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Abstract Coronal dimmings are often present on both sides of erupting magnetic
con�gurations. It has been suggested that dimmings mark the location of the
footpoints of ejected 
ux ropes and, thus, their magnetic 
u x can be used as a
proxy for the 
ux involved in the ejection. If so, this quanti ty can be compared
to the 
ux in the associated interplanetary magnetic cloud t o �nd clues about
the origin of the ejected 
ux rope. In the context of this phys ical interpretation,
we analyse the event, 
are and coronal mass ejection (CME), t hat occurred in
active region 10486 on 28 October 2003. The 28 October 2003 CME is associ-
ated with large-scale dimmings, located either side of the main 
aring region.
We combine SOHO/Extreme Ultraviolet Imaging Telescope dat a and Michelson
Doppler Imager magnetic maps to identify and measure the 
ux in the dimming
regions. We model the associated cloud and compute its magnetic 
ux using in
situ observations from the Magnetometer Instrument and the Sola r Wind Electron
Proton Alpha Monitor aboard the Advance Composition Explor er. We �nd that
the magnetic 
uxes of the dimmings and magnetic cloud are inc ompatible, contrary
to what has been found in previous studies. We conclude that in certain cases,
especially in large-scale events and eruptions that occur in regions that are not
isolated from other 
ux concentrations, the interpretatio n of dimmings requires a
deeper analysis of the global magnetic con�guration, since at least a fraction of
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the dimmed regions are formed by reconnection between the erupting �eld and
the surrounding magnetic structures.

Keywords: Coronal mass ejections, Low coronal signatures; Coronal mass ejec-
tions, Interplanetary; Magnetic �eld, Photosphere; Magne tic �eld, Interplanetary

1. Introduction

Coronal mass ejections (CMEs) expel mass and magnetic �eld from the Sun into
the interplanetary (IP) medium, where the observed structu res are, in general,
called interplanetary CMEs (ICMEs). If certain typical cha racteristics are present,
such as a low plasma� (ratio of the plasma pressure to the magnetic pressure), a
lower proton temperature and a stronger magnetic �eld than i n the surrounding
solar wind that exhibits a smooth and signi�cant rotation, t hese structures are
called magnetic clouds (MCs) (Burlaga et al., 1981).

Observational studies that relate MCs with their sources us ing di�erent solar
signatures have been carried out in the last decade. Some of these e�orts have
stayed only at a qualitative level, while in recent years qua ntitative comparisons
have also been made. Earlier, Rust (1994) and Bothmer and Schwenn (1994)
showed that most MCs associated with �lament eruptions had t he same magnetic
helicity sign possessed by the majority of magnetic features in each solar hemi-
sphere (seee.g. Pevtsov and Balasubramaniam, 2003). Furthermore, the dire ction
of the MC axis was found to be roughly aligned with the disappe aring �lament
(Bothmer and Schwenn, 1994). This result was con�rmed later by Marubashi
(1997), Bothmer and Schwenn (1998), Zhao and Hoeksema (1998), Yurchyshyn
et al. (2001, 2005) and Ruzmaikin, Martin, and Hu (2003). More quan titative
studies were carried out by Lepping et al. (1997), who identi�ed the solar footpoints
of the ejected 
ux ropes in three MCs and concluded that the ax ial magnetic 
ux
in the cloud was 1.5 times the estimated 
ux in the probable cl oud footpoints and
10% of the magnetic 
ux in the active region (AR). Leamon et al. (2004) derived
the MC axial 
ux, the total current and the �eld line twist (nu mber of turns) in 12
MCs and compared these quantities with equivalent ones from their solar sources
(but not for a case to case basis). These authors concluded that the twist in an
MC is created via magnetic reconnection during the eruption .

Other studies quanti�ed the magnetic helicity involved in a n eruption taking as
a proxy the helicity in an average MC, and comparing it to the d i�erent helicity
sources in the solar atmosphere (DeVore, 2000; D�emoulin et al., 2002; Greenet al.,
2002; Nindos and Zhang, 2002; Nindos, Zhang, and Zhang, 2003; Mandrini et al.,
2004). However, no attempt was made in those studies to measure the decrease of
coronal magnetic helicity due to an ejection, and to link a pa rticular CME to in
situ observations of a particular MC. This was done for the �rst ti me by Mandrini
et al. (2005) and Luoni et al. (2005).

Since the magnetic 
ux contained in a solar ejection is an imp ortant quantity
that can be used to link coronal to IP observations, we need a solar feature that can
be used as proxy for this estimation. Extended intensity dec reases in coronal im-
ages, called dimmings, are frequently observed in association with front-side CMEs
(Thompson et al., 2000). Dimmings were �rst observed at optical wavelengths in
ground-based coronagraph data (Hansenet al., 1974), and in soft X-rays by the
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Coronal dimmings and interplanetary MCs: their link

Skylab mission (Rust, 1983). Dimmings have also been found in Yohkoh Soft X-
ray Telescope (SXT) data ( e.g. Sterling and Hudson, 1997) and in SOHO/Extreme
ultraviolet Imaging Telescope (EIT) 195 �A data ( e.g. Thompson et al., 1998). The
generally accepted physical interpretation of dimmings is that they are primarily a
density depletion induced by the eruption of an unstable mag netic con�guration,
leading to a huge expansion of magnetic loops and the evacuation of plasma along
them into the interplanetary space (Hudson, Acton, and Free land, 1996). Following
the eruption, a region of decreased plasma density is left behind (Harrison and
Lyons, 2000; Zarro et al., 1999). Evidence directly supporting this interpretation is
the study of plasma Doppler motions, using SOHO/Coronal Dia gnostic Spectrom-
eter (CDS) data, by Harra and Sterling (2001). Studies of cor onal mass loss also
strengthen the link between coronal dimming regions and ICM Es (e.g. Sterling
and Hudson, 1997; Harrison and Lyons, 2000; Wang et al., 2002; Zhukov and
Auch�ere, 2004). Although large uncertainties are associated with these estimates,
such studies do suggest that at least part of the CME mass comes from coronal
dimming regions. The spatial correspondence between coronal dimming regions
observed in EUV and the angular extent of the associated CME f urther supports
this link (Thompson et al., 2000; Attrill et al., 2007).

