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The monitoring program of long-term variation of selected Fraunhofer lines is described. The aim
of the program is to study how the physical parameters of the quiet solar atmosphere change over
the solar cycle No. 24. The research is based on high spectral resolution observations of the quiet Sun
using the horizontal solar telescope ATSU-5 of the Main Astronomical Observatory of the National
Academy of Sciences of Ukraine. The diagnostics of the solar cycle atmospheric variation includes
observations of the Ha, Cant K& H and about 40 spectral lines of neutral and ionized chemical
elements at different positions on the solar disk. Since 2012 the observations are performed daily,
when the weather conditions allow. The observational season lasts from March to October. The first
results of the observations show that the line core depths and full widths at half maximum of the
weak Ferl 538.634 nm, moderate Fe1 539.829 nm, and strong Fe1 558.677 nm lines, as well as the
bisector curvature of the last two lines show response to the cycle modulation of the total unsigned
magnetic field of the Sun. The behavior of these line parameters can be explained by variations of
the temperature and convective motions of the quiet photosphere during this cycle.
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I. INTRODUCTION

The first monitoring programs aimed to study long-
term changes in the Fraunhofer spectrum of the Sun
started in the mid-fifties of the last century. An overview
of some of them can be found in the monograph by
Atroshchenko et al. [1]. Many of these programs are usu-
ally based on the observations whose duration does not
exceed one or two years (see, e.g., [2] and references
therein). As an exception, there are several programs
of long-term monitoring of Fraunhofer lines in the so-
lar spectrum. In 1984 Krat and Kokhan [3] published
results of 11-year center-to-limb observations of select-
ed Fraunhofer lines carried out since 1969. They found
some changes in the parameters of some lines with a cy-
cle of solar activity. Doyle et al. [4] studied the changes
of Mn1 539.5 nm and Ca11l H 393.3 nm lines in the solar
flux spectrum (i.e., “the Sun as a star”) recorded during
1978-1993. Around 35 years Livingston et al. [5-7] ob-
served chromospheric (Ha, Catt K& H, CN 388.3 nm,
Car1 854.2 nm, He1 1083 nm) and photospheric (Fel
537.9579 nm, C1 538.0323 nm, and Tiir 538.1026 nm)
Fraunhofer lines, integrated over the full disk and some
of them for a small region near the center of the solar
disk. After 2006 SOLIS (Synoptic Optical Long-term In-
vestigations of the Sun) provides autonomous full-disk
spectral, magnetic, and imaging measurements to help
understanding solar activity and its effect on the Earth’s
climate and atmosphere [8,9]. It should be noted that
the Sun as a star monitoring of spectral lines reflects
variations of solar activity and makes it impossible to
study separately the cycle variations of the quiet Sun. In

spite of the considerable efforts of many researchers it is
still unknown how the physical parameters of the quiet
solar atmosphere change over the 11-year cycle of solar
activity. Our long-term monitoring program of selected
Fraunhofer lines aims to clarify this question.

II. OBSERVATIONS

Our research is based on center-to-limb observations of
the quiet Sun obtained with a high (R = 330000) spec-
tral resolution at the horizontal solar telescope ATSU-5
of the Main Astronomical Observatory of the Nation-
al Academy of Sciences of Ukraine (hereinafter MAO
NASU). The telescope described by Gurtovenko, Kostik
and Shchukina [10,11] was set into operation in 1966. In
2011 its reconstruction was performed. The main tele-
scope characteristics are: a 440 mm coelostat and addi-
tional mirrors, a 440-mm main mirror with a focal length
of 17.5 m. The telescope has a spectrograph which can
be used both in one and double pass mode. The spec-
trograph collimator and camera 500-mm mirror is built
from a single block of glass and has a focal length of
7 m. Currently, the telescope is equipped with a CCD
camera SBIG ST-8300M. Its array (17.96 x 13.52 mm)
has 3326 x 2504 pixels at 5.4 microns. The grating has a
ruled area of 140 x 150 mm with 600 lines per mm. The
instrumental profile of the spectrograph in the fourth or-
der measured at 632.8 nm using a helium-neon laser has
a half width of 18-20 mA. The monitoring of the instru-
mental profile during the observational season shows the
variation of its half-widths within 10%. More details on
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the instrumental profile measurements are described by
Osipov in his paper [12].

The diagnostics of the solar cycle variation of the qui-
et solar atmosphere includes observations of the Ha,
Ca1t K& H and about 40 spectral lines of neutral and
ionized chemical elements (C1, Cal, Cri, MnI, Fer,
Ferr, Tit) in nine spectral regions from 393 nm to
657 nm (393.0-393.7, 524.4-525.2, 532.0-532.8, 537.6—
538.5, 539.0-539.8, 558.4-559.2, 624.9-625.7, 632.6—
633.3, 655.3-657.3 nm). The formation heights of these
lines cover the large portion of the photosphere, the tem-
perature minimum and the lower chromosphere. Since
2012 we perform observations at three positions on the
solar disk (center, north and south poles) with the en-
trance slit height of 2 arc min. The exposure time is as
a rule in the range of 1-2.5 s.
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Fig. 1. Disk-center bisector V/(Rax) (open circles with sol-
id line) of the Fe1 532.41 nm line and curve dV/dR(AM) (sol-
id line) that demonstrates bisector noise. Top panel: obser-
vations at ATSU-5. Middle panel: Liege atlas [13]. Bottom
panel: FTS atlas [14,15].

