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Abstract Solar extreme-ultraviolet (EUV) lines emitted by
highly charged ions have been extensively studied to dis-
cuss the issue of coronal heating and solar wind acceler-
ation. Based on observations of the polar corona by the
SUMER/SOHO spectrometer, this paper investigates the re-
lation between the line widths and kinetic parameters of
ions. It is shown that there exists a strongly linear correlation
between two variables (o/k)2 and M—!, where o, A and M
are the half-width of the observed line profile at 1//e,
the wavelength and the ion mass, respectively. The Pearson
product-moment correlation coefficients exceed 0.9. This
finding tends to suggest that the ions from a given height
of polar corona have a common temperature and a com-
mon non-thermal velocity in terms of existing equation. The
temperature and non-thermal velocity are obtained by lin-
ear least-square fit. The temperature is around 2.8 MK at
heights of 57”7 and 102”. The non-thermal velocity is typi-
cal 21.6 kms~! at height of 57” and 25.2 kms~! at height
of 102".
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1 Introduction

The measurement of solar extreme-ultraviolet (EUV) lines
is an important tool to study the outstanding problems of
coronal heating and solar wind acceleration (e.g., Hassler
et al. 1990; Erdélyi and Ballai 2007). Previous EUV mea-
surements showed that most solar EUV lines are broader
than those expected from thermal broadening in terms of the
Doppler effect, demonstrating the presence of unresolved
mass motions of the plasma (i.e. non-thermal motions in
literatures; Boland et al. 1973, 1975; Doschek et al. 1976;
Mariska 1992). The non-thermal motions are usually re-
garded as a manifestation of some type of wave (or tur-
bulence), such as magneto-acoustic wave or Alfvén wave
(Boland et al. 1973; Hassler et al. 1990; Erdelyi et al. 1998;
Banerjee et al. 1998). These waves may carry necessary en-
ergy to larger heights and contribute to the coronal heating
and solar wind acceleration (see also, Ofman 2005; Cran-
mer et al. 2007; Mclntosh et al. 2011; Chmielewski et al.
2013). The wave energy density, for a given plasma den-
sity, depends on the wave velocity amplitude represented
by the non-thermal velocity. This non-thermal velocity, as
well as the ion temperature, appears as a Doppler broaden-
ing of an emission line. Hence, one need to first determine
the ion temperature and non-thermal velocity from the line
width for a quantitative discussion of coronal heating and
solar wind acceleration.

It is difficult to discriminate the ion temperature and
non-thermal velocity. All difficulties arise since these two
pieces of information merge in only one physically observ-
able quantity of line width (Dolla and Solomon 2008). The
separation from line width into an ion temperature and a
non-thermal velocity depends on certain assumption. One
usually makes an assumption about one of the above quanti-
ties to obtain the other one, depending on the purpose of the
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author. For instance, to obtain the non-thermal velocity one
may assume that the unknown ion temperature is equal to the
formation temperature (Hassler et al. 1990; Banerjee et al.
2009; Li and Ding 2009; Coyner and Davila 2011). These
assumptions may limit the accuracy of the determined re-
sults (Landi and Cranmer 2009; Bemporad and Abbo 2012).
Seely et al. (1997) have questioned the validity of the fre-
quently used assumption of ion temperature equal to a given
formation temperature of the ion, generally taken as the tem-
perature of maximum abundance of the ion emitting the line
(Jordan 1969; Arnaud and Rothenflug 1985; Arnaud and
Raymond 1992). The derived magnitude of non-thermal ve-
locity is quite sensitive to the ion temperature value. More-
over, if the ion temperature were to increase with height,
then the increase in temperature could lead to the line width
broadening without necessarily invoking an increase in the
non-thermal velocity (Singh et al. 2006).

It will become easy to determine the coronal ion tem-
perature and non-thermal velocity for off-limb observations,
if two preconditions are fulfilled. They are the ions within
a volume element having a common non-thermal velocity
and having a common temperature. The condition of a com-
mon non-thermal velocity makes sense and seems accept-
able, since it is generally believed that this velocity comes
from mass motions of the plasma due to wave or turbulence,
i.e. regardless of the ion species. In contrast, one may ques-
tion another condition of a common temperature, because
the corona has a low plasma density and thus may become
highly collisionless especially for the coronal hole plasma
(Tu et al. 1998). In addition, Moran (2003) performed a test
for a common ion temperature and non-thermal velocity us-
ing their spectral line observations. Their results showed that
there is not a common non-thermal velocity if there is a com-
mon ion temperature, and there is not a common ion temper-
ature if there is a common non-thermal velocity. It should
be noted that the data used for the test in Moran (2003) are
summed within a range of coronal heights from 1.02 to 1.06
solar radius.

