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ABSTRACT

Context. From May 24-25, 2002, four spacecraft located in the solar wind at about 1 astronomical unit (au) measured plasma densities
one to two orders of magnitude lower than usual. The density was so low that the flow became sub-Alfvénic for four hours, and the
Alfvén Mach number was as low as 0.4. Consequently, the Earth lost its bow shock, and two long Alfvén wings were generated.
Aims. This is one of the lowest density events ever recorded in the solar wind at 1 au, and the least documented one. Our goal is to
understand what caused the very low density.

Methods. Large Angle and Spectrometric Coronagraph (LASCO) and in situ data were used to identify whether something unusual
occurred that could have generated such low densities

Results. The very low density was recorded inside a large interplanetary coronal mass ejection (ICME), which displayed a long,
linearly declining velocity profile, typical of expanding ICMEs. We deduce a normalised radial expansion rate of 1.6. Such a strong
expansion, occurring over a long period of time, implies a radial size expansion growing with the distance from the Sun to the power
1.6. This can explain a two-orders-of-magnitude drop in plasma density. Data from LASCO and the Advanced Composition Explorer
(ACE) show that this over-expanding ICME was travelling in the wake of a previous ICME.

Conclusions. The very low densities measured in the solar wind in May 2002 were caused by the over-expansion of a large ICME.
This over-expansion was made possible because the ICME was travelling in a low-density and high-velocity environment present in
the wake of another ICME coming from a nearby region on the Sun and ejected only three hours previously. Such conditions are very

unusual, which explains why such very low densities are almost never observed.

Key words. Sun: coronal mass ejections (CMEs) — Sun: heliosphere — (Sun:) solar wind — Magnetohydrodynamics (MHD)

1. Introduction

Starting on 2002 May 24 at approximately 22:00 UTC, the so-
lar wind conditions around the Earth were extremely unusual: its
density was two orders of magnitude lower than average, and, as
a result, the solar wind became sub-Alfvénic for four hours, with
values as low as 0.4 for the Alfvén Mach number (see Chané
et al. 2012). This very low density was measured consistently
by four independent spacecraft, namely the Advanced Compo-
sition Explorer (ACE), GENESIS, the Solar and Heliospheric
Observatory (SOHO), and WIND. Low-density events in the so-
lar wind upstream of the Earth’s magnetosphere were studied by
Usmanov et al. (2005). They analysed data between 1963 and
2003 and found 23 events where the density in the solar wind
was lower than 0.3 cm™. Sub-Alfvénic conditions were present
in nine of these events. More recently, Chané et al. (2017) anal-
ysed 52 years of solar wind measurements and found that long
lasting (>1 h) low density solar wind events at Earth that result in
sub-Alfvénic conditions only occur, on average, every 2.2 years.

The most famous example of such low density sub-Alfvénic
events was entitled ‘the day the solar wind almost disappeared’,
which occurred on 1999 May 11. But this event, which has
been studied by Farrugia et al. (2000), Lazarus (2000), Le et al.
(2000a), Le et al. (2000b), and Smith et al. (2001) is by no
means the most extreme of the low-density events in the solar
wind. During the year 1979, for instance, three very-low-density
events were measured at 1 astronomical unit (au): on July 4, July
31, and November 22 (Crooker et al. 2000; Gosling et al. 1982).
The November event is interesting because the low-density, sub-
Alfvénic flow was already measured by the Helios 2 spacecraft
at 0.3 au on November 13 (Schwenn 1983). Unusually low den-
sities in the solar wind have also been measured at higher lati-
tudes. Riley et al. (1998) analysed Ulysses data, when the space-
craft was at 3.7 au and at N38.5° latitude on 1996 May 01. They
found a time period of 3.5 hours when the solar wind density
was ten times lower than typical and called it a ‘density hole’. As
mentioned before, another example of a very-low-density, sub-
Alfvénic event at 1 au happened in May 2002, when the solar
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day time flare solar source | heliographic | CME in C2 | speed CME
May 2002 | UTC | X class coordinates | time UTC | km/s type
CMEO 21 21:50 | M1.5 AR 9960 N17 E38 21:50 853 | partial H
CME1 21 23:50 | C9.7 AR 9948 S25 W64 00:06 1246 | partial H
CME2 22 03:05 C5 filament S19 W56 03:26 1557 halo

Table 1. Solar sources, flares related to the CMEs, and their characteristics from 2002 May 21-22.

wind was peculiar for a long period of time: the density was
lower than 0.5 cm™ (ten times lower than usual) for more than
40 hours, which resulted in an Alfvén Mach number lower than
2.

The configuration of Earth’s magnetosphere changes dras-
tically when it is embedded in a low density, sub-Alfvénic so-
lar wind. For example, the distance between the bow shock and
the magnetopause is strongly influenced by the upstream Alfvén
Mach number. Under usual circumstances, this distance is about
4 Rg (Fairfield 1971), where Rg denotes the radius of the Earth,
but it increases when the Alfvén Mach number decreases. When
the Mach number becomes lower than one, theoretically, the
bow-shock moves away to infinity (Farris & Russell 1994). This
means that there is no bow-shock and no magnetosheath. The
solar wind can then reach Earth’s magnetopause directly. For
the May 2002 event, Chané et al. (2012) used ACE data at L1
and Geotail data closer to the Earth’s magnetopause to show that
there was indeed no strong shock between the two spacecraft,
since there was no increase in the magnetic field magnitude. Be-
cause the solar wind dynamic pressure is lower than usual during
such events, the magnetopause stand-off distance also increases.
Chané et al. (2012) calculated that the magnetopause stand-off
distance reached 22 Rg during the May 2002 event (while it is
11 Rg under normal solar wind conditions, see Fairfield 1971).

