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ABSTRACT

Alpha-proton differential flow (V,,) of coronal mass ejections (CMEs) and solar wind from the Sun
to 1 au and beyond could influence the instantaneous correspondence of absolute abundances of alpha
particles (He?* /HT) between solar corona and interplanetary space as the abundance of a coronal
source can vary with time. Previous studies based on Ulysses and Helios showed that V,,, is negligible
within CMEs from 5 to 0.3 au, similar to slow solar wind (< 400 km s~!). However, recent new
observations using Parker Solar Probe (PSP) revealed that the V., of slow wind increases to ~60 km
s~! inside 0.1 au. It is significant to answer whether the V,, of CMEs exhibits the similar behavior
near the Sun. In this Letter, we report the V,, of a CME measured by PSP at ~15 R, for the first
time, which demonstrates that the V,, of CMEs is obvious and complex inside 0.1 au while keeps
lower than the local Alfvén speed. A very interesting point is that the same one CME duration can
be divided into A and B intervals clearly with Coulomb number below and beyond 0.5, respectively.
The means of V,, and alpha-to-proton temperature ratios of interval A (B) is 96.52 (21.96) km s~!
and 7.65 (2.23), respectively. This directly illustrates that Coulomb collisions play an important role
in reducing the non-equilibrium features of CMEs. Our study indicates that the absolute elemental
abundances of CMEs also might vary during their propagation.
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1. INTRODUCTION

Coronal mass ejections (CMEs, Chen 2011;
Webb & Howard 2012), the most energetic eruption
in the solar atmosphere, are often correlated with fil-
ament eruption (Gopalswamy et al. 2003; Song et al.
2013, 2018; Cheng et al. 2020; Wang et al. 2023). Re-
searchers have used the in situ charge states of heavy
ions and the abundances of heavy elements relative
to oxygen (i.e., relative abundances) near 1 au to in-
vestigate the eruption process of CMEs (Song et al.
2016; Wang et al. 2017) and the origin of filament
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(Song et al. 2017; Lepri & Rivera 2021) in the corona,
see Song & Yao (2020) for a review.

As the elemental abundance of a coronal source can
vary with time (Widing & Feldman 2001; Baker et al.
2013), the instantaneous correspondence of rela-
tive abundances of heavy elements between solar
corona and interplanetary space requires no differ-
ential flow among various heavy ions as an essen-
tial precondition (Zhang et al. 2024), which is met
within both CMEs (Zhang et al. 2024) and solar wind
(von Steiger et al. 1995; von Steiger & Zurbuchen 2006;
Berger et al. 2011). Likewise, to correlate the instanta-
neous abundances of alpha particles relative to hydrogen
(i.e., absolute abundances), it requires no alpha-proton
differential flow (V4,) within CMEs and solar wind dur-
ing their propagation to 1 au and beyond.
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The V,, of solar wind was first reported near 1 au in
1970 (Robbins et al. 1970; Formisano et al. 1970). Sub-
sequently, observations of Helios and Ulysses demon-
strated that the V,, in fast wind decreases with in-
creasing heliocentric distance (Reisenfeld et al. 2001).
For instance, the V,, of fast wind (> 500 km s™!) de-
creases from ~150 km s™! at 0.3 au to ~40 km s~ at
1 au (Marsch et al. 1982), with its magnitude compa-
rable to or lower than the local Alfvén speed (V4) and
direction parallel to the local interplanetary magnetic
field (IMF; Marsch et al. 1982; Neugebauer et al. 1994,
1996). In the meanwhile, alphas are usually hotter than
protons in solar wind (Kasper et al. 2008; Maruca et al.
2013). Recent statistical study showed that the his-
togram of alpha-to-proton temperature ratio (Tq/T))
has a maximum at T,/T,=4 for fast wind near 1 au
(Durovcové et al. 2017).

The above observations imply the preferential accel-
eration and heating of alphas. Researchers have pro-
posed different mechanisms to explain them, such as the
stochastic heating induced by low-frequency Alfvén tur-
bulence (Chandran 2010) and the resonant absorption of
ion-cyclotron wave (Kasper et al. 2013). In the mean-
time, the alpha-proton instability (Gary et al. 2000) and
Coulomb collisions (Kasper et al. 2008) reduce the V4,
and T, /T, (Chhiber et al. 2016; Durovcové et al. 2017).