Double dimmings, that we will also call core dimmings, are of ten present on
both sides of the erupting con�guration. It has been suggest ed that these dimmings
mark the position of the ejected 
ux rope footpoints (Webb et al., 2000). In the
context of this physical interpretation, the eruption of a m agnetic 
ux rope makes
up the core magnetic �eld of the CME, later observed as an ICME or MC. In a
model case, the 
ux rope remains rooted in the dimming region s, at the same time
expanding upward in the corona, and out into the solar wind. T he dimming regions
become dark as plasma is evacuated along the very extended (\open") �eld lines.
Recently, Qiu et al. (2007) compared the 
ux in coronal dimmings with the 
ux
in the MCs associated with the eruptive solar events, considering both the 
ux in
the axial and azimuthal MC �eld components. These authors fo und that the 
ux
in the dimmings was comparable in an order-of-magnitude sense to the axial MC

ux. This result agrees with what is expected in the just desc ribed model case.

Following this line, Mandrini et al. (2005) and Attrill et al. (2006) have com-
puted the magnetic 
ux in the two dimming regions associated with two eruptions
occurring in bipolar, isolated ARs having di�erent sizes; a small AR and a typical
size AR respectively (see also Webbet al., 2000). In both works it was found that
the 
ux in the dimmings was comparable mainly to the 
ux in the azimuthal
component of the MC �eld (when assuming a length compatible w ith both solar
and interplanetary observations). These results led these authors to propose that
the ejected 
ux rope in these cases is formed by successive reconnections in a
sheared arcade during the eruption process as described below (see also Mandrini
et al., 2005).

Let us describe two extreme cases to clarify the results just discussed. In the
�rst case, a 
ux rope could be present before an eruption, or i t could be formed
by magnetic reconnection of a sheared arcade before any signi�cant expansion of
the magnetic con�guration occurs. Then, in this case, dimmi ngs will be formed
only at the footpoints of the 
ux tube as it expands and erupts . Therefore, the

ux measured in the dimmings will be comparable mainly to the MC axial 
ux.
In the second case, which is illustrated in Figure 1, the arcade above the 
ux rope
expands signi�cantly before reconnecting. Then, the dimmi ngs will be formed at
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the footpoints of the 
ux rope, and also all along the footpoi nts of the sheared
magnetic arcade as this expansion occurs. Later, the reconnection of the sheared
arcade �eld lines progressively incorporates more 
ux to th e erupting 
ux tube. In
this second case, the 
ux in the dimming regions will be compa rable to the sum
of the axial and azimuthal MC 
ux. This case corresponds to th e theoretical two-
dimensional model for 
ux rope eruption by Lin and Forbes (20 00), these authors
found that considerable arcade �eld line stretching can occ ur before reconnection
behind the 
ux rope adds a signi�cant amount of the arcade 
ux to the rope.
In this model the current sheet formed behind the ascending 
 ux rope can be as
long as 3R� , while in an observational case Pick et al. (2005) have estimated this
current sheet length as one tenth of the previous value.

The above discussion shows that the comparison of coronal and interplanetary
data, associated with the same event, allows us to constrain the CME mechanism.
In particular, is the 
ux rope found in the IP already present in the corona,
subsequently becoming unstable and then erupting, or is it f ormed dominantly
during the eruption of an initially sheared arcade by magnet ic reconnection? We
expect the 
ux in the dimming regions to be comparable to eith er the axial 
ux of
the MC or the total 
ux, respectively, depending on which mec hanism is at work.

However, some authors contest the interpretation that dimm ings may be the
sole source regions of MCs (e.g. Kahler and Hudson, 2001). Indeed, in particularly
large-scale events occurring in complex and not isolated ARs, the spatial organi-
zation of the dimmings can be complicated and their interpre tation in terms of
magnetic 
ux involved in the eruption is not straight-forwa rd, as we will show in
this paper.

We discuss the event, 
are and CME, that occurred in AR 10486 ( NOAA
number) on 28 October 2003. Although this CME is associated w ith large scale
dimmings, located on either side of the main 
aring region, w e aim to demonstrate
that these dimmings cannot be directly associated with the c orresponding cloud
found in the IP medium. We combine SOHO/Extreme Ultraviolet Imaging Tele-
scope (EIT, Delaboudiniere et al., 1995) 195�A data and Michelson Doppler Imager
(SOHO/MDI, Scherrer et al., 1995) magnetic maps to identify and measure the 
ux
in the dimming regions (Section 2). We model the associated MC and compute its
magnetic 
ux using in situ observations from the Magnetometer Instrument (MAG,
Smith et al., 1998) and the Solar Wind Electron Proton Alpha Monitor (SWE PAM,
McComas et al., 1998) aboard the Advance Composition Explorer (ACE, Stone
et al., 1998) (Section 3). We then discuss the apparent incompatibility between
the values of the magnetic 
ux in the coronal dimmings and in t he associated
MC (Section 4). We conclude that in certain cases, especially in large-scale events,
which interact strongly with surrounding �elds, the interp retation of dimmings
requires a deeper analysis of the global magnetic con�guration, since at least a
fraction of the dimmed regions are formed by reconnection between the erupting
�eld and and the surrounding magnetic structures (see Attri ll et al., 2007).

