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Abstract. We have studied Ca Il K line profiles, us-
ing two time series of spectrograms taken in two regions
near the solar disk center. In each of the regions, the
spectrograph slit cut out several areas of the quiet region
and a plage. For the selected chromospheric structures,
we have derived K line profiles and have defined a
number of parameters that characterize the spatial and
temporal variations of the profiles. The analysis of pro-
file shapes in different structures belonging to the same
moment of time has shown that there are structures
whose profiles differ only slightly from each other in
the photosphere, but differ dramatically in the chromo-
sphere. The structures begin to differ from the level of
formation of K; and continue to differ further in the
chromosphere. There are, however, structures which
begin to differ at the level of the photosphere and con-
tinue to differ in the chromosphere. The difference be-
tween profile shapes in different structures is likely to
be associated both with different thermodynamic condi-
tions and with different magnetic field topology at a

given point at a given time. We have examined temporal
variations of the Ca Il K line profiles in structural chro-
mospheric elements, which are caused by the process of
K,y grains. In most of the studied areas of the chromo-
spheric structures, the brightening of the K,, peak de-
velops according to the “common” scenario: at the time
of maximum brightness, the line shifts toward the red
side. There are, however, cases when the brightening of
the K,, peak occurs with a shift of the line to the violet
side or with no shift at all. We have constructed scatter
plots for some pairs of profile parameters related to in-
tensities at characteristic points of the profile and their
shifts. A correlation has been found between intensities
in the center and wings of the K line. The correlation
between shifts of the K,, and K, peaks is very weak or
completely absent.
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INTRODUCTION

Due to the development of observational facilities
and theoretical methods, a wealth of knowledge about
the solar chromosphere has been obtained, but a number
of issues related to the physical processes occurring in
this layer need to be further elaborated. Of interest here
are the results that can confirm the previously obtained
results and add confidence in the reliability of the latter.

This paper is a sequel to [Grigoryeva et al., 2016].
The authors have examined Ca Il lines, using observa-
tions of two regions located at the base of a coronal
hole. Each of these regions contains an area of the quiet
chromosphere with bright and dark structures and a
plage.

Our purpose here is to examine some features of
spatial and temporal variations of Ca Il K line profiles
in various chromospheric structures.

1. OBSERVATIONS
AND THEIR PROCESSING

Spectrograms in the Ca Il lines were obtained with
the Horizontal Solar Telescope of the Sayan Solar Ob-
servatory on August 3, 2005. Spectra were recorded
with the Princeton Instrument 2048x2048 ma-

trix/(EEV/CCD) in the IV order. The dispersion is
0.0023 nm/pixel, the spatial size is 0.45"/pixel. The spa-
tial resolution limited by visibility conditions is ~2".
The exposure time is 2.5 s; the cadence is 30 s. The size
of the solar surface limited by the spectrograph slit
height is ~200". All captured frames are corrected for
the dark current and flat field.

We have selected two time series of ~25 min spec-
trograms for this study. Each series contains 45 frames.
The frames represent solar regions with coordinates
S25W17 and S25W12 at the base of an extensive coro-
nal hole. The S25W12 region has a bright coronal point.
The frames of each of these regions contain areas of the
quiet chromosphere and one plage.

For each spatial pixel in each frame, we have con-
structed Ca Il K profiles. The total number of the pro-
files in both the series is ~41 000.

Observation details and identification of chromo-
spheric structures are described by Grigoryeva et al.
[2016].

For our study, we have distinguished chromospheric
structures notated as follows:

® “n” is a bright network structure (“network™);

e “ne” is an enhanced network;

e “c”is a dark internetwork structure (“internetwork™);
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o “b”isaplage;

e “p”is a structure with low brightness, which is
observed in frames of one of the two series;

o “f” are areas on boundaries of the selected struc-
tures;

e “X” is a structure with intermediate brightness,
which does not belong to the above structures.

All the structures, except for the plage, are structural
chromospheric network elements. The total number of
the structures is 40 for S25W12 and 30 for S25W17.

