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Abstract If all coronal mass ejections (CMEs) have flux ropes, then the CMEs should keep
their helicity signs from the Sun to the Earth according to the helicity conservation prin-
ciple. This study presents an attempt to answer the question from the Coordinated Data
Analysis Workshop (CDAW), “Do all CMEs have flux ropes?”, by using a qualitative helic-
ity sign comparison between interplanetary CMEs (ICMEs) and their CME source regions.
For this, we select 34 CME–ICME pairs whose source active regions (ARs) have continu-
ous SOHO/MDI magnetogram data covering more than 24 hr without data gap during the
passage of the ARs near the solar disk center. The helicity signs in the ARs are determined
by estimation of cumulative magnetic helicity injected through the photosphere in the entire
source ARs. The helicity signs in the ICMEs are estimated by applying the cylinder model
developed by Marubashi (Adv. Space. Res., 26, 55, 2000) to 16 second resolution magnetic
field data from the MAG instrument onboard the ACE spacecraft. It is found that 30 out
of 34 events (88 %) are helicity sign-consistent events, while four events (12 %) are sign-
inconsistent. Through a detailed investigation of the source ARs of the four sign-inconsistent
events, we find that those events can be explained by the local helicity sign opposite to that
of the entire AR helicity (28 July 2000 ICME), incorrectly reported solar source region in
the CDAW list (20 May 2005 ICME), or the helicity sign of the pre-existing coronal mag-
netic field (13 October 2000 and 20 November 2003 ICMEs). We conclude that the helicity
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signs of the ICMEs are quite consistent with those of the injected helicities in the AR regions
from where the CMEs erupted.

Keywords Coronal mass ejections · Magnetic cloud · Photospheric helicity · Solar surface
magnetic field · Interplanetary magnetic field

1. Introduction

Coronal mass ejections (CMEs) are one of the means by which the Sun ejects plasma and
magnetic field into interplanetary space. When CMEs are detected near the Earth, they are
known as interplanetary CMEs (ICMEs). ICMEs are further classified into magnetic clouds
(MC) and complex ejecta (EJ) depending on the observed magnetic structure. MCs exhibit
a smooth rotation of magnetic field vector, while EJs do not show a significant rotation
signature (e.g. Burlaga et al., 1981). It is still not clear whether MC and EJ have intrinsically
different structure or the observed structure is due to different propagation of the ejecta
relative to the observing spacecraft. The main purpose of the Coordinated Data Analysis
Workshop (CDAW) this article results from is to answer the question: “Do all CMEs have
flux ropes?” There are two different views. One view is that some CMEs have inherently
non-flux rope structure (Gosling et al., 1990; Jacobs et al., 2009), and the other view is
that all the CMEs have flux ropes but sometimes they are not detected as flux ropes since a
magnetic cloud observed far from its apex (nose) may not exhibit a clear flux rope structure
(Gopalswamy, 2006; Kim et al., 2013). For example, Chen et al. (1997) compared LASCO
C2 and C3 CME images with a magnetic flux rope model, and concluded that the dynamics
and morphology of the observed CME on 13 April 1997 were consistent with those of the
three-dimensional (3D) MHD flux rope model developed by Chen (1996).

Magnetic helicity quantifies the signed amount of twists, kinks, and inter-linkages of the
magnetic field lines in a given magnetic field system (Berger and Field, 1984). Magnetic he-
licity is an approximately conserved quantity in resistive MHD with low resistivity (Berger,
1984) – this is the ‘helicity conservation principle’. Therefore, an ICME is expected to carry
the same amount of helicity as its corresponding CME from the solar source region, and the
helicity sign of the ICME should be consistent with that of the solar source region. Several
attempts have been made to match the helicity sign of ICMEs with that inferred from the
morphological features of their source active region such as sunspot whorls, filament barbs,
sigmoids, and flare ribbons (e.g. Ali et al., 2007; Démoulin, 2008). However, the helicity
sign of the solar source region was not always found to agree with that of the ICME (Lea-
mon et al., 2004). These observational features have been commonly used for qualitative
comparison of helicity signs of CMEs and ICMEs. In this study, we use the helicity signs of
solar source regions and ICMEs that are determined in the following ways:

i) measurement of the rate of the helicity transfer into the corona across the photosphere
by inferring the motion of the surface field lines from photospheric magnetogram data,
and

ii) inferring the rotation of the magnetic field vector from in situ data obtained by spacecraft
located near the Earth.

If we find complete agreement of the helicity signs between CMEs and ICMEs, this
result would support the hypothesis that all ICMEs are flux ropes. We investigate 34 CME–
ICME events. To obtain the helicity sign of the ICMEs, we employ the fitting technique
developed by Marubashi (2000) using the constant-α force-free field solution, assuming the
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flux rope to be a cylinder with self-similar expansion. We do not consider the amount of
helicity in this study since it could be different depending on the fitting model employed
(Hu and Dasgupta, 2005; Marubashi and Lepping, 2007). On the contrary, we note that the
sign of helicity determined by different fitting models is consistent between models. For this
reason, we compare the helicity sign in ICMEs and to that in their source regions.

The rest of the paper is organized as follows. In Section 2, we describe briefly the meth-
ods used to determine the helicity injection rate. The helicity sign comparison between pho-
tospheric injection and ICME is given in Section 3, with detailed inspection of the four
sign-inconsistent events. Section 4 summarizes the findings of this study.

2. Data and Analysis

The CDAW events (http://cdaw.gsfc.nasa.gov/meetings/2010_fluxrope/) have been selected
from the list of shock-driving ICMEs in Gopalswamy et al. (2010), which originate from the
vicinity of central meridian of the Sun (E15◦ ≤ source longitude ≤ W15◦). To get a reliable
helicity injection avoiding the projection effect on the line-of-sight magnetic field, we need
continuous SOHO/MDI magnetogram (Scherrer et al., 1995) data of the solar source region
covering more than 24 hr without data gaps during the transit of the source region across
the solar disk center. With this criterion, we select 28 events from the 54 CDAW events and
also select six events from the list in Sung et al. (2009). Details of the identification of solar
source regions associated with the 28 ICMEs are described in Gopalswamy et al. (2010),
and those of the additional six CME–MC pairs can be found in Manoharan et al. (2004) and
Qiu et al. (2007).