2. Solar Data Analysis and Results

2.1. Summary of the X17 Flare and CME Properties

The \Halloween" series of intense solar events occurred at the end of 2003, just
after solar maximum when the global magnetic structure of th e Sun was complex.
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Figure 1. A scenario for 
ux rope eruption: (a) A 
ux tube (blue and red l ines) is embedded
in a sheared arcade (black lines). (b) The arcade above the 
u x rope expands signi�cantly
before reconnecting. Dimmings (light grey areas) are forme d at the footpoints of the 
ux rope
and also all along the footpoints of the sheared arcade. (c) T he reconnection of the sheared
arcade progressively incorporates more 
ux to the erupting 
ux tube. In this scenario the
magnetic 
ux in the dimmings should correspond to the sum of t he axial and azimuthal 
ux
in the associated MC. The dotted green line is the magnetic ph otospheric inversion line (IL).

The eruption that we focus on in this work originated in AR 104 86 (S16 E09) on 28
October 2003. AR 10486 arrived at the East solar limb on 23 Oct ober 2003 with an
already extremely complex magnetic con�guration, type bet a-gamma-delta, and
highly sheared magnetic �elds (Zhang et al., 2003; Schmiederet al., 2006; Mandrini
et al., 2006). The magnetic 
ux and �eld strength were also excepti onally high.

A major two-ribbon X17 
are occurred on 28 October 2003, star ting at 11:01 UT
with a peak at around 11:10 UT in GOES (Geoestationary Operat ional Environ-
mental Satellite) data. It was preceded throughout the prev ious hour by energy
release, evidenced by four 
are kernels located on the four main polarities of the
AR. Mandrini et al. (2006) could link all these kernels by magnetic �eld lines
of the extrapolated photospheric �eld. They concluded that these brightenings
are evidence of a large scale quadrupolar reconnection process that removed the
stabilizing magnetic arcade from above the extremely sheared core. At some point
during the evolution, the con�guration became unstable lea ding to fast energy
release and a strong eruption.

The X17 
are was accompanied by the eruption of a �lament and b y one of
the fastest (� 1800 km s� 1) halo CMEs registered during the October-November
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2003 strong activity period. A fast \coronal wave" signatur e associated with the
eruption was visible in EIT 195 �A data and a Moreton wave was captured in
Meudon Observatory H � data. Both phenomena appeared to propagate across
the entire solar disk. The eruption was also associated with the appearance of
widespread coronal dimmings. The complexity of the X17 
are on 28 October
was analysed in H� , radio and white light images by Pick et al. (2005), and the
coronal magnetic structure was linked to the associated MC by Yurchyshyn, Hu,
and Abramenko (2005) and Krall et al. (2006).

2.2. Extension of the Dimmings

SOHO/EIT 195 �A full disk images, at approximately 12 minute intervals wit h a
pixel size of 5:2600, are used in this study. Figure 2 shows two EIT images, one
before (top panel) and one after (bottom panel) the X17 
are. Comparison between
these two unprocessed (neither base nor running di�erence images) images shows
the presence of the dimming regions together with the remnant bright corona over
the AR.

To visualize the dimmings clearly, we produce base di�erence images where the
same pre-event image (05:00 UT) is subtracted from all subsequent images. All EIT
heliograms are di�erentially de-rotated to this image time . We use base di�erence
images (as opposed to running di�erence images) because false dimmings (due to
a change in intensity of a bright structure or displacement o f a feature between
successive frames) can be created when using the running di�erence method (Cher-
tok et al., 2004; Chertok and Grechnev, 2005). The dimming regions canbe easily
identi�ed, located either side of the 
aring region, in Figu re 3. We have surrounded
by red polygonal lines, drawn at the places where the intensity changes abruptly,
the regions selected for study; this gives us a global view ofthe dimming spatial
distribution. A closer inspection shows that many dimmings are present and are,
in fact, spread all around AR 10486. Since strong magnetic �e lds are present in
AR 10486, a strong expansion of the erupting �eld occurred, g iving rise to many
interactions with the surrounding magnetic con�gurations .

The spatial distribution of EUV dimmings and \coronal waves " during the
strong activity period of October-November 2003 has been also studied by Grech-
nev et al. (2005), combining observations of SOHO/EIT and CORONAS-F/ Spec-
trographic X-Ray Imaging Telescope (SPIRIT, Zhitnik et al., 2002). The location
and shape of the dimmings, after the X17 
are and associated CME, derived from
SPIRIT are similar to the ones in Figure 3 (compare this �gure to Figure 2 in
Grechnev et al., 2005).

2.3. Magnetic Flux in the Dimmings

SOHO/MDI level 1.8 full disk magnetograms with a 96 minute ca dence and a
pixel size of 1:9800 were used in this study. The data were corrected for radial
projection e�ects using the standard zradialize routine, so giving an estimation
of the normal �eld component ( Bn ), or more precisely the normal 
ux per unit
surface. Since previous studies (e.g. Berger and Lites, 2003; Wang et al., 2003)
have shown that MDI signi�cantly underestimates the magnet ic 
ux, we have
corrected both the linear and non-linear response of MDI usi ng the expression:
� corr : = 1 :45(� + 0 :3� jB n j > 1200 G ), as indicated in Green et al. (2003).
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Figure 2. SOHO/EIT 195 �A images before (top panel) and after (bottom panel) the X17

are. The images show the formation of dimmings around AR 104 86 and the remnant bright
corona in the AR. The white arrows in the top panel image highl ight regions that later show
a reduction in intensity when compared to the bottom panel im age.
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Figure 3. SOHO/EIT 195 �A base di�erence image (12:00 - 05:00 UT) showing the dimming
regions about 1 hour after the start of the X17 
are and associ ated CME. The dimming regions
selected for analysis are numbered and surrounded by red pol ygonal lines. The white circle
is drawn at an angular distance of 60 � from disk centre, MDI 
ux measurements are made
within this limit (see Figure 4).