The “n”, “f, and “c” structures are similar to those
identified by Reardon et al., [2008] from IBIS observa-
tions, where “f” areas correspond to fibrils; and “x”, to
unclassified areas, which the authors do not analyze (see
Figure 1 in [Reardon et al., 2008]). These structures
have been identified from the time-averaged intensity
Ixs along the spectrograph slit (Ixs is @ minimum central
intensity of the K line). The distribution of I3 for the
two regions is shown in Figure 1.

Most of the recent results on the Ca Il lines are
based on filter observations. Despite the undoubted val-
ue of such observations providing two-dimensional im-
ages, they have serious limitations due to filter band-
width. The most up-to-date calcium filters have FWHM
of 0.3 A, while the contribution of the chromosphere to
the Ca Il H and K lines is restricted to narrow line cores
less than 0.2 A wide [Reardon et al., 2009]. An excep-
tion is the CHROMIS instrument [L&fdahl et al., 2018],
put into operation at the Swedish 1-m Solar Telescope
(SST) in August 2016.
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Figure 1. Time-averaged intensity lxs; along the spectro-
graph slit: S25W12 (a); S25W17 (b). The selected chromo-
spheric structures are denoted by letters and numbers. The gray
vertical strip is a thread stretched across the spectrograph slit

The filter bandpass is currently ~0.13 A and will be
reduced to 0.08 A in 2019. Filters with a much greater
FWHM (3 A) are very often used. Such observations
provide mixed information about a large layer of the
solar atmosphere — from the photosphere to the chro-
mosphere. Spectroscopic observations are free of such
restrictions, despite them having their own, related in
particular to the image jitter on the spectrograph slit. A
guiding system and a system of compensation for solar
rotation in observation of time series make it possible to
keep an image on the slit, but cannot cope with a small
jitter caused by atmospheric turbulence. The jitter can
be partially compensated (in one coordinate) using post-
processing methods. In particular, we superimpose con-
secutive frames according to the maximum correlation
coefficient.

We have determined some quantitative parameters of
Ca Il K line profiles which can characterize spatial and
temporal variations of the profiles:

e Iz is a minimum central intensity of the K line;

e |l lkor are intensities of the violet and red
emission peaks respectively;

o o /lkor is the ratio of peak intensities;

o Algs is a shift of the K; minimum along the
wavelength axis relative to the nominal line center;

o Alkov, Ahkoe are shifts of the K,, and K, peaks
relative to the nominal line center;

o Alko—Alkay IS the distance between the K, and
Ky, peaks;

o Al av = (AhkortAlkay) /2 is the average shift of
the K,, and K, peaks relative to the nominal line center.

We have developed an IDL code to automatically
determine the above listed parameters of the line pro-
files. During the computation, we faced a problem simi-
lar to that described in [Bjergen et al., 2017]. There
were very unusual line profiles, e.g., with three K,
peaks instead of two, with the absence of one or both K,
peaks or with very large shifts of K, peaks and K; min-
imum along the wavelength. In some of these cases, the
code gave an incorrect identification of the parameters
and we had to determine the parameters manually. We
do not present data on variations of the profile parame-
ters in Ky, and Ky,. The Ky, minima is poorly accessible
to computer processing because the Ki minimum is
very often absent. Hence, data on the intensity of this
feature and its location are extremely noisy and of little
real worth. The Ky, minimum is noisy for the same rea-
son, although to a lesser extent.

2. SPATIAL AND TEMPORAL
VARIATIONS OF Ca Il K LINE PROFILES

It is known that the Ca Il H and K line profiles can
considerably vary in space and time. This phenomenon
has been studied for many years. The obtained results
have allowed significant progress in the study of the
solar chromosphere (see, among others, [Pasachoff,
1970; Bappu, Sivaraman, 1971; Liu, Skumanich, 1974;
Rezaei et al., 2008; Beck et al., 2008; Beck et al., 2009;
Bjergen et al., 2017]).

In our previous work [Grigoryeva et al., 2016], we
have shown a large number of individual Ca Il K pro-
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files observed in the chromospheric structures we
selected (see Figure 4-7 [Grigoryeva et al., 2016]). We

examined the profiles in a wavelength range AA=+ 0.5 A.

In this paper, to study spatial and temporal variations
of the profiles, we have analyzed the dynamics of the
intensity in the Ca Il K line in a longer wavelength

range: AA=+2.0 A.

