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Abstract

Coronal active regions are studied using Hinode/EIS observations in the EUV line Fe XII A\195.12 by analyzing
their line profiles from 2006 December to 2019 December. The period covers the last 2 yr of solar cycle 23 and
solar cycle 24 fully. Active regions are the main source of magnetic field in the solar atmosphere, important in its
heating and dynamics. Line profiles were obtained from various active regions spread across the Sun on a monthly
basis from which we obtained the intensity, line width, Doppler velocity, and centroid and examined their variation
during the solar cycle. The histograms of the Doppler velocity and centroid show that they behave in six different
ways with respect to the position of rest wavelength. In addition, the shifts in the centroid were found to be more
compared to the Doppler velocity. The variation of the line width with respect to the Doppler velocity or the
centroid mostly follows a second-degree polynomial. A multicomponent line profile is simulated to explain the
difference in the behavior of the Doppler velocity and the centroid with respect to the line width. We also find that
the intensity and the line width of the different data sets show a global dependence on the solar cycle with a good
correlation. The implications of the results for the coronal heating and dynamics are pointed out.

Unified Astronomy Thesaurus concepts: Solar atmosphere (1477); Solar corona (1483); Solar active regions (1974)

1. Introduction

The solar corona is dominated by a variety of structures,
such as active regions, coronal loops, bright points, coronal
holes, etc. The heating of the coronal plasma to millions of
degrees, the acceleration of the solar wind, and the reasons
behind the dynamic solar atmosphere are not fully explained.
There is a need for the physical connection between the mass
motions in the solar atmosphere and the coronal heating and
possibly the solar wind to be probed in more detail, to have a
better understanding of the coronal dynamics. Hence, the
nature of mass transport mechanisms in the solar atmosphere
plays a key role in addressing this connection.

Many attempts were made to address the above problems by
studying (1) the flows into the upper solar atmosphere from the
lower solar atmosphere, (2) the mass motions and their
magnetohydrodynamics in the corona, and (3) the possible
connection between the convection and the dynamics of
atmospheric regions. The line profile analysis is one such tool
that gives parameters like the intensity, line width, Doppler
velocity, and the centroid, which provide information on
physical conditions such as density, temperature, mass motions,
etc. Several interesting results were obtained from such analyses.

First, many kinds of shifts were observed in different regions
in different lines. Raju et al. (1993) reported excess blueshifts in
the coronal line profiles. The emission lines observed in the quiet
transition regions were reported to be redshifted (Peter &
Judge 1999; Brekke et al. 2000). The existence of a highly
dynamic corona was established in the late 1990s after the Solar
and Heliospheric Observatory and Transition Region And
Coronal Explorer observations (Brekke et al. 2000). Further,
blueshifts were also reported by Peter & Judge (1999) in three
coronal lines. All these observations point to the mass motions
present in the coronal heights whose emission lines are Doppler
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shifted. The asymmetry caused in the spectral lines was
correlated with the coronal heating. Smaller mass motions
driven from chromospheric regions can contribute to the hot
plasma in the corona as well. Nanoflares are the other known
sources of hot plasma in the coronal heights. Chromospheric or
type 11 spicules (Beckers 1968; De Pontieu et al. 2009), magnetic
reconnection (Klimchuk 2006; Parnell & De Moortel 2012), and
dissipation of the Alfvén waves and magnetoacoustic shocks on
magnetic flux concentrations (De Pontieu et al. 2004, 2007) have
been shown to contribute significantly to the coronal heating
and/or solar wind acceleration.

In recent years, several authors have reported the blueshifts,
and these are interpreted in terms of nascent solar wind flow. Tian
et al. (2010) observed signatures of nascent solar wind in a polar
coronal hole with some significant blueshifts. Similarly, nanoflare
heating was linked with solar wind by Patsourakos & Klimchuk
(2006) and type II spicules by De Pontieu et al. (2009).