Table 1. Magnetic 
ux measured through each of the dimming regions
de�ned in Figure 4, with a threshold �eld value of 20 G (see Fig ure 5).

Region Positive 
ux Negative 
ux Absolute 
ux Net 
ux
(1021 Mx)

1 6.7 -11.1 17.8 -4.4
2 3.0 - 2.3 5.3 0.7
3 7.1 - 5.4 12.5 1.7
4 4.0 -11.0 15.0 -7.0

mandrini-28oct-cl-dim-fin.tex; 10/09/2007; 17:05; p.8



Coronal dimmings and interplanetary MCs: their link

Figure 4. Selected dimming regions overplotted on a de-projected (wi th radial hypothesis)
MDI magnetogram (black/white represents the negative/pos itive radial magnetic �eld com-
ponent). The white circle marks the 60 � angular limit up to which MDI measurements are
considered reliable. The NOAA numbers of the ARs present on t he solar disk at that time
have been added in yellow (notice that all numbers should sta rt with 10).

Part of the magnetic 
ux in the dimmings is due to noise and par t forms small-

scale connectivities. Such 
ux does not contribute to the ov erall net 
ux of the

dimmings. To avoid incorporating this 
ux into our calculat ions, we �ltered the

jBn j in the dimmings using various lower value thresholds (as in M andrini et al.,

2005 and Attrill et al., 2006). Table 1 lists the magnetic 
ux in the selected region s.

Notice that, conversely to what is found when double or core d immings are present

after an eruption (net 
ux in each dimming having the opposit e sign), the net 
ux

in each of the largest regions (1 and 4) have the same negativesign. Furthermore,

the total net 
ux is strongly negative. The same is true for di �erent threshold �eld

values in Figure 5.
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Figure 5. Positive and negative magnetic 
ux measured through each di mming region (Fig-
ure 4) as a function of the magnetic threshold (the 
ux of a pix el is counted only if its absolute
value is larger than the threshold).

3. Magnetic Cloud Data Analysis and Results

3.1. Boundaries of the Magnetic Cloud

A large magnetic interplanetary structure, exhibiting a st rong and rotating �eld,
was observed by the MAG instrument aboard ACE from before mid day on 29
October until the early morning of 30 October 2003. The plasm a data of this
structure were recorded by the SWEPAM instrument. During th is period the value
of the proton � parameter stayed below 0.1, while the proton temperature wa s
lower than in the surrounding solar wind (Hu et al., 2005). The magnetic �eld and
plasma observations in the Geocentric Solar Ecliptic system have already been
published elsewhere (see ACE data in Figures 1 and 2 and Wind observations in
Figure 5 of Hu et al., 2005). The Wind spacecraft also recorded data at the time
of cloud passage but, since at that time, it was exiting the Ea rth far magnetotail,
these data cannot be directly used in our analysis.

The structure observed by ACE was identi�ed as the MC associa ted with the
midday CME from AR 10486 on 28 October 2003 (Yurchyshyn, Hu, a nd Abra-

mandrini-28oct-cl-dim-fin.tex; 10/09/2007; 17:05; p.10



Coronal dimmings and interplanetary MCs: their link

menko, 2005; Krall et al., 2006). These authors concluded on this association based
on the close agreement between the MC axis and the direction of the main AR
inversion line, and the coincidence between the magnetic helicity sign of the MC
and the source AR (both negative).

Several authors have analyzed ACE observations and have reconstructed the
cloud structure using di�erent methods and models. Further more, di�erent start
and end times have also been chosen. Huet al. (2005) and Yurchyshyn, Hu, and
Abramenko (2005) used the Grad-Shafranov technique to determine the cloud
orientation and physical parameters; these authors took a starting time at 11:17
UT on 29 October and an end time at 03:50 UT on 30 October. Wang et al. (2005)
and Lynch et al. (2005) modelled the cloud observations using the static cylindrical
linear force-free model as described by Lepping, Burlaga, and Jones (1990). Wang
et al. (2005) and Lynch et al. (2005) took a cloud duration from 11:00 UT on
29 October to 02:30 UT on 30 October, and from 09:00 UT on 29 October to
03:00 UT on 30 October, respectively. Finally, Nieves-Chin chilla, Hidalgo, and
Sequeiros (2005) used an expanding non-force free model with an elliptical cross-
section. These authors took a much shorter cloud duration fr om 11:00 UT to 23:10
UT on 29 October.

This variety of cloud borders probably comes from the fact th at there are no
clear signatures of the start or end of the MC ( e.g. shocks and/or discontinuities).
After a close inspection of the data, we have taken a cloud duration slightly shorter
than that chosen by Hu et al. (2005) and Wang et al. (2005), start time at 11:25
UT on 29 October and end time at 02:00 UT on 30 October 2003. These times
correspond to a transition from a 
uctuating �eld to a homoge neous and strong
�eld in the in-bound, and the reverse in the out-bound (Figur e 6). We call these
boundaries simply \in" and \out".

