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Abstract. We present the results of studies showing
the presence of simultaneous jumps in the density of
protons (N2/N;), and alpha particles (N,/N;), at the
boundaries of diamagnetic structures (DS) of various
types both in the quasi-stationary slow solar wind (SW)
and in sporadic SW. For DS of quasi-stationary slow
SW, associated with streamer belt or chains, in the sta-
tistics considered in the paper there is a single linear
dependence of (N2/Nj), on (N2/N;),. This means that
these jumps have the same physical nature and are relat-
ed to diamagnetism at the boundaries of DS of quasi-
stationary SW streams of various types.

At the front of interplanetary shock waves (ISW),
the (N2/Ny), jump is approximately twice as large as the
(N2/Ny), jump. This reflects the features of the collec-
tive collisionless plasma heating at ISW fronts and re-
quires further studies. A maximum excess (almost 3
times) of the increase in the alpha-particle density
(N2/Ny), over the increase in the proton density (N2/N,),
is observed in eruptive prominences.

The magnetospheric response in such phenomena as
auroras, proton and alpha particle fluxes, geomagnetic

field, and geomagnetic pulsations is similar under the
influence of DS of various types and ISW. The detected
features of the magnetospheric response to the contact
with DS of different types and ISW can be interpreted
as impulsive passage of the DS matter (plasmoid) into
the magnetosphere.

The results of studies of the (N,/N,), jumps can be
used as an additional important argument in identifying
cases of impulsive penetration of DS into the magneto-
sphere and in examining the physical nature of these
penetrations.

Keywords: slow solar wind, sporadic solar wind, ra-

tio of alpha particles to protons, magnetospheric response
to DS and ISW.

INTRODUCTION

It is known that diamagnetic structures (DS) of solar
wind (SW) steams are determined by the anticorrelation
between a jump-like increase in the proton density
(N2/N;), and a jump-like decrease in the magnetic field
modulus |B,//|B;|] at the boundaries of these DS
[Eselevich, 2019]. This differentiates DS from magnetic
hole-type disturbances: the proton density inside a mag-
netic hole is constant (see, e.g., [Turner et al., 1977]).

At the same time, there are DS associated with both
quasi-stationary slow SW (whose maximum velocity
Vmax<450 km/s at a distance of 1 AU from the center of
the Sun) and sporadic SW driven by coronal mass ejec-
tions (CMEs) [Parkhomov et al., 2018]. In addition to
H+ protons, the second main SW ion composition com-
ponent is the doubly ionized helium ions He++, or alpha
particles [Veselovsky, Ermolaev, 2008].

The He++ behavior at a shock wave front was
first studied in [Gosling et al., 1978]. Then, it was
examined using both experimental data and simula-
tion [Scholer, Terasawa, 1990; Scholer, 1990;
Trattner, Scholer, 1991].

According to [Yermolaev et al., 2021], the ratio of N,
to N, in undisturbed SW of various types in Earth's orbit
averages between 1.5 and 7 %, with N,/N, being also

close to these values behind the interplanetary shock
wave (ISW) front. Sapunova et al. [2022] have exten-
sively investigated the dependence of N,/N, on the jump in
various parameters at the fronts of ISW and near-Earth
bow shock.

The question concerning the presence and role of alpha
particles in DS has not been addressed yet, although it may
be important when analyzing the interaction of DS with
Earth's magnetosphere and, in particular, when exploring
the possibility of impulsive penetration of the DS matter
into the magnetosphere [Echim, Lemaire, 2000].

In this regard, we compare alpha-particle density
variations at the boundary of DS of SW streams of vari-
ous types with proton density variations.

We analyze the ratio of increases in alpha-particle
and proton densities in DS for two SW streams:

1) typical slow SW, or rather corotating interaction
region (CIR), or the interaction region of slow and fast
SW on April 24, 2013 (00:14 UT);

2) the typical sporadic SW stream associated with
relatively small-scale interplanetary CME on June 28,
1999 (02:07 UT).

Then, for comparison, we examine the ratio of
jumps in proton and alpha-particle densities at the
ISW front and the features of the magnetospheric
response for the April 23, 2002 ISW.