Blueshifts were considered to be signatures of slow solar
wind sources by Hara et al. (2008) and Brooks et al. (2011) as
well. Mclntosh et al. (2012), who conducted studies using a
combination of Hinode/Extreme ultraviolet Imaging Spectro-
meter (EIS) emission-line spectra and image sequences from
the Solar Dynamics Observatory/Atmospheric Imaging
Assembly, also report the line profile asymmetry and complex-
ities involved in the coronal emissions at temperatures below
~1 MK. Episodic heating events that are rooted in the
chromosphere can play a significant role in filling the Sun’s
upper atmosphere with hot plasma (De Pontieu et al. 2009;
Mclntosh et al. 2010). Tian et al. (2021) talk about pervasive
upflows, which are considered to be linked with the solar wind
and to contribute to the coronal hot plasma.

Further, the coronal lines are known to have nonthermal line
widths along with the expected thermal line widths (Delone &
Makarova 1969, 1975; Chae et al. 1998). Excess line widths of
the order of 15-20kms ™' were reported by Skylab and Solar
Maximum Mission in the coronal forbidden lines. They are
explained as indications of wave propagation causing coronal
heating (Hollweg 1978; Parker 1988). Variation of these line
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widths above the limb with height has been reported differently
by different instruments. The correlation between the Doppler
velocity and the line width suggests that the outflows are
composed of multiple components. Correlation between the
Doppler velocity and the line width is also seen in coronal
green line profiles from active regions (Raju et al. 2011).

The coronal active regions are the source of many large-scale
eruptions, including the coronal mass ejections and the solar
flares. These regions are also found to be present around the
solar prominences in many cases. Active regions are found to
peak during the maxima of the sunspot cycle. These bright
regions appear prominently in X-ray and ultraviolet images of
the Sun. Large outflows at the boundaries of the active regions
have been discovered from Hinode/EIS observations in recent
years (Sakao et al. 2007; Hara et al. 2008; Doschek et al. 2008;
Brooks et al. 2011). Studies of the fast upflows (=100 km s h
in the coronal active regions have shown asymmetry in the hot
spectral lines. Tripathi & Klimchuk (2013) state that type II
spicules or any such mass motions that cause instant heating
and chromospheric evaporation do not contribute dominant
plasma any greater than 0.6 MK to cause coronal heating. The
series of tests that were carried out by Klimchuk (2012) to
examine the role of plasma from type II spicules in the coronal
heating also showed that spicules do not provide high-
temperature plasma to the corona but may provide cooler
plasma that may get further heated in the coronal altitudes.
Recent observations by Macneil et al. (2019), Brooks et al.
(2021), Yardley et al. (2021), and Harra et al. (2021) also report
flows in the active region boundaries.

So keeping in mind the asymmetry seen in the coronal regions
dominated by the blueshifts, their possible connections with the
solar coronal heating, and the acceleration with the solar wind,
we aim to study the line width variation in various coronal active
regions and its possible interdependency with other parameters
during the solar cycle. We also report other results found in the
course of study of the line profile analysis. The high spatial and
spectral resolution of Hinode/EIS (Kosugi et al. 2007) enables
us to study the solar corona in great detail. We have studied how
the line profiles vary in different active regions for a period of 13
yr from 2006 December to 2019 December. This period covers
the last 2 yr of solar cycle 23 and solar cycle 24 fully. The aim of
the paper is to study the coronal active regions using the
emission-line profiles. In our earlier work (Prabhakar et al. 2019)
we found some correlation of the line width with the Doppler
velocity and the centroid. This is from the ground-based eclipse
observations that lasted for just 3 minutes and 37 s. Hinode also
provides a great opportunity to study the long-term behavior of
the corona. So we have used about 13 yr of the data to study the
solar cycle variation of line profile parameters.

In the following section, we present the data and analysis.
Further, we present the results in Section 3, where we talk
about the behavior of the line profile parameters, their
interrelations, and the correlations between the parameters
and the solar cycle. A discussion is provided in Section 4.
Lastly, we present our conclusions in Section 5.

