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NON-GAUSSIAN LINE PROFILES IN A LARGE SOLAR FLARE OBSERVED ON 2006 DECEMBER 13
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ABSTRACT

We have studied the characteristics of the non-Gaussian line profile of the Fe xiv 274.20 line in and aroundÅ
a flare arcade. We found that broad non-Gaussian line profiles associated with redshifts are observed in the flare
arcade. There were two typical types of broad line profiles. One was a distorted line profile caused by multiple
flows, and the other was a symmetric line profile without any additional component. We successfully distinguished
those two types using higher order statistical moments or M—the additional component contribution—defined
in this Letter. The distorted/symmetric broad line profiles were preferentially observed in new/old flare loops,
respectively.

Subject headings: Sun: corona — Sun: flares

1. INTRODUCTION

Understanding the processes that convert stored free mag-
netic energy in the corona to thermal energy and kinetic energy
or nonthermal particle energy is important for understanding
the physics of solar flares. One of the most likely mechanisms
for explaining such rapid energy conversion is magnetic re-
connection. Modern telescope observations have confirmed
many typical features expected from the magnetic reconnection
model (e.g., Tsuneta et al. 1992; Yokoyama et al. 2001; Ohyama
& Shibata 1998; Teriaca et al. 2003). It is well known that
some part of the thermal and nonthermal particle energy reaches
to the chromosphere where it causes a sudden increase in the
temperature. The overpressure of the chromospheric plasma
then drives material into corona in an upward flow—the chro-
mospheric evaporation flow. The density in the flare loop in-
creases with this flow, and the energy in the plasma is lost by
radiation in the high-density environment (e.g., Cargill et al.
1995). On the other hand, kinetic energy can also be converted
to thermal energy by the fast mode shock which is thought to
be located downstream of the reconnection outflow. Although
the fast shock is observed in many MHD simulations (e.g.,
Yokoyama & Shibata 2001), there is little observational evi-
dence for its existence.

It is also plausible that kinetic energy is converted into wave
or turbulent energy which is expected to be observed as non-
thermal broadening of emission lines (Doschek et al. 1997).
There are many previous solar flare studies that aim to under-
stand the observed nonthermal broadening of soft X-ray emis-
sion lines which are emitted from ∼10 MK plasma (e.g., Dos-
chek et al. 1996; Harra-Murnion et al. 1997). Mariska (1994)
discusses the center-to-limb dependence of the nonthermal
broadening using data from the Bragg Crystal Spectrometer
(BCS) on the Yohkoh spacecraft, and found no clear depen-
dence. This observation indicates that the nonthermal broad-
ening is isotropic. Mariska & McTiernan (1999) also discuss
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the difference between limb flares for which the footpoints were
occulted and unocculted, and concluded that occulted limb
flares are indistinguishable from unocculted limb flares. This
result indicates that the high-temperature emission sources at
footpoints do not contribute to the observed nonthermal broad-
ening. Although considerable effort has been devoted toward
understanding nonthermal broadening in flaring plasma, its role
in the flare process is still unclear.

In this Letter, we focus on the EUV line profiles observed
in flaring loops around the impulsive phase of a GOES X3.2
flare on 2006 December 13 with the EUV Imaging Spectrom-
eter (EIS) on the recently launched Hinode spacecraft. Our
motivation in this Letter is to determine the broad non-Gaussian
line profile region in the flare loop and to understand their
typical characteristics using EIS observation. We believe that
our study can contribute to the understanding of the role of
nonthermal broadening in solar flare.

2. OBSERVATION AND DATA ANALYSIS

EIS on board Hinode is a high spectral resolution spectrom-
eter aimed at studying dynamic phenomena in the corona with
high spatial resolution and sensitivity (Culhane et al. 2007).
While making a large raster scan from 01:12 to 05:42 UT on
2006 December 13, EIS observed an X3.2 flare.