This is an open access article under the CC BY-NC-ND license
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1. DATA AND METHODS

To address the problem at hand, we have used the fol-
lowing methods:

a) Synoptic maps of Carrington rotations for the so-
lar magnetic field calculated in the potential approxima-
tion [http://wso.stanford.edul].

ties as a function of time according to Wind spacecraft
data with 3 s resolution, as well as according to OMNI
data with 1 min resolution. In order to identify the struc-
tures on the Sun and the SW features in Earth's orbit, we
have adopted the methods of finding their correspond-
ence, which are described in [Eselevich, Eselevich,
20064; Eselevich, Eselevich, 2006h].

b) Time dependences of SW and IMF parameters

obtained from OMNI data 2. SLOW SW DS ON APRIL 24, 2013
[https://cdaweb.gsfc.nasa.gov/cdaweb/ist . L .
p_public/] Let us begin the analysis with the April 24, 2013 slow
"~ ¢) IMF modulus |B|, proton and alpha- particle densi- S/ DS (Figure 1).
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Figure 1. Parameters of IMF and SW plasma as a function of time: IMF modulus |B| and azimuth angle ® (panels 1, 2); SW
plasma temperature and density (panels 3, 4); SW velocity (panel 5). The streamer belt part in Earth's orbit, or HPS, is marked
with  a red rectangle; the CIR part, with a blue rectangle (obtained from OMNI data
[https://cdaweb.gsfc.nasa.gov/cdaweb/istp_public/]). Panel 6 presents a synoptic map of Carrington rotation CR 2136 for the
solar magnetic field, calculated in the potential approximation [http://wso.stanford.edu/]: positive polarity (solid curves), negative
polarity (dotted line), the global solar magnetic field’s neutral line (thickened curves)
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At a distance of 1 AU from the center of the Sun, the
manifestation of DS in slow SW and IMF (red rectangle)
is determined by the following SW features [Eselevich,
Eselevich, 2006c¢; Borrini et al., 1981]:

a) increased plasma density: N>10+2 cm® (panel 4);

b) low velocity: V~290-350 km/s (panel 5);

c) the presence of the IMF sector boundary within
the distance at which the azimuth angle © changes by
~180° (from ~140° to ~320°), i.e. IMF changes sign
from "+" (from the Sun) to "-" (to the Sun) (panel 2).

In Figure 1, this area corresponds to the heliospher-
ic plasma sheet (HPS), and its part with maximum
density represents the region of interaction between
slow and fast SW (CIR, blue rectangle). The solar
source of this HPS part could be the intersection of the
streamer belt with the ecliptic (marked with the circle
on panel 6) at the nearest time t,=00:04 UT on April
18, 2013 when it crossed the central meridian due to
solar rotation. The streamer belt position on the synop-
tic map (panel 6) is shown by thickened curves corre-
sponding to the position of the global magnetic field's
neutral line separating positive (solid curves) and neg-
ative (dotted line) polarities. The neutral line runs
along apices of the magnetic field arches that are the
base of the streamer belt near the Sun’s surface. On the
right of panel 6 is the tilt angle A of the streamer belt
(and hence HPS) to the ecliptic plane, which is larger
than 10°. According to [Eselevich, Eselevich, 2006b],
it is a tilted streamer belt in this case. Estimate the
time tg [h] of the arrival of the streamer belt part (indi-
cated by the circle in panel 6) in Earth's orbit given
that ty=00:04 UT on April 18, 2013, using the formula
[Eselevich, Eselevich, 2006c]:

te~ty+4.6-10%/V,

where V is the slow-SW velocity [km/s] at a distance of
1 AU from the Sun’s center.

Assuming in view of panel 5 that V~310 km/s, we ob-
tain te=~ 04:00 UT on April 18, 2013 + 6 day 4 h = 08:00
UT on April 24, 2013. In panel 2, the calculated moment is
denoted by an arrow. It is obvious that up to 15-20 min the
estimated time matches the time of observation (~00:45
UT on April 23, 2013) of the arrival of the streamer belt
part at 1 AU in the form of the IMF sector boundary: IMF
changes sign from "+" to "-"". The correspondence between
the neutral line segment on the Sun (marked with the circle
in panel 6) and the IMF sector boundary at 1 AU in panel 2
is indicated by a red line.

On panels 1, 2 in Figure 2, the anticorrelation (r yg~-
0.9) between the time profiles of IMF modulus and SW
plasma proton density N, derived from Wind spacecraft
data suggests that CIR is a sequence of DS (vertical
dashed lines), each with microDS inside. These DS are
characterized not only by a jump in N, but also by
jumps in N, (panel 3). For the selected microDS,
panels 4, 5 show in more detail the proton and alpha-
particle density variations at ~07:19-07:27 UT. It
follows that despite a sufficiently high level of noise
in the N,(t) profiles there is a high negative correlation
with the IMF modulus (rnpg=—0.8, rne,s=—0.53) inside
the microstructure up to the shortest periods (hence, spa-
tial scales) of N, and N, whose correlation coefficient
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Figure 2. IMF and SW plasma parameters on April 24, 2013
as a function of time in CIR according to Wind spacecraft data
[https://cdaweb.gsfc.nasa.gov/cdaweb/istp_public /]: 1 — IMF
modulus [B|; 2 — proton density N,; 3 — alpha-particle density
Ny 4, 5 — proton and alpha-particle density profiles at ~07:19—
07:27 UT

'none=0.54. The parts with the highest correlation are
shown in panels 4, 5 by vertical dashed lines.

