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Abstract Interplanetary coronal mass ejections (ICMEs) primarily move radially as they
propagate away from the Sun, maintaining approximately constant angular width with re-
spect to the Sun. As ICMEs have typical angular widths of around 60°, plasma elements on
opposite flanks of an ICME separate in the non-radial direction at a speed, vg, roughly equal
to the ICME radial speed. This rapid expansion is a limiting factor on the propagation of in-
formation across an ICME at the local Alfvén speed, va. In this study, the 1-AU properties
of ICME:s are used to compute two measures of ICME coherence. The first is the angular
separation for which vg exceeds the local va. The second measure is the angular extent over
which a wavefront can propagate as an ICME travels from a given heliocentric distance to
1 AU. For both measures, ICMEs containing magnetic clouds show greater coherence than
non-cloud ICMEs. However, even for magnetic clouds, information is unable to propagate
across the full span of the structure. Thus interactions of ICMEs with other solar wind struc-
tures in the heliosphere are likely to lead to localised distortion, rather than solid-body like
deflection. For magnetic clouds, the coherence length scale is significantly greater near the
centre of the spacecraft encounter than at the leading or trailing edges. This suggests that
magnetic clouds may be more coherent, and thus less prone to distortion, along the direction
of the magnetic flux-rope axis than in directions perpendicular to the axis.

Keywords Coronal mass ejections - Solar wind

1. Introduction

Coronal mass ejections (CMEs) are huge eruptions of solar plasma and magnetic flux (Webb
and Howard, 2012). Their interplanetary manifestations, ICMEs, can drive severe space
weather (Gosling, 1993), making them of both scientific and societal interest (Cannon et al.,
2013).
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Figure 1 Radial directions A
and B are separated by a constant
angle 6. At a radial distance Ry,
they are separated by a distance
L. Atradial distance Rj, they
are separated by L».

When observed close to the Sun, CMEs typically span around 60° with respect to the
Sun, though much larger angular extents are also seen (Gopalswamy et al., 2008; Yashiro
et al., 2004). In the outer corona and heliosphere, CMEs are observed to maintain approx-
imately constant angular width as they propagate anti-sunward (Zhao et al., 2017; Helcats
etal., 2018). Figure 1 shows two solar wind elements within an ICME, moving radially and
separated by a constant angle 6 with respect to the Sun. In a time At, the plasma moves from
R, to R;. Thus due to the spherical expansion of the solar wind, the two elements change
their separation from L; to L;, giving

Ly L,

in@/2) = — = . 1

sin(6/2) SR, 2R (D
Therefore

iyt ©/2) LAL )

——sin =——.

At 2 At

If the radial speed, vg, is constant, AR/At = dR/dt = vg. The two elements are therefore
moving apart at the geometric expansion speed, vg, given by

dL
VG = Pl 2ug sin(8/2). 3)

For a typical CME with 6 = 60°, sin(6/2) = 0.5 and thus and vg = vg.

When observed in situ in near-Earth space, ICMEs are typically found to be radially
expanding at a rate proportional to their bulk speed (Owens et al., 2005). This is in broad
agreement with statistical studies of ICME duration (and hence radial width) at various
heliocentric distances (Savani et al., 2011a). As the 1-AU radial expansion speed is relatively
small (around 5—10% of (vgr)), it must also be small relative to vg across the CME as a
whole. Therefore the cross section of an ICME will rapidly flatten, or ‘pancake’ (Riley and
Crooker, 2004; Savani et al., 2011b). (This is also illustrated in Figure 5.) This pancaking
has been inferred from Heliographic Imager (HI, Eyles et al., 2009) observations of ICMEs
(e.g., Savani et al., 2012).