3.2. Orientation of the Magnetic Cloud

We analyse in situ magnetic observations obtained by MAG with 64 seconds
temporal cadence. We de�ne the cloud axis direction, called ẑcloud , using the
Minimum Variance (MV) method ( e.g. Sonnerup and Scheible, 1998). The MV
gives a good determination when the impact parameter ( p, the minimum distance
between the cloud axis and the spacecraft trajectory) is small and the magnetic
�eld components are not signi�cantly asymmetric with respe ct to the center of the
cloud. Gulisano et al. (2007) have shown that MV gives the MC orientation with a
typical error of � 10� for MCs that can be represented by the classical Lundquist's
model (Lundquist, 1950), even in cases wherep is larger than 50% of the cloud
radius. Previously, for the MC of 29 October 2003, Wang et al. (2005) and Lynch
et al. (2005) found that p was � 40% of the cloud radius.

Furthermore, because the cloud is in expansion (see Figure 6bottom panel
and Section 3.3), the directions derived with MV mix two di�e rent e�ects in the
variance of the magnetic �eld, B ; �rst, the e�ect of the coherent rotation of the �eld
(which provides the correct cloud orientation), and second , the e�ect of the cloud
'aging' (the decrease of the strength of the �eld with time be cause of magnetic 
ux
conservation combined with cloud expansion). This latter e �ect is not associated
with the cloud orientation. We apply the MV technique to B =B to decrease the
e�ect of cloud 'aging' on the orientation found by MV.
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Figure 6. Top and central panels show the B y; cloud and B z; cloud components of the magnetic
�eld (measured in nT) in the cloud frame (data from MAG as smal l dots and �tted curves,
see Section 3.4). The red dash-dotted line corresponds to th e static Lundquist's model. The
blue and green dash-dotted lines to the expansion Lundquist 's and the modi�ed expansion
Lundquist's models, respectively. The bottom panel shows t he observations by SWEPAM
(open dots) and the �tted (green dash-dotted line) velocity pro�le ( Vx; cloud � h Vx; cloud i , in km
s� 1) for the expansion model (Equation (2)). Notice the extende d data gap at the beginning
of this panel. The two vertical lines mark the \in" and \out" b oundaries.

We �nd that the angle between the cloud axis (oriented along B ) and the

ecliptic plane (ecliptic latitude) is -56 � . The angle between the projection of the

cloud axis on the ecliptic plane and the Earth-Sun direction is found to be 197� .

This orientation di�ers at most in 10 � either in latitude and longitude from the

ones reported by Hu et al. (2005) and Lynch et al. (2005), despite the signi�cantly

di�erent boundaries selected in this latter case (about 2.5 and 1 h for the \in" and

\out", respectively). The MC orientation found implies tha t ACE crossed the MC

leg linked to the positive polarity on the Sun (initially in A R 10486).

After applying MV to the normalized �eld data, we rotate the o bserved mag-

netic �eld components to the cloud frame, ( x̂cloud , ŷcloud , ẑcloud ), as described

in Section 2.3 of Dassoet al. (2007) (see also Dassoet al., 2006). In this frame,

consideringp � 0 and a cylindrical structure for the cloud, the vectors are s uch that

x̂cloud , ŷcloud and ẑcloud are parallel to the radial, azimuthal and axial directions,

respectively.
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3.3. Expansion of the Magnetic Cloud

The SWEPAM instrument experienced several problems during 29 and 30 October
because of the extremely high-speed solar wind; so several data gaps are present in
the observations (Skoug et al., 2004). Still, SWEPAM observations of the proton
bulk 
ow velocity show that this cloud was indeed in expansio n (Figure 6).

We model this expansion considering an isotropic self-similar case, where all
distances are multiplied by a factor f (t), function of the time t. Since the full MC
is observed during a period shorter than the transit time fro m the Sun, we take
only the �rst linear term in the expansion of f (t) around the MC observing time.
This implies that there are no forces acting on any element of the plasma (free
expansion, see Dassoet al., 2007). With the previous assumption and since the
measured plasma� is low (0:01 . � . 0:1), the MC �eld is nearly force-free. The
function f (t) can be written as:

f (t) = 1 + ( t � t in )=T ; (1)

where T is the expansion time, and we select the front boundary \in" f or the
reference time of distances (f (t in ) = 1).

The bottom panel in Figure 6 shows with open dots the observed velocity
Vx; cloud � < V x; cloud > , where < V x; cloud > = � 957 km s� 1 is the mean value of
the velocity within the cloud. Under the assumption of a low i mpact parameter,
this velocity is approximately the radial velocity with res pect to the cloud axis;
so as expected for an expanding cloud, it is negative before the spacecraft reaches
the cloud axis, and positive afterwards.

Taking into account the isotropic expansion, Equation (1), we can obtain the
expected velocity pro�le given by:

Vx = � Vc + Vc
t � tc

T + t � t in
; (2)

where � Vc is the velocity of the MC center along x̂cloud and tc is the time when the
distance between the spacecraft and the MC axis is minimum (t he cloud center for
p = 0) (see Dassoet al., 2007 for precise details). We take < V x; cloud > as a proxy
for Vc. We obtain the expansion time T by �tting Equation (2) to the velocity
data. We �nd T � 29 h (� 1:2 days). The associated CME was initiated just after
11 UT on 28 October. This gives a transit time for the MC center of about 31 h, so
very close to the expanding time T (taking into account that the MC is observed
over an interval of � 7 h). This agreement of the durations is compatible with a
linear expansion in time, not only during the observing time , but also for the full
transit from the Sun (since f (t) = 0 for t = t in � T in Equation 1).

Considering the velocity pro�le given above, assuming a nearly constant mean
velocity for the cloud during the spacecraft crossing and a l ow p, we can estimate
the MC radius. The full MC crossing corresponds to a size R in + Rout = R in (1 +
f (tout )). This gives R in = 0 :13 AU and Rout = 0 :20 AU; so, a radial expansion
of 42% (2R out � R in

R out + R in
= 0 :42) during the observation period. If we have not taken

into account the expansion, we would have found a radius which is just the mean
value betweenR in and Rout (since the total length crossed is given by the observed
velocity pro�le).
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Table 2. Magnetic 
uxes computed for the MC
observed on 29-30 October, 2003, at 1 AU. The
�rst column indicates the �tting model, and the
second and third columns show the values of the
axial and azimuthal (per unit length) magnetic

uxes.

