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Abstract: In this paper, we present an analysis of how alpha-proton drift speeds (the difference
between the magnitudes of alpha and bulk proton speeds) are constrained in the inner heliosphere
using observations from the WIND and twin HELIOS spacecraft. The solar wind is separated based
on its bulk proton speed into the fast wind (>600 km/s) and slow wind (<400 km/s). The slow
wind is again separated based on its normalized cross-helicity; slow wind intervals with average
absolute normalized cross-helicity greater than 0.6 are considered Alfvénic, and those less than 0.6
are considered non-Alfvénic. Analysis of different types of wind intervals between 0.3 to 1 au have
shown that the alpha-proton drift speeds are very much constrained by the angle between the B
and V vectors for fast and slow Alfvénic wind intervals. Depending on the polarity of the magnetic
field, there is a clear correlation or anti-correlation between the drift speeds and the angle between
the B and V vectors. Interestingly, we did not observe any such relation in the non-Alfvénic slow
wind intervals. Large-amplitude Alfvénic fluctuations present in the fast and slow Alfvénic winds
control the drift between the alpha and proton core in the Alfvénic solar wind. The drift speeds can
be modeled using the equation +/ — V4/74 cos fgy, where V, is the Alfvén speed and 74 is the
Alfvén ratio. Because the observations of drift speed constrained by the angle between the B and V
vector for the fast and slow Alfvénic wind intervals are observed throughout the inner heliosphere, it
is possible to consider this observed behavior to be a universal phenomenon of Alfvénic wind above
the Alfvénic surface.
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1. Introduction

The solar wind is the magnetized plasma expanding away from the Sun into space.
It provides a large natural laboratory to study the space plasma through in situ measure-
ments. Proton and Alpha particles constitute the major positive ion components of the
solar wind; while the proton population constitutes around 95-99%, the alpha population
varies between 1-5%, with the relative proportions varying depending on the solar wind
speed [1-5]. Even though alphas make up a smaller proportion, they represent around
15-20% of the total solar wind mass density.

After the identification of protons and alphas in the in situ data, it took considerable
time to realize that there is a clear speed difference between protons and alphas. One
of the reasons for this was due to measurement errors; another important factor was the
lack of fast wind data for analysis. The velocity differences are not significant in the slow
wind, of which the majority of analyzed data once consisted of. As more and more fast
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wind streams became available for analysis, differences in the speed of protons and alphas
became evident [6-8].

A major study on alpha—proton velocity differences and their evolution in the inner
heliosphere was presented by Marsch et al. [9] using Helios data between 0.3 and 1 au. The
authors showed that alpha particles could drift up to Alfvén speeds, and suggested that
wave—particle interactions are the primary cause of preferential alpha particle acceleration.
Recently, Durovcova et al. [10] carried out a comprehensive study on alpha proton velocity
differences using the entire Helios dataset between 0.3 to 1 au by separating the ion
distributions into proton core, proton beam, and alphas. Their study validated previous
observations of differential streaming in the inner heliosphere.

Studies by Berger et al. [11] using the data from the ACE mission have shown for the
first time that there is a good correlation/anti-correlation between the magnitude of the
difference in the speeds of proton and alphas (AV,;) and the angle between the magnetic
field and velocity vector (6py). The correlation or anti-correlation is dependent on the
polarity of the magnetic field. Several authors have looked into this, using only fast wind
intervals due to instrumental limitations; despite such limitations, these studies suggest
that the observed relation between the magnitude of the difference in the speeds of protons
and alphas and the angle between the magnetic field and velocity vector may be a general
behavior that can be observed in all types of solar wind.

In this article, we use different intervals of solar wind streams from different spacecraft
at different distances (0.3 to 1 au) to show the necessary conditions required to observe
the correlation/anti-correlation between the differential speed and the fpy. We discuss
whether this correlation has a radial dependence, and present reasons for the observed
behavior. The rest of this article is structured as follows: in Section 2, we explain the
datasets used for our analysis and the methodology followed in our analysis; in Section 3,
we present the results; and in Section 4, we discuss the obtained results in detail.

2. Data and Methodology

This study was performed using data from three spacecraft: WIND and HELIOS
1and 2.