2. Data and Analysis

The Hinode mission' is dedicated to studying the dynamic
Sun and its impacts on the terrestrial climate. It provides
sequential data unaffected by the day and night cycles for
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studying the progression of particular events. The EIS on board
Hinode generates spectra in the wavelength bands centered at
195 and 270 A having a bandwidth of 40 A. EIS images the
Sun in 1” and 2” slits to produce line profiles and uses 40" and
266" slits to produce monochromatic images. EIS slits can be
used to raster-scan required regions to generate spectro-
heliograms, as well as in sit-and-stare mode to observe regions
for repeated exposures to produce high-cadence images
(Culhane et al. 2007).

In our study, we have considered the coronal active region
data sets from Hinode/EIS in the EUV line Fe XII A195.12. It
is a strong emission line that ranges between 194.84 and
19536 A and is formed at a relatively low temperature of
1.25 MK. One data set is considered for every month starting
from 2006 October, when the instrument was launched, until
2019 December. However, we found that for the months of
2006 October and November, the data quality is very poor with
missing pixels.” We obtained good-quality data sets from 2006
December onward. There are no data sets available for 3
months from 2018 February to April, when the EIS instrument
turned off unexpectedly; it was turned back on in 2018 May.
We have mostly considered the first available raster scan data
of active regions in every month. In case of nonavailability of
raster scans, a few sit-and-stare data are considered. In total,
there are 154 data sets, out of which 5 of them are sit-and-stare
images. This includes 47 1” raster scans, 102 2" raster scans, 4
1” sit-and-stare data, and one 2" sit-and-stare data.

The data sets are analyzed using EIS routines (EIS software
notes®). The prepping of the data was done using the eis_prep”
routine on IDL. This routine removes the pedestal and dark
currents, electron spikes and hot pixels, and calibrates the data
generating level 1 FITS files. These level 1 fits data are further
fitted with Gaussian curves using the eis_auto_fit routine,
which automatically handles the wavelength correction as well.
It should be noted that the line width values are also corrected
for the instrumental profile. We have fitted the data with a
single Gaussian for our study using the above-mentioned
routine. (However, it can also be used to fit double-Gaussian
curves.) This gives the intensity versus wavelength (line
profile) for every point of the data set. The peak intensity,
Doppler velocity, half width, and centroid are extracted from
the line profiles. The data are composed of the active regions
observed on both the limb and the disk. Figures 1(a), (b), (c),
and (d) give an example of the intensity, line width, Doppler
velocity, and centroid maps for a typical data set observed on
2007-10-01T00:19:13Z, respectively.

3. Results

The parameters obtained from Gaussian fitting have certain
interesting features. First, we show a line profile simulation to
explain the behavior of the Doppler velocity and the centroid
with respect to the line width in Section 3.1. This is followed
by focusing on features of the parameters by analyzing their
histograms in Section 3.2. We found that the line width has
significant correlation with the Doppler velocity and the
centroid, which we describe in Section 3.3. Lastly, to get an
overview of how these parameters behave during a solar cycle,

2 http:/ /solarb.mssl.ucl.ac.uk /SolarB /eis_docs /eis_notes /01_EIS_PREP/

eis_swnote_01.pdf
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Figure 1. Maps of a typical 1” raster-scanned active region’s (a) intensity, (b) line width, (c) Doppler velocity, and (d) centroid observed on 2007-10-01T00:19:13Z

having solar center coordinates [324//80, —73"43].

we address these parameters’ correlation with the sunspot
number in Section 3.4.