The observing program consists in using the spectro-
graph in one pass mode. Figure 1 quantifies the quality
of the observations at the telescope ATSU-5 of the MAO
NASU. The top, middle and bottom panels of the figure
present disk-center bisectors V(Ray) and bisector noise
dV/d(AM) of the Fe1 532.4 nm line profile obtained from
observations at ATSU-5, from Liege [13] and FTS [14,15]
atlases, respectively. We define bisector V(Ra)) as the
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loci of points midway between equal-intensity points on
either side of the line profiles:

V(Rax) = (AN, + AN,)/2,

where A\, and A\, are, respectively, the wavelengths of
the blue and red line wings for a given value of the line
residual intensity Ray. Figure 1 clearly shows that com-
pared to the double pass mode, such a scheme makes
it possible to measure line bisectors with an accuracy
higher than that of Liege and FTS atlases. In addition,
it enables to make faster observations reducing seeing
effects.

We developed the methods to account for the turbu-
lence inside the telescope ATSU-5, the instrumental scat-
tered light and instrumental profile of its spectrograph.
This allows to record the Fraunhofer lines on long time
scales with a high precision metrological stability. The
observations are performed daily, when the weather con-
ditions allow. Observational season lasts from March to
October. In total we have 284 days of observations be-
tween 2012 and 2016.

III. FIRST RESULTS

We show preliminary results of our monitoring pro-
gram using observations of three Fel lines of different
strength at the solar disk center. The first Fel 538.634
nm line is rather weak. According to Gurtovenko and
Kostik [10] its formation region extends from the bot-
tom of the photosphere (the wings) to the height of
Hp = 178 km (the line core). The second Fe1 539.829 nm
line is a typical representative of moderate Fel lines. It
is formed in the layer between the lower and middle pho-
tosphere (Hp = 315 km). The third line is Fe1 558.677
nm. As shown by Shchukina and Trujillo Bueno [16] the
formation region of this strong line covers the whole pho-
tosphere, herewith its core intensity comes from the tem-
perature minimum.

In the present work, we analyze three parameters of
these lines. They are a line core depth (D), full width at
half maximum (FWHM) and a line asymmetry. The first
two of them can be indicators of the temperature varia-
tion of the solar atmosphere, while the third one can be
used as a diagnostic tool to investigate the variation of
solar granulation and convective motions. In this study,
we use for description of the line asymmetry the bisector
curvature or, in other words, its deflection. We measure
this deflection at the wavelength point where its deriva-
tive becomes zero (see Fig. 1). At disk center, bisectors
for stronger lines are generally convex toward the blue
wavelength side, a curve reminiscent of the letter “C”,
while the bisectors of weaker lines look like an inclined
curve. It means that for weak lines like Fe1 538.634 nm
we cannot measure the bisector deflection.
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Fig. 2. Variations of the line core depth (left panels) and the line full width at half maximum (right panels) of the three Fe1
lines obtained at ATSU-5 telescope over observing seasons of 2012—2016.

Figure 2 shows variations with time of the line core
depth and full width at half maximum of these lines ob-
tained for the quiet regions of the solar disk center during
observations at the ATSU-5 telescope. Time variations of
the bisector curvature of the moderate Fel 539.829 nm
and the strong Fe1 558.677 nm lines are shown on Fig. 3.
In these figures black filled circles represent values aver-
aged over the observing seasons of 2012-2016, while the
vertical lines are 95% confidence intervals for random er-
rors. As one can see, the line parameter variations are
small. For the line depth they are within a few tenths of
a percent. The amplitudes of the FWHM variations are
below 1 mA and variations of the bisector curvature are
less than 10 m/s.

