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Abstract

Magnetic flux ropes are bundles of twisted magnetic field enveloping a central axis. They harbor free magnetic
energy and can be progenitors of coronal mass ejections (CMEs). However, identifying flux ropes on the Sun can
be challenging. One of the key coronal observables that has been shown to indicate the presence of a flux rope is a
peculiar bright coronal structure called a sigmoid. In this work, we show Hinode EUV Imaging Spectrometer
observations of sigmoidal active region (AR) 10977. We analyze the coronal plasma composition in the AR and its
evolution as a sigmoid (flux rope) forms and erupts as a CME. Plasma with photospheric composition was
observed in coronal loops close to the main polarity inversion line during episodes of significant flux cancellation,
suggestive of the injection of photospheric plasma into these loops driven by photospheric flux cancellation.
Concurrently, the increasingly sheared core field contained plasma with coronal composition. As flux cancellation
decreased and a sigmoid/flux rope formed, the plasma evolved to an intermediate composition in between
photospheric and typical AR coronal compositions. Finally, the flux rope contained predominantly photospheric
plasma during and after a failed eruption preceding the CME. Hence, plasma composition observations of AR
10977 strongly support models of flux rope formation by photospheric flux cancellation forcing magnetic
reconnection first at the photospheric level then at the coronal level.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); Solar magnetic reconnection (1504);
Solar abundances (1474)

Supporting material: animation

1. Introduction

Magnetic flux ropes are specific magnetic configurations in
the solar atmosphere where helical field lines wrap around a
common axial field. They are fundamentally associated with
solar eruptions, particularly coronal mass ejections (CMEs),
due to their magnetic free energy content and susceptibility to a
loss of equilibrium or instability (see Green et al. 2018, for a
review). Although the magnetic field of flux ropes cannot
readily be directly observed in imaging data, sigmoids are a
well-known indirect signature that indicates the presence of
helical field lines, of around one turn, in a flux rope
configuration (Rust & Kumar 1996; Green et al. 2011).
Sigmoids are hot, S-shaped (or double J-shaped) coronal loops
that emit in EUV and soft X-ray, covering a temperature range
of log TK= [6.0, 7.2] (e.g., Gibson et al. 2002; Tripathi et al.
2009; James et al. 2018; Mulay et al. 2021). When observed on
the Sun, sigmoids are highly likely to erupt as a CME (Rust &
Kumar 1996; Canfield et al. 1999, 2007).

Flux ropes in sigmoidal active regions (ARs) can form
during an AR’s emergence and/or decay phase. Regardless of
the phase, flux rope formation can be a consequence of

photospheric flows that drive reconnection at some height in
the atmosphere. For example, during an AR’s emergence
phase, strong orbiting motions of the photospheric field bring
together sheared loop systems and drive reconnection between
them, resulting in flux rope formation in the corona (James
et al. 2020). Similarly, during the decay phase, reconnection in
the photosphere, which manifests itself as flux cancellation
(Martin et al. 1985), readily occurs and transforms an AR’s
sheared arcade into a low-lying flux rope (van Ballegooijen &
Martens 1989). This process takes place over several days, and
once the sigmoid forms as a continuous S-shape (from double
J-shaped loops), a CME follows within a period of time
measured in hours (Green & Kliem 2014). As ARs disperse
their fragmented flux over an ever larger area, flux cancellation
and flux rope formation readily occur along the internal or main
polarity inversion line (PIL) of the region (e.g., Green et al.
2011, 2018; Yardley et al. 2018). These transformations of the
magnetic configuration are realized with magnetic reconnection
occurring from photospheric up to low coronal heights.
Different reconnection heights ultimately influence the specific
details of the flux rope and the plasma it contains, and its
likelihood to erupt as a CME. Therefore, due to the very nature
of the formation process of flux ropes, plasma composition is a
potentially powerful diagnostic to constrain flux rope formation
models, with measured elemental composition of sigmoid
plasma providing information as to its origin, whether photo-
spheric or coronal.
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Plasma composition can be determined by considering
coronal emission lines from elements with different first-
ionization potentials (FIPs). In general, elements with a FIP
10 eV have enhanced abundances compared to those with a
FIP 10 eV when the plasma is observed in the corona relative
to the photosphere (see the review of Laming (2015)). The
degree of enhancement is highly correlated with the Sun’s
magnetic activity on all spatial and temporal scales (e.g.,
Brooks et al. 2015; Baker et al. 2018; Brooks et al. 2017).
Studies of erupting prominences show that their cool, dense
plasma has photospheric composition, suggesting that unfrac-
tionated plasma from the photosphere/chromosphere was
brought upwards into the prominence body rather than
fractionated plasma from the corona condensing (e.g.,
Feldman 1992; Spicer et al. 1998; Ciaravella et al. 2000).
Parenti et al. (2019) confirmed that quiescent prominences also
have photospheric composition.