2.1. Spatial variations of profiles

To study spatial variations of the Ca Il K profiles,
we have compared individual profiles observed at the
same moment of time in different chromospheric struc-
tures. We noticed that some structures with extremely
different physical conditions (see, e.g., 1D FAL models
[Fontenla et al., 2009]) exhibit identical intensity varia-
tions in the line wing. Conversely, the structure of the
same type may differ in intensity throughout the range

AA==%(0.2-2.0) A. For the comparison, we selected

profiles in which such ratios of intensities were most
pronounced. We compared profiles related to the loca-
tions near the centers of the selected structures; each of
the profiles had a minimum shift of Ix; from the line
center. This approach allows a more correct comparison
of intensity variations in different structures.

Figure 2, a—c shows profiles from one of the frames
of the time series of S25W12. All the profiles are given in
the same intensity and wavelength scales.

Figure 2, a presents the K-line profiles associated
with plage “b1”, internetwork “c2”, and area with low
brightness “p1”. Particularly notable is the significant
difference between the profiles in the line core and K,
features. The profiles differ not only in central intensity,
but also in shape. At the same time, in the line wing at

AM==£ (0.5-2.0) A, intensities in all the three structures

are almost identical.

Figure 2, b displays the profiles which are observed
in “c5”, “n4”, and “n5”. At the line core in the K, fea-
tures, profiles of these structures also differ from each

other. It is interesting that in the wavelength range A~

~+(0.5-2.0) A intensities in internetwork “c5” and
network “n4” are similar. Intensities in the structures of
the same type “n4” and “n5” differ; the difference holds

over the entire wavelength range Ai= =+ (0.5-2.0) A.

Figure 2, c presents the profiles related to “c2”,
“n3”, and “x1”. Intensities of the “n3” and “x1” struc-
tures at the line core are similar, but differ from the “c2”
intensity. In the line wing in Ai==(0.2+2.0) A, the
three structures also differ significantly. The brightest
wing is provided by “n3”; the darkest, by “x1”. The line
intensity in “c2” in this part of the line wing is located
in an intermediate position. We do not give Figures for
S25W17 because such behavior of intensities in the Ca
Il K line core and wing also persists in a number of the
selected structures in one of the frames of the time se-
ries of this region.

2.2. Temporal variations of profiles

To study the temporal behavior of the Ca Il K line pro-
file shapes, we have examined the line profiles at central
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Figure 2. Ca Il K line profiles in different chromospheric
structures of S25W12 for one of the moments of time: a is
plage “b1” (purple), internetwork “c2” (black), area of low
brightness “pl1” (green); b is network “n5” (blue), internet-
work “c5” (black), network “n4” (red); ¢ is an area of inter-
mediate brightness “x1” (blue), internetwork “c2” (black) ,
network “n3” (red)

points of areas of all the selected chromospheric struc-
tures for each of the frames of the two time series. From
these profiles we chose those with the largest
lkou/lk2r>1.1-1.15 and smallest Iko,/lk2,<0.85+0.99
intensity ratios. Examples of the profiles with measured
shifts Alks are given in Figure 3, a-h. It turned out that in
most cases, at the moment of maximum brightening I,y
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Figure 3. Variations of shifts of the K3 minimum in the Ca
Il K profiles in S25W12 (left panel) and S25W17 (right panel)
when liou/lor>1 (a—d) and g /lkar<l (e-h). Gray curves
indicate cases of atypical behavior of the K,,-grain process.
Positions of K,,, Ky peaks, K, Ki, and Kz minima are
shown

the K3 minimum demonstrates a red shift (Figure 3, a, b).
This occurs in 45 of 48 cases for S25W12 and in 65 of 70
cases for S25W17. When I/l becomes less than unity,
the Kz minimum exhibits a blue shift (Figure 3, e, f) — 16
of 18 cases for S25W12 and 40 of 41 cases for S25W17.

Figure 4 gives examples of histograms of Aigs for
lkou/lk2r>1.15 and Ik, /1k2,<0.85. Statistical estimates
of the shifts are listed in Table 1.