3.1. Simulations

Here we define Doppler velocity as the velocity corresponding
to the wavelength of the peak intensity and the centroid velocity
as the velocity corresponding to the wavelength point that divides
the area of the line profile into two equal halves (Dadashi et al.
2011). When the line profile is a Gaussian, the two quantities are
the same, but when there is asymmetry in the line profile, they
tend to be different. This is shown through a simple simulation. A
line profile is created by adding a stationary main component
(intensity = 1 unit, velocity =0kms ™', width=35mA) and a
moving subsidiary component (intensity = 0.3 unit, velocity =
30kms™!, width =35 mA). To make the profile look more
realistic, we have added 2.5% random noise. The line profile is
now fitted with a Gaussian, and then we obtained the Doppler
velocity. The centroid velocity is calculated from the area of the
line profile. The results are shown in Figure 2(a) and Table 1. It
can be seen that the Doppler velocity and centroid velocity are
different.

The calculations are repeated by changing the velocity of the
secondary component in the range 0—60 km s~!, and in each
case the simulation was run 100 times. They show that the
Doppler velocities and centroid velocities are not the same,
especially when the velocities are large. Figure 2(b) shows the
behavior of line width versus Doppler velocity /centroid. It can
be seen that the variation is not linear but can be fitted with a
higher-degree polynomial. As seen from our earlier paper
(Prabhakar et al. 2019), a second-degree polynomial gives a
good fitting, and there is no substantial improvement in a third-
degree polynomial fit. It can also be seen that the estimated
velocities and centroids in the single Gaussian fit are much
smaller than the actual values. The estimated velocity decreases
when the velocity of the secondary component is 60 kms ™",

In the analysis, centroid is expressed inkms ™' so that the
comparison of the Doppler velocity and centroid is easier.
Figure 2 gives an estimate of the error as well. The maximum
error obtained from the simulation is 0.23kms™' in the
Doppler velocity and 0.76 kms ™' in the centroid. However, a
more realistic calculation considering the instrumental para-
meters gives the error as 1.6 km g1 (Dere et al. 2007).
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Figure 2. (a) Simulation showing a line profile with a stationary main component and a moving subsidiary component with 2.5% random noise fitted with a Gaussian.
The vertical lines show the corresponding Doppler velocity (solid) and centroid (dashed). Details are given in Table 1. (b) Plot showing the variation of the line width

with Doppler velocity (solid)/centroid (dotted).

Table 1
Values of Intensity (Arbitrary Units), Velocity (km s~ '), and Width (m/&) for the Simulated Main and the Subsidiary Components with the Values of Velocity,
Centroid (mA), and Width for the Fitted Curve

No. Component Fitted Gaussian
Main Sub Vel (kms™) Cen (kms™") Wid (mA)
Int Vel (kms™ ") Wid (mA) Int Vel (kms™") Wid (mA)

1 1.0 0.0 35 0.3 0.0 35 0.002 £ 0.12 0.0 & 0.00 35.01 £0.18
2 1.0 0.0 35 0.3 10.0 35 226 +0.11 221 +0.76 35.59 +0.19
3 1.0 0.0 35 0.3 20.0 35 426 +0.13 4.60 + 0.06 3731 +0.21
4 1.0 0.0 35 0.3 30.0 35 5.77 £0.14 6.15 + 0.00 39.93 +0.22
5 1.0 0.0 35 0.3 40.0 35 6.67 +0.17 7.65 +0.20 43.10 £ 0.26
6 1.0 0.0 35 0.3 50.0 35 6.83 +0.19 7.84 +0.46 45.76 £ 0.32
7 1.0 0.0 35 0.3 60.0 35 6.12 +0.23 8.66 & 0.74 47.08 + 0.42

3.2. Histogram Analysis

We report the behavior of histograms of the intensity,
Doppler velocity, line width, and centroid of all the data sets in
this section. Based on the shift in the Doppler velocity and the
centroid, we have classified the data into six different cases. For
each case, we have provided a typical example of the
histograms. The intensity and the line width histograms are
given for the sake of completeness.