Another consequence of such sub-Alfvénic solar wind con-
ditions is that two Alfvén wings are generated. These tubular
structures, where the incoming plasma is decelerated and where
the interplanetary magnetic field experiences a rotation, can be
hundreds of Rg long (see Drell et al. 1965; Neubauer 1980, 1998,
for a theoretical description of the Alfvén wings). In the Solar
System, Alfvén wings are present for a lot of moons of the giant
planets (e.g. o, Europa, Enceladus). This is because these moons
are located inside the magnetosphere of their parent planet where
the plasma flow is sub-Alfvénic. These Alfvén wings are well
understood and have been thoroughly studied via in situ mea-
surements (Kivelson et al. 1998; Saur et al. 2002), remote sens-
ing observations (Clarke et al. 1996; Gérard et al. 2002), analyt-
ical modelling (Neubauer 1998; Saur et al. 1998), and numerical
simulations (Linker et al. 1988; Blocker et al. 2016). At Earth,
since they are so rare, we only have one single study provid-
ing direct observational evidence of these Alfvén wings (Chané
et al. 2012). The evidence came from the spacecraft Geotail,
which clearly crossed one of the wings nine times in May 2002.
Whereas Alfvén wings are very rare at Earth and at the other
planets in our Solar System, they are present on 35% of the exo-
planets discovered before 2012 November 14 (Saur et al. 2013;
Saur et al. 2018).

While the consequences of the low density event in May
2002 have been thoroughly studied (Chané et al. 2012; Chané
et al. 2015), its origin remains unclear. While Chané et al. (2012)
briefly mentioned that such a low-density event ‘may have been
caused by a complex interaction of CMEs prior to the event’ and
that it ‘may have its origin in a long-lasting structure located on
the Sun’, they do not provide a physical explanation of how such
a low plasma density could have been generated. Janardhan et al.
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(2008) studied three low-density events (including the May 2002
event) and proposed that they may be related to a transient coro-
nal hole visible at the solar disk centre. In the present paper, we
demonstrate that the over-expansion of an ICME during its prop-
agation between the Sun and the Earth is responsible for the low
density measured on 2002 May 24-25. We show that the ICME
was large (radial size > 0.5 au) when it reached the Earth and that
the low-density region was located inside the strongly expanding
magnetic ejecta. We calculated the expansion rate of the ICME
and established that the solar wind conditions upstream of this
ICME were favourable for such an over-expansion. To this end,
we demonstrate that the over-expanding ICME was propagating
in the low-density and high-velocity environment of a previous
ICME’s wake.

Over-expansions in ICMEs were first observed by Gosling
et al. (1994, 1998). Over-expansion is characterised by a large
difference of velocity between the ICME front and the rear,
and by a forward-reverse shock pair delimiting the ICME. Us-
ing measurements from the Ulysses spacecraft, they showed
that over-expansion was rather common in high-latitude ICMEs.
More recently, Démoulin & Dasso (2009) developed an analyt-
ical model for the evolution of flux ropes embedded in the so-
lar wind. In this model, cylindrical flux ropes are modelled as a
series of force-free field states, with a pressure balance between
the ambient solar wind and the flux rope boundary. They showed
that, in most cases, the main driver for the expansion of the flux
rope is the rapid radial variation of the solar wind total pressure
with solar distance, and that an internal overpressure is usually
not necessary to model the observed expansion of the flux rope.
In all the cases considered in this model, the resulting velocity
profile of the flux ropes is found to be very similar and produces
a nearly linear decrease of the velocity in time-series. The ex-
pansion rate predicted by this model is in good agreement with
the observations (see, i.e. Démoulin et al. 2008; Gulisano et al.
2010). The expansion rate of a flux rope affects how its internal
magnetic field, density, and pressure evolve during its propaga-
tion, and the model of Démoulin & Dasso (2009) can be used to
quantify this evolution.

The present paper is organised as follows: the solar observa-
tions (flares, coronal hole, CMEs) on 2002 May 21-22 are pre-
sented in Sect. 2. In Sect. 3, the in situ measurements at L1 are
analysed. The interpretation of the low-density solar wind due
to the expansion of the interplanetary flux rope resulting from a
complex of CMEs is discussed in Sect. 4. Finally, our conclu-
sions are presented in Sect. 5.

2. Coronal mass ejection and solar source
observations

In order to understand the propagation of the CME:s initiated at
the Sun’s surface and their expansion in the heliosphere related
to the low density solar wind event, we first analysed the so-
lar activity during this period of time, which is reported in the
CDAW data center at NASA Goddard in the list of CMEs, and
in the list of X-ray flares recorded by the Geostationary Oper-
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Fig. 1. Events of 2002 May 21-22. Top panel: Solar energetic particles (SEP) for three frequency bands. Middle panel: Trajectories of the studied
CMEs, respectively, CMEO, CME1, and CME2. Bottom panel: X-ray flares. The class of the three involved flares is indicated at the peaks in the

green curve.

ational Environmental Satellite (GOES) satellite'. In 2002, so-
lar remote-sensing observations were still relatively limited. We
used data from the Extreme Ultraviolet Imaging Telescope (EIT:
Delaboudiniere et al. 1995), providing continuous 2D images of
the Sun in EUV wavelengths (195 A), and the Large Angle and
Spectrometric Coronagraph (LASCO: Brueckner et al. 1995),
providing images of the solar corona, both of which are onboard
the Solar and Heliospheric Observatory (SOHO: Fleck et al.
1995). LASCO and EIT (filter at 195 A) observed images with
a common cadence of 12 minutes, and movies of this event are
available online”. LASCO consists of two coronagraphs, C2 and
C3, with C2 observing the corona until 3 Ry, and C3 from 3 to
32 Ry, where Ry denotes the radius of the Sun. According to
the statistics of CME speeds and based on the ballistic veloc-
ity method, we searched the solar events in a window from two
to three days (Schmieder et al. 2020). Therefore, we started our
search for CMEs that could be related to the weak solar wind
event, from 2002 May 21 onwards. The Ha and Ca II K images

! https://cdaw.gsfc.nasa.gov/CME_list/daily_movies/
2002/05/22/
2 ftp://ares.nrl.navy.mil/pub/lasco/halo/20020522

are found in the Meudon survey database’. The MDI magne-
tograms come from the solar monitor database*.