To further study the dynamics of N, and N, varia-
tions at boundaries of microDS of different scales, we
introduce the concept of relative jumps in
Np2/Npi=(N2/N3)p and (Noo/Nei)=(N2/Ny),, where Ny; and
N, are particle densities in front of a microDS bounda-
ry; N2 and Ny, directly behind it (indicated by arrows in
panels 4, 5 on the right). The values of Npi, Ngi, Npo,
N2, and (N2/Ny),, (N2/Ny), for inclined HPS, horizontal
HPS, and pseudoHPS, associated with streamer belt and
chains, are listed in Table 1. The dependence of
(N2/N3), on (N,/N;), at the DS boundary in HPS of var-
ious types is shown in Figure 3.

The analysis of the above data suggests that for DS of
quasi-stationary slow SW, associated with the streamer
belt or chains, in the method adopted there is a linear
dependence of (N2/N;), on (N2/Ny),.

1. DS FEATURES IN PSEUDOHPS
CONNECTED WITH A STREAMER
CHAIN

Figure 4, based on data from Table 1 for the pseudoHPS
associated with the June 15, 2000 streamer chain, pre-
sents data (Geotail and Wind SC) on IMF and SW
plasma parameters.
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Figure 3. Dependence of the relative jump in the alpha-
particle density (N»/N;), on the relative jump in the proton
density (N»/N;), at the DS boundary: a — in HPS (o) associ-
ated with the horizontal streamer belt with a narrow tilt angle
2=10° to the ecliptic plane, and pseudoHPS (A) related to
streamer chains; b — in HPS (+) corresponding to a tilted
streamer belt with A>10° to the ecliptic plane
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Figure 4. DS parameters in the solar wind from pseudoHPS
associated with a streamer chain: 1, 2 — SW proton density
and IMF modulus as recorded by Geotail SC; 3, 4 — SW
proton and alpha-particle densities and IMF modulus as ob-
served by Wind SC. The length of the red rectangle indicates
the DS duration

In SW, according to the satellite data, a characteristic
correlation is observed between IMF [B| and SW N, (varia-
tions in the parameters are anticorrelated with r~-0.7+0.9),
which allows us to classify these solar wind regions as DS
having approximately the same duration ~15 min and the
same parameters |B| (~10 nT) and N, (~40 cm3), which
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change little when moving in SW. In SW, the proton and
alpha-particle densities vary synchronously (see Figure 4,
Panel 3) and there is a jump in the density of protons ~4.4
times and alpha particles ~2.6 times.

The position of the satellites that is favorable for our
purposes (Wind: Xgse=188130 km, Y gse=—411540 km,
Zsse=—42064 km; Geotail: Xese=86646 km,
Yese=167180 km, Zgse=—1334.3 km) allows us to ex-
amine in depth the response of the magnetosphere to
DS. The phenomena that make up the magnetospheric
response are exhibited in Figure 5.