2.3. Relationships between intensities and shifts of
the profile in the line center and wing

To investigate the relationships between different
parameters of the Ca Il K profiles in each chromospheric
structure, we have used samples containing all spatial
points belonging to the structure (e.g., all spatial points
of all areas of the “c” structure) at all moments of time.
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Figure 4. Histograms of line center shift Al for
lkay/lk2r>1.15 (red line) and I,y /12,<0.85 (blue line) in two
time series for the “c” and “n” structures

Table 2 presents calculated mean correlation coeffi-
cients between the selected Ca Il K line parameters. In
two top rows of the Table are coordinates of spatial re-
gions, designations of chromospheric structures, and the
number of points for each sample.

We also constructed scatter plots for all pairs of the
parameters listed in Table 2. Figure 5 shows scatter

plots for Akws—lkadlkan Ahka—AAkan Tkar —lkan, and

IK2V_IK3-

Table 1
Statistical estimates of Alks
lkav/ lk2r>1 o/ Tk2r<1
Parameter S25 | S25 | S25 | S25
W12 | W17 | W12 W17
Number of points 48 70 18 41
Minimum shift, A 0 -0.01 0 -0.008
Maximum shift, A | 0.128 | 0.065 | —0.07 | —0.06
Range, A 0.128 | 0.075 | 0.07 | 0.052
Average shift, A 0.032 | 0.025 |-0.029 | -0.034
Average 0.015 | 0.012 | 0.013 | 0.011
deviation, A
DISCUSSION

Despite the relatively modest set of our sample used
for studying spatial variations of the profiles, it is easy
to see features of the behavior of the Ca Il K line intensity
in different chromospheric structures. The profiles shown
in Figure 2, a—c allow us to compare intensity variations
at the line core, in the K, features, and line wing.

As noted in Section 2.1, the greatest differences be-
tween the profiles occur in their central parts. When
comparing profiles for different structures in the wave-
length range Ai== 0.3 A, we should pay attention to
two characteristics — minimum intensity, lxs, and pro-
file shape. It is precisely the minimum intensity Iz which
was used to identify the chromospheric structures in
S25W12 and S25W17 (Figure 1, a, b). Despite I3 in indi-
vidual profiles may slightly differ from the time-averaged
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Table 2
Mean correlation coefficients p, for different pairs of parameters of Ca Il K line profiles in different chromospheric struc-
tures
Parameters S25W12 S25W17

No. “c” “n” “b” “f “X” “p” “c” “n” “b” “f “X”

Number of points | 3375 2205 495 2115 2745 1530 | 1935 2430 495 2160 3195
1 Ahkov—AAkaor -0.08 -0.17 -0.02 -0.11 0.04 0.02 0.14 0.18 -0.11 0.03 0.18
2 Ahkar—lkar 0.51 0.06 0.07 0.16 0.30 072 | 023 012 013 -0.04 044
3 Ahkav—lkar -0.33 017 -020 -012 -0.08 -0.01|-011 0.07 -017 -0.03 -0.09
4 Ahkar—lkay 0.34 0.01 0.22 0.05 0.12 0.03 0.16 0.10 0.34 0.03 0.36
5 Alkav—lkay -0.20 0.26 0.06 0.09 0.07 -071 | -001 027 -011 0.20 0.14
6 Ahkor—Alks 0.31 0.22 0.29 0.19 0.29 0.17 | 036 044 041 029 047
7 Ahkov—Alks 0.25 0.29 0.34 0.10 0.10 -021| 046 068 014 051 054
8 Alks—lkavl lkar 0.46 0.59 0.70 0.58 0.63 0.17 | 054 046 0.70 0.66 0.58
9 lk2r—lkav 0.66 0.49 0.29 0.51 0.48 025 | 071 077 -0.03 066 0.57
10 | Ik2r—lks 0.38 0.53 0.41 0.48 0.42 030 | 0.72 086 051 0.78 0.42
11 | Ikav—Iks 0.35 0.53 0.63 0.41 0.49 033 | 068 082 0.20 0.70  0.39
12 | (Ahkar—Ahkav)-Ahkay -075 072 061 -076 073 077 |-063 -059 -0.76 -067 -0.66
13 | (Ahkar—Alkav)—Alks 0.03 -0.02 0.03 0.06 0.12 028 | -0.05 -0.15 017 -0.14 -0.07
14 | (Akkar—Akkav)—lkay 0.58 -0.02 0.14 0.20 0.35 0.63 014 -012 030 -012 0.16
15 | (Ahkar—AAkav)—lks 0.06 -0.33 -033 -0.23 0.05 0.11 | -0.03 -0.27 -024 -029 -0.17
16 | (Akka—Akkav)—lk2v/ Ikar -0.18 -0.26 -001 -013 -008 -015]| -0.14 -0.28 013 -0.16 -0.15
17 | Ahoa—A)kay 0.70 0.58 0.59 0.68 0.76 078 | 0.74 0.74 0.69 0.70  0.78
18 | Ahkoav—AAks 0.41 0.39 0.44 0.21 0.26 -0.06 | 054 072 041 055 0.66
19 | Ahkoav—lkav -0.19 -0.06 0.22 -028 026 058 | 0.10 0.24 0.17 0.16 0.32
20 | Adkoav—lks -0.15 -0.14 -003 -012 -003 -020| 0.03 007 -0.13 -0.09 0.02
21 | Ahkoav—lrodl lkar -0.14 0.17 0.26 -004 -011 -072| 002 015 0.16 025 0.21