Model Fz Fy L � 1

(1021 Mx) (10 21 Mx AU � 1 )

Static 3.1 5.7
Expansion 2.9 6.6
Modi�ed 2.8 8.0

3.4. Magnetic Flux in the Magnetic Cloud

We quantify the magnetic 
ux in the cloud by �tting three mode ls to the obser-
vations. We consider the classical static Lundquist's model (Lundquist, 1950) and
two self-similar expansion cases. For the expansion cases,the distances are scaled
by the factor f (t) and the �eld by a factor f � 2(t). These two expansion cases,
that we call expansion Lundquist's model (see Shimazu and Vandas, 2002) and
modi�ed expansion Lundquist's model, are described in Dasso et al. (2007). In the
expansion Lundquist's model both the azimuthal and axial co mponents of the �eld
depend on the same free parameter, while in the modi�ed expansion model the
dependance is di�erent for both components of the �eld, so, t he model has two
free parameters. Even though the cloud orientation can be found quite precisely
using MV, assuming a low p implies an underestimation of the magnetic 
ux values
(because the magnetic �eld measured is lower than for a central crossing and the
MC radius is underestimated). We will not present a detailed analysis of the cloud
structure, our aim is to give a lower bound estimate of the clo ud 
ux to compare
it with the magnetic 
ux in the dimmings.

Top and central panels in Figure 6 show the curves for the di�e rent �ttings:
static, expansion and modi�ed expansion Lundquist's model s (red, blue and green
dash-dotted lines, respectively). As seen in the top panel, none of the models
can �t the structure observed between 11:31 UT and 11:43 UT on 29 October.
On the other hand, the modi�ed expansion Lundquist's model i s the one that best
reproduces the asymmetric beginning and end of the cloud for By; cloud . Concerning
Bz;cloud , both expansion models closely follow the data; while the static model is
the one that gives the worst �tting.

From the �tted parameters we compute the axial ( Fz ) and azimuthal ( F ' )
magnetic 
uxes, as done in Dasso et al. (2007). Our results are listed in Table 2.
We estimate the cloud 
uxes taking the range given by the thre e models, as: 2:8 �
1021 Mx � Fz � 3:1� 1021 Mx and 5:7� 1021 Mx/AU � Fy =L � 8:0� 1021 Mx/AU.

Analyzing SWEPAM observations of suprathermal electrons, Skouget al. (2004)
found the presence of counter-streaming electron 
ows for a period of time within
the MC, though there were periods when electron measurements were unreliable.
This would imply that the cloud is anchored to the Sun at both e nds when observed
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at 1 AU; so the MC length should be at least 2 AU. Considering th is minimum
length, summing Fz and Fy , the total cloud 
ux is in the range: 14 � 1021 Mx �
FMC � 19 � 1021 Mx. It is noteworthy that this value is a lower bound estimate
for the MC 
ux, as has been discussed above.

4. Linking Coronal and Interplanetary Results

4.1. Do the Magnetic Fluxes of Dimmings and MC Match?

Even though the two most extended dimmings (dimmings 1 and 4, see Figures 3
and 4), appear either side of AR 10486, they do not present the typical charac-
teristics of double or core dimmings. The latter are present at both sides of the
eruptive magnetic con�guration and have magnetic net 
uxes of opposite signs
with approximately the same absolute values (see Section 1).

For the event on 28 October 2003, we �nd that dimmings 1 and 4 ha ve net
negative 
uxes; while the net 
uxes in the others (dimmings 2 and 3) are positive.
Furthermore, if we add the net 
uxes in dimmings 1 and 4 and tho se of 2 and
3, the latter value is one order of magnitude lower, i.e. the total net 
ux is not
balanced. Indeed both dimmings 2 and 3 are located above quiet Sun regions where
the positive 
ux only dominates slightly (see Figure 5, posi tive and negative 
ux
curves are close together). The net result is that all the 
ux covered by the dimming
regions has a strong negative imbalance.

Dimming 1 extends above the negative polarity of the decayin g AR by which
AR 10486 is bounded to the west. It also encompasses the negative �eld surround-
ing AR 10492. Both these negative �elds are not balanced by th e less intense
positive �elds within the dimming (Figure 4). On the other ha nd, dimming 4
extends mainly above the negative �eld in AR 10495. There is a lso an important
dimming close to dimming 4, lying above the eastern limb (Fig ure 3). This dimming
is located over the positive 
ux part of AR 10495. Its locatio n does not allow us to
estimate its 
ux, but in view of its location the 
ux is expect ed to be dominantly
positive and to have a comparable magnitude to the 
ux found i n dimming 4. Since
the following polarity of AR 10486 is positive, and the erupt ing 
ux rope is rooted
there (see Mandrini et al., 2006), at least at the beginning of the eruption, positive
dimmings both there and at some location to the east are expected. The dimming
above the eastern limb is the only one which plausibly has enough positive 
ux to
coincide with the positive footpoint of the erupting magnet ic con�guration!