Between May 21 at 21:50 UTC and May 22 at 04:00 UTC,
LASCO observed three CMEs (Fig. 1 and Table 1). The first
CME, called CMEQ, seen in the north-east limb at 21:50 UTC is
associated with a, M1.5 X-ray class flare occurring in the active
region (AR) NOAA 9960 located in the solar disk at N17E38
in heliographic coordinates according the CDAW data center
(Fig. 1, bottom panel). The source of this CME is located in a
different region than the ones of the other two CMEs, which are
close to the west limb.

The first west CME, CMEI, is seen on May 21 from
23:50 UTC and is associated with a C9.7 X-ray class flare, due
to their simultaneity (Cheng et al. 2005). The CME and flare
times are indicated by CMEI1 and C9.7 in Fig. 1 in the mid-
dle and bottom panels, respectively. The origin of the flare and
of CMEI is located in the AR NOAA 9948 near the west solar
limb at S25W64 (Fig. 2 a, b). In the EIT image, weak loops are
observed over the limb around the location S25 in heliographic
coordinates and these correspond to post flare loops of the flare.

3 http://bass2000.obspm. fr/home.php?lang=en
4 https://www.solarmonitor.org/
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Fig. 2. Solar disk observations. (a) and (c): EIT solar disk in the 195A filter. (b) and (d): LASCO coronagraph C2 showing the two west CMEs
when they are well developed in the field of view. White arrows in panel (a) indicate the AR 9948 near the west limb, and a transient coronal hole
(CH) in the centre of the disk. In panel (c), the white arrow indicates the region with two parallel bright ribbons after the filament eruption.

This correspondence is confirmed by looking at the 195 A EIT
movie.

The second west CME, CME?2, is associated with a class C5
X-ray flare, indicated as CME2 and C5 in Fig. | middle and
bottom panels, respectively. CME?2 is a full halo CME observed
on May 22 at 03:50 UTC (Fig. 2 d, Fig. 1 of Cheng et al., 2005).
By 04:06 UTC, the C2 occulting disk was surrounded by a thick
bright front in the west extending over both poles, with fainter
extensions in the east (Fig. 1 of Cheng et al., 2005). The front
appeared in LASCO C3 at 03:42 UTC with full coverage of the
C3 occultor by 04:18 UTC. The plane of sky front is reported in
the GOES catalogue at PA 237 (S33).

The full halo CME2 is principally associated with a large,
bright, fast prominence eruption that EIT observed between
03:00 and 04:24 UTC (see the EIT movie and Fig. 3). GOES
notes a disappearing filament between 03:18 and 05:00 UTC
associated with a C5.0 X-ray class flare between 03:18 and
05:02 UTC with a peak emission at 03:54 UTC. The eruption
and the flare could be considered effectively as associated phe-
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nomena due to their similar time onset in view of the low ca-
dence of the observations. The reconnection should occur just
before 03:36 UTC and could correspond to the registered C5
flare by GOES. It corresponds to a long duration flare indicated
by C5 in the bottom panel of Fig. 1. In the EIT movie the fil-
ament is rising between 03:00 and 03:24 UTC. At 03:36 UTC,
double bright parallel ribbons with loops joining both of them
can be seen. The loops rise for a long time until 11:00 UTC and
appear over the limb. The filament eruption is also observed in
radio wavelengths (Nobeyama at 17 GHz) between 03:05 and
03:25 UTC (Fig. 3, panels (d) and (e)). The prominence, ob-
served a few days before its eruption as a filament, is extended
in a long region of the disk centred at SI9W56 and extended
over 40 degrees (S19 + 20 degrees). This long region is ori-
ented north-west, south-east between relatively weak magnetic
field regions (< 1000 Gauss) along the east side of the AR 9948
(Fig. 3 a, b, c, f and Fig. 5 of Cheng et al., 2005). This long fil-
ament is classified as sinistral from the spatial organisation of
its feet/barbs (Pevtsov 2002). This implies a positive helicity for



E. Chané et al.: CMEs over-expansion generates sub-Alfvénic solar wind

ARS948

17GHz 03:05UT

17GHz 03:25 UT

Fig. 3. Solar disk observations. (a): Longitudinal magnetic field from MDI on May 22 with the active region (AR) numbers. (b) and (c): Meudon
spectroheliogram observations in Ca Il and He, respectively, showing the long filament (F) in the west in He. (d) and (e): Radio images in 17 GHz
obtained in Nobeyama showing the filament eruption between 03:05 and 3:25 UTC. (f): Zoom in Ha on the filament and AR 9948.

the associated magnetic configuration. In the solar disk observed
on 2002 May 22 shown in Fig. 2 (panels (a) and (c)), a transient
coronal hole faces towards the Earth and could possibly play a
role in explaining the low -density solar wind as proposed by
Janardhan et al. (2008).

Due to the extents of the two partial halo CMEs, CMEO and
CME]I, and to the positions of their apparent source regions,
either one or both might have a small Earth-directed compo-
nent. The speeds of the two partial halo CMEs average 853
km/s and 1246 km/s according to the GOES catalogue (Table
1). Both could likely be overtaken by CME2 with its speed
around 1557 km/s, which is much faster than the two earlier
CMEs. CME2 is seen running into CMEI1 in the outer region
of the C3 field of view, and CMEQD is significantly slower. How-
ever, CMEOQ’s propagation direction is observed in C2 is towards
the east, and it is only a partial CME, so there is only a slight
chance of CME2 overtaking CMEOQ. Therefore, the two events
with a source in the west were labelled as sympathetic, homolo-
gous events by Cheng et al. (2005). Their detailed analysis of the
speed between C2 and C3 leads to the conclusion that the speed
increased from 937 km/s to 1243 km/s for CME1 and from 1400
km/s to 1740 km/s for CME2. Therefore, a single complex ejecta

at 1 au, formed by CMEI overtaken by CME?2, is the most likely
outcome of these three CMEs.