These studies focused on the properties of the filament/
prominence material suspended in a flux rope configuration. To
date there have been few examples of plasma composition
being used either on its own or with other observational
evidence to investigate the formation and evolution of flux
ropes in ARs. Baker et al. (2013) found unfractionated plasma,
i.e., of photospheric composition, along a sigmoid channel in
an eruptive AR. The authors concluded that the observed
photospheric composition plasma combined with significant
flux cancellation was evidence of a flux rope that had formed
via reconnection low down in the solar atmosphere, as
proposed by van Ballegooijen & Martens (1989). Coronal
plasma composition was a key observable used to verify that a
sigmoidal flux rope formed via reconnection high up in the
corona by James et al. (2017, 2018). Fletcher et al. 2001
established a link between elemental abundances and the type
of magnetic topology associated with transition region bright-
enings within a sigmoidal AR. More precisely, they found that
the brightenings related to bald-patch separatrix and quasi-
separatrix layers (QSLs) are associated with plasma composi-
tion close to typical photospheric and coronal composition,
respectively.

In the investigation presented here, coordinated Hinode/
XRT, SOT, and EIS observations are used to show how plasma
composition evolves in a sigmoidal AR as a flux rope forms
and then subsequently erupts. In Section 2, we provide
observations of the photosphere, chromosphere, and corona
during the AR’s decay phase when the flux rope formed. An
account of the Hinode/EIS diagnostics used in this study
follows in Section 3. The spatially resolved composition ratio
and temperature maps are presented in Section 4. We discuss
our findings in the context of flux rope formation models based
on flux cancellation (e.g., van Ballegooijen & Martens 1989;
Aulanier et al. 2010) in Section 5, before concluding in
Section 6.

2. Evolution of AR 10977

AR 10977 was a simple bipolar AR (Zurich classification β)
visible on the solar disk from 2007 December 2–12. The AR
was in its emergence phase for approximately two days before
a peak flux value of ∼2.4× 1021 Mx was reached at ∼12:00
UT on December 4. The AR then entered its decay phase,
which was characterized by the formation of a sigmoid
indicating that a flux rope had been built (Green et al. 2011;
Savcheva et al. 2012; Gibb et al. 2014). The flux rope erupted

early on December 7 in two stages: a failed eruption followed a
few hours later by a CME that was detected in STEREO-B
coronagraph data (Ma et al. 2009a). A B1.4-class GOES flare
and a global wave were associated with the CME (Ma et al.
2009b; Green et al. 2011; Long et al. 2011; Attrill et al. 2014).
Figure 1(a) shows half of the total unsigned magnetic flux

(black curve) at the end of the emergence phase and during the
decay phase, with the times of Hinode/EIS observations
plotted as vertical gray dashed lines. During the early decay
phase, significant flux cancellation occurred along the northern
section of the main PIL for 2.5 days prior to the CME that
occurred at 04:20 UT on December 7 (Green et al. 2011). At
the southern-most end of the main PIL, flux cancellation was
also observed in the more fragmented magnetic field, but this
was minor compared to that of the primary site in the north and
cancellation began later there (Green et al. 2011). The locations
of the main PIL and the sites of flux cancellation are identified
in the Solar and Heliospheric Observatory (SOHO)/Michelson
Doppler Imager (MDI) magnetograms of Figure 2.
Figure 1(b) shows a light curve of the soft X-ray emission

from the entire AR. The soft X-ray emission associated with
the failed eruption and the CME peaked at 01:08 UT and 05:45
UT, respectively, on 2007 December 7. The evolution of the
coronal loops during the region’s decay phase can be seen in
the Hinode/XRT images in Figure 3. The image series shows
that the coronal field evolves in three key stages during the
decay phase: flux rope formation, failed/CME eruptions, and

Figure 1. Global evolution of AR 10977. (a) Half of total unsigned flux
(black), mean temperature (red), and mean Fe XVI 262.98 Å/S XIII 256.69 Å
composition ratio (blue) vs. time. Hinode/EIS raster start times are shown with
dashed gray lines. The global evolution of magnetic flux, temperature, and
composition ratio are compared in Section 5.5. (b) Hinode/XRT C-Poly light
curve for December 5–7.
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post-CME eruption, briefly described below and discussed in
more detail in Sections 4.1, 4.2, and 4.3, respectively.