The solar wind is a structured medium. During transit to 1 AU (and beyond), ICMEs un-
dergo interaction with other solar wind structures, such as stream interaction regions (SIRs),
as well as other ICMEs (e.g., Lugaz et al., 2012). Remote observations of ICME-ICME
collisions in the heliosphere have been explained in terms of the interaction of solid-like
bodies (Shen et al., 2012). Most ‘geometric’ models used for the interpretation of HI obser-
vations assume that ICMEs are coherent structures which are not significantly distorted by

@ Springer



ICME Coherence at 1 AU Page 3 of 13 148

the solar wind (e.g., Thernisien, Vourlidas, and Howard, 2009; Davies et al., 2012). Simi-
larly, flux-rope models, used for the interpretation of the global structure of magnetic clouds
on the basis of local observations, also assume simple, coherent structures (Burlaga et al.,
1998; Démoulin and Dasso, 2009; Hidalgo et al., 2002; Owens, Merkin, and Riley, 2006).
The rapid geometric expansion of ICMEs, however, may place limits on the coherence of
ICME:s. Using average properties of ICMEs at 1 AU and a model for the associated varia-
tions with heliocentric distance, it has been argued that for most ICMEs vg soon exceeds
the local Alfvén speed, vy (Owens, Lockwood, and Barnard, 2017). Thus information can-
not propagate across ICMEs and they are unable to behave as coherent, solid-like structures
even if the magnetic curvature forces would be sufficient in magnitude to resist the external
deformation forces (Owens, Lockwood, and Barnard, 2017).

Conversely, current operational forecasting of ICMEs assumes that they are purely hy-
drodynamic structures (Odstrcil, Riley, and Zhao, 2004), and thus have very little coherence
in the non-radial directions. This is highlighted by one-dimensional hydrodynamic simula-
tions of ICMEs producing similar results to three-dimensional magnetohydrodynamic sim-
ulations (Owens et al., 2020).

Both of these approximations—complete coherence and complete incoherence of
ICMEs—are valuable for making progress in their respective areas and will be more or
less appropriate under different conditions. It is therefore valuable to assess and quantify the
coherence of ICMEs.

This study builds on the work of Owens, Lockwood, and Barnard (2017). Two measures
of ICME coherence are considered. In Sections 2 and 3, 1-AU properties are used to compute
Omax, the angular separation for which vg exceeds the local va. Specifically, in Section 2 the
average 1-AU properties in ICMEs are considered for different ICME types, then Section 3
further subdivides the data by considering the properties at different times through an ICME
as it passes 1 AU. The second measure of ICME coherence, ¢, is the angular extent that
can be traversed by an Alfvén wavefront as the ICME propagates from a given point in the
inner heliosphere to 1 AU. Thus in Section 4, the time history of the ICME interaction and
its subsequent evolution are taken into account.

2. Mean Properties

Solar wind plasma and magnetic field properties in near-Earth space are obtained from the
1-hour OMNI data set from the Space Physics Data Facility (King and Papitashvili, 2005).
Data in the period 1-1-1995 to 31-12-2019 are considered. ICME timings and classifications
in near-Earth space are provided by Richardson and Cane (2010) and these authors’ updated
on-line ICME list. In the Richardson and Cane (2010) catalogue, ICMEs are classified into
three Types. Type 2 are magnetic clouds (MCs), that is, ICMEs which show clear features of
amagnetic cloud, having enhanced magnetic field intensity (> 10 nT), smooth rotation in the
magnetic field direction through a large angle, low proton temperatures and low plasma beta
(Klein and Burlaga, 1982; Lepping, Jones, and Burlaga, 1990). Type 1 ICMEs, which are
referred to as ‘MC-like’ ICME:s in the remainder of this study, show evidence of a magnetic
field rotation, but lack some of the other features of MCs. Type 0 ICMEs are here referred
to as ‘non-MC’ ICME:s as they lack most of the features of a typical magnetic cloud, such
as an enhanced magnetic field intensity and magnetic field rotation.