The CMEs, CME1 and CME2, and most likely their associ-
ated flares, have implications in the level of energetic particles
detected at 1 au (Fig. 1, top panel). In the GOES curve of low-
energy SEPs (in red) there is a first rise of SEP intensity with
a plateau at about 5 cm™2 s~! sr™!, then a second rise with a
plateau at approximately 100 cm™2 s~! sr™!, and finally a maxi-
mum near 900 cm~2 s~ sr™! on May 23 just before 12:00 UTC
(Fig. 1). This last maximum is commonly interpreted as an en-
ergetic storm particle event (ESP). The particles are trapped in
the ICME shock and are locally accelerated in the vicinity of the
Earth (Makeli et al. 2011).

3. Observations at L1 and geoeffectivity
3.1. Overview: Two geoeffective ICMEs

Figure 4 displays in situ measurements obtained at L1 by the
spacecraft ACE between 2002 May 23 and 2002 May 26. These
measurements show the observations of two successive ICMEs
(ICME1 and ICME2). On May 23, before 10:15 UTC, the space-
craft was embedded in a slow solar wind (~420 km/s), where
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Fig. 4. ACE in situ measurements at L1 and geomagnetic indices. (a) The number density (in cm™) on a logarithmic scale; (b) the plasma speed
(in red) and a straight line (indigo) that has been added to illustrate the very long, almost linear plasma-speed decrease between 2002 May 23 at
22:54 UTC and 2002 May 25 at 10:35 UTC; (c) the Alfvén speed; (d) the plasma temperature (in red) and half the expected plasma temperature
(in blue) on a logarithmic scale; e) the magnetic field strength on a logarithmic scale; (f), (g), and (h) the components of the magnetic field in GSE;
(1) the plasma g3; (j) the thermal (in red), magnetic (in blue), and total (in grey) pressures (in pPa); (k) the disturbance storm time (Dst) index (in
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the 2002 May 25 at 18:00 UTC). The end of the second flux rope is represented by a vertical black line. The flux rope back itself is separated into
two regions by a vertical blue line.
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Fig. 5. ACE in situ measurements at L1. (a) The number density (in cm™>) on a logarithmic scale; (b) the plasma speed (in red) and a straight line
(indigo) that has been added to illustrate the very long, almost linear plasma-speed decrease between 2002 May 23 at 22:54 UTC and 2002 May
25 at 10:35 UTC; (c) the plasma temperature on a logarithmic scale; (d) the plasma beta on a logarithmic scale; (e) the magnetic field strength; (f),
(g), and (h) the components of the magnetic field in GSE. The background colours illustrate the different structures in the solar wind: the sheath of
the second ICME is in light red (on 2002 May 23 between 15:10 UTC and 21:30 UTC); the magnetic ejecta of the second ICME is in light green
(between the 2002 May 23 at 21:30 UTC and the 2002 May 25 at 18:00 UTC). The end of the second flux rope is represented by a vertical black
line. The flux rope back itself is separated into two regions by a vertical blue line.

the plasma number density and the magnetic field strength are
slightly above average: about 10 cm™3 and 15 nT, respectively.
At 10:15 UTC, an interplanetary shock reaches the spacecraft:
the plasma density jumps to 25 cm™>, the field strength to ap-
proximately 40 nT, and the plasma speed to 580 km/s. The ACE
spacecraft is then located in the sheath of ICME1 (blue back-
ground in Fig. 4), until 2002 May 23 at 11:50 UTC, when it en-
ters the magnetic ejecta of ICME] (yellow background in Fig. 4).
The liberation of the energetic particles on May 23 at 12:00 UTC
(see the maximum of the SEP curve in Figure 1), that is defined
as an energetic storm particle event, occurs just at the front of the
first ejecta. This agrees well with the timing of the first ejecta that
we propose. This ejecta is characterised by a rotating magnetic
field (very clear for the Y- and Z-components), an average speed
of ~800 kmy/s, and by a lower plasma density: around 2 cm™>

The spacecraft stays within the ejecta for three hours. The ex-
pected temperature is also plotted in panel (d) of Fig. 4 (see
Lopez & Freeman 1986; Lopez 1987, for more details). We note
that the ratio between the plasma temperature and the expected
temperature is relatively high for this magnetic ejecta. Neverthe-
less, based on the aforementioned rotating magnetic field, we are
still convinced that the spacecraft is located inside the magnetic
ejecta. Furthermore, in Fig. 4, panel (d), the plasma tempera-
ture is compared to half of the expected temperature. Here, we
followed the notion of Richardson & Cane (1995) that in the in-
terplanetary space a plasma temperature below half the expected
one is abnormally cold and is probably not from a quiet solar
wind region.

On 2002 May 23 at about 15:10 UTC, a sharp increase
(jump) is seen in the plasma density and velocity, while the tem-
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perature suddenly decreases, and the components of the mag-
netic field change, while |B| only slightly changes (Fig. 4). Al-
though the jump at 15:10 UTC is not a shock, the structure fol-
lowing it (with the red background in Fig. 4) has the character-
istics of a sheath. The absence of a shock in front of ICME2 can
be explained as follows: even though the ejecta of ICME2 dis-
plays a high velocity, it travels in a very depleted plasma with
a rather strong magnetic field (yellow region in Fig. 4). This
means that the Alfvén speed upstream of IMCE 2 is high (400 to
600 km/s, see Fig. 4, panel (c)). In addition, this plasma displays
a high velocity, and the speed difference between the ICME and
the upstream plasma is only about 200 km/s (Fig. 4, panel (b)).
The plasma speed difference is thus lower than the Alfvén speed
(and therefore lower than the fast magnetosonic speed), hence
no shock is generated in front of ICME2. On the other hand, it is
entirely possible that ICME2 had a shock before reaching ACE,
since the upstream conditions were different. In that context, this
shock may have propagated through ICME1 and may even have
merged with the shock in front of ICME] (see Lugaz et al. 2005;
Scolini et al. 2020b, for more details on shock magnetic cloud
interactions).