Early on December 5, before the start of significant flux
cancellation in the north, the arcade loops were aligned
approximately orthogonal to the main PIL, i.e., were potential
(see image at 00:34 UT on December 5). The arcade field
became more sheared 12 hr later as flux cancellation
accelerated (see image at 12:57 UT). The approximate shear
angles are shown by the crossing of the dashed red/black lines
representing the main PIL/loops axes in both images. By 15:51
UT on December 6, the AR loops had formed a continuous
forward S-shaped sigmoid (Green et al. 2011). The sigmoid/
flux rope expanded and rose during the failed eruption and
CME (see images at 01:47 and 04:20 UT on December 7,
respectively). Highly sheared posteruption loops were present

in the northern region immediately following the CME from
05:00 to 12:00 UT. The sigmoid was destroyed during the
CME (Green et al. 2011) but reformed after Hinode/EIS
composition observations ended at 11:26 UT.
A filament is present in AR 10977 on December 5, as shown

in the Improved Solar Optical Observing Network (ISOON)
and Hinode/SOT Hα images in Figure 4. It lies along the main
PIL and extends to the northwest of the AR. By the start of the
Hinode/SOT observing window at 15:01 UT on December 6, a
newly formed branch of the filament was observed in the north.
The full extent of the filament then had an S-shape similar to
that of the sigmoid observed in the soft X-ray images in
Figure 3. The distinctive S-shaped filament remained essen-
tially intact during the failed eruption and CME and throughout
December 7 (not shown in Figure 4). This is sometimes

Figure 2. SOHO/MDI LOS magnetograms of AR 10977 at 00:00 UT on 2007 December 4–7.

Figure 3. Hinode/XRT C-Poly images of the coronal field evolution during the period of December 5–7. A sense of increasing shear in the northern section of the AR
is indicated by the black and red dashed lines showing the approximate angle between the main PIL and loops crossing it. A movie of the Hinode/XRT images is
included as “XRT_movie.mp4”. The movie covers the time period from 04:39 UT on 2007 December 5 to 12:18 UT on 2007 December 7. The field of view centers
on the sigmoidal AR as it evolves and eventually erupts as a CME.

(An animation of this figure is available.)
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observed in other events (e.g., Dudík et al. 2014) and implies
that the low-lying magnetic configuration supporting the
filament is not participating in the eruptions.

3. Hinode/EIS Observations

Hinode/EIS observed AR 10977 from 2007 December 5–7,
during which time Study #180 was run 16 times, 13 of which
are included here. A field of view of 180″ × 512″ was
constructed by stepping the 1″ slit in 3″ increments for
60 pointing positions, taking 50 second exposures at each
position. All spectra were corrected for dark current, warm/
hot/dusty pixels, and slit tilt using standard EIS routines in the
SolarSoft Library (Freeland & Handy 1998). Single Gaussian
functions were fitted to the unblended emission lines (Brown
et al. 2008) used for the composition ratio and temperature
measurements.

In order to investigate the evolution of the coronal plasma
composition, a suitable low-FIP and high-FIP spectral line pair
must be identified among the available lines. Previous EIS
composition studies have employed the Si X 258.38 Å/S X
264.22 Å line pair for 1–2 MK plasma (e.g., Brooks &
Warren 2011; Baker et al. 2013; Brooks et al. 2015) and the
Ca XIV 193.87 Å/Ar XIV 194.40 Å line pair for 3–4 MK
plasmas (e.g., Doschek et al. 2015; Baker et al. 2020; To et al.
2021). Neither of these well-known composition diagnostics is
available in Study #180. Instead, we use the low-FIP Fe XVI
262.98 Å/high-FIP S XIII 256.69 Å line pair recommended by
Feldman et al. (2009) for measuring the FIP effect at
temperatures of 2–3 MK, a suitable range for sigmoids (e.g.,
Tripathi et al. 2009). The ratio was computed using the
CHIANTI Atomic Database, v10 (Dere et al. 1997; Del Zanna
et al. 2021). Figure 5 shows the emissivity of Fe XVI 262.98 Å
(panel a), S XIII 256.69 Å (panel b), and the Fe/S ratio (panel c)
as a function of temperature and density, and the ratio as a
function of temperature for specific densities of log Ne= [8, 9,
10] (panel d). The emissivities were determined using photo-
spheric abundances where log(H)= 12, log(Fe)= 7.45 and log
(S)= 7.14 (Grevesse et al. 2007).

The Fe XVI 262.98 Å and S XIII 256.69 Å lines have similar
temperature dependence in ionization equilibrium (Feldman
et al. 2009) and negligible electron density dependence,
therefore their intensity ratio depends primarily on the relative
abundances of Fe and S. In the temperature range log TK= [6.3,
6.5], the relationship is well constrained, as shown with the
yellow-shaded region in panel (d) of Figure 5. In this range, the
ratio curves in panel (d) are relatively flat and independent of
electron density, with a variation span of 23%. Therefore, in this
study, we use the Fe XVI 262.98 Å and S XIII 256.69 Å intensity
ratio to determine whether the plasma composition is of
photospheric or coronal origin, and we refer to the spatial
distribution of this ratio as composition ratio maps. A ratio of
∼0.20–0.25 is photospheric plasma composition (=unfractio-
nated plasma) and a ratio >0.80, a factor over 3× the
photospheric ratio, is coronal plasma composition (=fractionated
plasma). Because of the stronger temperature dependence (see
again Figure 5(d)), it becomes more difficult to disentangle
temperature effects from those of changes in relative abundances
for plasma temperatures outside of log TK= [6.3, 6.5].