The present paper aims to report a finding of strong cor-
relation between the line widths and ion masses for the line
width data at two given coronal heights. The paper is or-
ganized as follows. We describe the data in Sect. 2 and
show the strong correlation between the line widths and ion
masses in Sect. 3. On the basis of this correlation, the coro-
nal ion temperature and non-thermal velocity at the given
coronal heights are deduced in Sect. 4. Finally, the conclu-
sion and discussions are presented in Sect. 5.

2 Observational data

The SUMER instrument on board the SOHO spacecraft pro-
vides authors with unprecedented opportunity for studying
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the solar atmosphere by analysing ion emission lines (Wil-
helm et al. 1995, 1997; Domingo et al. 1995; Lemaire et al.
1997). Dolla and Solomon (2008) have performed observa-
tions with a 1”7 x 300" slit, oriented in the north-south direc-
tion, using detector A. In particular, they obtained four data
sets of line widths, and the main one, which is our interest,
consists of much more ion species as shown later. The main
data set is for a not well-developed polar coronal hole with
possibility of a mixture of the quiet corona. For the main
data set, the complete observation lasted for about 13 hours
on 30 May 2002. The authors have used these data to discuss
the issue of preferential ion heating.

In this paper, we investigate the observational data of line
widths and find strong correlation between the line widths
and ion masses. We present the data used in this paper as
shown in Table 1 (Dolla and Solomon 2008, from their Ta-
ble 3). The data comprise two parts. One is for observation
at the height of 57" above the solar limb and the other at the
height of 102”. From Table 1, one can see that the data in-
clude 17 (15) emission lines for the observation at the height
of 57”7 (102”). Considering that the mass of ion is repre-
sented by the mass of the corresponding atom, the masses
of the ion species range from 14.01M g to 55.85Mp, where
My is the mass of the hydrogen atom. The line width refers
to the half-width at 1/./e provided through a least-square
Gaussian fit including a second-order polynomial. The in-
strumental width has been removed from line widths. In ad-
dition, the effect of possible stray light, i.e. part of radia-
tion that is emitted on-disk and is finally detected off-limb,
may be not negligible for off-limb observation (Dolla et al.
2003, 2004). Correction from the instrumental stray light
also has been considered if it is necessary or possible. Fi-
nally, it should be noted that some lines, marked with an
asterisk in Table 1, were observed in second order, meaning
that the measured widths are twice as large as the width that
would be measured in first order, which were considered in
the study.

3 The strong correlation between the line widths and
ion masses

To proceed with the discussion, we introduce several phys-
ical quantities of o, A and M, referring to the half-width of
the observed line profile at 1/./e, the wavelength and the
ion mass, respectively. The left panel of Fig. 1 shows a scat-
ter plot of (o/ 1)Z versus M ! for the data of observation at
height of 57", where data points, including filled and open
circles, are for the line widths without consideration of the
measurement errors, i.e., without error bars. The data points
distributed from left to right in the panel correspond to the
ions of Fe, Ca, Ar, S, Si, Mg, Na, O, N, respectively. (Note
that the ions of Ca and Ar nearly have the same masses.)
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Table 1 Line width data at two

. . . . b 2

positions above the solar limb Line* Atomic mass (M) Line width” (A)
(Dolla and Solomon 2008) 57" 102”

Fe X 1028.02 55.85 0.1102 £ 0.004 0.1184 £ 0.004

Fe X 1463.50 55.85 0.1435 +0.013

Fe X1 1467.08 55.85 0.1272 +0.007 0.1318 £ 0.011

Ar VIII 700.26* 39.95 0.1351 +£0.002 0.1411 £ 0.004

Ar VIII 713.82* 39.95 0.1291 % 0.004"