Data from the raster were processed using the EIS-team-
provided software (EIS_PREP), which corrects for flat field,
dark current, cosmic rays, and hot pixels, and applies a pre-
launch photometric calibration to the data. An orbital variation
of the line position was also corrected in the manner described
by Imada et al. (2007). Unfortunately, most of the strong emis-
sion lines formed at high temperatures such as those of Fe xv
and Ca xvii were saturated because of the size of the flare.
Thus we used data from the Fe xiv line at 274.20 Å
( ) in this Letter.log T p 6.3

Figure 1 shows the Fe xiv intensity map with the Doppler
velocity (red and blue contours) and the line width (green
contours) obtained from EIS. The horizontal/vertical axes show
the solar location in arcseconds. The red/blue contours repre-
sent red/blueshifts, respectively (level: 25 km s ). The green�1

contours show a 60 km s level of line width in standard�1

deviation. We can clearly see that the broad line profiles are
mostly associated with Doppler velocity. Unfortunately, we
cannot understand the time evolution of this flow and line
broadening from the raster scanning observation only. Let us
compare the EIS observation with other observations. Panels
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Fig. 1.—EIS Fe xiv flare intensity map (colors) with the Doppler velocity
(red and blue contours; level p 25 km s ) and the line width (green contours;�1

level p 60 km s ).�1

TABLE 1
Fitting Results by Single and Double Gaussian

Position a0 m0 j0 x2 a1 m1 j1 a2 m2 j2

f . . . . . . . 6015 274.223 0.078 4.98 6875 274.202 0.056 2926 274.330 0.032
g . . . . . . . 88465 274.214 0.063 103 85524 274.170 0.033 54966 274.256 0.058
h . . . . . . . 65784 274.251 0.095 17.1 62727 274.209 0.068 37339 274.340 0.051
i . . . . . . . 51057 274.213 0.083 15.6 31073 274.219 0.103 27001 274.208 0.044
j . . . . . . . 32565 274.164 0.039 3.02 … … … … … …

Notes.—The terms , , and ( ) show the intensity (ergs cm s sr ), line center�2 �1 �1 �1˚a m j i p 0, 1, 2 Ai i i

position ( ), and standard deviation ( ).˚ ˚A A

a and b of Figure 2 (Plate 1) show the GOES X-ray (1.0–8.0
) light curve and the Nobeyama Radio Polarimeters (NoRPÅ

35 GHz; Nakajima et al. 1985 and references therein) signal.
Note that UT starts on the right side and ends on the left side.
Figures 2c–2e show a time series of X-ray images obtained by
X-Ray Telescope (XRT) on board Hinode. The contours show
the Doppler shifts, which are the same as in Figure 1. We co-
aligned between EIS and XRT by doing a correlation analysis
between the EIS Fe xiv intensity map and an XRT thin be-
ryllium filter image in the nonflaring region, which is located
in upper right part of Figure 2c. The observing times for the
EIS raster are shown at the top of Figure 2a. Note that EIS
raster scanning starts from the west side (right-hand side in
Figs. 2c–2e) and goes to the east side (left-hand side). The
orange dashed lines show the slit position of EIS scanning in
the XRT image at 02:16:18, 02:27:19, and 02:39:19.

In Figure 2a we can see that the flare onset occurred around
02:15 and that the GOES X-ray peak was around 02:40. The
strong enhancement of the GOES X-ray was observed from
02:20 to 02:30 with NoRP enhancements which correspond to
the impulsive phase (Fig. 2b). Thus, the XRT images of Figures
2c–2e correspond to the flare onset, the impulsive phase, and
the GOES maximum, respectively. During the impulsive phase,
a strong blueshift was observed around solar and solar′′X ∼ 360

which was discussed in Asai et al. (2008). From′′Y ∼ �120
their analysis these blueshifts are associated with plasmoid ejec-
tions during the impulsive phase. Small redshift regions were

also observed from the flare onset to the end of impulsive phase.
We do not discuss those features during the impulsive phase
in detail (see Asai et al. 2008). Our study concentrates on the
flare loops just after impulsive phase in this Letter. From the
end of the impulsive phase, we observed two redshift regions
in the flare arcade. We found that those two correspond to the
footpoints/flare ribbons of the flaring loops by comparing the
Ca ii image obtained by Solar Optical Telescope on board the
Hinode spacecraft (not shown here), although there is some
ambiguity in height from the solar surface (e.g., Czaykowska
et al. 1999). In particular, the northern part shows strong red-
shifts, and in this Letter we refer to this as the northern redshift
region (NRR) (Fig. 2d). Weak blueshifts were also observed
at this stage around solar and solar .′′ ′′X ∼ 330 Y ∼ �130