Note that if the transit time and length of the DS front
(i.e., the leading edge) in SW are determined by the propa-
gation mechanism, the variation in the geomagnetic field
parameters on the satellite at the initial stage of the impact
is caused by the drift of the magnetopause and bow shock
wave toward Earth (it approaches at ~ 4Rg) and by the
amplification of currents at the magnetopause.
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Figure 5. Magnetospheric response to the DS effect in
pseudoHPS associated with a streamer chain: 1 — spectro-
gram of a burst of geomagnetic pulsations in the frequency
range 0.5-2.5 Hz at the Borok Observatory; as recorded by
Polar SC: 2, 3 — electron density and geomagnetic field varia-
tions: At — the time of intensification of the geomagnetic field
and electron density caused by magnetosphere compression;
Al — geomagnetic field and particle density variations associ-
ated with the arrival of DS matter; 4, 5 — variations in proton
and alpha-particle fluxes (as measured by CAMMICE and
TIMAS); 6 — proton flux variations in the geostationary orbit
of LANL-4 SC. The red arrow in panel 3 denotes the moment
of the interaction of DS with the magnetopause
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Table 1
Date ~ . g - Type of the SW stream
UT Npz, cm® | Npo, em ™ | (N2/Nyp)p | Ngp, em® | Ngg, em™ | (N2/Ny), with DS observed
December 30, 2007 ~ ~ horizontal HPS
09:03 UT 6.7 9.6 ~1.4 1 13 =1.3 associated with the streamer belt
11:48 UT 7.1 11.7 ~1.6 0.07 0.12 =1.7 DS in HPS
13:39 UT 10 115 ~1.2 0.09 0.07 =13 | -
23:35 UT 8.5 11.8 ~1.4 0.78 0.62 =13 | -
December 31, 2007 1.7 15 =2 0.11 0.05 =22 | -
11:00 UT
15:42 UT 9.2 13.6 =~1.5 0.07 0.04 =17 | -
. inclined HPS
April 23, 2013177 associated with the streamer belt
11:30 23 26.3 ~1.1 0.34 0.68 2 DS in HPS
17:36 21 32.7 ~1.6 0.24 0.48 A
18:30 26 34 =1.3 0.28 0.52 =19 | e
April 24,2013 ~ ~
02:15 UT 28 375 =~1.3 0.5 0.7 =14 | -
07:18 22 32 ~1.5 0.36 0.7 =19 | -
09:09 24 44 =~1.8 0.5 1.1 =22 | -
11:08 14 28 2 0.5 1.15 =23 | -
June 26, 1998 B ~ pseudoHPS
09:59 UT 11 28.5 ~2.6 0.4 1.75 ~4.4 associated with a streamer chain
August 01, 1998 » -
18:07:00 8 245 ~3.1 0.2 2.1 =105 | -
18:15:22 22 32 =~1.5 1.4 3 =21 | -
18:15:33 16 23 =1.44 0.35 1.2 =34 | -
June 15, 2000 - -
00:11 UT 34 7 =5 2.2 0.2 =11 | -
December 22, 2015 ~ ~
09:27 UT 175 10 =1.75 0.6 0.2 =3 | e
09:45 UT 225 10 =2.25 225 10 =225 | e

This time (At, marked with a red rectangle in panels
2, 3 of Figure 5) can be considered the first stage of the
DS impact on the magnetosphere. At the second stage
(indicated by the red line with the symbol Al in panel
3), the geomagnetic field (GMF) modulus (see Figure 5,
panel 3) and the proton density (Figure 5, panel 2)
change in antiphase in the Polar SC orbit. A similar
regularity in the variations of the alpha particle density
in the 1-200 keV energy range and of the local geomag-
netic field has been found by Chen et al. [1998]. We
suspect that this time interval may correspond to the
impulsive penetration of the DS matter (plasmoid) from
SW into the satellite orbit. The antiphase variations in N
and B both in SW and in the magnetosphere can serve
as a universal indicator of the existence of diamagnetic
structures.

Plasmoid in the magnetosphere, as well as DS in the
solar wind, is determined from the negative correlation
coefficient between the geomagnetic field modulus and the
electron density or proton and alpha-particle fluxes. This
feature can serve as a universal indicator of the existence of
diamagnetic structures.

By the delay time of the beginning of the GMF in-
crease on GOES-8 relative to that on Polar and GOES-
10, the DS plasmoid velocity inside the magnetosphere
is ~280 km/s, which is close to the plasmoid velocity
(~175 km/s) we found inside the magnetosphere for the
DS associated with sporadic SW [Parkhomov et al.,
2021].

14

Ground-based high-latitude observatories recorded
a sudden GMF pulse at 00:17 UT with a preliminary
reverse pulse having ~2 min duration and ~20 nT am-
plitude (Thule) [https://imag-data.bgs.ac.uk/GIN_V1/
GINForms2], accompanied by a burst of Pi2-3 geo-
magnetic pulsations (Psc) in the frequency range
0.1+0.005 Hz and, most importantly, a burst of ul-
tralow-frequency (ULF) Pcl geomagnetic pulsations
(0.5+2.5 Hz) (see Figure 5, Panel 1). However, in the
DS events considered in [Chen et al., 1998] the ULF
bursts have a wider frequency range and are classified
as lion rare (1+100 Hz) [Tsurutani et al., 1982].

The simultaneity of the described phenomena sug-
gests (see Figure 5, Panels 2-5) that the sharp increase
in densities of electrons, protons, and alpha particles,
recorded by Polar SC, which may be produced by plas-
ma injection, and the negative burst of the GMF modu-
lus generate a burst of geomagnetic pulsations. This
injection leads to plasma instability [Guglielmi, Pota-
pov, 2021; Molchanov, 1985] in the Polar orbit and to
the generation of a Pc1 burst with the transient spectrum
(see Fig. 5, Panel 1), the beginning of which lags the
beginning of the sudden pulse and the Psc (Pi2-3) train
generated by the compression wave as a result of the
interaction of the DS leading edge with the magneto-
pause. The compression wave velocity is ~1000 km/s;
therefore, the signal of the arrival of the plasmoid mov-
ing at ~300 km /s lags the signal of the beginning of the
interaction. Let us refer to [Tsegmed et al., 2022], where
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a 30 s delay was found between the moment of ISW
interaction with the magnetosphere and the beginning of
the generation of geomagnetic pulsations.