On 2002 May 23 at 21:30 UTC (in agreement with Nieves-
Chinchilla et al. 2018, for a 32 min delay between ACE and
WIND), ACE enters the ejecta of the second ICME (ICME2).
It remains inside it for more than 44 hours until 2002 May 25 at
18:00 UTC (green background in Fig. 4 and 5). This particular
ejecta is characterised by a very long and linear velocity decrease
(from 850 km/s to 350 kmy/s, see panel (b) in Fig. 5), by an unusu-
ally low plasma density (always below 0.8 cm™3 and sometimes
as low as 0.04 cm™), and by a very smooth magnetic field (see
panels (e) to (h) in Fig. 5). In Sect. 4, we show how this velocity
difference between the front and the back of the ejecta leads to
the very low density measured by the spacecraft. Similar ejecta
were observed by Gosling et al. (1994) with the Ulysses space-
craft in June 1993, when Ulysses was located at 4.64 au and at a
heliographic latitude of S32.5°. They observed an ejecta with an
abnormally low density, a long smooth linearly declining veloc-
ity profile, and a low variance magnetic field. Interestingly, this
event was associated with a pair of forward-reverse shocks, sim-
ilar to those usually observed in corotating interaction regions.
Next, as can be seen in Figs. 4 and 5, the linear velocity pro-
file (highlighted with the indigo straight line) is only present for
80% of the ejecta, and, in particular, the profile is rather flat in
the rear. This might be caused by the interaction with the faster,
trailing solar wind. Such so-called perturbed events are frequent
in the inner heliosphere (about half of the cases, see Gulisano
et al. 2010).

For the May 2002 event, one can see in Fig. 5 that a flux rope
is present in the front of the ejecta, where a fully coherent mag-
netic field can be seen between 2002 May 23 at 21:30 UTC and
2002 May 24 at about 8:00 UTC. During this time interval, the
magnetic field turns from southward (B, ~ —2 nT) to northward
(B; ~ 2 nT), whereas B, remains negative (B, € [-11;—10] nT)
and B, stays positive (B, € [0;4] nT), as seen in Fig. 5. This is
coherent with ACE going through the northern part of the flux
rope. Since one of the azimuthal components (B,) clearly dom-
inates the axial component of the flux rope (By), the spacecraft
did not pass close to the centre of the flux rope, and we thus have
a large impact parameter. Indeed, with a Lundquist flux rope fit-
ted to the data, Lepping et al. (2006) found that the spacecraft tra-
jectory only crossed the flux rope periphery (CA=-113%) where
the axial field orientation is reversed with respect to the one in
the core. This means that the magnetic field in the central part of
the ICME must have been much higher than what was observed
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by ACE. Moreover, Lepping et al. (2006) estimated the magni-
tude of the axial field to be 23.5 nT. In addition, a positive helic-
ity for the flux rope can be inferred from the time evolution of By
and B, in Fig. 5, which is in agreement with the result of Lepping
et al. (2006) and with the sinistral eruptive filament discussed in
Sect. 2. Furthermore, the above time period of the flux rope is
confirmed by the presence of bi-streaming electrons with energy
of 272 eV from ACE/SWEPAM data (not shown). The presence
of these two streams of electrons moving along or in reverse of
the local magnetic field is in contrast with measurements in the
solar wind where electron flux is typically present only along-
side or opposite the local magnetic field direction. Bi-streaming
electrons are typically interpreted with a closed magnetic con-
figuration with both field line footpoints linked to the corona, as
present in a flux rope (not reconnected to the surrounding mag-
netic field).

After 2002 May 24 at 8:00 UTC, the spacecraft seems to
have left the flux rope, as the magnetic field changes of rotation
behaviour (up to 11:30 UTC), and later on there is no longer a co-
herent rotation of the magnetic field (Fig. 5, e-g). Still, the space-
craft remains inside the ejecta until 2002 May 25 at 18:00 UTC
since a homogeneous field strength and a low plasma S (< 0.1)
are present (moreover, an approximately similar plasma density
is present). This defines the flux rope back, which can be di-
vided at least into two separate regions: 1) on 2002 May 24 be-
tween approximately 08:00 UTC and 11:30 UTC (between the
two vertical lines in Figs. 4 and 5), where the ejecta keeps some
of the flux rope properties (e.g. rotation of the B components
with a coherent field magnitude), and 2) between 2002 May 24 at
11:30 UTC and 2002 May 25 at 18:00 UTC (green background
after the vertical blue line in Figs. 4 and 5), where the ejecta is
more solar-wind-like. In this region, the magnetic field remains
in a Parker spiral configuration, with a tilt angle of about 45° (not
shown here) with B, ~ =7 nT, B, ~ 7nT and B; ~ 3 nT (Fig. 5).
There is also a positive correlation between the plasma speed
and temperature (bottom panel of Fig. 4) as typically observed
in the solar wind (e.g. Démoulin 2009). The above in situ ob-
servations could be understood in the context of a flux rope with
the front magnetic field partly reconnecting with the magnetic
field accumulated in the sheath. This reconnection progressively
erodes the flux rope by removing magnetic flux and plasma from
its front, while the magnetically connected plasma and field still
remain at the flux rope rear (see Fig. 6 and related text of Dasso
et al. 2006). This region at the rear of the eroded flux rope (as ob-
served in situ) is called the back of the flux rope. It is interpreted
as belonging to the flux rope earlier on, but this was no longer the
case at the time of the spacecraft measurements. Both the mag-
netic field and the plasma are transformed in this back since it
is now magnetically connected to the solar wind. This is a time-
dependent process after which the region closer to the remaining
flux rope rear is expected to keep the original flux rope prop-
erties more, as observed on 2002 May 24 between 8:00 UTC
and 11:30 UTC. The properties are expected to be more solar-
wind-like with time, hence farther away from the crossed flux
rope. Moreover, the front reconnection is expected to be patchy
both in time and space (Gosling et al. 2005; Gosling 2012). This
implies non-smooth consequences for the back region as it cre-
ates a complex magnetic topology (mixing flux rope and solar
wind connections). Furthermore, the magnetic field and differ-
ent plasma parameters are expected to evolve differently when
a new magnetic connection is created as different physical pro-
cesses are involved. For example, the information of the new
connection is transported by the Alfvén and the fast modes for
the magnetic field, by the electrons in the tail of the velocity dis-
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tribution for the temperature and by global plasma motions for
the plasma density. Then, the different in situ parameters are not
expected to provide the same response to the front reconnection
events in the back region. This erosion of flux rope with in situ
evidence of reconnection (jets) have been studied in a variety of
magnetic clouds with relatively low impact parameters to better
define the extension of the remaining flux rope (Ruffenach et al.
2012, 2015).