Temperature maps of the sigmoidal AR were made using the
Fe XVI 262.98 Å/Fe XV 284.16 Å diagnostic line ratio. The
temperature range covered by the line ratio is compatible with
that of the composition diagnostic used in this study. Figure 6

shows the theoretical temperature curve derived for the Fe XVI
262.98 Å/Fe XV 284.16 Å ratio with the range of log
TK= [6.3, 6.5] highlighted in yellow. (See the Appendix for
Hinode/XRT filter-ratio temperature maps in support of the
Fe XVI 262.98 Å/Fe XV 284.16 Å temperature ratio maps.) The
estimated uncertainties in the Fe XVI 262.98 Å/S XIII 256.69 Å
composition and the Fe XVI 262.98 Å/Fe XV 284.16 Å ratios is

Figure 4. ISOON and Hinode/SOT Hα images at (a) 14:39 UT, (b) 17:30 UT,
and (c) 19:20 UT on December 5 and at 15:01 UT on December 6 without/
with contours (left/right) of SOHO/MDI line-of-sight magnetic field
component of ± 100 G (white/green for positive/negative values). Filaments
are indicated by the white arrows. x and y coordinates are in arcsec.
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∼30% based on an intensity calibration uncertainty of ∼23%
(Lang et al. 2006). It should be noted that some low-intensity
pixels may have unreliable composition ratio measurements.
Sufficiently low intensities mean that the Fe XVI 262.98 Å and/
or S XIII 256.69 Å lines may not have well-defined spectral
profiles over and above the background level. This is more
likely to affect pixels in regions of photospheric composition
plasma.

Hinode/EIS S XIII 256.69 Å intensity, Fe XVI 262.98 Å/
S XIII 256.69 Å composition ratio, and Fe XVI 262.98 Å/Fe XV
284.16 Å temperature maps are provided in Figures 7–9. Each
map has been overplotted with SOHO/MDI± 100 G contours
of the line-of-sight magnetic field component closest in time
and differentially rotated to the start time of the EIS raster. The
right column of the figures shows the corresponding Hinode/
XRT C-poly intensity maps. The color scheme for the
composition ratio maps has been chosen so that photospheric
composition with a ratio of ∼0.20–0.25 is dark (blue) and
coronal composition with a ratio of >0.8 is light (tan/yellow/
white). Orange/red indicates mixed or partially fractionated
plasma in between photospheric and coronal composition. The
color of the arrows in the composition ratio maps corresponds
to this color scheme.

4. Composition and Temperature Evolution in the
Sigmoidal AR

Hinode/EIS observations span the three main stages of the
coronal evolution in the sigmoidal AR. Stage 1 is the sigmoid/
flux rope formation (observations at 00:14, 06:30, 11:39, 14:48,
and 23:33 UT on December 5 and 02:14, 05:28, and 12:03 UT
on December 6 in Figures 7 and 8, respectively). Stage 2 is the
failed eruption and CME (observations at 00:18 and 03:27 UT
on December 7 in Figure 9). Stage 3 is the posteruptive period
(observations at 06:37, 10:34, and 11:26 UT on December 7 in
Figure 9).

4.1. Flux Rope Formation (Stage 1)

The northern and southern sections of AR 10977 evolved
separately throughout the AR’s decay phase. Bright sheared
loops crossed the main PIL, connecting the main magnetic
polarities. These loops in the S XIII 256.69 Å and XRT
intensity images correspond to highly fractionated plasma in
the Fe XVI 262.98 Å/S XIII 256.69 Å composition ratio maps at
00:14, 06:30, and 11:39 UT on December 5, as indicated by the
yellow arrows in Figure 7. The degree of plasma fractionation

in these loops notably decreases in the EIS composition ratio
maps from 14:48 UT on December 5, and this trend continues
on December 6.
In the region north of the sheared arcade, plasma composi-

tion is predominantly partially fractionated (red arrows) at
00:14 UT. However, at the localized primary site of flux
cancellation (see Figure 2), the plasma composition is
approaching photospheric levels (blue arrow). The spatial
distribution of the photospheric-like composition extends away
from the primary site of flux cancellation along loops in the
northern-most region (called the elbow) in the composition
ratio maps at 06:30, 11:38, and 14:48 UT on December 5
(Figure 7). As the sigmoid develops the northern elbow reverts
to partially fractionated (red) plasma on December 6.
The loops in the southern section of the AR remained

essentially perpendicular to the PIL, i.e., potential-like,
throughout the sigmoid formation. Plasma composition in this
region evolved from partially fractionated (red) at 00:14 UT on
December 5 to photospheric-like hours later. The blue patch is
located at the secondary site of flux cancellation. In general, the
southern region has mixed plasma composition until a distinct
curved feature of photospheric (blue) plasma develops in the
magnetic void between the fragmented polarities at ∼–125″ in
the y-axis (see the Fe XVI 262.98 Å/S XIII 256.69 Å ratio map
at 12:03 UT on December 6 in Figure 8).
The Fe XVI 262.98 Å/Fe XV 284.16 Å temperature maps in

Figures 7 and 8 show very little temperature evolution within

Figure 5. Fe XVI 262.98 Å/S XIII 256.69 Å composition ratio. Left to right: (a) emissivity as a function of temperature and density for Fe XVI 262.98 Å, (b) S XIII
256.69 Å, (c) ratio of the Fe/S lines, and (d) ratio as a function of temperature for densities of log Ne = [8–10].