Detailed information on the 34 CME–ICME pairs are given in Table 1. The first col-
umn of Table 1 denotes the event number. Year, appearance time, speed, and angular width
of the CMEs determined from SOHO/LASCO observations are listed from the second to
fifth columns. The sixth to ninth columns contain information on the associated flare on-
set time and class, active region number, and solar source location, respectively. The last
three columns give the start and end times of ICMEs, and their classification as listed in the
CDAW ICME data table. Note that there are 24 MCs and 10 EJs in the dataset. We deter-
mined the geometry of the ICMEs and derived the helicity sign by assuming that the ICMEs
have flux rope structure.

2.1. Photospheric Helicity Injection

The helicity sign in the solar source ARs of the selected events is obtained from the helicity
flux density (i.e., helicity injection per unit area per unit time) at the photospheric level of the
ARs. To calculate the helicity flux density, we use the formula proposed by Pariat, Démoulin,
and Berger (2005) and the numerical calculation method developed by Chae (2007).

Following the method of Chae (2007), we estimate the normal component of magnetic
field (Bn) from the line-of-sight component of magnetic field (Bl), assuming that the mag-
netic field at the photosphere is normal to the solar surface and the transverse component of
the magnetic field is negligible compared to Bl. This assumption is valid only in the case of
active regions located near the solar disk center.

The time-dependent measurement of Bl is obtained from a set of the full-disk 96 minutes
SOHO/MDI (Scherrer et al., 1995) magnetogram data. To reduce the geometrical projection
effects in the calculation of Bn, we restrict to solar source regions located within 60 % of

http://cdaw.gsfc.nasa.gov/meetings/2010_fluxrope/


108 K.-S. Cho et al.

Ta
bl

e
1

C
ha

ra
ct

er
is

tic
s

of
fla

re
,C

M
E

,a
nd

IC
M

E
.

N
oa

Y
ea

r
C

M
E

ap
pe

ar
an

ce
T

im
e

C
M

E
sp

ee
d

(k
m

s−
1
)

C
M

E
A

W
(d

eg
)

Fl
ar

e
on

se
t

(U
T

)
Fl

ar
e

cl
as

s
A

R
So

la
r

so
ur

ce
L

oc
IC

M
E

st
ar

tc

(U
T

)
IC

M
E

en
d

(U
T

)
M

C
/
E

J

C
2

19
97

05
/1

2
05

:3
0

46
4

36
0

04
:4

2
C

1.
3

80
38

N
21

W
08

05
/1

5
09

:0
6

05
/1

6
01

:0
6

M
C

S1
1

19
98

02
/2

8
12

:4
8

17
6

16
9

–
–

81
71

S2
4W

01
b

03
/0

4
19

:0
0

03
/0

6
05

:0
0

M
C

C
5

19
98

05
/0

2
14

:0
6

93
8

36
0

13
:3

1
X

1.
1

82
10

S1
5W

15
05

/0
4

10
:0

0
05

/0
5

01
:1

5
E

J

S1
3

19
98

06
/2

1
05

:3
5

19
2

16
3

–
–

82
43

N
17

W
25

b
06

/2
4

13
:0

0
06

/2
5

22
:0

0
M

C

C
16

20
00

02
/1

7
21

:3
0

72
8

36
0

20
:1

7
M

1.
3

88
72

S2
9E

07
02

/2
1

09
:4

8
02

/2
2

13
:1

8
M

C

C
17

20
00

07
/0

7
10

:2
6

45
3

36
0

08
:4

2
C

5.
6

90
70

N
17

E
10

07
/1

1
01

:3
0

07
/1

1
11

:2
2

E
J

C
18

20
00

07
/0

8
23

:5
0

48
3

16
1

22
:5

8
C

4.
0

90
70

N
18

W
12

07
/1

1
22

:4
8

07
/1

3
02

:2
5

E
J

C
19

20
00

07
/1

4
10

:5
4

16
74

36
0

10
:0

3
X

5.
7

90
77

N
22

W
07

07
/1

5
21

:0
6

07
/1

6
09

:5
4

M
C

C
21

20
00

07
/2

5
03

:3
0

52
8

36
0

02
:4

3
M

8.
0

90
97

N
06

W
08

07
/2

8
21

:0
6

07
/2

9
10

:0
6

M
C

C
23

20
00

08
/0

9
16

:3
0

70
2

36
0

15
:1

9
–

91
14

N
20

E
12

08
/1

2
06

:0
6

08
/1

3
05

:0
6

M
C

C
24

20
00

09
/1

6
05

:1
8

12
15

36
0

04
:0

6
M

5.
9

91
65

N
14

W
07

09
/1

8
01

:5
4

09
/1

8
15

:0
6

M
C

C
26

20
00

10
/0

9
23

:5
0

78
9

36
0

23
:1

9
C

6.
7

91
82

N
01

W
14

10
/1

3
18

:2
4

10
/1

4
16

:5
4

M
C

S2
6

20
01

03
/1

6
03

:5
0

27
1

28
1

–
–

93
84

N
11

W
09

b
03

/1
9

19
:0

0
03

/2
2

06
:0

0
M

C

C
32

20
01

04
/1

0
05

:3
0

24
11

36
0

05
:0

6
X

2.
3

94
15

S2
3W

09
04

/1
2

07
:5

4
04

/1
2

17
:5

4
M

C

C
27

20
01

04
/1

9
12

:3
0

39
2

12
9

–
–

94
34

N
20

W
20

b
04

/2
2

00
:0

0
04

/2
3

00
:0

0
M

C

C
33

20
01

04
/2

6
12

:3
0

10
06

36
0

11
:2

6
M

1.
5

94
33

N
20

W
05

04
/2

9
01

:5
4

04
/2

9
12

:5
4

M
C

S3
0

20
02

03
/2

0
17

:5
4

60
3

36
0

–
–

98
71

S1
7W

20
b

03
/2

4
03

:0
0

03
/2

5
22

:0
0

M
C

C
37

20
02

04
/1

5
03

:5
0

72
0

36
0

03
:0

5
M

1.
2

99
06

S1
5W

01
04

/1
8

04
:1

8
04

/1
9

02
:1

8
M

C

C
39

20
02

05
/1

6
00

:5
0

60
0

36
0

00
:1

1
C

4.
5

99
48

S2
3E

15
05

/1
9

03
:5

4
05

/1
9

23
:2

4
M

C

C
42

20
02

07
/1

5
21

:3
0

13
00

18
0

21
:0

3
M

1.
8

10
03

0
N

19
W

01
07

/1
8

12
:0

0
07

/1
9

08
:1

0
E

J



Helicity Sign Comparison 109

Ta
bl

e
1

(C
on

ti
nu

ed
)