Case 1—Doppler velocity and centroid centered at the rest
wavelength.In this case, Doppler velocity and centroid are both
centered at the rest wavelength. When the shifts are found
within the error limits, such data sets are put under this
category. The intensity and the line width histograms are
skewed toward the higher values. We have observed 38 data
sets under this category, which composes 24.6% of all the data
sets analyzed. The one observed on 2007-04-01T06:12:217Z is
shown in Figure 3.

Case 2—Doppler velocity and centroid both centered in the
blue wing. Here both the Doppler velocity and the centroid
histograms are shifted to the blue wing (Figure 4). The Doppler
velocity ranges between —32 and Okms™ ' and peaks around
—14kms™'. The centroid ranges between —30 and Okms '
and peaks around —13kms~'. The intensity distribution is
highly skewed, whereas the width distribution is almost

symmetric. We have observed only one data set under this
category that is observed on 2017-04-02T02:15:13Z.

Case 3—Doppler velocity and centroid both shifted to the
red wing. This is complementary to Case 2, where both the
Doppler velocity and the centroid histograms are shifted to the
red wing. We have observed only two data sets under this
category; the one observed on 2008-06-01T09:50:26Z is shown
in Figure 5. The Doppler velocity ranges between —3 and
18kms~' with a peak at 6kms~'. The centroid ranges
between —4 and 17.5kms ' with a peak at 5.5kms ', The
figure also shows an intensity histogram with multiple
components and a line width histogram that is skewed toward
lower values.

Case 4—Doppler velocity centered at the rest wavelength
and centroid shifted to the blue wing.In this case, the Doppler
velocity histogram is centered at the rest wavelength, while the
centroid is shifted to blue. The example shown in Figure 6
shows the histograms for the data set observed on 2018-05-
26T13:03:57Z, where the centroid is shifted to the blue wing
fully. The Doppler velocity ranges between —18 and 17 kms '
with a peak near the rest wavelength. However, the centroid
ranges between —93 and 58kms~' with a peak near
—74kms™', which is comparatively higher than all other
cases, where it ranges between —30 and Okm s~!. This
example shows an extremely blueshifted centroid. We see 71
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Figure 3. Case 1. Doppler velocity and centroid centered at rest wavelength. Top panel (left to right): histograms of intensity and Doppler velocity. Bottom panel (left
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Figure 4. Case 2. Doppler velocity and centroid both shifted to blue completely. Histograms of intensity, Doppler velocity, line width, and centroid are as in Figure 3.

data sets (46.1%) under this category. A majority of the data
sets analyzed fall under this case. The intensity histogram is
skewed toward higher values, and the line width histogram is
almost symmetrical.

Case 5—Doppler velocity centered at the rest wavelength
and centroid shifted to the red wing.Case 5 is complementary
to Case 4, where the Doppler velocity is centered at the rest
wavelength, while the centroid is shifted to the red, partially or
completely. Figure 7 shows a typical example where the
velocity histogram is peaked near rest wavelength and the

centroid is shifted to red completely. The Doppler velocity
ranges between —9.5 and 15.5kms '. The centroid ranges
between 12 and 37 kms ™' and peaks around 22 kms™~'. This
data set is observed on 2010-12-04T23:57:527Z. The intensity
histogram is skewed as usual and has multiple components, and
the line width histogram is almost symmetric. This case
constitutes the second-largest category of data sets ana-
lyzed (26.62%).

Case 6—Doppler velocity shifted to the red wing and
centroid shifted to the blue wing. This is the last category in the
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data sets where we see the shifts in the Doppler velocity and
centroid in the opposite directions. The Doppler velocity is
shifted to the red, while the centroid is shifted to the blue. We
observe only one data set under this category on 2016-01-
02T03:25:25Z, which is presented in Figure 8. Both the
intensity and the line width are skewed here. The Doppler
velocity ranges between —25 and 20kms ' and peaks at
3kms . It is mostly in red, with a small tail in the blue wing.

However, the centroid, which peaks at —13 km sfl, is fully in
the blue wing ranging between —40 and O kms™".