Figures 2f–2j show the Fe xiv line profile in and around the
flare loops. The yellow arrows in Figure 2c show the locations
at which the line profiles were obtained. In Figures 2f–2l the
black solid lines with error bars show the Fe xiv line profiles
obtained by EIS. The black dashed line marks the rest wave-
length of the Fe xiv 274.204 line. The blue/red solid linesÅ
show the fitting results with single/double Gaussians, respec-
tively. The fitting functions are as follows:

2( )l � m0

f (l) p a exp � � C , (1a)[ ]s 0 022j0

2 2( ) ( )l � m l � m1 2

f (l) p a exp � � a exp � � C ,[ ] [ ]d 1 2 12 22j 2j1 2

(1b)

where and are the single- and double-Gaussian fitting func-f fs d

tions, respectively, and , , , and ( ) are thea m j C i p 0, 1, 2i i i i

fitting parameters. For cases where the reduced x2 value of the
single-Gaussian fit exceeded 4.5, we fit the line profile with a
double Gaussian. The orange and pink dashed lines show the
two components of the double-Gaussian fitting. The fitting re-
sults are summarized in Table 1. We chose and to meeta a1 2

the condition .a j ≥ a j1 1 2 2

In Figure 2f a strong redshift (∼140 km s ) with a stationary�1

component can be seen. No blueshifted component is visible in
this line profile. Note that the spectral line in Figure 2f was
obtained in the preflare stage. It is plausible that chromospheric
evaporation was not yet occurring in this early stage of the flare.
The broad redshifted component (∼60 km s ) with blueshift�1

(∼40 km s ) can be seen in the impulsive phase (Fig. 2g). At�1

the peak time of the GOES flux, we can see both a flat-topped
and a sharply peaked line profile in Figures 2h and 2i, re-
spectively. In Figure 2j the line profile is blueshifted without
strong line broadening. From those spectral lines, we can
clearly see that there are two typical types of the broad line
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TABLE 2
Statistical Moments

Position Mean
Standard
Deviation Skewness Kurtosis M

f . . . . . . . 274.227 0.073 0.1886 �0.549 0.0311
g . . . . . . . 274.215 0.064 0.5087 �0.262 0.0963
h . . . . . . . 274.249 0.087 0.0218 �0.556 0.0591
i . . . . . . . 274.215 0.090 �0.0003 0.462 �0.0041

Fig. 3.—Location of distorted (orange) and symmetric (green) broad line
profiles. Location of reduced x2 1 4.5 (single-Gaussian fitting) is also shown
(white line). Note that we calculate the distortion (M) only inside the white
lines. The black dashed lines show the same times as the orange dashed lines
in Figs. 2a–2e.

profiles. One is a distorted line profile caused by multiple flow
speeds such as in Figures 2f–2h, and the other is a symmetric
line profile without any flow component (Fig. 2i) (e.g., Wi-
nebarger et al. 2002). To distinguish these two types, we cal-
culated the higher order moments and the additional component
contribution to the line broadening which defined as follows:

a j2 2M { (m � m ). (2)2 1a j1 1

Note that we do not use the data itself to calculate the higher
order moments. Instead we use the results of the double-Gauss-
ian fitting. Table 2 shows the results of the moment calculation
along with the additional component contribution index. The
line profiles at positions f–h show a large positive skewness,
which is a consequence of the significant contribution of the
tail on the redshift side. They also show a large negative kur-
tosis, reflecting the flat-topped line profile. On the other hand,
the line profile at position i shows a small skewness and large
positive kurtosis. This result indicates that the line profile is
symmetric and sharply peaked. The additional component con-
tribution index M also clearly distinguishes these two types of
line broadening. Although the skewness and kurtosis are good
indicators of these two types, in this Letter we use M to discuss
where and when these two types were preferentially observed.

In Figure 3 we show a map of the additional component
contribution index M larger/smaller than �/�0.03 by using
orange (positive)/light blue (negative) colors, respectively. The
area marked in green shows the broad line profile region (160
km s in standard deviation), and is overlaid by orange or�1

light blue. The black dashed lines show the same times as the
orange lines in Figures 2c–2g. Note that M is calculated only
in the region where the value of the reduced x2 exceeded 4.5
(inside the white line). Thus the green region inside the white
line represents the broad line profile without any large contri-
bution by multiple flow speed. The orange/green region was
preferentially observed in the west/east part of the NRR,
respectively.