values presented in Figure 1, a, b, their variations re-
main similar in the spatial regions of interest.

The profile shape in the vicinity of the K line core
and K, features depends on physical conditions in the
middle and lower chromosphere, where these features
are formed. Of particular importance here is the set of
such factors as temperature stratification and velocity
field, which is determined by the dynamic state of the
medium at a given moment of time in a given place.
Moreover, the temperature stratification affects mainly
the K, features.

Special attention should be paid to the profile which
is observed in the area of low brightness “p1”. We have
already written about profiles of this area in our previ-

ous work [Grigoryeva et al., 2016], where we also dis-
cussed reversal-free profiles, which occurred in the “c”
and “x” structures. The reversal-free profiles have been
examined in detail in [Rezaei et al., 2008]. According to
these authors, such profiles comprise =25 % of the number
of the profiles they observed. To represent such a profile
shape, they employed several 1D static models and the
Holweger—Miiller model [Holweger, Miiller, 1974].

However, none of the hydrostatic models with
chromospheric temperature increase the authors consid-
ered could reproduce the reversal-free profile shape.

As for intensities in line wings, here we faced the un-
expected fact which is shown in Figure 2, a, b. Figure 2, a
displays the profiles that belong to the structures with
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Figure 5. Scatter plots of different pairs of Ca Il K profile
parameters for “c”, “n”, and “b” structures in S25W12 (left
panel) and S25W17 (right panel): a, b are shifts of the line
center Az versus the intensity ratio I/l €, d are shifts of
the violet emission peak Ay, Vversus shifts of the red emission
peak Alwor; €, T are intensities of the violet emission peak Iy,
versus the intensity of the red emission peak lxy; g, h are in-
tensities of the K minimum versus the intensity of the violet
emission peak lx,,. Black circles indicate “c” structures; blue
circles, “n” structures; red circles, “b” structures. The intensi-
ties are given in the same units as in Figure 3

extremely different physical conditions: plage “b1”, inter-
network “c2”, and area with low brightness “p1”. The in-
tensities of the K line wings in these structures are almost
similar as opposed to the intensities in their central parts.
Such intensity variations begin at AA=+ 2 A and end near
A\ values, which correspond to the location of the Ky, and
Ky, features (AA= = (0.3+0.5 A)). In Figure 2, b, identical
intensities are observed in the line wings for “c5” and “n4”.
A similar situation in the Ca Il H line wing was observed
by Beck et al. [2008]; the authors compared averaged pro-
files for a region with a weak magnetic field and for a re-
gion in which a magnetic field was not observed.

