.31 0.852e+22 0.901e+10 0.247
MHD 297.7 55.3 —0.267 0.0342 +1 5.62 2.163e+22 1.163e+10 -
LFF 24.9 78.8 0.214 0.0196 +1 17.94 2.088e+22 2.185e+10 0.154
Type 2 P7 GH 49 78.8 0.180 0.0194 +1 18.41 2.393e+22 2.124e+10 0.186
Fig. 4 CCS 49 68.8 0.163 0.0184 +1 23.98 1.904e+22 1.542e+10 0.180
MHD 348.9 72.4 0.248 0.0163 +1 17.60 1.6785¢e+22 1.2856e+10 -
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Table A.2

In-situ flux rope model fit parameters and MHD estimates for Type 3 (problematic orientation) and Type 4 (problematic impact parameter) encounters.
Type/Fig. Obs. Model o [°] 0o [°] Do/Re R. [AU] H By [uT] @, [Mx] ®,/L [Mx/cm] 7

LFF 111.0 139 —0.587 0.0450 +1 5.06 3.104e+22 1.415e+10 0.099

Type 3 S3 GH 160.4 3.2 —0.001 0.0132 +1 3.94 0.317e+22 0.280e+10 0.120

Fig. 5 CCS 129.2 129 —0.536 0.0362 +1 8.08 2.481e+22 0.850e+10 0.113
MHD 125.6 0.3 —0.219 0.0398 +1 5.11 1.651e+22 0.601e+10 —

LFF 71.7 -10.2 0.082 0.0188 +1 24.13 2.583e+22 2.819¢+10 0.123

Type 3 S5 GH 101.0 -9.6 0.169 0.0197 +1 30.13 2.639¢+22 3.524e+10 0.100

Fig. B.2 CCS 73.8 —11.1 0.075 0.0190 +1 28.84 2.440e+22 2.537e+10 0.203
MHD 60.5 —13.6 0.086 0.0137 +1 43.20 2.334e+22 2.376e+10 -

LFF 95.0 —10.1 —0.557 0.0372 +1 5.18 2.171e+22 1.197¢+10 0.129

Type 3 P6 GH 145.3 -7.8 0.039 0.0180 +1 4.19 0.606e+22 0.414e+10 0.137

Fig. 5 CCS 116.4 -8.3 —0.449 0.0312 +1 7.56 1.725¢+22 0.741e+10 0.152
MHD 124.2 —22.4 0.000 0.0289 +1 6.47 1.142e+22 0.642e+10 -

LFF 142.3 12.3 —0.327 0.0217 +1 9.33 1.331e+22 1.258e+10 0.193

Type 3 P8 GH 146.3 10.3 —0.258 0.0190 +1 9.37 1.182¢+22 1.057e+10 0.287

Fig. B.2 CCS 153.6 9.3 —0.331 0.0160 +1 14.09 0.845e+22 0.657e+10 0.210
MHD 50.4 10.8 —0.327 0.0178 +1 16.80 1.574e+22 1.054e+10 -

LFF 15.9 —13.3 —0.816 0.0233 +1 4.33 0.720e+22 0.630e+10 0.201

Type 4 S4 GH 109.2 -39.3 0.330 0.0394 +1 2.68 2.484e+22 0.412¢e+10 0.247

Fig. B.2 CCS 35.5 -27.0 —0.843 0.0490 +1 14.87 8.732e+22 0.541e+10 0.164
MHD 83.3 -36.7 -0.782 0.0260 +1 4.04 0.874e+22 0.347¢+10 —

LFF 271.9 67.4 0.546 0.0359 +1 7.34 2.899e+22 1.647e+10 0.191

Type 4 S8 GH 293.0 66.4 0.448 0.0332 +1 7.77 2.547e+22 1.552e+10 0.274

Fig. 5 CCS 302.4 65.3 0.590 0.0363 +1 12.73 3.931e+22 1.300e+10 0.183
MHD 311.3 89.8 0.460 0.0187 +1 13.07 1.640e+22 0.778e+10 —

LFF 80.7 -37.1 —0.939 0.1650 +1 4.21 35.12e+22 4.341e+10 0.055

Type 4 P2 GH 164.1 —13.9 —0.421 0.0228 +1 2.32 0.808e+22 0.121e+10 0.064

Fig. B.2 CCS 100.3 -31.0 -0.956 0.1934 +1 27.95 245.1e+22 2.106e+10 0.036
MHD 244.2 —56.0 —0.835 0.0328 +1 3.65 0.729¢+22 0.484e+10 -

LFF 102.1 2.5 0.401 0.0337 +1 4.28 1.489¢+22 0.901e+10 0.120

Type 4 P4 GH 753 2.7 0.078 0.0307 +1 3.88 1.394e+22 0.695e+10 0.168

Fig. 5 CCS 88.8 2.2 0.372 0.0341 +1 6.33 1.726e+22 0.689¢+10 0.123

MHD 105.7 -2.2 0.492 0.0341 +1 5.05 1.904e+22 0.660e+10 -
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Fig. B.1. Remaining classic cases in the same format as Fig. 4. (a) Type 1 magnetic field profiles representing classic bipolar MC/ICME orientations from
synthetic observers S7 and P1. (b) Type 2 magnetic field profiles representing classic unipolar MC/ICME orientations from synthetic observers S2 and P3.
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Fig. B.2. Remaining problematic cases in the same format as Fig. 5. (a) Type 3 magnetic field profiles for problematic orientation MC/ICME events from
synthetic observers S5 and PS8. (b) Type 4 magnetic field profiles for problematic impact parameter MC/ICME events from synthetic observers S4 and P2.

and Fig. B.2(b) shows the Type 4 problematic impact  organized by type: panel B.3(a) shows Type 1, B.3(b) Type
parameter cases S4, P2, in the same format as Fig. 5. 2, B.3(c) Type 3, and B.3(d) Type 4.

The By—Br hodograms for each of these cases are shown
in Fig. B.3 where the synthetic observer cases are again
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