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ABSTRACT

Aims. We determine the volumetric plasma filling factor of coronal bright points.

Methods. Rastered spectra of the regions of the quiet Sun were recorded by the Extreme ultraviolet Imaging Spectrometer (EIS)
during operations with the Hinode satellite. Calibrated intensities of Fe XII lines were obtained and images of the quiet corona were
constructed. From the imaged spectra, the emission measures and geometrical widths of coronal bright points were obtained. Electron
densities were determined from density-sensitive line ratios. A comparison of the emission measure and bright point widths with the

electron densities yielded the plasma-filling factor.

Results. The median electron density of coronal bright points is 4 X 10° cm™ at a temperature of 1.6 x 10° K. The volumetric plasma-
filling factor of coronal bright points was found to vary from 4 X 107> to 0.2 with a median value of 0.015.

Conclusions. The current set of EIS coronal bright point observations indicates that the median value of their plasma filling-factor is
0.015. This can be interpreted as evidence of a considerable subresolution structure in coronal bright points or as the result of a single
completely-filled plasma loop with a width on the order of 1-2 arcsec that has not been spatially resolved in these measurements.
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1. Introduction

Coronal brights points provide a simplified environment for
studying coronal heating. Since bright points were first discov-
ered in EUV (Tousey & Koomen 1971) and X-ray (Vaiana et al.
1973) observations of the corona, it has been shown that they
consist of one or a few small plasma loops with individual life-
times of 6 min (Sheeley & Golub 1979), although their typi-
cal aggregate lifetime is about 8 h (Golub et al. 1974). They
generally span small bipoles observed in photospheric magne-
tograms (Krieger et al. 1971; Tousey et al. 1973), which are
more often the result of the collision of magnetic flux elements
than of flux emergence (Webb et al. 1993). Parker (1988) has
suggested that coronal heating occurs through the dissipation of
magnetic discontinuities on very fine scales. The goal of this pa-
per is to examine the Extreme ultraviolet Imaging Spectrometer
(EIS) observations of coronal bright points and to use the avail-
able quantitative diagnostics to determine the densities, tempera-
tures, geometries and plasma filling factors of these structures. In
particular, the value of the plasma filling factor should be a direct
test of Parker’s prediction of nanoflare heating.

2. Instrumentation, observations and data
reduction

EIS consists of an off-axis, parabolic-mirror telescope which fo-
cuses an image of the Sun onto the slit of a normal-incidence,

* Full Table 2 is only available in electronic form at
http://www.aanda.org

toroidal-grating spectrometer. Two sets of molybdenum-silicon
multilayer coatings have been applied to two halves of the mirror
and grating to enhance their reflectivity in two extreme ultravio-
let bands, nominally 170-210 A and 250-290 A, the short wave-
length (SW) and long wavelength (LW) bands, respectively. Two
aluminum filters are used to reject visible light. Both wavelength
bands are detected by their individual CCD detector. Each CCD
pixel views an angle of 0.9984 arcsec along the slit and 22.3 mA,
the equivalent of 26 km s~! in the SW band and 36 km s~ in the
LW band, along the dispersion. The observations discussed here
were all made with a 1 arcsec wide slit. The pointing stability of
EIS, as a result of spacecraft pointing variations, is estimated to
be 3-5 arcsec. The EIS instrument has been described in greater
detail by Culhane et al. (2007) and Hinode has been described
by Kosugi et al. (2007).

The observations that will be discussed were made on 2007
June 15-18. They consist of EIS slit rasters over 55 arcsec. wide
regions of the quiet Sun with exposure times of 60s. The CCD
data from the central 512 pixels were transmitted for 18 spectral
windows. Several sets of observations were obtained. On June
15,16, a set of 5 consecutive, contiguous 55 arcsec rasters were
performed to cover a region about 512 x 275 arcsec, north-south
by east-west. On June 16, 4 series of 3 consecutive , contigu-
ous 55 arcsec rasters were performed to cover a region about
512x165 arcsec. Finally, on June 17,18 a time series of 20 rasters
was performed to cover a region about 512 X 55 arcsec over a
period of about 37 h with a somewhat irregular cadence. The
field of view of all the observations followed the same region
on the Sun as controlled by the Hinode satellite pointing that
followed the differential rotation of the Sun. The observations
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were obtained during the Hinode eclipse season so that it was not
always possible to observe an unocculted Sun for a full 55 min.
The data were further degraded by observations made during
passage through the South Atlantic Anomaly and the polar belts
as well as the synoptic off-pointings to disk center made 4 times
a day.