For each of the 512 ICMEs in this period, the mean proton number density, np, radial
solar wind speed, vr, and magnetic field intensity, B are computed. Averages are taken
over the whole ICME body (i.e., between the leading and trailing ICME boundaries) but
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Figure 2 Histograms of mean ICME properties at 1 AU. Properties are proton number density, np (top left),
heliospheric magnetic field intensity, B (top right), radial solar wind speed, vR (bottom left) and the Alfvén
speed, va, computed from mean ICME properties (bottom right). Blue, red and black lines show histograms
for magnetic cloud-like and non-cloud ICMEs, respectively.

do not include any sheath region ahead of the ICME. Figure 2 shows histograms of these
average properties, with ICMEs further divided in magnetic clouds (MCs), magnetic cloud-
like (MC-like) and non-magnetic cloud (non-MC) ICMEs. It can be seen that at 1 AU,
typical mean np within ICMEs is around 5 cm™3, with MCs showing a longer tail to the
distribution out past 10 cm™. Mean vy is similar in all ICME types, with modal values
around 400 kms~!. The main difference between MC and non-MC ICMEs is seen in the
mean B, where non-MC- and MC-like CMEs have typical values around 6 nT, but MCs are
around 11 nT. Of course, the classification of an ICME as an MC requires enhanced B, so
this is unsurprising.
Using these bulk properties, we compute the Alfvén speed, va, as

B
«//vLOanP7

where 1 is the magnetic permeability of free space and mp is the proton mass. Thus we are
assuming for simplicity that the solar wind is a proton plasma. In reality, the contribution
from helium ions means that vy would be up to 10% lower than our estimate and ICME
coherence would decrease. Given the more limited availability of helium data relative to
proton, this is deemed acceptable for the current study. Figure 2 shows that in non-MC- and
MC-like ICMEs, v, based on mean ICME properties at 1 AU is typically around 60 kms™!,
whereas it is elevated in MCs, around 90 kms~!, with a much longer tail to the distribution
above 120 kms™!.

“

VA =
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Figure 3 Superposed epoch analysis of ICME properties at 1 AU between the ICME leading and trailing
edges. ICMEs have been scaled to have a duration of unity. Blue, red and black lines show magnetic cloud-like
and non-cloud ICMEs, respectively. Error bars show one standard error on the mean.

The maximum coherence angle, Oyiax, is the angular separation of solar wind elements
for which vg = v,, i.e., where information travels at the same speed as the geometric expan-
sion and thus is unable to effectively propagate. Taking the average properties of non-MC-
and MC-like ICMEs, this gives Oyax = 17°. For MCs, this is slightly higher at 26°. Despite
being upper limits, both these values are well below the typical angular width of CMEs of
around 60° (Yashiro et al., 2004). However, average properties could be misleading if there
are systematic variations in Alfvén speed within ICMEs, as investigated in the next section.

3. ICME Profiles

In this section we consider ICME time series, assumed to approximate a radial profile though
an ICME. In order to account for the different durations of ICME encounters at 1 AU, each
ICME time series is scaled to have a duration of unity. The resulting superposed epoch anal-
ysis is shown in Figure 3. Error bars are one standard error on the mean. Firstly, taking the
vR profiles, all ICMEs show a similar drop in vg from the leading to trailing edge, indicative
of a similar degree of radial expansion as they pass over the observing spacecraft. This is
expected given their comparable average radial speeds (Owens et al., 2005), though MC-like
ICME:s do display a slightly higher average speed. The np profiles display evidence of ex-
pansion; lowest values near the ICME centre, and compression near the leading edge, owing
to the ICME expansion into the solar wind upstream. This is most apparent for MCs. The
B profiles for non-MC- and MC-like ICMEs show little variation, except for possible weak
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compression near the leading edge. For MC profiles, it is worth first considering the expec-
tation: A spacecraft encounter with a force-free flux rope (Burlaga, 1988) would produce a
‘domed’ profile with a maximum at the closest approach to the flux-rope axis, near the cen-
tre of the encounter. Radial expansion of the flux rope as it passes over the observer would
instead lead to a slightly asymmetric time series, as more time is spent in the trailing than
leading portion of the flux rope. Here, the MC B series is highly asymmetric, suggesting the
expansion is also leading to compression of the leading edge and rarefaction of the trailing
edge. This could also be caused by the duration of the identified ICME being longer than
the duration of the embedded flux-rope structure.