Next, the geoeffectivity of the two ICMEs is estimated with
several ground-based indices presented in panels (k) and (1)
of Fig. 4. The Dst minimum value, listed in the ICME cata-
logue (Cane & Richardson 2003), is a common proxy to esti-
mate ICME geoeffectivity. A Dst minimum below -100 nT as
observed on 2002 May 23 is the signature of an intense geo-
magnetic storm (Gonzalez et al. 2007). The SYM-H index also
plotted in panel (k) is closely related to the Dst evolution with a
higher temporal resolution. The arrival of the two sheaths are re-
lated with two sharp increases in SYM-H which are the signature
of strong magnetosphere compression events. Sharp increases in
interplanetary dynamic pressure (cf. density panel (a) and veloc-
ity panel (b) in Figure 4) are responsible for these compression
events. The first peak in SYM-H (almost 100 nT) is listed by the
International Service of Geomagnetic Indices (ISGI) as a storm
sudden commencement (SSC). The two dips in the Dst/SYM-H
panel (one above and one below —100 nT) observed on 2002
May 25 after the sharp SYM-H increases are also associated
with two peaks of intense auroral activity (>1000 nT, panel (k) in
Fig. 4). Such auroral activity is characteristic of strong magnetic
sub-storms occurring in the tail of the magnetosphere. Then, the
following index activity is extremely quiet during the whole pe-
riod of low density. We conclude that these two ICME events are
strongly geoeffective. The main geoeffectivity, the two peaks in
index activity, is driven by the sheaths of the two ICMEs, where
periods of large negative B, large velocities and high density are
observed. The magnetic ejecta themselves are non-geoeffective.

3.2. The CME-CME interaction

There are strong hints of CME-CME interactions in the coronal
observations and in the remote sensing observations. First of all,
two partial-halo CMEs and one halo CME were ejected within
six hours. In addition, the initial observed speeds (853 kmy/s,
1246 km/s, and 1557 km/s) are such that the speed difference
is more than enough to obtain CME-CME interactions (Lugaz
et al. 2017). Furthermore, this scenario is also suggested in the
log of the LASCO CME catalogue: ‘we therefore consider that
a single complex ejecta at 1 au is the most likely outcome of
these three CMEs’”. It should be noted that this interaction was
also mentioned in Bocchialini et al. (2018), who concluded on an
interaction of two CMEs at L1, namely CME1 and CME2. We
agree with this interpretation as, moreover, CME1 and CME2
were ejected from two magnetic configurations with the follow-
ing magnetic polarity of AR 9948 (Cheng et al. 2005) in com-
mon. Such a scenario could provide the perfect environment
for CME2’s over-expansion. Indeed, in the wake of CME]1, the
plasma density should be lower and the plasma speed higher,
which means that the external forces acting against the expan-
sion of the CME2 should be lower.

The complex large-scale CME ejected from the Sun is due to
the restructuring of all the large magnetic configuration encom-
passing the AR with a new emerging flux and its surroundings

> https://cdaw.gsfc.nasa.gov/CME_list/HALO_CME/halo_
mail/168.html

according to the extrapolation performed a few days earlier by
Cheng et al. (2005). The flux rope and the overlying magnetic
field of AR 9948 would have been ejected during the onset of
CMEL, and the C9.7 X-ray flare is the signature of the first mag-
netic reconnection behind the ejected flux rope. During the long
duration of this flare, the second flux rope, located on the east
side of AR 9948, lost its equilibrium, which led to the ejection
of the second CME.

The interaction between CME1 and CME2 is remarkable be-
cause both CMEs are fast CMEs (> 1000 km/s) that started from
the same source region within a short time period. In such a
case, the trailing CME (CME2) propagates in a modified corona
environment, which results in a slightly higher velocity of the
trailing CME (Lara et al. 2020). This supports the scenario of
CME?2 catching up with CMEI in the initial propagation phase.
The average transit velocities for CME1 and CME2 between the
last LASCO observations and L1 are 1100 km/s and 1025 kmy/s,
respectively, while their initial plane-of-sky linear speeds mea-
sured with LASCO were 1246 km/s and 1557 km/s. As expected,
the transit velocities are lower than the initial velocities observed
by LASCO, but larger than the velocities measured at 1 au by
ACE. Deceleration in the interplanetary medium is expected for
fast ICMEs (Gopalswamy et al. 2001a), as confirmed with sev-
eral cases of ICMEs observed at different distances between the
solar corona and 1 au (Grison et al. 2018). The aforementioned
velocities also suggest that CME2 experienced a higher deceler-
ation than CME1 during its travel between the Sun and the Earth.
We believe that this was caused by the interaction between the
two CMEs, which after the interaction travel at a similar velocity
as found in numerical simulations (Xiong et al. 2007, 2009; Shen
et al. 2013; Lugaz & Farrugia 2014; Lugaz et al. 2017; Scolini
et al. 2020a) and deduced from observations (Burlaga et al. 1987,
Gopalswamy et al. 2001b; Burlaga et al. 2002; Reiner et al. 2003;
Dasso et al. 2009).