N
oa

Y
ea

r
C

M
E

ap
pe

ar
an

ce
T

im
e

C
M

E
sp

ee
d

(k
m

s−
1
)

C
M

E
A

W
(d

eg
)

Fl
ar

e
on

se
t

(U
T

)
Fl

ar
e

cl
as

s
A

R
So

la
r

so
ur

ce
L

oc
IC

M
E

st
ar

tc

(U
T

)
IC

M
E

en
d

(U
T

)
M

C
/
E

J

C
44

20
03

08
/1

4
20

:0
6

37
8

36
0

17
:1

2
–

10
43

1
S1

0E
02

08
/1

8
11

:3
6

08
/1

9
04

:2
4

M
C

C
45

20
03

10
/2

8
11

:3
0

24
59

36
0

11
:0

0
X

17
.2

10
48

6
S1

0E
08

10
/2

9
08

:0
0

10
/3

0
04

:0
0

M
C

C
46

20
03

10
/2

9
20

:5
4

20
29

36
0

20
:3

7
X

10
.0

10
48

6
S1

5W
02

10
/3

1
02

:0
0

10
/3

1
13

:0
0

M
C

S3
2

20
03

11
/1

8
08

:5
0

16
60

36
0

08
:3

0
M

3.
9

10
50

1
N

03
E

08
b

11
/2

0
11

:0
0

11
/2

1
01

:0
0

M
C

C
48

20
04

07
/2

2
08

:3
0

89
9

13
2

07
:4

1
C

5.
3

10
65

2
N

04
E

10
07

/2
4

12
:4

8
07

/2
5

13
:1

8
M

C

C
49

20
04

11
/0

6
02

:0
6

11
11

21
4

01
:4

0
M

3.
6

10
69

6
N

09
E

05
11

/0
9

20
:5

4
11

/1
0

03
:2

4
M

C

C
50

20
04

12
/0

8
20

:2
6

61
1

36
0

19
:3

4
C

2.
5

10
70

9
N

05
W

03
12

/1
2

12
:0

0
12

/1
3

06
:0

0
E

J

C
51

20
05

01
/1

5
06

:3
0

20
49

36
0

05
:5

4
M

8.
6

10
72

0
N

16
E

04
01

/1
6

14
:0

0
01

/1
7

06
:3

0
E

J

C
52

20
05

02
/1

3
11

:0
6

58
4

15
1

10
:2

8
C

2.
7

10
73

3
S1

1E
09

02
/1

8
15

:0
0

02
/1

9
08

:1
5

E
J

C
53

20
05

05
/1

3
17

:1
2

16
89

36
0

16
:1

3
M

8.
0

10
75

9
N

12
E

11
05

/1
5

05
:4

2
05

/1
5

22
:1

2
M

C

C
54

20
05

05
/1

7
03

:2
6

44
9

27
3

02
:3

1
M

1.
8

10
76

3
S1

5W
00

05
/2

0
07

:1
8

05
/2

1
05

:1
8

M
C

C
55

20
05

05
/2

6
21

:2
6

42
0

19
9

20
:5

7
C

8.
6

10
76

7
S0

8E
11

05
/2

9
10

:1
5

05
/2

9
14

:4
5

E
J

C
56

20
05

07
/0

7
17

:0
6

68
3

36
0

16
:0

7
M

4.
9

10
78

6
N

09
E

03
07

/1
0

10
:3

0
07

/1
2

04
:0

0
E

J

C
57

20
05

08
/3

1
11

:3
0

82
5

36
0

10
:2

6
C

2.
0

10
80

3
N

13
W

13
09

/0
2

19
:0

3
09

/0
3

06
:0

0
E

J

a ‘
C

’
de

no
te

s
th

at
th

e
C

M
E

–I
C

M
E

pa
ir

is
se

le
ct

ed
fr

om
th

e
C

D
A

W
IC

M
E

lis
t.

‘S
’

de
no

te
s

th
at

C
M

E
–I

C
M

E
pa

ir
is

se
le

ct
ed

fr
om

Su
ng

et
al

.(
20

09
).

b
So

ur
ce

A
R

s
gi

ve
n

by
M

an
oh

ar
an

et
al

.(
20

04
)

an
d

Q
iu

et
al

.(
20

07
)

ar
e

us
ed

.
c I

C
M

E
st

ar
tt

im
e

is
th

e
tim

e
w

he
n

th
e

le
ad

in
g

bo
un

da
ry

of
th

e
IC

M
E

is
ob

se
rv

ed
in

si
tu

,d
et

er
m

in
ed

fr
om

fit
tin

g
of

th
e

cy
lin

de
r

m
od

el
.



110 K.-S. Cho et al.

Figure 1 (a) A SOHO/LASCO running difference image of the 14 July 2000 CME, (b) inverse-S shape
sigmoid in a Yohkoh soft X-ray image of AR 9077, (c) MDI magnetogram of the AR, (d) estimated helicity
injection in the AR from 12 to 16 July in 2000. The dashed vertical line in panel (d) denotes the start time of
the flare associated with the CME.

the solar radius (R�) from the apparent disk center. The velocity of the apparent horizon-
tal motion of field line footpoints is determined by applying the differential affine veloc-
ity estimator (DAVE) method (Schuck, 2006). It is noted by Chae and Sakurai (2008) that
the performance of DAVE is degraded in the presence of superpixel motions, even though
DAVE outperforms the local correlation tracking (LCT) method. This comes from the linear
assumption in DAVE that the speed of the motion is low enough.