Data reduction started with the use of the “Level-0" files pro-
duced by the standard data production pipeline. A dark, zero-
second exposure obtained on June 1 was subtracted from the
Level-0 data by matching their cumulative histograms at the 20%
level. Hot pixels were identified from files in the SSW SolarSoft
distribution. Further, “warm” pixels were identified from 100 s
dark exposures obtained on June 19. A warm pixel is defined as
one that has a reproducible dark current that can add up to 10 or
more DN for a given exposure time.

The slit image is straight but tilted over the extent of the CCD
that was read out. The wavelength scale was corrected for the slit
tilt. A wavelength scale has been adopted under the assumption
that coronal radial velocities are zero when averaged along the
slit. An additional complication to the determination of a ve-
locity scale is the variation of the wavelength scale on a time
scale that is roughly equal to the orbital period. Consequently,
the wavelength scale must be corrected for each exposure. Here,
the Fe XI1 195 A line was used for the velocity standard.

Finally, the spectral line profiles were fit with Gaussian pro-
files by means of a Levenberg-Marquardt algorithm. For the
Fe X1 1203.8 lines a two Gaussian fit was used. For all other
line profiles discussed here, a single Gaussian fit was used.
Young et al. (2008) have discussed the shape of these line pro-
files and the presence of blends in some detail. They suggest
that for densities below 10!° cm™3, the case seen here, that the
blends to the Fe XII 4195 line are not important and that a single
Gaussian fit can be used. For the Fe X111 4203.8 lines they used
a three-Gaussian fit but found it necessary to constrain some of
the parameters of the fit. Here, a two-Gaussian fit was used. An
examination of the two-Gaussian fits with respect to the obser-
vations indicates that they reproduce the line profile at a level
commensurate with the data quality which is limited by the low
count rates in the quiet Sun. The statistical weights used in the
fitting were derived from the quadrature sum of the photon noise
and the CCD read noise. Pixels that were identified as hot or
warm pixels were given a weight of zero. The preflight absolute
intensity calibration was applied to the data.

The area covered by the central EIS raster is outlined in
the Extreme ultraviolet Imaging Telescope (EIT) image shown
in Fig. 1. The EIT images were co-aligned to the EIS spec-
tra by means of the EIS Hem 1256 image and the EIT Hell
1304 image. The accuracy of the co-alignment is on the order
of 2.6 arcsec, the size of an EIT pixel.

3. Electron densities and filling factors in coronal
bright points

The 5 part raster obtained on June 15,16 is shown in Fig. 2.
The raster sequence was started at 1639 UT and finished on June
16 at 0256 UT. The intensities shown in Fig. 2 were logarith-
mically scaled as were the electron densities. The electron den-
sities have been determined using the scattering calculation of
Storey et al. (2005) included in the CHIANTI database (Dere
et al. 1997; Landi et al. 2006) for the Fe XII 1186/1195 ratio.
Both lines consist of blends of two Fe XII lines. A previous anal-
ysis of EIS spectra (Dere et al. 2007) showed that the rms error
in the determination of densities in the quiet Sun was a factor
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Fig.1. EIT image in FeXII 1195 with an outline of the area of the
central EIS raster.

of 1.6. There is considerably more noise in the density image
than in the intensity image, reflecting the lower signal-to-noise
ratio of the weaker 186 A line. Further, Dere et al. (2007) and
Young et al. (2008) found that densities derived from the Fe XII
line ratio were factors of 1.6 and 1.9, greater than those derived
from Fe XIII line ratios, respectively. An analysis of the current
data sets indicates that the densities derived from the Fe XII ra-
tios are also about a factor of 1.9 higher than those derived from
Fe X111. The dotted vertical stripes on the left sides of the second
and third raster show the effects of satellite night and the bright
vertical stripe in the fifth raster is the result of the satellite off-
pointing to disk center. A previous study of the quiet sun with
EIS spectra (Dere et al. 2007) showed a general correlation be-
tween coronal bright points and high electron density. In Fig. 2,
a number of coronal bright points have been labeled for later
discussion. Compared with the great majority of coronal bright
points in the figure, that labeled A is considerably larger but will
be included in the analysis. The bright points are typically dis-
cernible as small loop-like features that have high densities as
seen in the density image.