As we have considered only one data set per month, we
could have missed examples of different cases. There is also
the possibility of a case complementary to Case 6 where the
Doppler velocity is shifted to the blue and the centroid is
shifted to the red. The results of the above analysis are
summarized in Table 2.
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Figure 7. Case 5. Doppler velocity centered at the rest wavelength while the centroid is shifted to red completely. Histograms of intensity, Doppler velocity, line

width, and centroid are as in Figure 3.
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Figure 8. Case 6. Doppler velocity shifted to red largely, while the centroid is shifted to blue completely. Histograms of intensity, Doppler velocity, line width, and

centroid are as in Figure 3.

3.2.1. Cases of Double Peaks

In this section, we report the special data sets where we have
observed double peaks in the histograms of Doppler velocity
and centroid. The data sets reported here fall under the cases
mentioned above. However, their uniqueness comes from
having two peaks, unlike what is seen in the previous section.
The intensity and line width distributions behave as in the

above cases. We report three examples here where we see such
behavior.

Figure 9 taken from the data set observed on 2017-08-
01T01:02:41Z is an example where Doppler velocity and
centroid distribution have two peaks, one in the red and one in
the blue wing. Hence, this can be considered as a special case
of Case 1. It may be noted that no double peaks are observed in
intensity or the line width.
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are as in Figure 3.

Table 2
Number of Data Sets Observed in Different Cases
Case Behavior No. of Data Sets  Percentage
Doppler Velocity  Centroid

1 No shift No shift 38 24.6

2 Blueshifted Blueshifted 1 0.64

3 Redshifted Redshifted 2 1.29

4 No shift Blueshifted 71 46.1

5 No shift Redshifted 41 26.62

6 Redshifted Blueshifted 1 0.64

Figure 10 taken from the data set observed on 2018-06-
01T03:29:43Z is a special case of Case 4. Single peaks are
observed in intensity and line width histograms. The Doppler
velocity and centroid histograms have two peaks. The Doppler
velocity ranges between —23 and 21 kms ™', with one peak in
the blue wing and one in the red wing. The centroid ranges
between —62 and 16.5kms™ ' with an average of —38kms ™'
having two peaks in blue.

Figure 11 is presented from the data set observed on 2019-
07-04T00:05:13Z and is a special case of Case 5. The Doppler
velocity ranges between —26 and 23 km s~ and has two equal
peaks, one in the red wing and one in the blue wing. The
centroid is shifted mostly to the red, ranging between —15 and
34kms ', Again, there are no double peaks in intensity or line
width.

3.3. Interdependence of the Parameters

Further, we examined the interdependence among the
parameters. In particular, we studied how the Doppler velocity
and the centroid of each data set vary with line width.
Figures 12(a), (b), (c), and (d) give examples of line width

versus Doppler velocity and line width versus centroid
distributions of different data sets. We have earlier studied
the correlation between these quantities from ground-based
eclipse observation of the coronal green line Fe XIvV A5303 and
found that a quadratic polynomial gives the best fit (Prabhakar
et al. 2019). Therefore, we have tried the quadratic polynomial
fits here. The details of the fits are shown in Table 3. The plot
of Doppler velocity /centroid versus line width from simula-
tions shows that the variation follows a polynomial-like
behavior. In the first two cases, the trend is clear and the
fitting is good, with the value of correlation coefficient R being
0.72 and 0.69, respectively. This shows that the line width
increases with the absolute value of Doppler velocity /centroid.
In the third case also, similar trends are seen (R =0.67), but
there seem to be two different distributions involved.
Figure 12(d) shows no correlation between the quantities. In
most of the other cases, the trend is similar to those shown in
Figures 12(a) and (b), but with a reduced correlation
coefficient.