The WIND spacecraft is positioned in a halo orbit around the L1 Lagrange point. It
observes the Sun from the ecliptic plane at a constant distance of 1 au. Alpha and proton
moments required for our analysis were generated from the three-dimensional velocity
distribution function measurements of Solar Wind Experiment (SWE) [12]. The resolution
of these data is 92 s. In addition, we used the magnetic field measured by the Magnetic
Field Investigation (MFI) experiment Lepping et al. [13], specifically, the averaged 92 s
resolution data, to match the proton and the alpha measurements. Our study sample
consisted of data from the years 2005 to 2020.

HELIOS 1 and 2 were twin spacecraft orbiting close to the ecliptic plane with ellip-
tical orbits around the Sun. Their perihelia were at around 0.3 au and their aphelia was
1 au. Alpha and proton moments required for analysis were generated from the velocity
distribution function measurements by the onboard electrostatic analyzers [14], and the
magnetic fields were measured by the fluxgate magnetometers [15,16]. The moments used
for our analysis are taken from the works of Stansby et al. [17,18]; the method of fitting the
ion distributions and generating the moments can be found in the mentioned references.
The magnetic field data are averaged values over the time of distribution measurement.

The first step in our analysis is to separate the data on the basis of their speed. If
the speed is greater than 600 km/s, it is considered as fast wind, and if the speed is less
than 400 km/s it is considered as slow wind. Winds with intervals between 400 km/s and
600 km /s are considered mixed wind. The slow wind is again divided on the basis of the
Alfvénicity into the slow Alfvénic wind and non-Alfvénic wind; the selected intervals are
called Alfvénic if the normalized absolute cross-helicity values are greater or equal to 0.6.

Normalized absolute cross-helicity is estimated as below:
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Here, 0b stands for the Alfvén normalized magnetic field fluctuation, defined as
ob = OB )

v/ HoPo

where v stands for the velocity fluctuation, B = B — (B), and v = V — (V).
The polarity of the interval is estimated by taking the median of the radial magnetic

field of the considered interval.

3. Results

In Figure 1, we show a number of the plasma properties of one of the intervals
we analyzed. In panel (a), we show how the magnetic field magnitude (B,g) and Bx
component vary, while in panel (b) we show the speed of the protons (|V}|), which shows
that the interval considered is a fast solar wind. In panel (c), we show the bulk speed of
the alphas (|V,|); it can be observed that for a number of the cases the speed of the alpha
particles is lower than the proton speed. In panel (d), we show the AV, (|V,| — |V} ), which
is the difference in speed between the alphas and protons, and in panel (e) we show the
values of gy . Figure 1 provides a glimpse of the correlation between the AV, and 0py .
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Figure 1. Illustration of typical parameters of a fast wind interval at 1 au using WIND data from 10
June 2015. Panel (a) shows the magnitude of the magnetic field and the Bx component; Panel (b)
shows the alpha bulk speed; Panel (c) shows the proton bulk speed; Panel (d) shows the difference
between the alpha and proton bulk speed; and Panel (e) shows the angle between the B and V vectors.
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In Figure 2, we plot a 2D histogram plot of the |V,| vs fgy and |V} | vs 6py using
the same data of the fast solar wind stream shown in Figure 1. Figure 2a shows that
there is no correlation between the |V, | and 6py. Figure 2b shows that there is a nice
anti-correlation between |Vp| and 6py. Similar behavior has been observed in different
works, e.g., Matteini et al. [19,20], where the authors show that in the fast wind streams
there is a clear correlation and anti-correlation between |Vp| and g depending on the
polarity. It has been suggested that the reason for the nice correlation/anti-correlation due
to the Alfvénicity of the wind is that Alfvénic fluctuations control the speed of the protons.

R o
6704 670'_ _ _. i .. (b) ax100
B 6601 G 2?2-5""':"‘:!- i
€ 6504 ] € 0501 .. Romii-TNe-
2 0501 ¥ a0{ - T T EEMLTEEIA
- -ll-l'.!::r'-' 2100
§640' 3630+ J:F.El'_:i: '__55_'_:__'_-_.
e - T
630+ ] — 6207 R
. 6101 Le e
620- ) L
100 6007 = 100

60 80 100 120 140 160 60 80 100 120 140 160
G)BVo eBVo

Figure 2. 2D histogram plot of (a) alpha bulk speed (Vi) and (b) proton bulk speed (V) vs. gy
for the fast wind interval shown in Figure 1. The time of the interval is 10 June 2015. The color bar
represents the number of counts.