Contrary to the fast wind, the Va, of slow wind (<
400 km s~1) and CMEs keeps negligible from 0.3 to
1 au and beyond (Marsch et al. 1982; Liu et al. 2006;
Durovcové et al. 2017; Zhang et al. 2024). However,
recent new observations of Parker Solar Probe (PSP;
Fox et al. 2016) revealed that the radial dependence of
Vap holds inside 0.3 au and the V,,, of slow wind reaches
~60 km s7! inside 0.1 au (Mostafavi et al. 2022). This
means that the instantaneous observations of absolute
abundances of alphas of both slow and fast winds at 1 au
might not represent their corresponding abundances in
the corona, and raises an important question: whether
CMEs have nonnegligible V,,,, or not near the Sun. This
is our motivation to conduct the current study. In
Section 2, we introduce the instruments and methods.
The observations and results are displayed in Section 3,
which is followed by a summary and discussion in the
final section.

2. INSTRUMENTS AND METHODS
2.1. Instruments

The PSP was launched in 2018 to unravel the mys-
teries of the Sun at a closer distance than any pre-
vious spacecraft (Fox et al. 2016). In this study, we
use the data provided by Solar Wind Electrons Al-
phas and Protons (SWEAP) that measures ion and elec-

tron distribution functions and corresponding moments
(Kasper et al. 2016), and FIELDS that measures mag-
netic and electric fields (Bale et al. 2016). All data are
averaged to a cadence of 10 seconds. The SWEAP
consists of two ion sensors, the Solar Probe Analyzer
for Tons (SPAN-I) and the Solar Probe Cup. Here the
SPAN-I is used, which consists of a ram-facing electro-
static analyzer and time-of-flight section, enabling to
distinguish ions with distinct masses, such as protons
and alphas, according to their mass-per-charge ratios.

The  Atmospheric Imaging  Assembly  (AIA;
Lemen et al. 2012) aboard Solar Dynamics Observatory
(SDO; Pesnell et al. 2012), as well as the Extreme Ul-
traviolet Imager (EUVI) and white-light coronagraphs
(COR2-A) (Howard et al. 2008) aboard Solar Terres-
trial Relations Observatory (STEREO; Kaiser 2005)
provide the remote sensing observations.

2.2. Methods

Various methods have been adopted to calculate the
differential flow. Some previous studies (Asbridge et al.
1976; Neugebauer et al. 1994; Kasper et al. 2008) used
Equation (1) to get the V,,, which calculates the
speed difference directly without considering the direc-
tion. Meanwhile, some studies (Reisenfeld et al. 2001;
Fu et al. 2018) calculated the V,, along the local mag-
netic field using Equation (2) as the differential flow is
parallel to the field, in which V,, and V;,, are the radial
speed of alphas and protons, respectively. The 6 de-
notes the angle between the field direction and the radial
vector. Recently, many studies (Durovcové et al. 2017,
Mostafavi et al. 2022, 2024; Ran et al. 2024) calculated
the V4, through Equation (3), which is used in the cur-
rent study as protons and alphas usually flow along
different directions. It does not mean no differential
flow when Equation (1) equals to zero (Durovcova et al.
2017). Note that the bold and nonbold symbols repre-
sent the vectors and vector magnitudes, respectively.

Vap = |[Val| = [Vp] (1)
Via =V
Va _ Vra p 2
P cosf (2)
Vap =sign(|Va| = [Vp|) - [Va — Vp| (3)

To compare the V,, with the local V4, we compute
the V4 using Equation (4)
B B

Vo (Npmy, + Nomy,)

where B and pg are the magnetic-field magnitude and
vacuum permeability, respectively, N, (m,) and N,

Va

(4)




(me,) are the number density (mass) of the proton and
alpha, respectively.