We note that ICME] was travelling behind a structure with
enhanced density and field strength compared to the classical so-
lar wind (Fig. 4). This is probably another weak and slow ICME
which was overtaken by ICME1. The solar wind farther in front
on the previous day (May 22, not shown) has a remarkably sta-
ble velocity of approximately 400 km/s. The high density region,
n > 10 cm™ starts around May 22 at 07:30 UTC and is asso-
ciated with a broad peak in |B| and a slightly rotating magnetic
field until 22:00 UTC. The conditions preceding ICMEI are thus
quiet conditions, although not a typical solar wind.

4. Discussion and physical interpretation

As shown in Sect. 3, the ejecta of ICME2 displays a very long
(At ~36.6 h) linear radial velocity decrease (Fig. 5, panel (b)).
While the radial velocity measured by ACE in the front of the
ejecta (vy) is 850 km/s, the radial velocity measured in the back
(vp) is only 350 km/s. This measured velocity difference is typ-
ical of an expanding ICME, and it can be used to estimate the
normalised expansion rate (£, see i.e. Démoulin et al. 2008; Dé-
moulin & Dasso 2009):

3 Vi=vp D
A WY

ey

where D is the distance between the centre of the ejecta and the
Sun, and v, is the radial translation velocity of the centre of the
ejecta, with v, = (v + v;)/2. We note that £ is thus calculated
only from the linear part of velocity profile, not for the whole
ejecta. In this interval, a linear fit is very close to the actual data,
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and ¢ can be considered as the normalised velocity slope. In that
case, the values computed from the data and from a linear fit
are very close (see Fig. 5, panel (b)). We found for the ejecta of
ICME2 a normalised expansion rate {=1.6, which is large con-
sidering that the average value for { is 0.8 with a standard devia-
tion of 0.18 at 1 au (see Démoulin et al. 2008). This implies that
the radial expansion of ICME2 around 1 au increases approxi-
mately as D¢ with D following the ejecta centre moving away
from the Sun. We show that such a high expansion rate, occur-
ring during such a long period of time, can explain the very low
densities measured by ACE, SOHO, GENESIS, and WIND.

The averaged radial size of the ejecta at 1 au (L) is esti-
mated by L = v At (Jian et al. 2006), which for the ICME2
gives L = 0.52 au in this case. This is not an especially large
size (the average size is 0.41 au, see Jian et al. 2006), but the
36.6 h very smooth and linear velocity profile is unusually ex-
tended. At first sight, such a high { associated with such a long
linear velocity profile tends to indicate that the expansion took
place for most of the ICME travel between the Sun and the Earth,
as opposed to an ICME only expanding when it was near 1 au.
However, it might not be that simple, since the expansion rate
of ICME:s inferred from in situ measurement is not necessarily a
good indicator of the global expansion rate of the ICMESs. This
was recently demonstrated by Lugaz et al. (2020): by studying
CMEs observed by spacecraft in conjunction but located at dif-
ferent radial distances from the Sun, they show that the global
expansion rate of CMEs (obtained from measurements of mul-
tiple spacecraft) is not well correlated with the local measure of
the expansion rate (calculated from in situ measurements by a
single spacecraft). According to these authors, one scenario that
could explain this discrepancy is that CMEs might expand faster
close to the Sun (due to internal forces) than at 1 au (where the
expansion is more controlled by external forces). In the present
work, we thus assumed that the expansion occurred for most of
the ICME’s travel time and calculated how this would have af-
fected the ICME.

Using the Démoulin & Dasso (2009) model, we estimated
how the density inside the magnetic ejecta could have decreased
during propagation. First of all, one should note that the radial
expansion calculated above is in addition to the usual (2D) ortho-
radial expansion of the solar wind, which is also, theoretically,
expected to be present in ICMEs. The total normalised expan-
sion rate is thus 3.6 (2 for the orthoradial expansion plus 1.6 for
the radial expansion). If we assume, for instance, that the expan-
sion occurred at a constant rate between 20 R, and 215 R, the
density drop would have been as follows:

2 3.6 2 1.6 2 2 1 1
= —0 = —O —0 2——2].910_4.
215 215 215 45 116
@)

This means that, because of the strong radial expansion of the
ejecta, the density at 1 au is about 45 times lower than without
radial expansion (or 7 times lower than with a more typical radial
expansion for the ICME, i.e. { = 0.8). Since the typical plasma
density in the solar wind at the orbit of the Earth is 5 cm™2, such
an expansion could explain densities as low as 0.11 cm™ at 1 au.
If we now consider that the expansion was happening over an
even greater distance, for example between 10 R and 215 R,
we find the following:

paay) _(10\°_(10V°(10V 1 1
paory \215)  \215 215) 7 135 462 '

P(1AU)
P(20R5)
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Such an expansion would lead to a density about 135 times lower
than without radial expansion (or 12 times lower than with a
more typical radial expansion for the ICME, i.e. { = 0.8), which
could explain densities as low as 0.037 cm™3. It is unfortunately
not possible to know when and where the over-expansion of the
ejecta started, or even if the expansion rate near the Sun was
larger than at 1 au, as found by Lugaz et al. (2020), but these
simple calculations show that the very low density observed at
1 au on 2002 May 24 and 2002 May 25 could have been caused
(completely or partially) by the over-expansion of ICME2.