Figure 6. Theoretical curve of the Fe XVI 262.98 Å/Fe XV 284.16 Å intensity
ratio versus log TK. Temperature range highlighted in yellow is the same as in
Figure 5 (d).
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the considered narrow range in the loops to the north and south
of the sheared arcade. Temperatures remain in the range

Tlog K = [6.32, 6.38] on December 5 and 6, well inside the
reliable temperature window of our diagnostics as marked by

Figure 7. Hinode/EIS S XIII 256.69 Å intensity, Fe XVI 262.98 Å/S XIII 256.69 Å composition ratio, Fe XVI 262.98 Å/Fe XV 284.16 Å temperature, and XRT
intensity maps on 2007 December 5. MDI contours of ±100 G are overplotted on the EIS maps (positive—turquoise or white, negative—green or red). Blue/red/
yellow arrows designate unfractionated/partially fractionated/highly fractionated coronal plasmas, as discussed in the text. Stages of evolution are explained at the
beginning of Section 4. x and y coordinates are in arcsec.
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the yellow band in Figure 6. Within the sheared arcade, the
zone along the main PIL is hotter than its surroundings
with temperatures in excess of Tlog K = 6.4, approaching

Tlog K = 6.5. The extent of the hottest region evolves from a
broad patch of approximately 30″× 40″ to a narrow, bar-like
feature along the axis of the S-shaped sigmoid as it forms.

4.2. Eruptions (Stage 2)

Hinode/EIS observed the expanded and extended sigmoid
during the rise phase of the light curve peak associated with the
failed eruption at 00:18 UT (top panel of Figure 9). Overall, the
plasma composition evolved from partially fractionated to more
photospheric-like at the extreme ends of the S-shaped loops,
most notably in the northern elbow. After the failed eruption
but before the CME, the sigmoid was dominated by photo-
spheric composition along its full extent (at 03:27 UT). The
temperature of the flux rope structure was approximately log
TK= 6.35 at this time and the hot bar-like feature along the

sigmoid’s axis is not prominent in the composition ratio or
temperature maps, although it is still clear in the S XIII
256.69 Å intensity map.

4.3. Post-CME Eruption (Stage 3)

The sigmoid structure was destroyed during the CME and
replaced by highly sheared loops (see Figure 9 at 06:37 UT;
Green et al. 2011), while the potential-like arcade in the
southern part of the AR remained intact. The structure of the
AR and distribution of plasma composition are similar to that
of the first EIS observation at 00:14 UT on December 5.
Coronal composition plasma comprises the posteruption arcade
loops. Patches of photospheric composition plasma persisted at
the secondary flux cancellation site in the southern half of the
AR. The largest spatial extent of hot plasma (log TK= [6.45,
6.5]) was observed in the posteruption arcade at 06:37 UT,
after which the temperature returned to the characteristic pre-
eruption range of log TK= [6.32, 6.38] a few hours later.

Figure 8. Hinode/EIS S XIII 256.69 Å intensity, Fe XVI 262.98 Å/S XIII 256.69 Å composition ratio, Fe XVI 262.98 Å/Fe XV 284.16 Å temperature, and XRT
intensity maps on 2007 December 6. MDI contours of ±100 G are overplotted on the EIS maps (positive—turquoise or white, negative—green or red). Blue/red/
yellow arrows designate unfractionated/partially fractionated/highly fractionated coronal plasmas as discussed in the text. Stages of evolution are explained at the
beginning of Section 4. x and y coordinates are in arcsec.
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Figure 9. Hinode/EIS S XIII 256.69 Å intensity, Fe XVI 262.98 Å/S XIII 256.69 Å composition ratio, Fe XVI 262.98 Å/Fe XV 284.16 Å temperature, and XRT
intensity maps on 2007 December 7. MDI contours of ±100 G are overplotted on the EIS maps (positive—turquoise or white, negative—green or red). Blue/red/
yellow arrows designate unfractionated/partially fractionated/highly fractionated coronal plasmas as discussed in the text. Stages of evolution are explained at the
beginning of Section 4. x and y coordinates are in arcsec.
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5. Discussion