During the period June 17, 18, a time series of EIS rasters
was obtained at a single pointing following solar differential ro-
tation. The time series of Fe XII intensity and density images are
shown in Fig. 3. In this figure, coronal bright points have also
been labeled. The numbers 0 through 18 refer to the series of
rasters whose observations times are shown in Table 1. The let-
ters refer to bright points that are seen in one or more rasters. In
some rasters, the bright points are discernible as a collection of 2
or more loops and each loop has been further labeled with an a,
b, or c.

The plasma filling factor for each bright point observation
was derived by measuring the peak intensity in Fe XII 4195, a
typical electron density near the center of the bright point, and
the bright point width. Because the bright points are near the
resolution of EIS, there are generally not a sufficient number of
data to determine a true average value of the electron density.
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Fig. 2. Left, Fe X1I 1195 intensity images, and, right, electron density images derived from the Fe XII density-sensitive line-ratio pair.

Table 1. June 17,18 observation times.

Raster Day Start time (UT) End time (UT)
0 17 0247 0345
1 17 0423 0521
2 17 0623 0721
3 17 0743 0841
4 17 0920 1018
5 17 1059 1157
6 17 1236 1334
7 17 1416 1514
8 17 1615 1713
9 17 1752 1850
10 17 2242 2340
11 18 0019 0117
12 18 0146 0244
13 18 0322 0420
14 18 0501 0559
15 18 0640 0738
16 18 1136 1234
17 18 1317 1415
18 18 1458 1556

The width is the full width at half maximum of the intensity
profile perpendicular to the length of the loop and has an esti-
mated accuracy of about 30%. These data are listed in Table 2.
As the complete table is only available electronically, only two
sample entries are shown here. The median value of the bright

Table 2. Coronal bright point intensities, densities, widths and filling
factors. The full table is only available in electronic form.

Label Raster Intensity’ Log density” Width® Fill factor

1 z 1.65e+02 9.42 5.0 6.7e-02

B 2 1.51e+02 10.32 4.6 1.0e-03
“ergem2 s sr7!; P em™3; € arcsec.

point widths is 5 arcsec. The raster listing refers to the number in
Table 1 with the raster z referring to the set of 5 rasters obtained
on June 15,16. In a large number of bright points, the width is
apparently that of a single coronal loop.

The observed intensity of a spectral line emitted by a coronal
loop is

I= fG(T)NeNHdl (1

where N, is the electron density, Ny is the hydrogen density and
G(T) is the contribution function, calculated with the CHIANTI
database. To apply this to a resolved structure such as a coronal
bright point, it is assumed that the feature is isothermal and the
G(T) function is evaluated at its peak temperature T,s. For a
temperature of 1.6 x 10% K, appropriate for Fe XII, the hydro-
gen density Ny = 0.86 N.. The path length of the integration is
the loop width w under the assumption that the bright point is a
cylindrical loop. If the loop is not completely filled with emitting
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Fig. 3. Top, a time series of Fe XII 1195 intensity images, and, bottom, a time series of electron density images derived from the Fe XII density-
sensitive line-ratio pair. The numeric labels refer to the raster labels in Table 1.

plasma, then it necessary to introduce a volumetric filling factor
f to account for this. Under these assumptions

I = 0.86 G(Tmax) N2 f w. )

In Table 2, the observables needed to derive the filling factor f
are provided and the values of the resulting filling factor listed.
A background intensity value has been subtracted to arrive at
the line intensities listed in the table. The background value is
an typical value of the line intensity in the neighborhood of the
bright point. Separate background values were applied to both
the Fexm 186 A and 195 A lines. This background is inter-
preted as the result of multiple large scale structures overlying
the bright points. A histogram of electron densities is shown in
Fig. 4. The median electron density is 4 x 10° cm™3. The distri-
bution of filling factors is shown in Fig. 5 and the median value
of the filling factor is 0.015. If the electron densities are actually
about a factor of 2 lower, as suggested by the Fe XIII line ra-
tios, then the median fill factor would be 0.06. Somewhat lower

filling factors were found in the transition region using a similar
approach (Dere et al. 1987).

The distribution of filling factors shown in Fig. 4 suggests a
Gaussian-shaped distribution. However, it is clear that this is the
result of a real distribution of filling factors and not the result
of accumulated errors in the measurements. For example, bright
point F has electron densities that generally range in value be-
tween 10 to 10'*! while bright point H has density values that
range between 10°3 and 10, consistently lower than those in F.
Generally, individual bright points show fairly consistent varia-
tions in density and width with time. The largest changes in the
filling factor come about when the bright point can be seen to
break up into multiple bright points.