The UV photometer UVI on Polar SC records auro-
ras (Figure 6) in the near-noon polar cap sector (dayside
cusp). We present sequential images of auroras with an
LHBL filter as a response to interaction with DS. The im-
ages of auroras have been taken from [Borodkova, 2010].

Precipitation of particles into the ionosphere and the
beginning of auroras are closer in time to the beginning
of the interaction, Psc generation, and compression
(which is also observed in other shock aurora events) than
to the beginning of instability development due to the
difference between the compression wave S; and plas-
moid velocities inside the magnetosphere.

Thus, for the quasi-stationary slow SW DS associated
with the streamer belt or chains there is not only a linear
dependence of (N2/Nj), on (N2/N,),, but also the passage of
a part of the DS matter (plasmoid) — protons and alpha
particles — into the magnetosphere to the Polar, GOES,
and Geotail SC orbits. Some of the particles enter the loss
cone and precipitate into the atmosphere, causing daytime
auroras in the UV range (see Figure 6).

2. JUNE 28, 1999 DS
OF SPORADIC SW
IN EARTH'S ORBIT

Let us examine the features of the dependence of
(N2/Nyg), on (N2/Nj), for the sporadic SW stream on
June 28, 1999. In this event, the densest DS part has
been studied in detail by Parkhomov et al. [2017], name-
ly a filament with an unusually high velocity (about 900
km/s). This filament was shown to be part of a specific
sporadic SW stream, which can be considered as a
small-scale interplanetary transient. We are interested in
the sporadic SW stream, firstly, as an example of a
complete set of DS sequences of various scales con-
tained in different ICME parts from the sheath behind
the shock wave to a small-scale interplanetary transient
including a dense filament; secondly, in terms of com-
paring the time profiles of sporadic-SW alpha particles
and protons with similar profiles for SW streams of other

types.
POLAR UVI LBHL 15.06.2000

H
00.18:56 00.20:47 00-2! 23
./i\;.':: { / . ’ '7.“, e\ | ; l-n

Figure 6. Auroras recorded by Polar SC with an LBHL
filter in the dayside polar cusp [https://cdaweb.gsfc.nasa.gov/
cdaweb/istp_public/]
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Figure 7. Time variations in IMF and SW parameters
as observed by Wind SC on June 28, 1999
[https://cdaweb.gsfc.nasa.gov/cdawebl/istp_public/]: 1 — IMF
modulus; 2 — proton density; 3 — alpha-particle density;
4,5 — proton and alpha-particle densities at ~02:48-03:15
UT (blue thickened line)

As shown in Figure 7 (panel 1) and has been estab-
lished by Parkhomov et al. [2017], this sporadic SW
stream is a sequence of shock, sheath, and small-scale
interplanetary transient (ICME). In Figure 7 (panels 1,
2), from the anticorrelation between the time profiles of
IMF IBI and SW Nj it follows that sporadic SW consid-
ered is a sequence of DS (indicated by vertical strokes),
each with microDS inside. The biggest jump in N, is
characteristic of DS associated with the eruptive filament
recorded between ~04:42 and 05:12 UT. As can be seen in
panels 2, 3, all proton density jumps in each DS sequence
are accompanied by alpha-particle density jumps.

Panels 4, 5 detail the variations in the proton and al-
pha-particle densities at ~02:48-03:15 UT (blue lines).
The selected area is seen to be a sequence of microDS.
In addition, despite the high level of noise in the N(t)
profiles, there is a high correlation between Ny and N, in
microDS up to the shortest periods, i.e. spatial scales.
The correspondences are shown in panels 4, 5 by verti-
cal dashed lines. The SW proton and alpha-particle den-
sities for two DS in sheath and ejecta are given in Table 2
and plotted in Figure 8.