Fe XII 1242.00 55.85 0.1039 £ 0.004 0.1128 +£0.004

Fe XII 1349.36 55.85 0.1078 £ 0.004 0.1177 £0.004

Ca X 574.00* 40.08 0.1118 £0.002 0.1185 £ 0.002
“Wavelengths in angstroms were Si VIII 1445.75 28.08 0.1605 £ 0.004" 0.1674 £0.004"
taken from Feldman et al. S X 1196.20 32.06 0.1250 £ 0.004" 0.1266 + 0.004"
(1997). Lines denoted by an NV 1238.81 14.01 0.1709  0.004 0.1804 £ 0.004
asterisk were observed in
second order O VI1031.93 16.00 0.1426 £ 0.004" 0.1406 + 0.004"
YHalf-width at 1/./e. Mg IX 706.05* 24.31 0.1669 £+ 0.002 0.1795 £ 0.002
Instrumental width was Na IX 681.72* 22.99 0.1587 £ 0.002 0.1637 £ 0.002
fﬁ?ﬁggd&gﬁsd;%ﬁl";;“dlcates Si X1 580.91* 28.08 0.1271 £ 0.002 0.1204 £ 0.002
correction for the stray light Si XI 604.15* 28.08 0.1229 £ 0.005° 0.1313 £ 0.005°
Whiéltl)lis not necessary or Mg X 624.94* 2431 0.1485 +0.002 0.1524 +0.002
possible
Fig. 1 Scatter plots of (o/A)? x 1078
versus M ~! for the data of 2.6
observations at heights of
57 arcsecond (left panel) and 290 57 arcsecond 102 arcsecond .
102 arcsecond (right panel) e o .
above the solar limb. The open 1.8
circles indicate the results for Fe “‘2 :.
X and the filled circles do for B 1.4 . % Fe Xo .
others in both panels FeXe ., s ° .

1 Fexo o
! ° including Fe X, r = 0.94 s including Fe X, r = 0.92
06 without Fe X, r = 0.98 without Fe X, r=0.97
0.2

0 0.02 0.04 0.06

One can see that these exists a trend of positive correlation
between (o/A)% and M~!, especially without the two open
circles related to two Fe X lines. For the purpose of evalu-
ating the degree of correlation, we use the Pearson product-
moment correlation coefficient which is widely applied as
a measure of the degree of linear correlation between two
variables (Pearson 1903). The value of this correlation co-
efficient, denoted by r, is in the range from —1 to 1, where
1 represents total positive correlation, 0 no correlation, and
—1 total negative correlation. As shown in the left panel
of Fig. 1, the correlation coefficient is up to 0.94 includ-
ing Fe X, and 0.98 without Fe X. Similarly, the right panel
of Fig. 1 shows the result but for the observations at height
of 102”. One can find that the correlation coefficient is 0.92
including Fe X, and 0.97 without Fe X, respectively.

0.08 0 0.02 0.04 0.06 0.08

M v

M v y

H

4 The ion temperature and non-thermal velocity

Now we try to reveal the implication of the strong correla-
tion between the line widths and ion masses. As described
in Sect. 1, both the ion thermal motion and turbulent plasma
motion can contribute to Doppler broadening of an emission
line. If one assume that each of both the contributing factors
has a Gaussian distribution, the half-width of the observed
line profile at 1/4/e, i.e. o, will follow the formula (Dere
and Mason 1993)

5 A [2kT L W
0" = —| — s
2c2\ M

where c is the speed of light, k the Boltzmann constant, T
the ion temperature, £ the most probable non-thermal veloc-
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Fig. 2 The ion temperatures

57 arcsecond

102 arcsecond

T=285+012MK
£=216+15kms"

T=283+0.13 MK
£=252+16kms"

and non-thermal velocities 2.6 x10
obtained by linear least-square

fit, for the data of observations 2.2
at heights of 57 arcsecond (left

panel) and 102 arcsecond (right 1.8
panel) above the solar limb. The o
solid lines are the lines of fit to % 1.4
the data. The standard =
deviations of the both 1
parameters correspond to the

measurement errors of line 0.6
widths shown by error bars in

the figure 0'20

ity. The above equation can also be rewritten conveniently
as

(c/M*=aM™ " +b, )

with a = kT /c? and b = £2/2¢>.

The value of r > 0.9 derived in Sect. 3 implies that a
linear equation exists to describe the relationship between
two variables, i.e. (o/4)% and M~! in this paper. Based on
Eq. (2), one may find that the results in Sect. 3 tend to sug-
gest a point. It is the ions from the same height of polar
corona have a common temperature as well as a common
non-thermal velocity, so that the values of a and b become
constants for different ions. Accepting this suggestion, one
can further obtain the ion temperature and non-thermal ve-
locity in terms of the slope a and intercept b of regression
line corresponding to Eq. (2). The regression line can be
obtained by linear least-square fit. For a better fit, we ex-
clude the emission lines for Fe X in the following discus-
sion. Figure 2 presents the results for the data at heights of
57" (left panel) and 102" (right panel), respectively. The
measurement errors for each emission line, shown by er-
ror bars, are contained in the fit process, leading to uncer-
tainty estimates for the returned parameters. One can find
that the deduced ion temperature at height of 57" (102”) is
2.85+0.12 (2.83 0.13) MK, and the non-thermal velocity
is 21.6 £ 1.5 (25.2 + 1.6) kms~!. The values of both pa-
rameters (7" and &) are compatible with the previous results
derived from SUMER observations of coronal hole plasma,
i.e., the ion temperatures typically ranging from 1 MK to
4 MK and non-thermal velocities from about 20 kms~! to
50 kms~! (Wilhelm 2012).