The net 
ux in dimming 1 is � -4.4 � 1021 Mx, this value is close to the axial
MC 
ux range (2 :8� 3:1) � 1021 Mx. This suggests that dimming 1 could probably
correspond to the original negative MC footpoint in the clas sical scenario in which
an already existing 
ux tube expands and erupts. However, we argue that this
cannot be the case since the eruption occurred inside AR 10486 and dimming 1 is
located far to the west of the region; furthermore, we do not � nd the corresponding
associated positive dimming. On the other hand, if the 
ux ro pe is dominantly
formed by reconnection during the eruption, we have to compa re the dimming

ux to the total MC 
ux observed in the interplanetary space ( Section 1 and
Figure 1). The total negative net 
ux in dimmings 1 and 4 ( � 11 � 1021 Mx)
is close to the lower limit of the total MC 
ux for the estimate d cloud length,
14 � 1021 Mx � FMC � 19 � 1021 Mx. However, considering that this estimation
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is a lower bound as discussed in Section 3.4, we conclude thatthe 
ux in the
dimmings identi�ed on the disk does not match the total 
ux in the cloud and, in
view of their spatial distribution and net 
ux, the observed dimmings (1 to 4) do
not represent the initial footpoints of the ejected magneti c con�guration (initial

ux and surrounding arcade).

4.2. Origin of the Dimmings on the 28 October Event

Besides core dimmings, there is another type of dimming, more widespread, that
corresponds to the spatial extent of CMEs detected in coronagraph data (Thomp-
son et al., 2000). We call these, secondary dimmings. Our results in the previous
paragraphs are an indication that, in this particular event , we do not observe
the deep core dimmings, but rather secondary dimmings, the origin of which we
discuss below.

Recently, Attrill et al. (2007) have proposed a new mechanism where driven
magnetic reconnection between the outer edge of an expanding CME magnetic
�eld and quiet-Sun magnetic loops can generate the observeddi�use bright fronts
that constitute the leading edge of \coronal EIT waves". It i s noteworthy that
the magnetic con�guration of surrounding ARs can replace so me of the quiet-Sun
loops of the events they studied (which occurred close to solar minimum). In this
scenario, the presence of widespread secondary dimmings behind the di�use bright
front is a natural consequence of the driven reconnections.

Could the mechanism described above be responsible for the dimmings observed
in this 28 October 2003 event? Figure 7 illustrates the way in which dimmings 1
and 4 could have been formed. As the main �lament in AR 10486 er upts, the
magnetic �eld of the AR expands and to the west encounters a nearby �lament
channel between the positive and negative polarities (where dimming 1 lies, Fig-
ure 7a) of the decaying AR preceeding AR 10486. To the east, quiet-Sun �elds are
encountered (where dimming 4 lies, Figure 7a). The expanding CME magnetic
loops reconnect with the favourably oriented loops that are encountered both to
the west and the east. Magnetic reconnection creates two newsets of connections.
One set is formed by small loops (red �eld lines in Figure 7b). These reconnected
loops imply brightenings due to chromospheric evaporation (these loops constitute
the bright front surrounding the core dimmings of the AR, as s hown by Attrill et al.,
2007). The second result of magnetic reconnection is to formlong loops (blue �eld
line in Figure 6b), still belonging to the erupting magnetic con�guration but with
new, displaced footpoints (they form the di�use leading edg e front of the \coronal
wave"). Dimmings are associated with these large loops as the plasma, initially
contained in the surrounding loops, becomes free to expand into the larger volume
created by the long (blue) loop.

The above process is repeated many times as the continuing lateral expansion of
the CME core drives progressively new reconnections (see Figure 7c). To the west,
the expanding structure encounters and reconnects with the favourably orientated
magnetic loops in AR 10492 (represented by the three black �e ld lines on the right
side of Figure 7a and b). To the east, reconnection with favourably oriented quiet
Sun loops continues until the still expanding CME encounter s loops belonging to
AR 10495 (represented by the three black �eld lines on the lef t side of Figure 7
a and b). The removal by reconnection of the outer set of loops in AR 10495
produces dimmings on both polarities, this is the main reason why dimming 4 has
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Figure 7. Reconnection of the expanding CME �eld con�guration with th e surrounding
bipoles: dimming spreading (mechanism proposed by Attrill et al., 2007, applied to the 28
October 2003 event). (a) The CME lift-o�. AR 10486 is represe nted by �ve �eld lines, while
nearby bipoles are represented with three black �eld lines. (b,c) By successive reconnections
the outer shell of the CME expanding magnetic �eld is progres sively rooted in more distant
regions. This creates the spreading of the dimmings to large r spatial scales. In these �gures
the just reconnected �eld lines are thicker (and set to red fo r the short loops).

mandrini-28oct-cl-dim-fin.tex; 10/09/2007; 17:05; p.17



MANDRINI ET AL.

a net negative 
ux. This continuous step-like reconnection process results in the
spread of the secondary dimming 4, and the appearance of dimming over the east
limb.

The secondary dimmings 2 and 3 are understood to form by the same mecha-
nism. Reconnection occurs in these regions with loops of thequiet Sun in a more
mixed �eld environment, with some new features as follows.

Dimming 2 extends south to the positive polar coronal hole. T here the negative
expanding edge of the CME con�guration reconnects with \ope n" positive �eld
lines creating small reconnected loops (see Benevolenskaya, 2004). The recon-
nection region progressively shifts its location along the inversion line so that
a \zipper-like", moving brightening is observed (see also A ttrill et al., 2006).
These interchange reconnections Crooker, Gosling, and Kahler (2002) imply also
a partial, but true, disconnection of this southern part of t he negative leg of the
CME from the Sun. The disconnection of the negative leg of thi s part of the CME
�eld implies that the other (positive) end of the �eld is \ope n", leading to dimming
in the positive leg. This process may well contribute to the f ormation of dimming
region 3.

Concerning dimming 3, besides the latter mechanism, two oth er mechanisms
contribute to dimming formation: �rst, quiet-Sun reconnec tions as proposed by
Attrill et al. (2007), and second the \disappearance" of bright loops connecting
AR 10496 to the northern AR 10487, and AR 10491 to AR 10488, as described in
other events by Delann�ee (2000).