In Figure 2, b, the line profile in “n5” looks differ-
ent. It is brighter than that in “c5” over the entire range
A)=+ 2 A. Moreover, it is brighter than that in “n4” in a
part of the line wing from AA== 2 A to the location of
the Ky, and K, features. Besides, in the line center the
profile in “n5” is darker and has more symmetrical K,
peaks than that in “n4”. The significant difference in
profile intensities for similar structures at the same mo-
ment of time can suggest either that they are at different
stages of the dynamic process characteristic of struc-
tures of this type or that even in structures of one type
different processes leading to the Ca Il K line emission
can work. If we compare the “n5” and “c5” profiles and
take into account that there are stronger magnetic fields
in networks than in internetworks, for the brighter pro-
file of “n5” we can use the assumption [Beck et al.,
2008] about magnetic heating of the chromosphere. In
this case, the line intensity increases in the spectral
range involving the line wing. These authors do not,
however, exclude a situation where the intensity in-
crease in the line wing can be caused by a shift of the
optical depth scale in the presence of a magnetic field
rather than by the heating process.

The behavior of the K line intensities for the struc-
tures shown in Figure 2, ¢ is more relevant for “n3” and
“c2”. Over the entire range AA\=+2 A, the network pro-
file is brighter than the internetwork one, except for the
K,y peak, which is brighter in the internetwork that in
the network. In the area of intermediate brightness “x1”,
the line wing is darker than that in “c2”, although the
line core is brighter.

From Figure 2, a—c it follows that the behavior of
the intensity in the K line wing, i.e. in the photosphere,
does not always unambiguously indicate the type of
emission that will occur in the chromosphere. It is seen
that even with identical intensities in the line wing for
individual structures the dramatic differences between
profiles begin to appear at the level of formation of K;
areas, which is located between the upper photosphere
and the lower chromosphere. Probably in these layers,
the processes begin to occur which lead to the formation
of the emission observed in the middle chromosphere.

The analysis of the K line profiles in different chro-
mospheric structures of the same moment of time shows
that their shape depends both on the temperature strati-
fication and on the dynamic regime in the entire layer of
the line formation — from the photosphere to the mid-
dle chromosphere.

One of the dynamic phenomena connected with
temporal variations of Ca Il line profiles are the so-
called bright grains (flashes or points in other termi-
nology), originally discovered inside the chromospher-
ic network. In a number of studies [e.g., Cram, 1974;
Cram et al., 1977; Cram, Dame, 1983; Rutten,
Uitenbroek, 1991; Kamio, Kurokawa, 2006; Beck et
al., 2008], the variations of Ca Il line profile which are
associated with bright grains are described as follows.
A brightening occurs in line wings, which then extends
to its center. At the same time, the line core gradually
shifts to the red side. There is an intense brightening
on the violet side from the line center with a substan-
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tial reduction or absence of the red emission peak on
the red side, i.e. lka/lk>1. These brightenings are
called K,, grains. The K3 minimum at the moment of a
K,y flash is shifted at most to the red side. Then there
is a sharp damping of the grain, and the K3 minimum
is shifted to the violet side. There are sometimes
brightenings of the red emission peak K, i.e.
Ikau/lkar<1. The behavior of the line profile was called
standard in the review [Rutten, Uitenbroek, 1991]. The
size of the K,, grain, according to different estimates,
amounts to 0.7-3 arcsec [Liu, 1974; Beck et al., 2008;
Vecchio et al., 2009]. The periodicity of K,, grains
was defined as 3 min.

The process of generation of K,, grains by weak
acoustic shocks was simulated in [Carlsson, Stein,
1997]. A fairly close agreement has been found between
the model and the behavior described above. In these years,
other assumptions about physics of K,, grains were pub-
lished [see Kalkofen, 1996 and references therein].

Further observations revealed, however, that, first, the
periodicity of occurrence of the grains may have not only a
three-minute range [Kalkofen, 1996; Lites et al., 1999;
Beck et al., 2008]. In our previous work [Grigoryeva et al.,
2016], we have also shown that K5, grains have a complex
spectral composition of oscillations. Second, the line pro-
file variation may differ from the standard one. And third,
the grains may occur not only in the inner parts of the
chromospheric network (internetwork), but also in the out-
er bright parts — network [Rutten, Uitenbroek, 1991;
Kalkofen, 1996, 1997; Lites et al., 1999; Beck et al., 2008].