The ICME properties combine to give reasonably flat va profiles for non-MC- and MC-
like ICME, except for a small enhancement near the leading edge. Note that the non-linear
combination of parameters means that the average va computed in this way is significantly
higher than using the ICME-averaged np and B parameters in Section 2, being around
80 kms~! versus 60 kms~!. For MCs, the average v, is also significantly elevated com-
pared to the estimates based on mean np and B. There is also a systematic variation in
v with time, from around 90 kms~! at the MC leading edge, peaking around 140 km g1
around a third of the way through the MC, and dropping back to just over 100 kms~' at the
trailing edge.

Figure 4 shows Oy1ax, the angular separation for which the geometric expansion speed is
equal to the local Alfvén speed, computed using v, at different times through the ICME and
for different ICME types. For non-cloud and cloud-like ICMEs, the small variation in v
through the ICME is effectively counteracted by the vg variation to produce almost constant
Omax at around 10°. For magnetic cloud ICME:s, the enhanced vg and reduced v, at the
leading edge act together to reduce Oyax with respect to both the centre of magnetic clouds
and the trailing edge. Thus 6yiax varies from around 10° at the leading edge, to a maximum
value of around 18° around a third of the way through the magnetic cloud, to approximately
14° at the trailing edge.

4. Effect of Previous Time History

This section investigates the effect of time history on ICME coherence. Consider an ICME
at some heliocentric distance R; that undergoes a localised perturbation, such as by the
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Figure 5 A schematic of the model set-up used to estimate the time history of ICME coherence. At time
t = 1, the ICME leading edge is at radius R{. Each point on the ICME leading edge moves radially at speed
vR. Information propagates out from point (a) at the leading edge of the ICME at speed va (R;). By time
t =2, it reaches point (b), at an angular separation of d6;. Now information propagates from (b) at speed
va (R2). Thus by time ¢ = 3, it has reached point (c), which is an additional angular separation of d6,. This
iterative process is performed from the radial distance at which the ICME is first perturbed (e.g., by interaction
with a solar wind structure) to 1 AU.

interaction with a solar wind stream. A wavefront will propagate out through the ICME from
the point of perturbation. The maximum distance over which the ICME can be considered
coherent at 1 AU can be quantified by ¢, the maximum angular separation (with respect to
the Sun) that a wavefront can traverse during the time the ICME travels from R; 1 AU.

There are three reasons why 6¢ will be a strong function of R;. Firstly, and most obvi-
ously, the earlier the perturbation occurs, the more time there is for information to propagate
across the ICME. Secondly, a given linear distance subtends a greater angular distance closer
to the Sun. Thirdly, the Alfvén speed within the ICME is expected to be much higher closer
to the Sun (owing to conservation of magnetic flux and ICME expansion), so information
can travel more rapidly when the ICME is close to the Sun.

In order to quantify the net result of these effects, a simple numerical model is used, as
shown in Figure 5. Using a small time step, the ICME is advanced in heliocentric distance
at a constant speed vg. A time step of 17 s is used, as vg = 400 kms~! results in a radial
increment of 0.01 solar radii. Smaller time steps give the same result to within numerical
round off, suggesting convergence has been reached. Starting from the point of perturbation,
at each time step a wavefront propagates at the local Alfvén speed, va(R). As B and np
scale differently with R, the resulting v (R) will be a function of the heliocentric distance.
As discussed further below, B(R) and np(R) are estimated from the (known) 1-AU values.
By summing the individual angular changes at each time step, it is possible to estimate 6¢
for a range of R; and 1-AU ICME properties.