Following the very recent studies (Amaro & Vaivads
2024; Mostafavi et al. 2024), we use the Coulomb num-
ber (N.) to analyze the collisional thermalization. N,
denotes the approximation of collisions at the spacecraft
position based on local plasma properties without tak-
ing the propagation effects of the CME and solar wind
into account. The N, at the PSP location is calculated
with Equations (5) and (6) (Mostafavi et al. 2024).

Ne = R/(Vpe) ()
ap)” 2T, 2T

o= 1gael’ o 2Te 2T g
n, mg, mp

where R is the distance between the Sun and PSP, V,, is
the solar wind speed and 7, is the time scale for energy
exchange between alphas and protons.

3. OBSERVATIONS AND RESULTS

To acquire a reliable measurement, the core of the
solar wind distribution should be within the field of view
(FOV) of SPAN-I. This usually occurs during encounters
when PSP is close to the Sun and its lateral velocity is
high enough (e.g., Mostafavi et al. 2022). In this case
more solar wind ions flowing in the spacecraft frame can
move into the ram-facing side of PSP.

When preparing this paper, the online catalog
(Mostl et al. 2017, 2020) shows that three CMEs im-
pacted PSP inside 0.1 au until 2023 October 3. We first
visually examine whether the core ions of each CME are
in the FOV of SPAN-I to ensure reliable plasma mo-
ments. The results show that one CME meets the cri-
terion. We also check the data quality flags of SWEAP
and FIELDs to ensure that the data are reliable in this
study.

The CME occurred on 2022 June 2 (Encounter 12)
when STEREO-A and PSP were located 28.4° and 62.5°
east of the Earth, respectively, as shown in Figure 1(a).
The two black dashed lines indicate the directions to-
ward the Earth and STEREO-A as labelled. The pur-
ple dashed line describes the PSP trajectory. The blue
arrow denotes the longitude of the active region (AR),
which is the CME propagation direction in the ecliptic
plane if no deflection.

The CME was observed by remote sensing instruments
(Braga et al. 2024). It is associated with a filament
eruption originating from an AR (named NOAA 13029
later) located at heliographic coordinate S17E100 from
the Earth perspective. Thus the ATA can only observe
the off-limb signatures of the filament as shown in Figure
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1(b). The source region is well observed by STEREO-A.
Figure 1(c) presents the CME front with the difference
image of EUVI-A 195 A. Figure 1(d) displays the CME
with the difference image of COR2-A, which intercepted
PSP at ~15 Rg later (Braga et al. 2024).

Figure 2 presents the in situ measurements of the
CME and surrounding solar wind from 11:00 to 15:00
UT on 2022 June 2, with two red vertical dashed lines
in each panel demarcating two boundaries of the CME
ejecta. Panels (a) and (b) illustrate the azimuthal fluxes
of protons and alphas in the spacecraft frame, showing
that the core ions are primarily in the FOV of SPAN-I.
Panel (c¢) displays the total magnetic field and its three
components in the RTN coordinate. No typical mag-
netic field rotation is observed within the ejecta and the
ejecta duration is only about 2 hrs (from 11:51 to 14:08
UT), mainly because PSP encounters the CME flank
rather than its apex (Braga et al. 2024).

The proton density (n,) and the alpha-to-proton den-
sity ratio (ne/n,) are presented in Panel (d), and the
velocity of protons and alphas, in Panel (e). The CME
velocity is slow thus no shock is driven ahead of it.
Panel (f) displays the Alfvén Mach number (My4) and
the plasma S, in which two blue horizontal dashed lines
mark the levels of M4 = 1 and § = 0.1. The S values
of the CME are smaller compared to the surrounding
solar wind, which is one characteristic to identify CMEs
in the interplanetary space.

The last three panels display the V,, and V4, /Va, the
proton temperature (7},) and the alpha-to-proton tem-
perature ratio (T, /T}), as well as the Coulomb num-
ber (N.) sequentially. The V,, is obvious and generally
lower than the local V4. A very interesting point is that
the ejecta duration can be divided into two intervals, la-
beled A and B, with N, = 0.5 as the dividing line, which
is shown with black vertical dashed lines in Panels (g)—
(i). Intervals A and B have different non-equilibrium
features, which are demonstrated intuitively in Figure
3.