The study we have carried out has revealed that most
shifts of K; correspond to “standard” evolution of Ik,
grains. We have also found deviations from the standard
behavior. This can be seen in Figure 3, c, d, g, h. As
shown in Table 2, there are cases where the K3 mini-
mum during a flash of K,, grain appears to be shifted
not to the red side but to the violet side (3 of 48 cases
for S25W12 and 5 of 70 cases for S25W17). There are
also cases of the red shift of the K; minimum when
Ikau/lkor is minimal. It should, however, be noted that for
both the series in the “n” and “c” structures the standard
behavior prevails — the Kj line center shifts to the red
side for large values of ly,./Ikor and to the violet side for its
small values (Figure 4 ). The same tendency is also evident
for the “f”, “x”, “b” structures (plots not shown here).

Also note that the number of profiles with
lk2v/1k2,<0.85 is much less than the number of profiles
with I, /l1kor>1.15 (Figure 4). The profiles with the
intensity of the red emission peak Ky higher than the
intensity of the violet emission peak K,, are rare. The
positive asymmetry of the profiles (Ixav/lk2r>1), as
derived from model calculations [Bjergen et al., 2017],
is caused by the combination of an upward flow at a
height of 1.2 Mm and a downward flow at a height of
2.4 Mm, and by an increase in the source function at a
height of 1.2 Mm.

According to observations obtained in earlier studies
[see, e.g., Lites et al., 1993 and references therein], os-
cillatory processes in inner and outer parts of the chro-
mospheric network differ. Lites et al. [1993] state that at
the moment of a flash the network always exhibits sim-

ultaneous brightening of violet and red emission peaks.
Low-frequency oscillations (f<3 mHz) observed in the
network, according to the data obtained by Lites et al.
[1993], are not correlated with oscillations in lower lay-
ers and are bounded by the chromospheric layer, contrary
to higher-frequency oscillations in the internetwork;
From these observations Lites et al. [1993] conclude
that oscillations in network and internetwork differ
fundamentally. Observations [Vecchio et al., 2009] in
the photospheric line Fe | 709.0 nm and the chromo-
spheric line Ca Il 854.2 nm with a high spatial resolu-
tion (0.166 "/pixel) have shown that purely acoustic
three minute vertical oscillations are not ubiquitous.
Even in the quiet internetwork, three minute oscillations
occupy 25-30 % of the area. They are significantly sup-
pressed by the presence of tilted fibrils and smaller-
scale magnetic field elements. The magnetic field is
largely responsible for the dynamical processes in the
chromospheric network. Shocks with different charac-
teristics occur both in network regions and in internet-
work regions [Reardon et al., 2008].

In our previous work [Grigoryeva et al., 2016], we
have studied in detail the occurrence of K,, grains in
various chromospheric structures. It turned out that the
K,y grains occurred in any of the structures we consid-
ered. Figure 3, b of this paper, which exemplifies K,,
grains in the network, shows an apparent asymmetry of
the intensities of the violet and red emission peaks dur-
ing the maximum phase.

Our results suggest that there are a variety of oscilla-
tory processes in the chromospheric network. This is like-
ly to be largely due to the fact that the magnetic field af-
fects not only the processes occurring in magnetic net-
works but also the processes occurring in internetworks.

To establish possible connections between the se-
lected pairs of K line profile parameters (see Table 2),
we constructed scatter plots. We used, as mentioned in
Section 2.3, samples containing all spatial points of
chromospheric structures of the same type at all mo-
ments of time of the time series. These plots represent
general features of the structures. They are not directly
related to different local dynamic processes occurring in
the chromospheric network. Nevertheless, the plots of

Algs versus o /lkoe (Figure 5, a, b) indicate the pres-

ence of the above tendency for the K,, grains: Algs

increases with increasing lxa/lk2r, although there is a con-
siderable dispersion of values. A high correlation between
these parameters is observed in [Rezaei et al., 2007].

We may note a weak correlation or its absence be-
tween Aoy and Ay, (Table 2). This is also confirmed
by the scatter plots for this pair of parameters (Figure 5,
¢, d). The Ky, and K, peaks shift almost independently
of each other. The absence of correlation can be partial-
ly explained by the fact that it is not always possible to
determine the position of the K,, peak. To an even
greater degree this applies to the K, peak. However,
without the problem of identifying peaks in plages, their
shifts are not correlated either. In addition, in all the
structures the intensities lxo, and lxy with the same
problems of identifying the position of the peaks have
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correlation coefficients significantly different from zero.
This can also be seen in the scatter plots in Figure 5, e, f.
An exception is the plage from S25W17 (see Table 2
and Figure 5, f).