In Figure 3a,b, we show a similar plot to Figure 2a,b for a different fast wind stream.
Here, it can be observed that this fast wind stream is made up of two streams with different
base speeds; |V,| and |V} | as functions of 6y show the two populations clearly. There is
no correlation between |V, | and 6y, as observed before, whereas |V, | vs. gy shows a
nice correlation for both the populations. Interestingly, a correlation is observed here, not
an anti-correlation as before; this difference is due to the variation in the magnetic field
polarity of the intervals.
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Figure 3. 2D histogram plot of (a) alpha bulk speed (|V,|) and (b) proton bulk speed (|V|) vs. fpy
of the fast wind interval observed by WIND at 1 au on 15 March 2007. The color bar represents the
number of counts.

In Figure 4, we show the drift speed of the protons and alphas (AV,) as a function of
Oy for the cases shown in Figures 2 and 3, which have opposite magnetic field polarities. It
can be observed that there is a clear correlation and anti-correlation between AV, and 6y
depending on the polarity of the magnetic field. Interestingly, the two different populations
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which are clearly evident in Figure 3 are not visible in Figure 4b. The drift speeds of a fast
stream with two different base speeds are dependent only on 6y .
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Figure 4. 2D histogram plot of alpha proton drift speed as a function of fpy of the fast wind intervals

observed by WIND at 1 au on 10 June 2015 (a) and 15 March 2007 (b). The color bar represents the

number of counts.

In Figure 5, we show the drift speed of the protons and alphas (AV,) as a function of
Opy for slow Alfvénic (Figure 5a) and slow non-Alfvénic (Figure 5b) wind intervals at 1 au.
It can be observed that there is a nice anti-correlation between AV, and 6y for the slow
Alfvénic wind case, as in the fast wind case. This is the first time that such a phenomenon
has been reported for the case of the slow wind. In the case of the slow non-Alfvénic wind,
there is no correlation between 6y and AVy,,.
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Figure 5. 2D histogram plot of alpha proton drift speed as a function of 6y of the slow wind intervals

observed by WIND at 1 au for the slow Alfvénic wind interval of 19 December 2000 (a) and slow

non-Alfvénic wind interval on 5 February 2015 (b). The color bar represents the number of counts.

In Figure 6, we show similar plots as before for data closer to the sun (~0.3 au). In
Figure 6a,b, similar behavior of anti-correlation/correlation between AV, and 8y can be
seen for the fast wind and slow Alfvénic wind. On the other hand, Figure 6¢ shows that
there is no correlation between AV, and 6y for the case of the non-Alfvénic slow solar
wind, even closer to the sun.

Our analysis of different samples at 1 au and around 0.3 au point to the fact that
correlations/anti-correlations are only observed for the cases of Alfvénic wind streams,
irrespective of distance and speed; therefore, the observed phenomena could be considered
a general behavior of the Alfvénic wind.
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Figure 6. 2D histogram plot of alpha proton drift speed as a function of 8py for the intervals around
0.3 au using the HELIOS 1 and 2 data. (a): fast wind interval from HELIOS 2 on 17 April 1976;
(b): slow Alfvénic wind interval from HELIOS 1 on 23 March 1975; (c): slow non-Alfvénic wind
interval from HELIOS 1 on 19 March 1975. The color bar represents the number of counts.