We integrate the helicity flux density over the area of the region of interest (ROI) and
also with respect to time to obtain the helicity injection (�H ) in the ROI. Finally, the sign
of helicity in the ROI of the ARs is determined by the sign of �H at the occurrence time
of the CMEs. Note that the start time of the helicity measurements is determined as soon
as the ROI appears or rotates to a position within 0.6 R� from the disk center. Details of
the procedure for the calculation of the photospheric helicity injection can be found in Chae
(2007).

Figure 1 shows (a) the 14 July 2000 CME observed by SOHO/LASCO (Brueckner et al.,
1995) C2, (b) a Yohkoh/SXT (Tsuneta et al., 1991) soft X-ray image of the source AR of the
CME, NOAA 9077, (c) a SOHO/MDI magnetogram of the AR, and (d) helicity injection
(�H ) in the entire AR. The vertical dashed line in Figure 1(d) indicates the start time of
the flare associated with the CME. As shown in Figure 1(d), helicity with a negative (left-
handed) sign was continuously injected through the entire photospheric surface of the AR
from 12 July up to the onset of the flare. We therefore conjecture that the CME produced in
the AR has helicity with a negative sign.

In fact, the CME was observed as an ICME near the Earth on 15 July 2000, and the
cylinder fitting models of the ICME indicate that it had a flux rope structure and its helicity
sign was negative. In Section 2.2, we describe in detail the ICME fitting model that was used
in this study.
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Figure 2 In situ interplanetary space data from the ACE spacecraft showing (a) total magnetic field strength,
(b) to (d) magnetic field vector in GSE coordinates and (e) solar wind speed. The result of the fitting of the
cylinder model is shown by the thick, solid, red lines. The ICME boundaries are located at 19:00 UT on 15
July and 12:00 UT on 16 July 2000, indicated by the two vertical dashed lines.

2.2. Magnetic Cloud Helicity Sign

We perform the cylinder model fitting for 34 ICMEs with either the 15, 20, 30, or 60 mins
averaged magnetic field data from the Magnetic Field Experiment (MAG: Smith et al., 1998)
on the Advanced Composition Explorer (ACE) spacecraft, depending on the duration of the
ICME. We select the ICME time interval in which the magnetic field vectors change di-
rection smoothly in the Y – Z GSE plane. We then adjust the time span of the ICMEs and
the optimum fitting parameters, such as the bulk velocity, intensity of the magnetic field at
the cylinder axis, radius of the cylinder, geometry and expansion rate of the cylinder, and
the helicity sign of the ICME, which are selected when the least-squares fitting procedure
returns a result that is most consistent with the magnetic field observations. In general the
helicity sign of an ICME can be judged from the direction of magnetic field rotation with
respect to the Earth–Sun line: the helicity is positive (negative) when the rotation has right-
handed chirality (left-handed chirality). However, there are some cases where the magnetic
field rotation is not very clear. Therefore, we tried the fitting for positive and negative helic-
ity sign when necessary, and selected the helicity sign which yielded a better fit. It is noted
that adjustment of the start and end times of the fitting is sometimes necessary for the best
fit. We have found that the adjustment is usually less than a few hours and only a little dif-
ferent from Lepping’s fit, which can be found in the CDAW list. The difference does not
give significantly different results. A detailed description of the cylinder model, the param-
eters, and fitting procedure are explained by Marubashi and Lepping (2007), and references
therein. The start and end times of ICMEs for the best fit using the cylinder model are listed
in Table 2.

Figure 2 presents the results of the cylinder fitting for the ICME detected on 15 July 2000
at 21:06 UT associated with the 14 July 2000 CME (Figure 1(a)). From top to bottom, the
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panels show the total magnetic field intensity, X-, Y -, and Z-components of the magnetic
field in the GSE coordinates, and solar wind speed, respectively. The vertical dashed lines
denote the start and end times of the ICME that give the best fit to the observations. The thick
red solid lines are the results of the fitting with the cylinder model, which show excellent
agreement with the observations. The determined helicity sign of the ICME is negative, and
the latitude (θ ) and longitude (φ) of the axis of the ICME are 19◦ and 63◦, respectively. The
fitting results for the rest of the events are shown in Table 2.

3. Results

3.1. Helicity Sign Comparison

Table 2 summarizes the results on helicity accumulation in the source ARs and the fitting
results for the 34 ICMEs. The first four columns give the event number, the start date and
time of helicity accumulation measurements, and the accumulated helicity within the AR
between the start time of the accumulation and the onset time of the flare. The fifth and sixth
columns present the deduced sigmoid shape of the AR using Yohkoh/SXT images and the
clearness of the post-eruption arcade (PEA) structure after the eruption to identify whether
it has S- or Inverse S-shape. Those with a shape and a question mark e.g. ‘IS(?)’ events are
where we think the sigmoid shape is an inverse S, but there is some uncertainty, while those
with just a question mark do not show any evidence of the presence of a sigmoid.

According to the coronal flux rope (CFR) model (Titov and Démoulin, 1999), a toroidal
flux rope is embedded in an active region with a dipolar flux system. The projected magnetic
separatrix surface has an S-shape when the flux rope is right-handed (positive helicity),
while it has an inverse S-shape when it is left-handed (negative helicity). Employing the
CFR model, we find that about 61 % (21/34) of the ICMEs have the same helicity sign
as that deduced from the X-ray sigmoid shape, while for 11 % (4/34) of the ICMEs the
deduced signs disagree. However, we find that there are many ambiguities (9/34, 26 %) in
the determination of the sigmoid shape through inspection directly from soft X-ray images.
We thus conclude that the sigmoid analysis needs careful treatment and high resolution loop
observations.

The next five columns present the start and end times of ICMEs for the fitting, the θ and
φ of the cylinder axis in GSE coordinates, and the helicity sign of ICME determined from
the cylinder model. The orientation of magnetic cloud axes is described in terms of θ and
φ, where θ is the angle between the magnetic cloud axis and the ecliptic plane and φ is
the angle between Xgse and the projection of the magnetic cloud axis on the ecliptic plane,
measured positive when anti-clockwise (right-handed chirality). The direction of the ICME
axis projected onto the Y –Z plane can be estimated using the equation given by Marubashi
et al. (2012).