We have found no significant correlation between
Alkar—A Aoy @and other parameters, with two exceptions.
There is a clear correlation between AAgo—AAlkoy and
AAkoy and a correlation between Alyko—Alkoy and lxoy
in the “c” and “p” structures with a weak magnetic field
in S25W12.

There is a high correlation of Ay, &y With Alk,, and
A)gs. This parameter correlates weakly with Iy, Iks
and lxay/lkar, except for the high correlation of Al ay
with lxo, and lxo /lko for the “p” structure with a weak
magnetic field.

There is a high correlation for the pairs of parame-
ters Ixo—lks and Ikoy—lks of S25W17. It is especially
high for the “c” and “n” structures. The intensity of the
line profile in these structures tends to vary simultane-
ously in wings and in the center. In the plage, the corre-
lation is lower. In S25W12, the correlation between the
parameter pairs lxo—lks and Ixo,—lks is lower than in
S25W17. The above tendencies can be seen in Figure 5,
f, h, which presents the scatter plots of Ixs versus ly,, for
the two regions. A significant correlation between inten-
sities in the Ca Il K line core and wings was observed
by Grossmann-Doerth et al. [1974]. The authors ex-
plained their findings by the source function distribu-
tion. The empirical source function is increased in a
wide range of heights of the solar atmosphere, approxi-
mately from 600 to 2000 km (see Figure 8 in [Gross-
mann-Doerth et al., 1974]). This interpretation is also
supported by results of 3D modeling [Bjergen et al.,
2017] (see their Figure 8, d). The differences between
the correlations in the two spatial regions, S25W17 and
S25W12, for lxa—lks and lxa—lks, formed in the lower
and middle chromosphere, may be associated with dif-
ferent physical conditions in these regions. Recall that
the S25W17 region is located at the base of the central
part of the coronal hole, and the S25W12 region is lo-
cated under the periphery of the bright coronal point
near the coronal hole boundary (see Figure 1 in [Grigo-
ryeva et al., 2016]). The relationship between the processes
occurring at heights where K,, (Ky) and K; are formed
may be weakened in case of possible locally closed mag-
netic topology [Vecchio et al., 2009] in S25W12.

CONCLUSIONS

1. In chromospheric structures of different types, ob-
served at the same moment of time, there may be a situ-
ation where their Ca Il K profiles are almost identical in
the photosphere. The differences appear at the level of
formation of the K, feature, between the upper photo-
sphere and the lower chromosphere. There are, howev-
er, structures for which the differences appear in the
photosphere and continue in the chromosphere. This can
be seen not only in different structures, but in structures
of the same type as well. Probably, the characteristics of
Ca Il K profiles observed in different chromospheric
structures are determined not only and not so much by
the difference in the temperature stratification, but
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mainly by the nature of the dynamic process and by the
magnetic field structure, which are present at a given
time at a given point.

2. Temporal variations of Ca Il K profiles suggest a
variety of oscillations in the chromospheric network.
K,y grains occur in all the chromospheric structures we
selected. The standard development of K,, grains tends
to dominate, although there are deviations from it.

3. Parameters of line profiles combined in terms of
structures of the same type demonstrate a significant
correlation between intensities in line center and wings,
particularly for the “c” and “n” structures in S25W17,
located at the base of the central part of the coronal
hole. For the same structures from S25W12, correla-
tions of Iy, and Iy, with ls are lower. This may be
associated with the location of the region at the base of
the peripheral part of the bright coronal point near the
coronal hole boundary.

We have found that the correlation between shifts of
the Ky, and K, peaks for both the studied regions is
weak or absent.

The results need further investigation involving ob-
servations of other regions on the Sun.

The work was performed with budgetary funding of
Basic Research program 11.16. The results were ob-
tained using the equipment of Center for Common Use
“Angara”, http://ckp-rf.ru/ckp/3056.

We are grateful to V.M. Grigoryev for valuable discus-
sions. We thank the referee for critical comments and con-
structive suggestions on the content of the manuscript.
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