Estimates of B(R) and np(R) within ICMEs are required to determine the radial variation
of vs. While there have been attempts to estimate such radial trends purely on the basis of
in-situ observations, in practice such studies utilise observations of many different ICME:s at
various radial distances (Savani et al., 2011b; Bothmer and Schwenn, 1998), rather than the
evolution of a single ICME at many distances. Given the relatively limited number of events
available for study within 1 AU and the large degree of event-to-event variability between
ICMEts, the radial trends are poorly constrained in this manner. Multiple observations of the
same ICME at different radial distances are rare and the observing spacecraft are typically
only approximately radially aligned. Furthermore, the observations are typically fortuitous

@ Springer



148 Page 8 of 13 M.J. Owens

10
x10
2 T 0 8 T
: —a=2.00 16 : :
. a=1.95 .
1 a=1.90 1 7 1
§ ! 14 = )
515 : & ' > |
<< 1 2 1 m< 6 1
Y 1 12 1 v 1
€ 1 'E 1 £ 1
= 1 o= 1 A 1
3

T : T qoff xS
= 1 1 m 1 o 1
<< 1 < 1

8 ! a=2.00 4 ! a=3.00

: ' a=195 ' ——a=295

1 1 a=1.90 1 a=2.90
0.5 1 6 1 3 1

0 0.5 1 0 0.5 1 0 0.5 1
R [AU] R [AU] R [AU]

Figure 6 Left: Variation with radial distance, R, of cross-sectional area, A, of a kinematically-distorted
ICME, assuming a 1-AU value of 6 x 10% km2. Middle: Magnetic field intensity, B, within the ICME,
assuming a 1-AU value of 15 nT. Right: Proton density, np, within the CME, assuming a 1-AU value of
7 cm™3. Past 0.2 AU (indicated by the vertical dashed lines), A scales approximately as R195 B as R™195,
and np as R™295,

alignments with planetary missions which cannot always make suitable measurements of
the solar wind plasma (e.g., Good et al., 2015; Salman, Winslow, and Lugaz, 2020), making
estimates of np(R) particularly problematic. Finally, until the recent launch of Parker Solar
Probe, no in-situ ICME observations were available at all inside 0.3 AU.

Instead, B(R) and np(R) are here estimated using physics-based scaling relations ap-
plied to the abundant ICME observations at 1 AU. The obtained relations lie within the ob-
servational spread of the radial trends (e.g., Savani et al., 2011a). A kinematically-distorted
flux-rope model (Owens, Merkin, and Riley, 2006) is used for this purpose. In this model,
the ICME is assumed to begin life close to the Sun with a circular cross section, which then
distorts due to two motions: radial propagation in spherical geometry, as with the ambient
solar wind, and expansion in the radial direction due to high internal pressure relative to
the ambient solar wind. This is shown by ICME outlines of Figure 5. Radial motion results
in the cross-sectional flattening, or ‘pancaking’, of ICMEs both predicted theoretically (Ri-
ley and Crooker, 2004) and inferred from Heliospheric Imager observations of CMEs (e.g.,
Savani et al., 2012).

The left-hand panel of Figure 6 shows how A, the cross-sectional area of a kinematically-
distorted ICME, varies with radial distance from the Sun, R. Note that as A increases with
R, for plotting purposes A has been scaled by a factor 1/R*, where results for three values
of « around 2 are shown. Close to the Sun (R < 0.2 AU), A increases more rapidly than
R2. This corresponds to the rapid distortion of the ICME cross section from circular to a
‘pancake’ structure. After 0.2 AU, however, A varies as approximately R'%>.

If the magnetic flux contained within the ICME is conserved, then B is inversely pro-
portional to A. This is shown in the middle panel of Figure 6, where B(R) varies as R~!%
past 0.2 AU. Erosion of the magnetic flux from the ICME by reconnection would break
magnetic flux conservation within an ICME, but this is expected to be a very small factor
(Ruffenach et al., 2015). The radial variation in the plasma density within the ICME can be
estimated if the mass inside an ICME is assumed to be conserved. In this case, the density
scales inversely with the volumetric increase of the ICME, RA(R). As A(R) scales as R,
this means np(R) varies as R~ beyond 0.2 AU. This is shown in the right-hand panel of
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Figure 7 Variation of the angular distance (with respect to the Sun) that information can propagate within
ICMEzs, O, for time through ICME, different ICME types (panels left to right) and different initial perturba-
tion distances, R;.