Model Fitting

In this section, we look at possible models which could explain the relationship be-
tween the alpha proton drift speed (Vi) and 0y . Previous studies by Matteini et al. [19,20]
have shown that when large-amplitude Alfvénic fluctuations are present, the proton bulk
speed can be reasonably estimated by the relation

|Vp| ~ Vo + Vay/Ta[l — cos Oy, 3)

where V) is the proton base speed, V4 is the Alfvén velocity and r 4 is the Alfvén ratio.
The alpha bulk speed can be estimated by the relation

[Va| ~ |Vp| + Vay/T A cosbpy. 4)

With the above Equations (3) and (4), we have a relation to explain how the drift
speed might vary if the large-amplitude Alfvénic fluctuations control the proton and alpha
particle motions:

AV,W(|V,X|—|VP|)NVA\/T’Acoselgv. (5)

Using Equation (5), we can fit the analyzed samples; an example of such fitting is
shown in Figure 7. It can be observed that the mentioned equation accurately models the
drift speed as a function of fgy at 1 au and 0.3 au. This fitting is observed in all seventeen
of the analyzed Alfvénic samples. This indicates that Alfvénic fluctuations control the drift
speed between the alphas and protons in Alfvénic streams.
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Figure 7. 2D histogram plot of alpha proton drift speed as a function of 0gy; the red curve is fitted
using the equation A * V4 * cos 0y, where A ~ /74 for the fast wind interval of 10 June 2015 (left)
from WIND at 1 au and the fast wind interval of 17 April 1976 (right) from HELIOS 2 ~0.3 au. The
color bar represents the number of counts.

4. Discussion and Conclusions

In this study, we used the alpha proton drift speed (AV,;) as an indicator in order
to analyze how the alpha proton dynamics are regulated in different types of solar wind
streams in the inner heliosphere. Our analysis was performed using the data from the
WIND and HELIOS 1 and 2 missions.

In order to understand how the alpha proton drift speeds (AVy, = |Vi| — |Vp|) are
constrained in the inner heliopshere, we analyzed the relationship between V,;, and the
angle between the magnetic (B) and velocity (V) field vectors (0py). We separated the solar
wind into three types (fast, slow Alfvénic, and slow non-Alfvénic) at different distances
from the sun. For this study, we used the alpha and proton moments along with the
magnetic fields from the WIND mission at 1 au. To verify whether the observed relations
are a general behavior or are confined to 1 au, we looked into similar data at different
distances from the sun using the HELIOS 1 and 2 data.

Our studies at 1 au show that there is good correlation/anti-correlation between
AVyp and Oy in the fast wind and slow Alfvénic wind intervals. There is no correla-
tion for the case of slow non-Alfvénic wind. Similarly, analysis of the intervals in the
inner-heliosphere between 0.3 to 1 au shows the same behavior. We observed good
correlation/anti-correlation between AV, and 0y in the fast and slow Alfvénic wind
intervals, and no correlation in the case of the slow non-Alfvénic wind. The reason for these
observations is that alphas are expected to not respond to the magnetic field oscillations;
instead, they “surf” the large amplitude fluctuations in the solar wind [9,20,21]. On the
other hand, protons are affected by large-amplitude magnetic field fluctuations; depending
on their polarity, they show a nice correlation/anti-correlation between |V, | and 6y, as
shown in the studies of Matteini et al. [19,20].

We observed this correlation between AV, and 0y only in highly Alfvénic wind inter-
vals, irrespective of the distance and speed of the streams. Correlation or anti-correlation is
dependent on the polarity of the interval. The correlation behaviour is observed at different
radial distances from the sun, indicating generalized behaviour in the Alfvénic wind.

The nascent solar wind studies by UVCS instrument on board SOHO have shown
that minor ions become greatly accelerated compared to protons, and are constrained by
the Alfvén speed [22-24]. Similarly, in our analysis we observe that the drift speed is
always constrained by the local Alfvén speed. However, as the Alfvén speed decreases
with distance from the sun and the proton speed is nearly constant, alphas are decelerated
in interplanetary space.

To the best of our knowledge, this is the first time such a clear correlation between
the alpha proton drift speed and the angle between the magnetic field vector and velocity
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vector has been shown in slow wind intervals. These slow wind intervals are special in
that they are Alfvénic. All the observed properties are dependent on the Alfvénicity of
the solar wind, which suggests that large-amplitude Alfvénic fluctuations are responsible
for constraining alpha—proton drift speeds in the inner heliosphere. Importantly, from our
studies it can be understood that even when in situ instruments are not able to measure
the distribution of alphas, the bulk speed of the alpha particles can be estimated to a good
approximation using the proton speed and the angle between the magnetic (B) and velocity
(V) field vectors (6py) when the wind is Alfvénic.
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