3.4. Correlation with the Solar Cycle

Here we examine the dependence of the parameters on the
solar cycle. Note that the EIS observational windows are
located at different spatial positions over the Sun. Our aim is to
find any global dependence of the parameters on the solar
cycle. So we correlated the intensity, line width, Doppler
velocity, and the centroid with the monthly average sunspot
number. The sunspot number is taken from Solar Influences
Data analysis Center. Since there is a time difference between
the two observations, the sunspot number is interpolated for the
EIS observation times. Figure 13(a) shows the temporal
variation of intensity and the sunspot number. The smoothed
curve (red) is obtained from a five-point boxcar averaging. We
can see that the variations of both the quantities are alike.
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Doppler velocity, line width, and centroid are as in Figure 3.
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Figure 11. Doppler velocity is centered at the rest wavelength with double peaks showing no shift. The centroid, also having double peaks is largely redshifted.
Histograms of intensity, Doppler velocity, line width, and centroid are as in Figure 3.

Figure 13(b) gives the cross-correlation between the two
quantities as a function of lag given in years. The cross-
correlation coefficient and the probability are given in Table 4.
The maximum correlation coefficient (R) is 0.49, and the
probability of the correlation occurring by chance is close to
zero. The maximum correlation occurs at zero lag, and there is
also an asymmetry with respect to zero lag that could be due to

the difference in the rising and falling phases of the solar cycle.
The solar cycle variation of intensity is obvious. Similarly,
Figures 14(a) and (b) explain the same for the line width. Here
the maximum correlation is —0.27, which occurs at a lag of
around —3 yr, and the probability of the correlation is 0.001. It
can be seen that the line width is weakly dependent on the solar
cycle. The correlation is moderately significant because of the
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Figure 12. (a) Trend increasing in red having R = 0.72, (b) trend increasing in blue having R = 0.69, (c) symmetric trend having R = 0.67, and (d) constant trend
having poor R. Top panel in each subfigure: variation of line width with Doppler velocity. Bottom panel: variation of line width with centroid.

Table 3
Quadratic Correlation Coefficients for the Examples Shown in Figure 12

Observation (UTC)

Figure Quadratic R
Date Time

12(a) 2012-07-05 18:18:27 0.72

12(b) 2011-05-01 09:06:05 0.69

12(c) 2011-11-01 22:58:03 0.67

12(d) 2007-11-01 06:32:06 0.005

large number of observations (Taylor 1982), which may imply
that there could be a dependence of line width on solar cycle
with some lag.

4. Discussion

Studies of the coronal spectra in recent years have revealed
that there is a ubiquitous asymmetry present in the coronal
spectral line profiles. Several works have reported redshifts and
blueshifts in Doppler velocity, especially in the active regions.
Chae et al. (1998) and Peter & Judge (1999) reported blueshifts
in the coronal line profiles. Marsch et al. (2008) reported
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blueshifts in the active region boundaries in the EUV A195.12
line and connected these blueshifts to the propagating
disturbances. More often, the stronger blueshifts are reported
in the hotter lines (T'~ 1-2 MK), which are found to increase as
a function of temperature. Chen et al. (2010) reported blueshifts
of the order of 20 km s~ '. From EIS observations, Tian et al.
(2011) observed the main component of the line profiles to be
stationary and the secondary component to be blueshifted. Raju
et al. (2011) reported multiple components with an excess of
blueshifts in the coronal green line profiles.

In Prabhakar et al. (2019), these authors have reported 59%
blueshifts and only 7% redshifts of the Doppler velocity in the
coronal green line profiles. However, in the present study, we
see an almost equal distribution of blueshifts and redshifts in
the Doppler velocity. We find that the shifts are mostly seen in
the centroids. As indicated through the simulation, this could
be due to the strong asymmetry in the long profiles. It may also
be noted that the formation temperature of Fe XII A195.12 is
1.25 MK, whereas that of the coronal green line is 2 MK. The
results also imply that the Doppler velocity and centroid
distributions are quite different.
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Table 4
Maximum and Minimum Values of the Cross-correlation Coefficient of
Variation of Intensity and Line Width with Sunspot Number with Time as a
Function of Lag and the Probability of the Correlations