5 Conclusion and discussions
This paper first reports the finding of the strong correlation

between line widths and ion masses. The finding is based on
line width observations for the polar corona at heights of 57"
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and 102”. The Pearson product-moment correlation coeffi-
cients exceed 0.9, implying a linear relationship between the
square of line width relative to the wavelength and the in-
verse ion mass. The linear relationship, in terms of existing
equation (i.e., Eq. (2)), suggests that the ions from a given
height of polar corona have a common temperature and a
common non-thermal velocity. This result can be used to de-
termine the coronal ion temperature and non-thermal veloc-
ity. The temperature and non-thermal velocity are obtained
by linear least-square fit in this paper. The temperature is
around 2.8 MK at heights of 57" and 102”. The non-thermal
velocity is 21.6 kms™! at height of 57” and 25.2 kms~! at
height of 102", with standard deviations of 1.5 kms~! and
1.6 kms ™!, respectively.

The finding of strong correlation between line widths and
ion masses may give a constraint on the relevant theory.
Many authors may question the common ion temperature
assumption for corona due to the low plasma density espe-
cially for the coronal hole plasma (Tu et al. 1998), while
the results in the present paper are in line with this assump-
tion. With the assumption of a common ion temperature, a
lot of studies have been carried out. Seely et al. (1997) have
derived the coronal ion temperatures and non-thermal veloc-
ities in the streamer belt. Doschek et al. (2001) investigated
the plasmas properties for the case of polar coronal hole.
The assumption of a common ion temperature can also be
found in the literature (Doschek and Feldman 2000; Landi
and Feldman 2003; Landi et al. 2006; Imada et al. 2009).

On the other hand, one may note that the data points asso-
ciated with the Fe X lines are not included in doing our linear
fit, because these data points make the degree of correlation
decreases and seem to be outliers. Some further discussion
is desirable. According to the study by Dolla and Solomon
(2008), it was found that the temperature of Fe X is partic-
ularly larger than others. A similar result was also obtained
by the authors for Fe VIII in the following paper (Dolla and
Solomon 2009). The authors suggested that this result con-
stitutes a clue to ion-cyclotron heating, since the study of
ion-cyclotron heating shows that the ions with the lowest



Astrophys Space Sci (2014) 353:373-378

371

charge-to-mass ratios always absorb a major portion of the
wave energy and leave nothing to appreciably heat the other
ions (e.g., Vocks and Marsch 2002). The present paper, how-
ever, do not consider the role of ion-cyclotron heating and
assumes that all ions have a common temperature at a given
height. Perhaps, it is worthwhile to note that the temperature
derived in this paper is in line with that of the ions with high
charge-to-mass ratio obtained by Dolla and Solomon (2009,
their Fig. 5). The derived non-thermal velocities at heights of
57" and 102" are also equal within the error bars in both pa-
pers. For instance, the non-thermal velocity at height of 57”
obtained by Dolla and Solomon (2009) is 20.5 & 2 km g1
and this velocity is 21.6 £ 1.5 kms~! in the present paper.
In addition, we should also indicate that, when we keep the
data points associated with the Fe X lines in the fit, the value
of non-thermal velocity becomes slightly higher, since the
intercept of regression line (not shown) is a little larger than
that without consideration of the Fe X lines. At the same
time, there is a corresponding decrease for the temperature
which is determined by the slope of regression line.

Before concluding, two remarks to obtain the present re-
sults may be appropriate. First, the data from off-limb obser-
vations may be a better choice. Disk observations are subject
to a projection effect, which results in commixture of ions
with various temperatures and non-thermal velocities. Sec-
ond, it is also not suitable to directly use the data from off-
limb observations summed within a range of heights, since
either the ion temperature or non-thermal velocity may be
not constant with height due to, for instance, possible energy
exchange between ions and waves (Cranmer et al. 2007; Wu
et al. 2013).

Finally, we emphasize that the present study is prelim-
inary and some in-depth study deserves. Most importantly,
we have shown that there exists a strong correlation between
the line widths and ion masses, at least for the present data.
More attention should be paid to this correlation in future
studies.
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