4.3. Complexity of Large Scale Events

In summary, the basic skeleton of a CME consists of the upward extension of the
erupting con�guration and the formation of a pair of core dim mings. However,
none of the observed dimmings on the 28 October event can be associated with
such core dimmings. Instead, we have identi�ed them as secondary dimmings, as
proposed by Attrill et al. (2007). The strong energy release during the X17 
are
in AR 10486 led to strong chromospheric evaporation and the formation of dense
and bright coronal loops (see e.g. the movies included in Mandrini et al., 2006).
The strong emission of these loops, combined with the spreading of the saturated
signal, covers most of AR 10486. Any core dimming, strong as it could be, is
masked by the intense emission of the 
aring region so that none of the expected
core dimmings can be observed. We expect that this is a general property of very
strong events.

Next, let us consider the case of less energetic 
ares. The magnetic reconnection
process that creates the secondary dimmings should conserve the magnetic 
ux.
Then, when we observe both core and secondary dimming regions, we would expect
that their total 
ux divided by two should equate to the total 
ux in the associated
MC. However, the formation of secondary dimmings is a time de pendent complex
process. As the 
ux connectivity is transferred from the cor e dimmings to the
surrounding regions, the disappearance of the dimmings in the core takes time
(the time needed to replenish the corona with plasma). A dela y, plausibly smaller,
can be also expected in the formation of the secondary dimmings (the time needed
for the plasma to be evacuated). Moreover, brightenings are expected to form very
close to the dimmings and only the deeper part of the dimming i s expected to be
detectable.
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The dynamic process discussed above leads to uncertaintiesin de�ning the
boundary of such secondary dimmings at a given time; so, there are uncertainties
when adding the magnetic 
ux of the core and secondary dimmin gs at any given
time. This added 
ux is a proxy of the total magnetic 
ux assoc iated with the
expanded �eld lines, but there are both thermodynamic and ki nematic delays that
can distort this estimation. Moreover, these uncertaintie s grow with the number
of reconnecting steps needed to create the secondary dimmings. Therefore, direct
comparisons between the magnetic 
ux in the dimmings and the total 
ux of the
associated MC are di�cult in large-scale events (with a larg e 
are and/or a large
lateral expansion and reconnection with many bipoles).

5. Conclusion

Previous works have suggested that coronal dimming regionsat either side of the

are loops mark the position of the erupting 
ux rope footpoi nts (Webb et al.,
2000). This was later con�rmed by Mandrini et al. (2006) and Attrill et al. (2006)
but in a scenario in which the 
ux rope found in the interplane tary medium was
mostly formed by reconnection during the eruption process. During the ejection
of the magnetic con�guration (which makes up the associated CME), magnetic
loops drastically expand. The plasma can expand upward into this larger volume,
forming dimming regions at the locations. However, in large -scale (intense) events
such a simple interpretation encounters di�culties becaus e of the presence of
brightenings (due to the 
are and often a global-scale \EIT c oronal wave", and
associated persistent brightenings), and because of reconnection of the erupting
�eld with the surrounding environment, as summarized below .

First, the large energy release in the 
are leads to strong chromospheric evap-
oration and the formation of dense and bright coronal loops. The core dimmings,
located in the vicinity of these central brightenings, can b e (at least partly) ob-
scured by the 
are brightenings. The X17 
are, analysed in th is paper, was so
intense that we can observe none of the expected core dimmings.

Second, a strong magnetic �eld in the AR means that the erupti ng �eld has a
signi�cant magnetic pressure. This implies a strong expans ion of the erupting �eld,
not only vertically but also laterally over neighboring qui et-Sun regions and ARs.
As a result, magnetic reconnection is expected in most cases(cases with almost
parallel �elds are rare). These reconnections imply the for mation of new bright-
enings (contributing to the \EIT wave" phenomena), as well a s a re-organization
of the magnetic connectivities which enables the spread of the dimmings over a
region much larger than that of the original eruption (Attri ll et al., 2007). These
reconnections imply that CMEs become large-scale even in the low corona, as
evidenced by radio observations at metric wavelengths (Pick et al., 2005) and by
the large spatial extent of CME-associated limb dimmings ob served in EIT 195 �A
(Thompson et al., 2000).

Third, a large event can also induce strong e�ects in neighbo ring active regions.
For example, the destabilization of interconnecting loops (between the initial erup-
tion site and surrounding regions) and/or inside nearby ARs (Delann�ee, Hochedez,
and Aulanier, 2007). Destabilization of surrounding struc tures can be recognized
by the loop shape of the dimmings and by comparing the locatio ns of the dim-
mings (di�erence images) with EUV and X-ray direct images wh ere coronal loop
structures can be identi�ed before the CME.
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Finally, other biases are present since the observations give only the total in-
tensity integrated along the line of sight. In particular, b rightenings and dimmings
can be mixed up along the same line of sight. This bias is expected to be important
since the physics of the eruption involves the coupled formation of brightenings
and dimmings (Attrill et al., 2007). This mixing e�ect increases as one observes
farther away from disk centre. In large events, where signatures extend to a large
fraction of the solar disk, this e�ect cannot be avoided, eve n by analysing events
that start close to disk centre.

We conclude that a careful analysis of the origin of the vario us dimmings is
required before their magnetic 
ux can be compared to that of the associated
interplanetrary MC. This is especially true in large events because of the failure in
observing core dimmings and the biases induced by mixing brightenings and dark
regions. This is also present in medium and small events because of the interaction
of the expanding �eld with neighbouring �elds (both quiet-S un and nearby ARs).
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