For statistical evaluation of the sign consistency, we have compared the accumulated
helicity sign of the solar source region with the relative helicity sign inferred from the struc-
ture of the ensuing ICME as shown in Table 3. We find that 30 events (88 %) have the same
helicity sign while four events (C21, C26, S32, and C54 in Table 2) have different signs.

3.2. Sign-Inconsistent Events

Based on the helicity conservation principle, we have investigated the four exceptional
events in detail with the speculation that their signs may be inconsistent for one of the
following reasons:
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Table 3 Helicity sign
comparison between ICME and
solar source active region.

ICME Solar source AR Total

Positive Negative

Positive 10 3 13

Negative 1 20 21

Total 11 23 34

i) wrong identification of the solar source region,
ii) the wrong selection of CME–ICME pair, or

iii) localized helicity injection with different helicity sign than the sign of helicity in the
entire source active region.

3.2.1. 28 July 2000 ICME (Event C21 in Table 2)

According to the Solar Geophysical Data (SGD; ftp://ftp.ngdc.noaa.gov/STP/space-weather/
solar-data/solar-features/solar-flares/x-rays/goes/), an M8.0 flare occurred at 02:43 UT on
25 July 2000 in AR9097 near the disk center (N06W08). After the flare, a halo CME ap-
peared in the LASCO C2 field of view at 03:30 UT as seen in Figure 3(b). The CME arrived
at the Earth with an IP shock on July 28. The IP shock was detected by the ACE satellite
at 05:43 UT on the same day, as denoted by a vertical dashed line in Figure 3(c). We set
the start and end times of the ICME to July 28 14:00 UT and July 29 00:30 UT for the
boundaries of the flux rope structure, respectively, and determine its helicity sign by using
the cylinder model. The deduced helicity sign of the ICME is negative. The estimated axis
direction of the ICME projected on the Y – Z GSE plane using the cylinder model for the
above boundaries of the ICME is about 80◦.

We examine AR9097, which is reported in the CDAW ICME list as the solar source
region of the CME. The helicity injections through the entire active region and the polarity
inversion line (PIL) region, marked with a white box in Figure 3(a), have positive signs
which are not the same as that of the ICME. It is noted that there are several filaments
which might be related to the CME as shown in BBSO Hα image (Figure 3(d)). We have
considered the filaments as possible candidates for the CME, and we have investigated the
Hα images taken before and after the flare. In the case of the filament North of the AR, it
disappeared at 01:44 UT, before the flare. There were two filaments in regions F1 and F2
which disappeared after the flare. Due to a data gap in the Hα observations, the exact times
of these filament eruptions cannot be identified. We inspect the helicity injection in these
regions. As shown in Figure 3(i), the accumulated helicity in the F1 region has a negative
sign but there is no significant helicity injection in the region F2, so the filament from the
region F1 seems to be the most likely candidate for the source region of the CME.

During the flare time, there was another eruption from AR 9096 located to the South of
AR 9097 as marked by the yellow box in Figure 3(a). The filament eruption can be clearly
seen in Hα data from Yunnan observatory and in the movie from the SOHO/LASCO CME
catalog (http://cdaw.gsfc.nasa.gov/CME_list; Yashiro et al., 2004; Gopalswamy et al., 2009).
The eruption started at about 02:46 UT and we can see a clear Post-Eruption Arcade (PEA)
structure in the Yohkoh SXT image shown in Figure 4(c). For the filament region, R3, we
estimate the helicity injection and find a negative helicity sign, the same as that of the ICME.

We find two candidate solar source regions (F1 and F3) for the CME, which have negative
helicity accumulation. If we assume that the flux rope of a CME that erupts from an AR

ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/solar-flares/x-rays/goes/
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/solar-flares/x-rays/goes/
http://cdaw.gsfc.nasa.gov/CME_list
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Figure 3 The 25 July 2000 CME, the associated 28 July 2000 ICME and the candidate solar source regions.
(a) Full disk BBSO Hα image. The white and yellow boxes denote the locations of AR 9097 and AR 9096,
respectively. (b) Shows LASCO C2 observations of the CME that produced the ICME observed in situ near
Earth, shown in (c). Solid, red lines denote a fitting result of the cylinder model. The vertical dotted and dashed
lines represent the time of arrival of the interplanetary shock and the boundaries of the ICMEs, respectively.
Submaps focusing on AR 9097 prior to the CME eruption are shown in (d) Hα and (e) a magnetogram from
SOHO/MDI. (f) Shows Yohkoh/SXT observations of the same region post-eruption. Estimates of helicity
injection in the regions of interest are shown for (g) the entire active region, (h) the polarity inversion line
(PIL) and (i) the regions labeled ‘F1’ and ‘F2’. The red, vertical line indicates when the flare occurred.
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Figure 4 BBSO Hα submap
images of AR 9096 (a) before
and (b) after the CME. (c) Shows
a Yohkoh SXT submap image
after the CME and (d) shows the
helicity injection in the filament
region of AR 9096. The filament
region (F3) is denoted by a white
box in the local Hα image. The
red and blue contours on the
BBSO Hα image after the CME
denote positive and negative
magnetic fields observed by
SOHO/MDI, respectively. The
red vertical line indicates when
the flare occurred.

maintains its axis orientation (Yurchyshyn et al., 2001) as it propagates from the Sun to the
Earth and the flux rope is assumed to be observed at (or near) the apex of the ICME loop,
the orientation of the ICME axis projected onto the Y – Z plane may be aligned with the
direction of the flux rope structure near the Sun, which can be estimated from the orientation
of the PEA associated with the eruption. Based on this assumption, we adopt the alignment
of the flux rope axes as a second constraint to select the solar source region of ICME, and
measure the orientation angles of the axes of PEAs. Figure 3(f) and Figure 4(c) show the
PEAs in the regions F1 and F3. By considering the helicity sign and magnetic polarities
from MDI data, we can determine the axial direction of each of the PEAs by measuring
the angle from the East on the Sun in a clockwise (left-handed chirality) direction. For the
F1 region in AR 9097, the estimated PEA axis angle is about 65◦ as marked by an arrow
in Figure 3(f) and that of the PEA in AR 9096 is about 270◦. Since the axis angle of the
PEA in AR 9097 is roughly similar to that (80◦) of the ICME estimated using the cylinder
model and their helicity signs are same, we conclude that the region F1 in AR9097 is the
most probable source region of the 28 July 2000 ICME. Prior to this study, an incorrect
association had been made between the ICME and its source region, which originally led to
the incorrect conclusion that the helicity sign was not conserved between the solar source
region of the CME and the associated ICME.