The analysis shows that according to the statistics
considered there is a linear dependence of (N,/Ny), on
(N2/N;), at the DS boundaries in the sheath region, as
well as in the DS of the quasi-stationary slow SW asso-
ciated with the streamer belt or chains.
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Table 2
DA | Ny om® | Nygy om® | (Na/ND)y | Ny om® | Npyom® | (N/Ny), | 1P OF SW stream with B
é‘ﬁgzg’ 19991 453 5.3 ~1.9 17 0.56 ~34 Sporadic SW
02:50 6.43 5.3 ~1.2 0.8 0.6 =14 | -
02:58 8.2 6.5 ~1.3 1.0 0.8 =13 | e
03:09 10.5 7.5 ~1.4 1.7 1.0 =17 | =
04:48 25 2.55 ~9.8 4.5 0.17 =26 Eruptive filament
05:52 12.5 4.3 ~2.9 1.7 0.45 ~38 | 0 -
06:47 10.2 2.5 ~4.1 6.7 2.5 =7 | -
May 18, 2013 Sporadic SW
01:51 UT 25 17 ~1.5 0.54 0.4 =14 DS in ejecta
02:37 UT 17 15 ~1.3 0.56 0.43 ~13 | -
03:20 UT 17 9 ~1.9 5.8 3.5 =17 | -
03:36 UT 15 10.3 ~1.45 0.48 0.38~ 3 | -
03:47 UT 16 12.5 ~1.3 5 3.6 =14 |
03:52 UT 16.5 135 ~1.2 0.52 0.36 =14 | 0 -
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Let us point out the main feature in variations of the B IR LTI TR TR LIRLT T
geomagnetic field and particle fluxes (the number of t :%30__ i 5
protons per second as recorded by the Charge and Mass = 520 — Folar 5
Magnetospheric lon Composition Experiment (CAM- g g [T T T T T[T T T T T T a7 TTT 3
MICE) [Chen et al., 1998]) presented in Figure 9 — m;gggg = LANL-1 a 5
antiphase variations of the geomagnetic field modulus 5 20000 — LANL-1H+ 0"‘“'5
and proton density in the Polar SC orbit. There are clear- E 18000 021
cut sharp simultaneous proton density increase (panel 2) 5 [T Rt
and magnetic field modulus decrease (panel 3), lagging by 3 5:00 510 5:20 530 UT, hour

~2.5 min the beginning of the interaction between DS and
the magnetosphere (see panels 1-3 in Figure 7).

The fact that alpha particles penetrate into the mag-
netosphere is confirmed by CAMMICE and TIMAS
(Toroidal Imaging Mass-Angle Spectrograph) meas-
urements of proton H+ and alpha-particle He++ fluxes.
Panels 4, 5 of Figure 9 illustrate impulsive increases in
proton fluxes by more than ~40 times and in alpha-
particle fluxes by ~30 times within two minutes. An
impulsive burst of protons with E=40+100 keV is also
observed in the LANL-1 SC geosynchronous orbit
(panel 6).
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Figure 9. Magnetospheric response to the interaction with DS
from an eruptive filament of sporadic SW: 1 — spectrogram of an
ULF burst at the station Lovozero; recorded by Polar SC: 2, 3—
proton flux and geomagnetic field modulus variations; 4, 5 —
variations in proton and alpha-particle fluxes; 6 — variations in
fluxes of protons with E,=50-400 keV (blue) and alpha particles
(red) recorded by LANL-1 SC. The vertical red arrow in panel 3
indicates the beginning of the DS interaction with the magneto-
sphere; At is the compression time (the time of DS propagation
from the magnetopause to the Polar SC orbit); Al is the time of
DS plasma arrival in the satellite orbit. Red lines in panel 2 denote
the temporary coincidence of the burst generation and the arrival
of fresh plasma



Role of alpha particles

Beam injection can cause beam instability of magne-
tospheric plasma and generate a broadband burst of ge-
omagnetic ULF pulsations in the frequency range Pcl
f~1.0+3.3 Hz [Kangas et al., 1998]. The global train of
Pi2-3 (Psc) pulsations in the frequency range
f~0.1+0.003 Hz, generated due to strong compression,
precedes an impulsive high-frequency burst (not
shown). This observation, like the cases of increased
alpha-particle content in quasi-stationary SW streams
(see Section 3), may be interpreted both as penetration
of alpha particles into the magnetosphere and as the
passage of DS as a whole in the form of a plasmoid. An
additional argument in favor of the DS passage, as in
the cases discussed above, can be the retention of its
main feature — the anticorrelation of the counting rate
of protons and alpha particles with the geomagnetic
field modulus.

Some of the particles enter the loss cone and precipitate
into the atmosphere, generating daytime auroras of the
shock aurora type [Zhou, Tsurutani, 1999] in the UV range
in the dayside cusp (Figure 10) [Dmitriev, Suvorova,
2023]. The auroras begin near the midday meridian in the
latitude range 72°-75°, and then spread eastward to the
night side, reaching the midnight meridian at 05:30:10 UT.

The sequence of the phenomena is similar to the
magnetospheric response to the DS effect in pseudo-
HPS, associated with a streamer chain (see Section 3).

We can state that due to the interaction of the dia-
magnetic structures located in various SW streams and
their regions (quasi-stationary slow SW in HPS, sheath in
sporadic SW, the eruptive prominence region in ICME)
with the magnetosphere, part of the DS matter (plas-
moid), including alpha particles, enters the magneto-
sphere.