Figure 6. These scaling relations can be used to estimate B(R) and np(R) for an ICME on
the basis of 1-AU values, and hence v, between 0.2 and 1 AU. They are consistent with the
radial trends inferred from the available observations (e.g., Salman, Winslow, and Lugaz,
2020, estimated that the maximum value of B within ICMEs scaled as R~', but there was
considerable spread in the data. They did not consider plasma density with ICMEs).

Figure 7 shows 6c, the maximum angular distance a wavefront can travel by the time
the ICME reaches 1 AU, for initial perturbation distances of R; =0.25,0.5 and 0.75 AU.
For all ICME types and positions within an ICME, R; has a large and non-linear effect on
Oc. For non-cloud and cloud-like ICMEs, there is little variation in 6¢ through the duration
of the ICME itself. For perturbations which occur beyond 0.5 AU, 6c is well below 10°.
This should be contrasted with a typical CME angular extent of around 60°. Even for R; =
0.25 AU, 6c remains below 20°, less than a third of the typical ICME angular extent.

For magnetic clouds, the picture is more complex. Near the MC leading edge, 6c is
similar to cloud-like ICMEs. Around one third of the way through the ICME, where the
Alfvén speed peaks at 1 AU, 6c also peaks. For R; = 0.25 AU, 6 reaches a maximum value
of 27°, whereas it peaks at 12° and 4.5° for R; = 0.5 and 0.75 AU, respectively. Thus, even
for optimum conditions, ¢ it remains below half the typical CME angular extent.

5. Discussion

Interplanetary coronal mass ejections (ICMEs) are huge, expanding structures. Conse-
quently, the finite travel time of information across an ICME can inhibit its ability to behave
as a single, coherent structure. This study has investigated two measures of the coherence of
ICMEs at 1 AU.

The first part of the study used average 1-AU properties of ICMEs to determine Oyax,
the angular span over which the geometric speed of separation of plasma parcels owing
to spherical expansion, vg, is equal to the local Alfvén speed, va. Once this condition is
met, information can no longer propagate over such distances and the ICME cannot be con-
sidered a coherent structure over such scales. ICMEs were separated into three categories.
Magnetic clouds (MCs) are ICMEs which display an enhanced magnetic field intensity and
smooth rotation in the magnetic field direction, as well as reduced plasma temperature and
density. Cloud-like ICMEs are here defined as ICMEs with some magnetic field rotation,
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but that do not meet the full MC definition. And non-cloud ICMEs lack most or all of the
features of an MC. For non-cloud and cloud-like ICMEs, there is no significant variation in
Omax as the ICME passes 1 AU. Although these ICMEs are expanding and thus exhibit a
systematic variation in vg and hence vg, they also show a small variation in magnetic field
intensity and proton density which produces a commensurate variation in va. Thus Gyax
remains approximately 10° throughout non-cloud and cloud-like ICMEs. For ICMEs con-
taining magnetic clouds, this is not the case. The magnetic field intensity peaks very close to
the ICME leading edge, but the proton density is also enhanced there, leading to a relatively
low va. Approximately one third of the way through the ICME, v, peaks. Coupled with the
declining vg variation, Oyax peaks at around 0.4 of the ICME duration, at a value of around
18°. Ovax in the trailing portion of a magnetic cloud is also around 50% higher than in the
leading portion.

Interpreting Oviax is difficult for two reasons. Firstly, it is based on the local magnetic
field and plasma properties, which are only representative of the conditions at 1 AU. Sec-
ondly, Oyax is the limiting case where information can no longer propagate. But in practice,
an ICME will cease to be coherent long before this criterion is met; when the wavefront
travel time is longer than the ICME travel time between two points, the ICME will effec-
tively cease to be coherent.