The left panels of Figure 3 show the distributions of
the Vop and T, /T, for both N. < 0.5 (interval A) in
green and N, > 0.5 (interval B) in red. It is clear that
the two intervals have different distribution ranges and
average values for both the differential flow and temper-
ature ratio. The average V,, of intervals A and B are
96.52 and 21.96 km s~ !, respectively, which are nonneg-
ligible differential flow. The average T, /T, of the two
intervals are 7.65 and 2.23 sequentially.

The right panels of Figure 3 show the distributions of
Vap and T, /T, as a function of N.. The vertical dashed
lines in both panels denote the position of N, = 0.5. The
horizontal dashed lines in Figures 3(b) and (d) delineate
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the V,, = 45 km s™! and T, /T, = 4, respectively. The
data points with V,, > 45 km s™! or T,,/T,, > 4 mainly
distribute in the space with N, < 0.5. Both the V,,,, and
T. /T, decreases as the N, increases, similar to observa-
tions near 1 au (Kasper et al. 2008, 2017). This directly
demonstrates that the non-equilibrium features of CMEs
are correlated well with V., consistent with the situation
of solar wind near the Sun (Mostafavi et al. 2024).

4. SUMMARY AND DISCUSSION

In this Letter, we reported a CME that occurred on
2022 June 2 and was observed by both remote sensing in-
struments aboard SDO and STEREO-A near 1 au and in
situ instruments aboard PSP at ~15 Rg. The PSP ob-
servations demonstrated that obvious V,, existed within
the CME inside 0.1 au, which is different from the sit-
uation beyond 0.3 au. The V,, of CMEs warns us that
their absolute abundance of alphas might vary during
transportation from the Sun to 0.3 au, similar to the
slow solar wind.

Besides, the CME ejecta duration can be divided into
intervals A and B with Coulomb number below and be-
yond 0.5, respectively. The average V,, and T, /T, in
interval A are 96.52 km s~! and 7.65, respectively, which
are obviously larger compared with the corresponding
values (21.96 km s™! and 2.23) of interval B. This di-
rectly illustrates that Coulomb collisions play an impor-
tant role in reducing the non-equilibrium features.

As mentioned, there exits the preferential accelera-
tion and heating of alphas and heavy ions near the

Sun. Kasper et al. (2017) reported that the zone of
preferential ion heating extends from the solar tran-
sition region to an outer boundary ~0.1-0.2 au from
the Sun. Combined the obvious V,, of CMEs within
0.1 au (the current study) and the negligible V,, of
CMEs beyond 0.3 au (Liu et al. 2006; Durovcové et al.
2017), it is reasonable to speculate that the alphas
of CMEs are also accelerated preferentially within the
zone, and the alpha-proton differential flow can be ther-
malized rapidly between 0.1 and 0.3 au by Coulomb col-
lision (Kasper et al. 2008) and/or alpha-proton instabil-
ity (Gary et al. 2000).
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Figure 1. Remote sensing observations of the CME occurred on 2022 June 2. (a) Positions and/or directions of the Earth
(SDO), STEREO-A, and PSP relative to the Sun in the ecliptic plane. (b) Direct image of ATA 304 A. (c) Difference image of
EUVI-A 195 A. (d) Difference image of COR2-A. The green arrows denote the erupting filament or CME.
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Figure 2. In situ measurements of the CME and solar wind by PSP from 11:00 to 15:00 UT on 2022 June 2. (a) and (b) The
fluxes of protons and alphas as a function of azimuthal angle in the spacecraft frame. (c) Magnetic field. (d) The number density
of protons and the absolute abundance of alphas. (e) The velocity of protons and alphas. (f) Alfvén Mach number and plasma
B. (g) Differential flow and the flow normalized to the local Alfvén speed. (h) Temperature of protons and alpha-to-proton
temperature ratio. (i) Coulomb number.
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Figure 3. (a) and (c) Distributions of Vo, and Tw /T, of the CME for different Coulomb number ranges. Dashed line, red, and
green shaded regions show the Vi, (or T /Tp) of the combined, Nc¢ < 0.5, and Nc¢ > 0.5, respectively. (b) and (d) Distributions
of Vop and To/T), as a function of N..
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