3. DISCUSSION AND SUMMARY

We have examined the characteristics of the broad non-
Gaussian line profile of the Fe xiv 274.20 line in and aroundÅ
a flare arcade. We found that (1) broad non-Gaussian line pro-
files associated with redshifts were observed in the flare arcade,
(2) there were two typical types (symmetric and distorted) of
broad line profiles, (3) those two types were clearly distin-
guished by higher order statistical moments or M defined in
the present Letter, and (4) the symmetric/distorted broad line
profiles were located in the east/west part of the NRR,
respectively.

There are two important points regarding the location of
symmetric and distorted broad line profiles in the flare arcade
in Figure 3. First, the distorted broad line profiles (orange
region) were preferentially observed in the western part of the

NRR. Although Figure 3 shows the spatial location of the
distorted broad line profiles, since EIS is rastering, it also rep-
resents the time evolution of line profiles. Thus Figure 3 can
also be interpreted as the time series of the line profiles. It is
possible that the distorted broad line profiles were preferentially
observed from just after the impulsive phase, and the symmetric
broad line profiles were observed after the time of the GOES
peak flux. Second, the distorted broad line profiles were pref-
erentially observed not only on the west side but also on the
north side of the NRR. Previous studies of this flare have shown
the details of the soft X-ray flare loop structure and the flare
ribbons’ development (e.g., Yan et al. 2007; Isobe et al. 2007).
Their results show that the structure developed in the north-
south direction, forming the flare arcade in a large sense. Thus
the north/south parts of the NRR correspond to new/old loop
footpoints. Both of those two points indicate that the distorted/
symmetric broad line profiles were preferentially observed in
new/old flare loops, respectively. Our observed large pictures
are summarized in Figure 4.

The time evolutions of spectroscopic measurements in the
footpoints of on-disk flares have been studied using SOHO
CDS observations (e.g., Brosius 2003; Brosius & Phillips
2004). Brosius (2003) also shows the down flow (T ∼ 100
MK), which is called “warm rain,” just after the impulsive
phase, although these results have some spatial ambiguity (sit-
and-stare observation). In Figure 3 we can see that the small
filamented structures which show the distorted line profile (or-
ange) penetrate into the region of the symmetric line profiles
(green). We think those lacking in uniformity are caused by
the variation of flare condition at each loop. EIS successfully
resolved these fine structures because of its high spatial reso-
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Fig. 4.—Schematic illustration of the observation results. The arrows rep-
resent the velocities.

lution. The spectroscopic observation with the high spatial res-
olution is crucial to discuss the line broadening. Actually, both
of the line profiles in Figures 2h and 2i are observed roughly
at the same times (1 minute) and positions (2�). However, their
spectral shapes are quite different.

For the limb flare observation, Hara et al. (2006) have dis-

cussed the increase with time of the loop-top nonthermal line
width in a small flaring event using an Fe x emission line and
they concluded that the increase of the nonthermal line width
starts when the line intensity reaches its peak. Mariska &
McTiernan (1999) have also shown the nonthermal broadening
velocity as a function of time using a Ca xix emission line.
They concluded that the peak in the nonthermal broadening
velocity occurs after the first significant hard X-ray peak. Their
conclusion is consistent with our scenario (Fig. 4), although
our observation is different from their study in temperature,
GOES class, and flare location. The impacts of these differences
on the nonthermal broadening are topics of future works.

Finally, we discuss the reason that the older flare loops show
symmetric broad line profiles. In most flare models, the con-
duction front and the nonthermal particles reach the chromo-
sphere earlier than the reconnection outflow. The collision site
between the reconnection flow and the evaporation flow may
be turbulent because of its large velocity gap. For example,
Yokoyama & Shibata (2001) found in a magnetohydrodynamic
simulation that a high-density hump is formed at the collision
site. Additional simulations and observations should further
clarify the origin of the symmetric broad line profiles.
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PLATE 1

Fig. 2.—Time profile of (a) GOES and (b) NoRP on 2006 December 13. (c–e) Time series of XRT images with Doppler shift contours. (f–j) Fe xiv line profiles
in and around the flare arcade. The orange dashed lines in (a–e) are 02:16, 02:27, and 02:39 from the right, respectively. The black dashed line in (f–j) shows
the rest wavelength of the Fe xiv line.