In Section 4 we show how plasma composition evolved in an
AR that became sigmoidal as its sheared arcade field was
transformed into a flux rope that eventually erupted as a CME.
Photospheric composition plasma was found in coronal
structures connected to sites of flux cancellation along the
main PIL. Highly fractionated plasma was observed in the
sheared arcade field at the beginning of significant flux
cancellation on December 5 and then again shortly after the
CME on December 7. Within the temperature range over which
the Fe XVI 262.98 Å/S XIII 256.69 Å composition diagnostic is
effective (log TK= [6.3, 6.5]), photospheric composition was
observed where the plasma temperature was log TK 6.35, and
coronal composition where the plasma temperature was log TK
6.4, suggesting that the level of fractionation, i.e., coronal
plasma composition, is linked to the level of coronal heating.
More precisely, it is linked to the height where reconnection is
occurring (see Sections 5.1 and 5.2). When reconnection occurs
in the corona, the released energy is transported, e.g., by MHD
waves, along the newly formed flux tubes. This is associated
with an increase in the composition ratio (i.e., level of coronal
composition plasma). If reconnection occurs at the photo-
spheric/chromospheric level, in particular at bald patches,
plasma with photospheric composition is injected in the corona.
This is in agreement with the results of Fletcher et al. (2001).

5.1. Photospheric Flux Cancellation Mechanism of Flux Rope
Formation

The flux rope formation mechanism based on flux cancella-
tion reported in Green et al. (2011) and modeled in Aulanier
et al. (2010), Savcheva et al. (2012), and Gibb et al. (2014)
provides the basis for our understanding of the evolution of
plasma composition and temperature in AR 10977. Martin
et al. (1985) define flux cancellation as the apparent loss of
magnetic flux in a closely spaced magnetic field of opposite
polarities. Photospheric converging motions toward the PIL is a
natural process occurring as a consequence of the AR’s
magnetic field dispersion driven by convection (van Driel-
Gesztelyi & Green 2015, and references therein). Flux
cancellation in a sheared arcade is the observational manifesta-
tion of reconnection along the PIL, which in turn alters the
coronal magnetic field structure.

A description of the process from van Ballegooijen &
Martens (1989) is summarized below. The process is illustrated
in their Figure 1. As two sheared loops crossing the PIL have
one of their footpoints, of opposite magnetic polarity, moving
toward each other by converging motions, they are forced to
reconnect. This process creates two new loops: a short loop that
submerges at the PIL and a long loop connecting the distant
footpoints. The submerged field reduces the flux content within
the system, which is detected as flux cancellation. The
converging motions also increase the magnetic shear of the
loops before reconnection, as well as the shear of the long
loops formed by reconnection. This results in an increasingly
sheared magnetic arcade, with a more-sheared core, and later
on a flux rope is formed. This later stage is due to less-sheared
loops reconnecting with more-sheared loops below them, so
that the reconnected loops are forced to wrap around, with a
helix-like shape, the more-sheared loops (which become the
core of the flux rope). This process, envisioned first by van
Ballegooijen & Martens (1989), has been presently confirmed

by numerical simulations (e.g., Amari et al. 2003; Aulanier
et al. 2010; Amari et al. 2011; Zuccarello et al. 2015).
The overlying arcade loops keep the flux rope line-tied at the

photosphere, forming a bald-patch separatrix surface (BPSS;
Titov et al. 1993). Where the helical field grazes the
photosphere at the BPSS, the field lines are concave up,
forming magnetic dips in which dense filament material can be
supported along the PIL. Dips occur at the center of the
S-shaped field located at sites of flux cancellation (Titov &
Démoulin 1999; Savcheva et al. 2012). The flux cancellation
process adds flux to the flux rope and, as the flux rope is
forming, it moves upward to satisfy the force balance. As a
consequence of the partial detachment of the flux rope from the
photosphere, the bald patch first splits into two bald patches
which progressively separate with time. The two associated
BPSSs intersect at a coronal separator where magnetic
reconnection is also forced to occur. Later on, as the flux rope
is rising, the bald patches disappear and then magnetic dips are
present only at the coronal level. The separator/intersecting
BPSS is transformed to a hyperbolic flux tube (HFT)/QSLs
(e.g., Figure 4 of Aulanier et al. 2010).
Therefore, during this entire process, converging photo-

spheric motions with flux cancellation first impose reconnec-
tion of field lines at the photospheric level, then at the coronal
level. This creates the envelope of the flux rope, further
building it. Eventually, the overlying arcade can no longer hold
down the flux rope due to built-up magnetic pressure and it
subsequently erupts.

5.2. Local Evolution—Sites of Flux Cancellation

AR 10977 exhibited significant photospheric flux cancella-
tion along the internal or main PIL beginning early on 2007
December 5 (see Figure 1(a)). The primary site of flux
cancellation was in the northern region where the flux rope
formed (Green et al. 2011; Savcheva et al. 2012). Photospheric
plasma composition is first observed at the precise location of
cancellation at the time when the flux curve in Figure 1(a) is
steepest, suggesting a fast rate of flux cancellation along the
PIL. Composition ratio maps timed at 00:14, 06:30, and 11:39
UT coincide with the sharp fall in flux from approximately
00:00 to 15:00 UT on December 5. In these maps, the area in
the corona containing plasma with photospheric composition
extends further north-northwest where the loops of the northern
elbow are located. Over the same time period, a number of
flaring events are observed in the enclosed XRT movie called
“XRT_movie.mp4”. These events are likely to be related to
reconnection induced by the ongoing flux cancellation and
subsequent reorganization of the coronal field in the northern
region. Loops containing photospheric composition rooted in
and around the primary site of flux cancellation were able to
reconnect with nearby loops thereby transferring the plasma
over a larger area, as observed by Hinode/EIS. By the same
mechanisms, the plasma with photospheric composition
contained in the flux rope is heated up by small-scale
reconnection events so that it appears in the temperature
window observed by EIS.
Flux cancellation at the secondary site (see Figure 2) was