3.2.2. 13 October 2000 ICME (Event C26 in Table 2)

According to the CDAW ICME list, the ICME of 13 October 18:24 UT to 14 October 16:54
UT was associated with the halo CME that appeared at 00:26 UT on 10 October 2000 in
the LASCO C2 FOV as shown in Figure 5(b). The linear speed of the CME in the plane of
sky from SOHO/LASCO observations is 527 km s−1. This CME is related to the C6.7 flare
from AR 9182 (the box in Figure 5(a)) at 23:19 UT located near the disk center (N01W41).
The cylinder fitting result for the ICME during the period between 13 October 16:30 UT
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Figure 5 The 9 October 2000 CME, the associated 13 – 14 October 2000 ICME and the candidate solar
source regions. (a) Full disk BBSO Hα image. The white box denotes the location of AR 9182. (b) Shows
LASCO C2 observations of the halo CME that produced the ICME observed in situ near Earth, shown in (c).
Solid red lines denote a fitting result of the cylinder model. The vertical dotted and dashed lines represent the
arrival time of the interplanetary shock and the boundaries of the ICME. Submaps focusing on AR 9182 prior
to the CME eruption are shown in (d) Hα and (e) a magnetogram from SOHO/MDI. (f) Shows Yohkoh/SXT
observations of the same region post-eruption. Estimates of helicity injection in the regions of interest are
shown for (g) the entire active region, (h) the polarity inversion line (PIL), and (i) the regions labeled ‘F1’,
and ‘F2’. The red vertical line indicates when the flare occurred.
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Figure 6 Determination of the coronal magnetic helicity sign of AR9182, and its comparison with observed
coronal loops. (a) SOHO/EIT image in gray scale with the magnetic field strength contours at ± 200 G
overlaid. (b) SOHO/MDI magnetogram in gray scale and the computed magnetic field lines projected onto
the surface. The obtained best-fit α is + 0.015 Mm−1.

and 14 October 14:00 UT reveals that the ICME has a positive helicity sign, but the signs
of injected helicity through the entire active region (AR 9182) and PIL are both negative
(Figure 5(g) and (h)).

To identify the solar source region of the ICME, we have determined helicity signs for
the local regions F1 and F2. As shown in Figure 5(i), it is found that the region F1 has
positive, while the region F2 has negative injected helicity. There was a previous CME that
was associated with the region F1. The CME appeared at 23:50 UT on 9 October in the
LASCO C2 FOV with narrow angular width (∼40◦). The linear speed of the CME was
about 800 km s−1. The CME from F1 could be a possible candidate for being the source
region of the ICME. However, this does not look plausible, since it is difficult to explain
how a narrow limb CME with small direction parameter can be detected near Earth as an
ICME.

In addition to the helicity injection through the photosphere, we also have measured the
sign of the helicity content in the corona using the linear force-free field (LFFF) model. The
reliability of the LFFF model to measure the coronal magnetic helicity was demonstrated
by previous studies (Démoulin et al., 2002; Lim, Jeong, and Chae, 2007). The coronal mag-
netic field is extrapolated from the SOHO/MDI line-of-sight magnetogram using the Fourier
transform method suggested by Alissandrakis (1981) by changing the value of the force-free
α. Then the computed coronal model is compared with the observed coronal loops to deter-
mine the best-fit α. The best-fit α has the same sign as that of the coronal magnetic helicity.

Figure 6 shows the LFFF model with the obtained best-fit α (Figure 6(b)) compared with
the observed coronal loops in the SOHO/EIT 171 Å image (Figure 6(a)). Since our concern
is the sign of the coronal magnetic helicity, we have compared the overall topology of the
coronal loops and the LFFF model. As a result, we obtain a positive value for the force-free
α indicating that the AR9181 has positive magnetic helicity in the corona. The sign of the
coronal magnetic helicity is the same as that of the helicity of the ICME. Projection effects
have not been considered since the active region was near the disk center. Moreover, the
barb structures of the filament shown in the Hα image (F2 in Fig. 5(d)) indicate that the
chirality of the filament is sinistral, in other words, it has positive helicity. Therefore, the
sign of the computed coronal helicity is also consistent with that of the filament chirality
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(Lim and Chae, 2009). The same filament was also visible on 5 October, and showed a
sinistral structure. Therefore, it is likely that the sign of the coronal magnetic helicity was
already positive at least from 5 October.

It has been reported that the local helicity sign can be opposite to that of the whole active
region helicity (Hao and Zhang, 2011), and the injection of helicity with the opposite sign
to that of the pre-existing helicity plays an important role in eruptive events such as flares
and CMEs (Park et al., 2012; Jing et al., 2012). We speculate that overall the coronal field
in AR9181 had pre-existing positive helicity and the local injection of negative helicity in
the F1 region played a role through magnetic reconnection in the ejection of the pre-existing
positive coronal helicity via the CME and ensuing ICME. We conclude that the helicity sign
of the ICME is not consistent with the sign of injected helicity during the analyzed period,
but it is consistent with that of the coronal helicity in the whole active region (AR9182).