4, FEATURES OF
MAGNETOSPHERIC RESPONSES
RELATED TO JUMPS
IN PROTON AND ALPHA
PARTICLE DENSITIES
AT ISW FRONT

To complete the picture, let us examine the features
of the ratio of proton and alpha-particle densities at ISW
fronts.

POLAR UVI LBHL 15.06.2000

00.18:56 00.20:47 00.21:23
6\ @ it -
B/ e -

00.26:18

‘\",V‘A < w:"\ b / % 7 I );;J;“ ] ¢
—'“oi‘.“' 4\\&,-7";“;»1
& D

Figure 10. Magnetospheric response in auroras to the in-
teraction with DS the source of which is the eruptive filament
of the sporadic solar wind. The auroras were registered by
Polar SC with an LBHL filter in the dayside polar cusp
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One of the first attempts to study this ratio was made
in [Sapunova et al., 2020] and continued in [Sapunova et
al.,, 2022]. We have examined the ratios (N,/N;), and
(N2/Ny), in eight ISW cases listed in Table 3.

Figure 11 shows that the ratios between jumps in the
proton and alpha-particle densities at the ISW front are
linearly related, which, on the one hand, confirms the
results of the cited work, and, on the other hand, sug-
gests their similarity to the ratios of these parameters in
the quasi-stationary and sporadic SW DS. The features
of the ratio between the jumps in (N2/N), and (N2/Ny),
and their effect on the magnetosphere at the ISW front
on April 23, 2002 are considered in detail below.

5. MAGNETOSPHERIC RESPONSE
TO THE INTERACTION

WITH ISW ON APRIL 23, 2002

The sequence of the phenomena of the magneto-
spheric response to the interaction with ISW on April
23, 2002 (Figure 12) turned out to be similar in mor-
phology to the responses to the effects of DS carried by
SW streams of various nature. Note, however, that, ac-
cording to literature sources, in most cases of the ISW
impact on the magnetosphere another sequence of the phe-
nomena associated with the sharp compression of the mag-
netosphere by ISW is observed [Russell et al., 2000].

The interaction between the ISW of interest and the
magnetosphere leads to anticorrelated jumps in the ion
density by ~40 cm ™ (see Figure 12, panel 2) and in the
geomagnetic field modulus by ~50 nT (see Figure 12,
panel 3) in the Polar SC orbit. Synchronously with the
increase in the ion and electron densities, there is an
increase in proton and alpha-particle fluxes between
04:44 and 04:56 UT (panels 4, 5). At the same time, a
sharp burst of alpha-particle flux (panel 6) was also rec-
orded by LANL-4 [Belian et al., 1992], which was in
the geostationary orbit at a longitude (103°) close to the
longitudes of the geomagnetic observatories Irkutsk
(104.3° E) and Mondy (100.9° E).

On Earth, according to the website “Rapid catalog
SSC” [https://www.obsebre.es/en/rapid], at 04:47:30 a
global sudden commencement (SSC) of a weak magnet-
ic storm with maximum Dst=—40 NT was recorded on
April 24, 2002 at 05 UT. A sudden increase in the geo-
magnetic field (within three minutes at ~55 nT) was also
detected at the mid-latitude observatory Irkutsk, located

®
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Figure 11. A relative jump in alpha-particle density
(N,/Ny), as a function of a relative jump in proton density
(N2/Ny), at the front of interplanetary shock waves
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Figure 12. Magnetospheric response to the ISW effect on
April 23, 2002: 1 — ULF radiation spectrogram from the sta-
tion Mondy; recorded by the Polar spacecraft: 2, 3 — varia-
tions in ion density and geomagnetic field modulus; 4, 5 —
variations in proton and alpha-particle fluxes (as measured by
CAMMICE and TIMAS); 6 — alpha-particle flux recorded by
the LANL-4 spacecraft; At is the time difference between the
ISW interaction with the magnetopause and the arrival of
plasma in the satellite orbit

near the local noon [https://imag-data.bgs.ac.uk/GIN_V1/
GINForms2]. The storm sudden commencement is ac-
companied by an impulsive burst of geomagnetic pulsa-
tions in the frequency range 0.002-3.3 Hz, and in 0.3—
3.3 Hz there is a short-term burst of ULF radiation with
a noticeable frequency drop (panel 1). An ULF radiation
burst similar in form, duration, and frequency range was
recorded at this moment by Polar SC [Tsegmed et al.,
2022]. Note that the burst of pulsations in the form and
range of the recorded frequencies is similar to the burst
of Pcl pulsations under the influence of stationary and
sporadic SW DS, discussed in the previous sections.