weaker and began somewhat later compared to that of the
primary site (Green et al. 2011). However, a similar evolution
of plasma composition is observed in the far south of the AR.
Figure 7 at 23:33 UT shows a region of photospheric plasma
composition at the secondary flux cancellation site. Eruptive
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activity is observed in the southern region in the XRT movie
during December 5 leading up to the EIS observation. The
scenario is comparable to that in the northern section of the AR.

Unfractionated plasma composition at the sites of flux
cancellation is consistent with a BPSS topology where the field
lines are tangential to the photosphere. The simulations of AR
10977 carried out by Gibb et al. (2014) support the presence of
a BPSS topology as the flux rope is very low down, forming at
a height of 2 Mm. BPSSs are locations where current sheets
form and reconnection takes place, albeit very low in the solar
atmosphere. During reconnection at a BPSS, the energy
released along the field lines causes heating and evaporation
of photospheric plasma. After reconnection at a BPSS,
photospheric plasma can be lifted into the corona as the
concave up BPSS field lines rise (Titov et al. 1993; Fletcher
et al. 2001; Aulanier et al. 2010). This scenario of AR 10977 is
similar to that reported in Baker et al. (2013), where Hinode/
EIS observed photospheric plasma composition along the
sigmoidal channel above the main PIL hours before a CME.
The results of Fletcher et al. (2001) confirm the link between
photospheric plasma composition, locations of flux cancella-
tion, and a BPSS topology. They found that the elemental
abundances measured in the transition region brightenings
within a sigmoidal AR depends on the type of topological
structure of the regions where the brightenings occur; coronal
plasma with photospheric composition was associated with
BPSS and coronal plasma with quasi-separatrix layers (QSLs).

Savcheva et al. (2012, Figure 11) modeled the sigmoid/flux
rope just prior to the composition ratio map at 12:03 UT and
identified the locations of flux-rope-associated field line dips
within AR 10977. One dip is located at the primary site of flux
cancellation and the other is in the magnetic void, i.e., the
region of low radiance in the band of photospheric composi-
tion, which is indicated by the blue arrow at 12:03 on
December 6 (Figure 8). It is tempting to claim that the
photospheric plasma composition is directly related to the
magnetic dip at the BPSS identified by Savcheva et al. (2012).
However, it is equally plausible that the unfractionated plasma
is also related to the low amount of coronal heating, as
traced by the low temperature and density present there,
leading to a lower amount of MHD waves and a low level
of the fractionation process of the model developed by
Laming (2015).

Finally, early studies (e.g., Spicer et al. 1998) found that
plasma composition in prominences (and therefore filaments) is
photospheric. On December 5, photospheric composition was
observed intermittently along the northern pathway of what
would become the S-shaped filament observed on December 6
(Figures 7 and 8), suggesting the possibility that Hinode/EIS
was observing the plasma of the filament cavity before filament
formation in the northern section of the AR.

5.3. Local Evolution—Arcade Field

Within the central arcade field of the AR, highly fractionated
plasma with coronal composition was observed during the
period of accelerated flux cancellation early on December 5.
The Fe XVI 262.98 Å/S XIII 256.69 Å ratio evolves to lower
levels, though remaining coronal in composition, as the flux
cancellation curve flattens at ∼15:00 UT. As the composition
ratio decreases, the temperature of the plasma within the arcade
field region also decreases. The concurrent evolution in
composition and temperature suggests that reconnection

induced by flux cancellation is also decreasing. Enhanced
levels in the low-FIP Fe XVI relative to the high-FIP S XIII in
the arcade field connecting opposite polarities are predicted by
the ponderomotive fractionation model of Laming (2015) and
supported by the simulations of Dahlburg et al. (2016). A high-
Alfvén wave flux is expected while magnetic field flux-
cancellation-induced coronal reconnection is ongoing. This is
in contrast with the description of the scenario in Section 5.2
where reconnection occurs at the photospheric level. Later on,
the Alfvén wave flux is expected to fall off with the lower
levels of induced reconnection starting later on December 5 and
continuing until after the eruptions. Plasma mixing is likely to
occur as arcade loops reconnect with loops rooted in the
vicinity of the flux cancellation regions, thereby contributing to
the decrease in Fe XVI 262.98 Å/S XIII 256.69 Å ratio values.
In a similar fashion, coronal composition is observed in the
bright, hot posteruption loops at 06:37 UT on December 7;
thereafter the flare arcade fades, the temperature decreases, and
the plasma composition becomes mixed, i.e., partially fractio-
nated (red).