3.2.3. 20 November 2003 ICME (Event S32 in Table 2)

The ICME of 20 November 11:00 UT to 21 November 01:00 UT was caused by a halo
CME (1660 km s−1) that appeared at 08:50 UT on 18 November 2003 in the LASCO C2
FOV as seen in Figure 7(b). This CME is related to an M3.9 flare in AR 10501 (the box
in Figure 7(a)) at 08:30 UT near the disk center (N03E08) and is known to be the most
probable solar source of the ICME (Gopalswamy et al., 2005). The cylinder fitting result for
the ICME reveals that the ICME has a positive helicity sign, but the signs of injected helicity
in the entire active region and along the PIL are negative as shown in Figure 7(g) and (h).
The projected axis orientation angles of the ICMEs using the cylinder model is about 290◦.

There was an erupting filament with a curved shape in region F1 as marked in Figure 7(d).
The SOHO/EIT image after the eruption shows a PEA structure in the region as seen in
Figure 7(f). The yellow contour in Figure 7(f) depicts the filament just before the flare.
The EIT movie in the CDAW CME catalog also shows that the filament was gradually
rising from 18 November 04:36 UT to 08:00 UT, and finally it erupted before 09:20 UT
on 18 November. We speculate that this filament is the source of the CME because there is
no other filament present at 09:20 UT in the Catania Hα image. We estimate the injected
helicity signs in the entire AR region and each local region such as the PIL region and the
region F1 where the filament was located as shown in Figure 7(d). As a result, we find that
the sign of injected helicity in the region F1 is positive, as shown in Figure 7(i), which is the
same sign as that of the MC.

In fact, this event was reported by Chandra et al. (2010), who studied the solar source
of the ICME, and by Gopalswamy et al. (2005), who studied the relationship between the
CME and ICME. Chandra et al. (2010) examined the spatial distribution of magnetic helicity
injection, and concluded that the positive helicity in the eastern part (F1a in Figure 8) of
the filament was consistent with the ICME. However, Gopalswamy et al. (2005) reported
that the eastern leg had erupted before the halo CME. They proposed that the entire filament
erupted during the halo CME and the North-South segment (F1b in Figure 8) was the largest
and may be responsible for the halo CME. In addition, they pointed out that the axis angle
of the segment is consistent with the ICME axis orientation from the cylinder model.

Since the helicity sign in the corona where the helicity of both the filament and the CME
originated from has not been fully explained in the work of Chandra et al. (2010), we have
investigated this active region in detail. Similar to Section 3.2.2, we also apply the LFFF
model to check the sign of the coronal helicity before the halo CME occurred. The overall
coronal loops in the TRACE image agree with either the negative or near zero force-free
α, as in Chandra et al. (2010), except for the local dark loops indicated by an arrow in
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Figure 7 The 18 November 2003 CMEs, the associated 20 November 2003 ICME, and the candidate solar
source regions. The white box in the full disk Hα image (a) of Yunnan observatory denotes AR 10501. The
CME in a LASCO C2 image (b) produced the ICME (c). Red thick lines in the panel (c) denote fitting results
of the cylinder model and the vertical dotted and dashed lines represent the IP shock arrival time and the
boundary of the ICME. Submap Hα images before (d) the CME are presented with a magnetic map of the
same region from SOHO/MDI (e) and a SOHO/EIT image (f). Helicity injections are estimated for the entire
AR 10501 (g), ‘PIL’ (h), and ‘F1’ regions (i), respectively. The red dashed vertical line indicates when the
flare occurred.
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Figure 8 Yunnan Hα submap
image (a) and SOHO/MDI
magnetogram (b) of AR 10501
before the CME. The helicity
injections (c) are estimated for
each segment of the filament. The
red dashed vertical line indicates
when the flare occurred.

Figure 9(a). Those dark loops seen in the TRACE image are the same filament shown in
Figure 7(d) and Figure 8(a). We can reconstruct those dark loops in the lower region with
positive force-free α (red field lines in Figure 9(b)), and the loops in the upper region with
negative α (blue field lines on the right-hand side of the red lines). We have also overlaid
the contour of the filament segment that erupted during the halo CME (black contour in
Figure 9(b)). We find that the erupted filament has positive helicity in the corona. Our result
supports the idea that the positive helicity sign of the ICME of interest originates from the
locally positive coronal helicity, and this region becomes unstable and erupts facilitated by
the opposite sign of helicity in this region to that of the surroundings (Park et al., 2012;
Jing et al., 2012).

3.2.4. 20 May 2005 ICME (Event C54 in Table 2)

The 20 May 2005 ICME had been reported by the CDAW to be caused by the 17 May 2005
CME that appeared at 03:26 UT in the LASCO C2 FOV. The CME is a partial halo CME and
has a slow speed of 450 km s−1. The deduced helicity sign of the ICME using the cylinder
model is negative, and the fitting result shows good agreement with the observations, as
shown in Figure 10(c).

In the solar source region of the CME (AR 10763), three flares occurred on 17 May. The
first, second, and third flares started at 02:31 UT, 03:58 UT, and 05:47 UT in the western,
middle, and eastern parts of the AR, respectively. There were two small filaments in the
active region marked as F1 and F2 in Figure 10(d). The signs of injected helicity over the
entire active region and the region of PIL are both positive as shown in Figure 10(g) and (h).
The filament in the region F1 has negative helicity sign while the filament in the region F2
has positive sign (Figure 10(i)). Considering its time of appearance (03:26 UT), the CME is
probably related to the first flare that occurred in the West of the AR at 02:31 UT on 17 May
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Figure 9 Determination of the coronal magnetic helicity sign in AR10501, through magnetic extrapolation
and its comparison with observed coronal loops. (a) TRACE 171 Å image and line-of-sight magnetic field
contours from SOHO/MDI overlaid corresponding to (−200, −50, 50, 200 G) levels. (b) SOHO/MDI magne-
togram and selected magnetic field lines computed from the linear force-free field extrapolation with different
α values (green: 0, blue: negative, red: positive). Black contour represents the filament that disappeared after
the CME (flare) obtained from Hα images taken by Kanzelhöhe Solar Observatory at 07:39:51 and 12:16:08
UT on 18 November 2003.