The response in auroras in the UV range to ISW on
April 23, 2002, recorded by the IMAGE spacecraft, turned
out to be similar in morphology to the responses to DS of
various nature, detected by the Polar SC photometer.

First of all, as in the cases of the DS effect, a high-
intensity shock aurora was generated (Figure 13). With-
in 4 min, the glow encompassed the entire oval of auro-
ras. The most intense glow coincided in time
(04:49:30+04:51:44 UT) with a maximum drop in the
geomagnetic field modulus by ~50 nT (see Figure 12,
panel 3) and a jump in the ion density by ~40 cm in
the Polar SC orbit (see Figure 12, panel 2).

Thus, the analysis of the magnetospheric response to
ISW on April 23, 2002 shows its close similarity to the
phenomena that make up the response to DS of all
types. This similarity allows us to formulate a hypothe-
sis that part of the energy of this ISW penetrates into the
magnetosphere, like the impulsive passage of the DS
matter in the form of a plasmoid. The hypothesis can be
confirmed by recording proton density bursts in the en-
ergy range E,;=50-400 keV (the density increases 40
times within ~1 min). The alpha-particle flux also in-
creases sharply ~60 times (see Figure 12, panel 5). In
the low-frequency range, a train of damped long-period
Pi2-3 (Psc) pulsations is recorded which is similar to
irregular Pi2-3 pulsations during interactions of DS of
different types and an eruptive prominence with the
magnetosphere [Parkhomov et al., 2022].

¥
-
-
3

Figure 13. Magnetospheric response in auroras to the interaction with ISW on April 23, 2002. The auroras that started on the
day side were recorded by the IMAGE spacecraft [https://cdaweb.gsfc.nasa.gov/cdaweb/istp_public /]
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Role of alpha particles

Table 3
DStTe’ Npz, em™® | Npz, em™® | (N2/No)p | Nz, em™® | Nog, em™ | (No/Np)a | ISW front
(I;/(l)gol& o 45 7.7 =17 0.25 0.43 LT e
(?(i%ol4' 2015 7.3 116 =1.6 0.25 0.47 S
March 17,2015 |, ” . - — S
Jllzjarzlgszz' 201 18 48 =2.7 0.6 3.2 53 |
é%l:}ill& 2015 7 21 ~3 0.06 0.43 ~7 | -
s 6 17 28 0.7 5 S R R—
B0 42 71 =17 | 044 0.64 e
Qﬂézs' 2002 5 13.1 ~26 0.25 0.87 35 |

It is noteworthy that the burst of ULF radiation (see
Figure 12, panel 1) is similar to the bursts of geomag-
netic pulsations in the same frequency range, which
were recorded during interactions of DS of both station-
ary (see Figure 5, panel 1) and sporadic (see Figure 9,
panel 1) SW with the magnetosphere. We can conclude
that the response to the interaction with any DS in mag-
netospheric and terrestrial phenomena is similar.

CONCLUSIONS

The presented results show that diamagnetic structures
of various scales both in quasi-stationary slow SW and in
sporadic SW streams have simultaneous jumps in proton
(N2;Ny), and alpha-particle (N,/N;), densities at their
boundaries (which confirms the conclusions drawn in
[Veselovsky, Yermolaev, 2008; Yermolaev et al., 2021]).

For DS of quasi-stationary slow SW associated with
streamers, according to the statistics considered in this
paper, there is a single linear dependence of (N,/N,), on
(N2/Ny),. This means that the physical nature of the oc-
currence of these jumps is the same and is determined
by diamagnetism at the boundaries of DS of quasi-
stationary SW streams of various types.

At the front of interplanetary shock waves, the jump
in (N./N,), is approximately twice as large as the jump
in (N2/N;), (which confirms the conclusions drawn in
[Sapunova et al., 2022]).

This reflects the features of collective collisionless
plasma heating at ISW fronts. A maximum (almost
three-fold) increase in the alpha-particle density
(N2/N,), as compared to the increase in the proton densi-
ty (N2/Ny), is observed in eruptive prominences.

The magnetospheric response in the phenomena we
have discussed: auroras, proton and alpha particle flux-
es, geomagnetic field, ULF-range geomagnetic pulsa-
tions is similar when exposed to DS of different nature
and the ISW considered. The features of the magneto-
spheric response to the interaction with DS of various
nature and ISW can be interpreted as an impulsive pas-
sage of the DS matter (plasmoid) into the magneto-
sphere.

19

The results of studies into the (No/N,), jumps can be
used as an additional argument in identifying cases of im-
pulsive penetration of DS into the magnetosphere and in
examining the physical nature of these penetrations.
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