5.4. Local Evolution—Flux Rope

Green et al. (2011) reported that the flux rope, as traced by
coronal plasma, had formed approximately 8 hr before the start
of the failed eruption. The footpoints of the flux rope are
identified by the white circles overplotted on the Hinode/EIS
map at 00:18 UT on December 7 (Figure 9). At this stage, the
plasma composition at each footpoint was predominantly
photospheric while partially fractionated plasma (red) com-
prised the central portion of the flux rope. Three hours later,
after the failed eruption but before the CME, photospheric
composition had spread along the entire length of the flux rope
(at 03:27 UT in Figure 9). Prior to and during the eruptive
period the sigmoid/flux rope expanded and rose (see
Figure 9(a) of Gibb et al. 2014), allowing heated plasma with
photospheric composition at the footpoints to expand into the
increasing volume. Well before the eruption, reconnection at
bald patches is also expected to bring new plasma with
photospheric composition at the periphery of the forming flux
rope. As the erupting system enters a phase of fast expansion
(Aulanier et al. 2010), the photospheric plasma is accelerated
into the flux rope so that more of the volume is filled, similar to
what is observed at 03:27 UT. The dominantly photospheric
plasma composition of the erupting sigmoid/flux rope is in
agreement with the photospheric origin material in erupting
(e.g., Widing et al. 1986; Feldman 1992; Spicer et al. 1998) and
quiescent prominences/filaments (Parenti et al. 2019).

5.5. Global Evolution

Locally, the spatial distribution and temporal evolution of
plasma composition observed in AR 10977 are in support of
the scenario proposed by van Ballegooijen & Martens (1989),
that flux cancellation at the main PIL of a sheared arcade field
leads to the formation of a flux rope. The global evolution of
the plasma composition within the AR also appears to be
dominated by the processes of flux rope formation in flux
cancellation models. In Figure 1(a), the mean AR Fe XVI
262.98 Å/S XIII 256.69 Å ratios within the temperature range
log TK= [6.3, 6.5] are compared to the flux and temperature
evolution. The mean value of the composition ratio decreases
∼30% during the flux rope formation and eruptions until a few
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hours after the CME when the AR is dominated by hot,
posteruption loops. Over the same time period, the magnetic
flux decreased by a similar amount, ∼29%.

The parallel evolution of plasma composition and magnetic
flux is consistent with the conclusions of Baker et al. (2018).
They found that the relative abundance of low-FIP Si X
258.38 Å compared to high-FIP S X 264.22 Å increases during
the magnetic emergence phase and decreases during the
magnetic decay phase for ARs ranging from ephemeral flux
regions to the largest ARs. The strong correlation of
composition with magnetic activity extends to solar-cycle
timescales (Brooks et al. 2017). The mean temperature of the
AR remained stable during the flux rope formation followed by
the eruptive period, in agreement with the results of Ugarte-
Urra & Warren (2012), who demonstrated that AR cores
become fainter and less variable during the decay phase.

6. Conclusion

Locally and globally, the Hinode/EIS plasma composition
and temperature observations of AR 10977 strongly support the
van Ballegooijen & Martens (1989) model of flux rope
formation by photospheric flux cancellation. We employed a
new composition diagnostic, the Fe XVI 262.98 Å/S XIII
256.69 Å ratio proposed by Feldman et al. (2009), to
investigate the formation and evolution of a flux rope in a
sigmoidal AR. Our results demonstrate that plasma composi-
tion provides independent observational evidence to distinguish
between the mechanisms of flux rope formation, those that
form via reconnection in the corona (e.g., James et al.
2017, 2018), and those that form lower in the atmosphere via
photospheric flux cancellation (e.g., van Ballegooijen &
Martens 1989; Aulanier et al. 2010).
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Appendix

Mulay et al. (2021) analyzed the temperature evolution of
the hot plasma in a flaring AR containing a sigmoid. Their
study used an emission-measure analysis and various filter-
ratio methods to obtain the temperature distribution in the AR.
They found good agreement between the results using the
different methods. We have used the Hinode/XRT Al poly/Be
thin filter ratio employed by Mulay et al. (2021) to compare
with the Fe XVI 262.98 Å/Fe XV 284.16 Å maps in
Figures 7–9. Figure 10 shows three filter-ratio maps, one from
each evolutionary stage described in Section 4. The temper-
ature distribution in the AR is in the range log T= [6.30, 6.45],
consistent with the Fe XVI/Fe XV maps. These results provide a
good level of confidence that the Fe XVI/S XIII composition
ratio is a suitable diagnostic for analyzing plasma composition
in sigmoidal ARs.

Figure 10. Hinode/XRT Al poly/Be thin temperature ratio maps during the stages of evolution of the sigmoid/flux rope. In all cases the temperature peaks at
approximately log T = 6.45.
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