The magnetic field magnitude must also have been affected
by the over-expansion of ICME2, and higher values would have
been measured at 1 au without this over-expansion. Unfortu-
nately, the magnitude decrease of the magnetic field during prop-
agation is harder to quantify. This is because this decrease de-
pends on the orientation of the interplanetary magnetic field with
respect to the direction of expansion as it is not isotropic (see
Démoulin et al. 2008). We note that the magnetic field strength
measured in the flux rope of ICME2 is dominated by the B,
component, which is not affected by the over-expansion deduced
from the plasma velocity, and therefore at the difference of the
plasma density, the over expansion does not implies a very low
magnetic field strength at 1 au. Nevertheless, since the strength
of the magnetic field measured by ACE and WIND is not un-
usually low (around 11 nT), the magnetic field of ICME2 close
to the Sun may have been much stronger than usual. We note
that, as we mentioned before, ACE and WIND did not hit the
centre of the flux rope, and that the field must have been even
stronger there (an axial field of 23 nT was estimated by Lepping
et al. 2006). This is important, because an initial strong magnetic
field in the ICME would naturally cause a strong expansion of
the ICME (because of the strong magnetic pressure inside the
flux rope). Although the strong initial magnetic field would have
contributed to the over-expansion of the ICME, it is unlikely the
main contributor of this expansion. First of all, if a strong ini-
tial magnetic field in a flux rope would always lead to an ICME
over-expansion, then very-low-density, sub-Alfvénic conditions
would be measured at 1 au on a more regular basis. And indeed,
most of the ICMEs observed at 1 au do not display very low den-
sities. In addition, Démoulin & Dasso (2009) showed that the
main driver of ICMEs’ radial expansions from the Sun to 1 au is
usually not internal (such as a strong internal magnetic pressure),
but rather external, that is, caused by the rapid decrease with ra-
dial distance of the pressure of the background solar wind.

Panel (a) of Fig. 4 shows that at 1 au ICME2 was propagat-
ing in a relatively low-density environment: 1 to 2 cm™ for the
ejecta of ICMEI (yellow background). We note that these val-
ues would have been lower without the interaction with ICME?2,
which must have compressed the ejecta of I[CME1. We think that
between the Sun and 1 au, the wake of ICME] displayed a very
low density, allowing ICME2 to over-expand. Within such a low
density background solar wind, an expanding ICME does not
experience a very strong drag force: the front of the ICME can
thus travel at high speed, while the back of the ICME is not af-
fected much by the ram pressure of the ambient (low density)
solar wind and can maintain a low speed. In addition, if the flux-
rope of ICME2 had a strong initial magnetic field (as suggested
by the in situ measurements at L1), the magnetic pressure accel-
erated the front and decelerated the back of ICME2, accentuating
the expansion of the ICME.

While the CME-CME interaction causing the very low den-
sity at 1 au on May 24 and May 25 was very briefly mentioned as
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one possible scenario in Chané et al. (2012), the idea of an over-
expansion of CME2 leading to the observed very low-density
was not discussed. We therefore believe that the explanations
and the calculations in the present paper are much more con-
vincing and rigorous than the short explanation given by Chané
et al. (2012).

5. Conclusion

In this work, we carefully analysed in situ measurements at L1
and observations of the Sun in order to understand what caused
the extreme low density measured at L1 on 2002 May 24-25
by ACE, GENESIS, SOHO, and WIND (Chané et al. 2012).
We find that this low-density period was inside the ejecta of a
large ICME, called ICME2. The velocity of this ejecta displayed
a clear long linear decrease (from 850 km/s at the front of the
ejecta to 350 km/s 1.5 days later at the back of the ejecta). Such
a linear decrease in the velocity profile of an ejecta is typical
of an expanding ICME. Assuming that this linear decrease ob-
served over a long period (1.5 days) in ICME2 was occurring
for a large portion of its travel between the Sun and the Earth, it
is possible to quantify the expansion of ICME2. We applied the
technique of Démoulin & Dasso (2009) and calculated the nor-
malised expansion rate ({) of ICME2. We find a large value of
1.6, which indicates that the radial size is expanding as D(f)",
where D is the mean distance of the ejecta to the Sun as a func-
tion of the time 7. Such a large expansion rate occurring over a
long period of time would cause a strong density decrease during
the propagation of the ICME. Using the model of Démoulin &
Dasso (2009), we calculated that if such an ICME expansion is
taking place between 20 Ry and 1 au, it would result in a density
45 times lower than usual. Moreover, if the expansion started at
10 Rp, the density at 1 au would be 135 times lower than usual.
We thus show that ICME?2’s expansion is consistent with the very
low density measured at L1 on 2002 May 24-25.

Why was this ICME2 expanding to such an extent? LASCO
observations and ACE measurements show that this ICME was
closely following and interacting with another ICME, originat-
ing from a nearby region on the Sun (with one common magnetic
polarity), which erupted only 3h 20min earlier. The ICME re-
sponsible for the extremely low density observed at L1 was thus
travelling in the wake of another ICME, called ICME1. ICMEL1
includes a large amount of the front solar wind plasma and mag-
netic field in its sheath. Then, ICMEI sweeps up the interplane-
tary medium in front of ICME2. These are the perfect conditions
to allow the fast expansion of the following ICME2, because the
external forces, which normally counteract the expansion of the
ICME, are lower than usual as ICME2 encountered a low to-
tal pressure in its front. In addition, there are reasons to expect
that the over-expanding ICME initially had a strong magnetic
field, when it was still close to the Sun. This is because, while
the plasma density observed at L1 on 2002 May 24-25 was very
low, the magnetic field magnitude displayed moderate values for
an ICME (approximately 10 nT). However, the over-expansion
responsible for the strong density decrease should also have de-
creased the strength of the magnetic field in the ejecta. The most
plausible explanation is that such a decrease of the magnitude of
B indeed happened, and that the magnetic field in the ejecta was
thus stronger than usual close to the Sun. In that case, the internal
forces inside the ICME (i.e. the magnetic pressure) would have
been stronger than usual, which would also have contributed to
the initial over-expansion of the ICME.

We conclude that several peculiar events resulted in the for-
mation of this over-expanding ICME and some of the lowest
plasma densities ever measured at L1:

— two CMEs were ejected at similar speeds, the second one
being faster, from juxtaposed regions on the Sun, and within
3h20min;

— the plasma density was low and the velocity was large in the
wake of the first ICME.

These conditions imply the sweeping up of the interplanetary
space just in front of the second ICME, which then encountered
a much lower total pressure that drove an over-expansion. Since
such conditions almost never occur together, this explains why
such very low densities are almost never measured at L 1.
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