The second part of the study attempted to address these two limitations and provide a
more meaningful measure of ICME coherence by considering the time history prior to the
ICME arriving at 1 AU. Using a model for the ICME expansion it is assumed that the mag-
netic field intensity and proton density can be reconstructed between 0.2 and 1 AU by sim-
ple radial scaling of the measured 1-AU values. To achieve this, the magnetic flux and mass
content of an ICME is assumed to be constant and a simple physics-based model of ICME
cross-sectional evolution was used. In this way, the local value of v, can be estimated as an
ICME propagates from 0.2 to 1 AU. Three scenarios were considered, wherein the ICME
undergoes local perturbation at distances of R; = 0.25, 0.5 and 0.75 AU. By integrating the
maximum angular motion of a wavefront during ICME transit from R; to 1 AU, the maxi-
mum coherence angle at 1 AU, ¢, was computed. This was performed for different ICME
types and using 1-AU properties at different times through the ICME. For non-cloud and
cloud-like ICMEs, there is no significant variation through the duration of the ICME and
the controlling factor in 6¢ is how early in the CME’s life the perturbation occurs. However,
even a perturbation at 0.25 AU can travel across less than one third of the ICME extent by
the time the ICME reaches 1 AU. For perturbations at 0.5 and 0.75 AU, information can
propagate across only 10% and 5%, respectively, of a typical ICME extent. For magnetic
clouds, the leading edge behaves similar to non-cloud and cloud-like ICMEs. Near the cen-
tre of the magnetic clouds, however, 6¢ is significantly elevated, reaching approximately 27°
for R; = 0.25 AU, which is approximately half the typical angular span of an ICME.

Thus both measures of ICME coherence suggest that:

i) ICME perturbations in the heliosphere beyond 0.25 AU are unable to propagate over the

whole ICME extent.

ii) The scale over which ICMEs can be considered coherent (i.e., the scale over which
information can propagate) varies significantly with ICME type.

iii) For cloud-like and non-cloud ICME:g, there is little variation in coherence length within
the structure in the radial direction.

vi) The enhanced magnetic field strength, and hence Alfvén speed, within magnetic clouds
means they are coherent over larger spatial scales than non-cloud and cloud-like ICMEs.
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v) For magnetic clouds, there is significant variation within the ICME in coherence length,
with the lowest values at the leading edge and the peak value approximately 0.4 of the
way through the structure.

Thus, for ICME:s in the heliosphere (here taken to be beyond 0.2 AU), information is unable
to propagate across their full span. This is true even for magnetic clouds, which exhibit en-
hanced magnetic field intensity, and hence wave speed and coherence, compared with other
ICMEs. As proposed in Owens, Lockwood, and Barnard (2017), this means that the helio-
spheric interaction of an ICME with other solar wind structures will lead to local distortion,
rather than a solid-body like deflection of the centre of mass of the ICME. Furthermore, the
enhanced coherence length near the centre of magnetic clouds suggests that there is pref-
erential information propagation along the axis of flux ropes. Thus magnetic clouds may
display more coherence along the axial direction than perpendicular to the axis.

It is worth noting the limitations and implicit assumptions with the analysis presented in
this study. Most prominently, the model of the CME cross-sectional evolution, which is used
to estimate the Alfvén speed at a range of heliocentric distances, assumes a purely kinematic
distortion. Thus any resistance to deformation from the internal magnetic field structure of
ICME:s is ignored. Similarly, while the ability of information to propagate across an ICME
has been investigated, this does not directly say anything about the ability of an ICME to
‘use’ this information in order to resist deformation by external factors. This is contingent on
the relative magnetic curvature and dynamic pressure forces. Thus it is desirable to further
investigate ICME coherence using three-dimensional magnetohydrodynamic simulations of
magnetic flux ropes (e.g., Torok et al., 2018).
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