4. Discussion

From the analysis of the EIS spectra of coronal bright points,
filling factors significantly less than unity are found. Perhaps the
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Fig. 4. Histogram of coronal bright point electron densities.

30 T T
25 |- R
20 |- —
9]
g 151 Fe XII |
=5
Z
10 1
5 = ’—f 4
O Il L | | |
107 1074 1073 1072 107! 10°
Filling Factor

Fig. 5. Histogram of coronal bright point filling factors.

most questionable assumption in this analysis is that the Fe XII
emission actually occurs near the peak of the Fe X1 contribu-
tion function. The coronal bright points observed here were also
apparent in images obtained with the X-ray telescope (XRT) on
Hinode. The X-ray emission is likely to be produced at temper-
atures well above 1.6 x 10° K. In order to examine this ques-
tion, the isothermal emission measures for a variety of lines were
determined for bright point F observed in raster 12. These are
shown in Fig. 6. It is evident that, for this brightpoint, 1.6x 10° K
is near the peak of the emission-measure distribution.

Ugarte-Urra (2004) and Ugarte-Urra et al. (2005) have used
the Coronal Diagnostic Spectrometer (CDS) on SOHO to mea-
sure electron densities in coronal bright points. For Fe X1I they
find densities ranging from 10°2 to 10% cm~ when background
intensities are subtracted. These values are in general agreement
with our current results. Further, Ugarte-Urra (2004) measured
the widths of coronal bright points in the 171 A TRACE images
and found an average FWHM of 3 arcsec and length of 8§ arcsec.
These images are formed predominantly by emission in FeIX
and Fe X at 1 x 10% K.

The low plasma filling factors found here indicate that there
is significant fine structure below the resolution of these obser-
vations. One way to interpret this result is to assume that all of
the plasma is located in a single, completely-filled loop with the
same length as the observed loop but with a smaller diameter.
Under this assumption, the FWHM of this single loop is the ob-
served FWHM multiplied by the square-root of the volumetric
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Fig. 6. Isothermal emission measures for a bright point.
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Fig.7. Histogram of the subresolution FWHM of the observed bright
points.

filling factor. Basically, the volume of this single subresolution
loop is taken to be the observed length times the reduced area.
For all of the entries in Table 2, the subresolution FWHM has
been calculated and the distribution of these values is shown
in Fig. 7. The median value of the subresolution FWHM is
0.9 arcsec. Again, if the electron densities are actually about a
factor of 2 lower, as suggested by the Fe XII line ratios, then
the median subresolution FWHM would be 1.8 arcsec. TRACE
observations (Ugarte-Urra 2004) reveal bright points widths of
3 arcsec. that are below the 5 arcsec. widths measured with EIS
but somewhat larger than those predicted for a single subresolu-
tion, filled loop. However, the TRACE measurements also refer
to emission at 1 x 10® K which often shows finer structures than
observed at 1.6 x 10° K in Fe XII. Consequently, corona bright
points may consist of many fine-scale structures below their ap-
parent sizes determined from recent measurements, but they may
also be interpreted as single completely filled loops with cross-
sectional dimensions somewhat below the spatial resolution of
current observations.

These results suggest that further investigations of coronal
bright point would be worthwhile. TRACE observations in the
Fe X1 195 A band were made at the same time as the EIS ob-
servations. Measurements of the widths of the same loops listed
in Table 2 would be useful. It is possible that the bright point
dimensions determined from the EIS observations are broad-
ened by variations in the spacecraft pointing. The distribution of
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emission measures shown in Fig. 6 is quite narrow. Aschwanden
(2002) suggests that the loops observed in the different TRACE
bands are isothermal. One question that should be examined is
whether the observed line intensities could be reproduced by a
single isothermal loop. In this context, it would also be useful to
address any temperature structure in the direction transverse to
the main axis of the observed loops.

5. Conclusions

EIS spectra of coronal bright points have been examined. The in-
tensities and geometrical widths have been measured. Emission
measures have been determined from line intensities and elec-
tron densities determined from density-sensitive line ratios. A
comparison of the electron densities derived from the loop emis-
sion measures and widths with the densities derived from the
density-sensitive line ratios indicates that the volumetric plasma
filling factor of the coronal bright points ranges from about
4 x 107 to 0.2 with a median value of 0.015. If the observed
bright points are interpreted as single, completely filled loops,
their median widths would be on the order of 1 to 2 arcsec,
somewhat below the EIS spatial resolution. Consequently, the
existence of subresolution fine structure in coronal bright points
can not be ruled out but neither can it be confirmed. The con-
tinued analysis of EIS, TRACE and other observations will be
valuable.
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Table 2. Coronal bright point intensities, densities, widths and filling factors.