2005. The filament F1 seems to be a possible source of the ICME since it has the same
helicity sign as that of the ICME, if the CME–ICME pair is correctly selected. However, we
note that the filament in the F1 region can still be seen at 07:07 UT on 17 May in the Hα
movies from the Hida Domeless Solar Telescope (http://fw.hida.kyoto-u.ac.jp), and no clear
PEA structure can be seen in the EIT image, as shown in Figure 10(f). It is also noted that
no PEA signature is found in SXI images. For these reasons, we conclude that the region F1
is not the source region of the ICME.

Meanwhile, another candidate solar source of the ICME was proposed by Zhang et al.
(2007), who suggested that the 20 May 2005 MC may be due to a partial halo CME that
appeared at 13:50 UT on 16 May 2005 in the LASCO C2 FOV as seen in Figure 11(b). The
solar source region of the CME, AR 10759, located at N13W29 is denoted by a white box
in Figure 11(a). We note that the CME was related to the eruptive filament located in region
F1 of Figure 11(c). The eruption of the filament occurred at 12:12 UT on 16 May, and the
eruption can be clearly seen in the Hα movie by the Solar Telescope of Argentina (HASTA,
http://www.oafa.fcefn.unsj-cuim.edu.ar). We inspect helicity injections over the entire region,
PIL region, and F1 filament region of AR 10759, and find that they all have negative signs
(Figure 11(f) – (h)), which is the same as the sign of the ICME.

It is noted that deduced axis direction (∼155◦) of the ICME by applying the cylinder
fitting model is not consistent with the orientation angle (60◦) of the PEA axis, as shown
in Figure 11(e). One possible explanation for this disagreement is that the axis of the PEA
rotates during propagation from the Sun to the Earth as reported by Cohen et al. (2010) and
Vourlidas et al. (2011).

It is noteworthy that the researchers who participated in CDAW had selected the 17 May
CME, not strong but faintly erupted, as the likely candidate of the ICME, because its source
region was located close to disk center, while the source location of 16 May CME was far
from the disk center. Recently, the 16 May CME was accepted as an alternative candidate
for the ICME by CDAW, after the discovery that the eruptive filament near the disk center is
related to the arcade formation in AR 10759. Based on our study, we conclude that the solar

http://fw.hida.kyoto-u.ac.jp
http://www.oafa.fcefn.unsj-cuim.edu.ar
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Figure 10 The 17 May 2005 CME, the possibly associated 20 May 2005 ICME, and their candidate solar
source regions. (a) Full disk Yunnan Hα image. The white box denotes the location of AR 10763. (b) LASCO
C2 observations of the CME that could produce the ICME observed in situ near Earth, shown in (c). Solid
red lines denote a fitting result by the cylinder model. The vertical dotted and dashed lines represent the
interplanetary shock arrival time and the boundaries of the ICME, respectively. Submaps focusing on AR
9097 prior to the CME eruption are shown in (d) Hα and (e) a magnetogram from SOHO/MDI. (f) Shows
SOHO/EIT observations of the same region post-eruption. Estimates of helicity injection in the regions of
interest are shown for (g) the entire active region, (h) the polarity inversion line (PIL) and (i) the regions
labeled ‘F1’ and ‘F2’. The red dashed vertical line indicates when the flare occurred.
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Figure 11 The 16 May 2005 CME and its potential solar source regions. (a) Full disk Yunnan Hα image.
The white box denote the location of AR 10759. (b) LASCO C2 observations of the CME that produced the
20 May 2005 ICME. Submaps focusing on AR 10759 prior to the CME eruption are shown in (c) Hα and
(d) a magnetogram from SOHO/MDI. (e) Shows GOES/SXI observations of the same region post-eruption.
Estimates of helicity injection in the regions of interest are shown for (f) the entire active region, (g) the
polarity inversion line (PIL) and (i) the region labeled ‘F1’. The red dashed vertical line indicates when the
flare occurred.

source of the 20 May 2005 ICME is more likely to be 16 May 2005 CME, rather than the
17 May 2005 CME.

4. Summary and Conclusions

We determined the accumulated amount of helicity injection in the source active regions of
CMEs using SOHO/MDI magnetograms, and the helicity sign of the associated ICMEs by
fitting the cylinder model developed by Marubashi (2000), assuming a self-similar expan-
sion of the flux rope, to the solar wind data. We confirmed that the helicity signs of ICMEs
are generally consistent with that of their solar source regions, in 88 % of the cases. We also
compared helicity signs deduced from the X-ray sigmoid shapes with the helicity signs of
the ICMEs, and found that about 61 % of the ICMEs have the same helicity signs, while
12 % of the ICMEs have helicity signs that are not in agreement with that of the sigmoid.
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However, it was noted that there are many cases (26 %) when the sigmoid’s shape is am-
biguous in the soft X-ray images. These results indicate that most CMEs contain flux ropes
which maintain their helicity signs in the interplanetary space.

By studying four events where the helicity signs differ between the active regions and
the ICMEs, we found that the sign inconsistency in two events may be due to one of the
following reasons: either incorrect identification of the CME source region (20 May 2005
ICME), or a localised region having a different helicity sign than that of the entire source
active region (28 July 2000). The other two events (the 13 – 14 October 2000 ICME and the
20 November 2003 ICME) do not show clear consistency of the sign between the helicity
injection through the photosphere and the helicity of the ICMEs. However, we found in
both cases that the ICMEs have the same helicity signs as that of the pre-existing coronal
magnetic fields in their solar source regions, which were determined by using the LFFF
model. These results suggest that the origin of the ICME helicity can be found from the pre-
existing magnetic helicity already accumulated in the corona, and the injection of helicity
of the opposite sign through the photosphere may result in magnetic reconnection and lead
to filament eruptions.

We note that the sigmoid shapes of the source regions of 28 July 2000 and 13 – 14 Oc-
tober 2000 events do indicate a sign of helicity in agreement with the ICME. The sigmoid
shape can represent the coronal helicity, opposite to the sign of the photospheric helicity
injection. This might illustrate the importance of not relying on a single signature of source
region helicity sign when comparing the signs of helicity of CMEs and their associated
ICMEs.

In summary, we have found that all ICMEs in this study have the same helicity signs as
their solar source regions. Our result reveals that all the CMEs studied in this article have
flux rope structure and their helicity signs are conserved while the CMEs propagate from
the Sun to the Earth.
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