Parameter Figure R P
R max R min

Intensity Figure 13(b) 0.49 —0.38 0.0

Line width Figure 14(b) 0.23 -0.27 0.001

The double peaks in the Doppler velocity and centroid
distribution could be due to the different nature of flows in
different parts of the observed active region. In a recent study,
Humphries et al. (2020) show redshift at the footpoints and
blueshift near the top of the coronal protrusions. Studies by
MclIntosh & De Pontieu (2009) and De Pontieu et al. (2017)
suggest that the outflows could be linked to chromospheric jets
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and spicules, which are heated while propagating into the
corona. Solar wind flows are often considered to explain the
active region outflows (Sakao et al. 2007). Brooks et al. (2011),
Brooks & Warren (2012), and Brooks (2015) showed through
EIS observations that the active region outflows contain slow
wind plasma composition. The reported shifts may depend on
various factors like the part of the active region they belong to,
the phase of the solar cycle, the wavelength of the spectral line,
the height of the corona, etc. Further studies are needed to
ascertain the causes of the flow.

As mentioned above, the dependence of line width on
Doppler velocity /centroid has been reported. Three out of four
data sets presented in Section 3.3 have very good correlations.
Raju et al. (2011) found that the correlation between Doppler
velocity and line width is significant. Peter (2010) states that a
positive correlation between Doppler velocity and line width
indicates a heating process driving a flow. Line width
broadening is found to be associated with strong blueshifts in



THE ASTROPHYSICAL JOURNAL, 931:40 (12pp), 2022 May 20

general. The enhanced line broadening is reported to lead to the
growth of Alfvén wave amplitude or inhomogeneity of flow
velocities (McIntosh & De Pontieu 2009; Chen et al. 2010;
Tian et al. 2012).

Lastly, the correlation of the intensity and the line width with
the solar cycle is interesting and expected to some extent. Note
that our data samples are not restricted to the disk or limb or the
umbra or penumbra of the active regions, but are spread
globally over the Sun. It is known that the EUV lines show an
overall increase in intensity with the solar cycle. The increase
in line width implies an increase of temperature and/or the
nonthermal velocity with the solar cycle. This may have
implications for the coronal heating.

5. Conclusions

Active regions from different parts of the Sun were analyzed
for a period of 13 yr using Hinode/EIS data in the Fe XII
A195.12 line. The physical parameters intensity, line width,
Doppler velocity, and centroid are obtained from their line
profiles. The behaviors of the parameters are studied through a
multicomponent line profile simulation. We found that the
Doppler velocity and centroid are not always related, but shift
relatively in six different ways. First, the Doppler velocity and
the centroid distributions were found to be centered around the
rest wavelength (Case 1). Both were found to be shifted to the
blue or red in Cases 2 and 3. Further, we found that the Doppler
velocity was centered around the rest wavelength, while the
centroid was found to shift to the blue or red partially or
completely (Cases 4 and 5). Lastly, we found that the Doppler
velocity was shifting to the red, while the centroid was in blue
(Case 6). We found a majority of the data falling under Case 4
(46.1%), followed by Case 5 (26.62%), and then Case 1
(24.6%). The intensity distribution is skewed in most of the
cases. The line width distribution is mostly symmetric but
skewed in some cases. The average line width is found to be
around 35 mA. The Doppler velocit]y and centroid are found to
range between —60 and 60kms™ " in most of the cases. In
some extreme cases, the centroid is found to shift up to
—100-100 km s~ ". The line width is found to follow a second-
degree polynomial in its distribution with the Doppler velocity
and the centroid. This is shown from the simulation as well. It
is found that the line width increases with the increasing
absolute value of Doppler velocity or centroid in most cases.
Lastly, the intensity and the line width are found to show some
dependence on the solar cycle, although there is no such
correlation between the Doppler velocity and centroid with the
solar cycle.
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