Label Raster Intensity” Log density” Width® Fill factor

1 z 1.65e+02  9.42 5.0 6.7e-02
2 z 1.21e+02  9.84 34 1.0e-02
3 z 8.97e+01  9.34 4.4 6.0e-02
4 z 4.66e+01  9.48 54 1.3e-02
5 z 5.20e+01  9.25 6.0 3.8e-02
6 z 5.81e+01  9.35 6.0 2.7e-02
7 z 4.99e+01  9.30 4.0 4.4e-02
9 z 8.25e+01  9.35 39 5.9e-02
10a z 5.63e+01  10.35 2.4 6.6e-04
10b z 1.00e+02  9.47 2.8 5.8e-02
11 z 1.99e+02  9.46 4.8 7.0e-02
12 z 6.10e+01  10.44 54 2.1e-04
13 z 2.80e+02  9.71 8.2 1.8e-02
14 z 1.65e+02  9.48 3.6 7.0e-02
15 z 8.3%+01 9.21 2.4 1.9e-01
17 z 1.36e+02 9.5 4.8 4.0e-02
18 z 1.33e+02  9.63 2.8 3.6e-02
19 z 1.00e+02 9.4 3.1 7.2e-02
20 z 1.79e+02  9.74 4.0 2.1e-02
21 z 8.25e+01  9.95 3.0 4.8e-03
22 z 8.61e+01  9.68 2.4 2.2e-02
23 z 7.53e+01 9.7 4.0 1.0e-02
A z 8.25e+02  9.68 28.0 1.8e-02
B 2 1.51e+02  10.32 4.6 1.0e-03
B 3 2.30e+02  10.13 10.0 1.8e-03
B 4 2.65e+02  10.21 7.0 2.0e-03
B 5 7.10e+02  10.2 4.3 9.2e-03
B 6 7.39e+02  10.17 4.0 1.2e-02
B Ta 2.08e+02  9.72 4.0 2.6e-02
B 7b 2.30e+02 9.72 6.0 1.9e-02
B Tc 2.04e+02  9.72 5.0 2.1e-02
B 8 3.66e+02  9.97 5.8 1.0e-02
C 4 897e+01 11.2 1.4 3.6e-05
E 8 1.90e+02  9.74 6.1 1.4e-02
F 8 1.26e+02  9.45 6.2 3.6e-02
F 9 2.87e+02  10.1 9.0 2.8e-03
F 10a 5.06e+02  9.67 7.8 4.1e-02
F 10b 4.09e+02  9.67 6.6 4.0e-02
F 11 441e+02 9.6 11.2 3.5e-02
F 12 4.38e+02 9.7 9.4 2.6e-02
F 13 3.06e+02 9.7 9.2 1.9¢-02
F 14 3.95e+02 10.5 9.0 6.1e-04
F 15 1.40e+03  9.97 11.0 2.0e-02
F 17 7.89e+02  9.87 9.0 2.2e-02
G 10 1.74e+02  9.65 11.0 1.1e-02
G 11 2.26e+02  9.65 8.0 2.0e-02
G 12 337e+02 9.6 9.8 3.0e-02
G 13 3.30e+02  9.67 11.2 1.9e-02
G 15 2.73e+02  9.65 15.4 1.2e-02
H 10a 1.84e+02 9.5 8.6 3.0e-02
H 10b 1.97e+02 9.5 8.0 3.5e-02
H 11a 531e+01 9.6 5.0 9.4e-03
H 11b 5.38¢+01 9.6 6.8 7.0e-03
H 12a 1.37e+02  9.43 6.2 4.3e-02
H 12b 9.11e+01 9.43 6.0 2.9e-02
H 13 1.36e+02  9.55 18.0 8.4e-03
H 14 1.65e+02 9.4 6.0 6.1e-02
H 15a 1.11e+02 9.3 5.4 7.2e-02
H 15b 1.29e+02 9.3 10.0 4.5e-02
I 12 6.82e+01 9.6 2.9 2.1e-02
J 15 1.02e+02  10.16 22 3.1e-03
K 17 8.25e+01 9.73 4.6 8.7e-03

derg cm™2 57! sr7!, Pem™3, “arc-sec.
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