We compared these variations with the global unsigned
magnetic field of the Sun measured by the Wilcox Solar
Observatory [17] over the years 2012-2016 (see Fig. 4).
The first two white points shown on Fig. 4 are close to
the first maximum of the 24th cycle of solar activity.
Next two white points present the peak of the activity
observed in 2014 and 2015. The last point is on the de-
scending part of the cycle. Our measurements reveal that
the line core depths D (Fig. 2, left panel) and FWHM
(Fig. 2, middle panel) of all three Fe1 lines and the bisec-
tor curvature (Fig. 3) of the stronger FeI lines track the
variations of the total unsigned magnetic flux. Interest-
ingly, their line depths increase with the total unsigned
magnetic flux, while their full widths FWHM become
narrower as we approach the peak of the solar activity.
At the same time, we found that the equivalent widths W
of these lines do not correlate with the solar activity cy-
cle. Their variations are below 1 mA. The behavior of the
D and FWHM parameters can be explained by assuming
that near the maximum of the 11-year solar activity the
temperature gradient of the quiet photosphere becomes
slightly larger. Consequently, the line wing and core in-
tensities decrease and the Fel lines become deeper and
narrower. An observable change of the line bisector cur-
vature might mean that the convection in the Sun can

be modulated by magnetic field variations affecting the
energy transport in the outer solar layers.
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Fig. 3. Variations of the line bisector curvature (deflec-
tion), measured in the velocity units for the moderate and
strong FeT lines obtained at ATSU-5 telescope over observing
seasons of 2012-2016.
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Fig. 4. The total unsigned magnetic field of the Sun in
Gauss as measured by the Wilcox Solar Observatory [17] over
2012-2016. Grey circles indicate the value of the magnetic
field for observing days at the ATSU-5. White circles are av-
eraged over each period.
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IV. COCLUSIONS

The high precision metrological stability on long time
scales of the telescope ATSU-5 of the MAO NASU al-
lows to measure the slightest temporal changes of the
solar spectral line parameters. Thanks to this, we were
able to detect that during 2012-2016 the line parame-
ters of the three Fel lines correlated with the variation
of the global unsight magnetic field of the Sun. We in-
terpreted this result as an indication that the quiet solar
atmosphere may be affected by the cycle magnetism. In
order to prove or refute this conclusion we continue our
monitoring program and diagnostics of the solar cycle
variation of the quiet atmosphere resorting to observa-
tions not only of these three Fel lines but all selected
Fraunhofer lines counting over 40.

We are also going to compare the observed long-term
behavior of the Fraunhofer lines with predictions of 3D
magnetohydrodynamics simulations of solar convection.
We hope, this should quantify the temperature and con-
vective variations of the quiet solar photosphere over the
11-year cycle of solar activity. We are planning to present
the results of such a comparison in future publications.
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KUIBCHhKA IIPOTPAMA MOHITOPUHI'Y BAPIAIII ®PAYHI'O®EPOBUX JITHIN
3 11-PIYHUM IIUKJIOM COHAYHOI AKTUBHOCTI
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Torosna acmporomivwna obcepsamops HAH Yxpainu,
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Ornucano nporpamy MOHITOPHHI'Y JIOBFOCTPOKOBHUX 3MiH (bpayHrodepoBux JiiHill y congunomy crekrpi. Mera

nporpamMu — 3’siCyBaTH IOBEIIHKY 3MiH (I3WYHMX MapaMeTpiB CHOKIHHOI COHSTYHOI aTMocdepu IpoTsaroM 24-ro

IUKJTy COHsSTYHOI akTuBHOCTI. Jlociimkenns 6a3y0TbCs HA CIIOCTEPEIKEHHSX 13 BUCOKOIO CIHEKTPAJILHOIO PO3/IiIb-

HOIO 3/IaTHICTIO, IPOBEJIEHNX HA TOPU3OHTAIBHOMY COHSTIHOMY Tejeckomi ['omoBHOI acTpoHOMiuHOI 06cepBaTOpil

Hamionansrol akagemil Hayk Ykpaiuu. st miarHocTuky Bapiariit criokiitaol armocdepu CoHIst 3 24-M IUKJIOM

BuKopucTano crocreperxenns Jiinit Ha, Ca1r K& H i 6inpim wvixk 40 siiniit HefTpaabHUX Ta HOHI30BAHMX XIMIYHUX

€JIEMEHTIB y CHOKIMHUX JUISAHKAX IEHTPY COHTIHOro qucka. [lounnaroun Bix 2012 poKy crocTepeKeHHst IPOBOSTH

3 Oepe3Hsi JI0 XKOBTHSI IIOHS, KOJIU JO3BOJISIIOTH MOroAHi ymoBu. lepmri pe3ysnbratu criocTepekeHb yKa3yloTh Ha

Te, mo raubrHa i HaniBmmpuHa ciaabkol Fe1538.634 um, nomipuol Fe1539.829 um i cunbuol Fe1558.677 um Jiniii,

a TaKOXK IPOruH 6iCeKTOpa OCTAaHHIX JBOX JIHIN pearymoTh Ha MOJYJIsIil 3 11-piYHUM IMKJIOM COHSTYHOI aKTHUBHOC-

Ti 3arasprHOoro martiTaoro nouist Conrs. I[loBeminky 3a3Hadennx mapamMeTrpiB JIiHI MOXKHA MOSCHUTH BapiarisMu

TeMIepaTypu i KOHBEKTHBHUX IapaMeTPiB CHOKiTHOI ¢poTocdepr mMPOTATOM IIHOTO ITUKJIY.
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