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SUMMARY: The atmosphere of hypergiant p Cas is investigated by the method of atmospheric

model.

Effective temperature and the surface of gravity are determined by comparing the observed

and theoretical values of photometrical indices [c1],Q, and equivalent widths of Balmer lines: Teg =
5450 4+ 200K, log g=0.140.2. The microturbulence parameter is evaluated as £&¢ = 10+ 1 km/s, based on
studies of Fell lines. The chemical composition of the star is determined. In the atmosphere of p Cas
the C turned out to be a deficit, N, and Na in excess, other investigated elements practically display

solar abundance.
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1. INTRODUCTION

The chemical composition of A, F, and G class su-
pergiants, giants has attracted particular attention in
recent decades. According to the theory of chemical
evolution in the stage A, F, G class giants occur deep
mixing which leads to the variation of the abundance
of the CNO cycle (He, C, N, O) in the giants’ atmo-
spheres. A part of carbon nuclei turns into nitrogen
nuclei by absorbing protons, as a result, according to
the theory of chemical evolution of stars, particular,
a deficit of carbon (C) and an abundance of nitrogen
(N) should be observed in atmospheres of supergiants
of spectral classes A, F, and G.

Boyarchuk and Lyubimkov (1983) have noticed
that in addition to the deviations in the C, N, and
O abundance in the atmosphere of A, F, and G class
supergiants an overabundance of Na is observed. It
was hypothesized that an excess abundance of Na
can be explained by conversion of some amount of

© 2024 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

Ne into Na in the cyclic Ne-Na reactions. This Na
excess must be released into the atmosphere due to
deep mixing. Therefore a study of the chemical com-
position of A, F, and G supergiants and a compar-
ison of the obtained datum with the predictions of
chemical evolution theory remains a topical issue in
astrophysics.

In the present work, we determined the chemi-
cal composition of the G spectral class p Cas (G1 Oe)
hypergiant star. Hypergiants are interesting, rare ob-
jects, only a few stars are known in our Galaxy.

2. OBSERVATIONAL MATERIAL

The spectra of p Cas star were obtained on
November 06/07, 2019 by using the spectrograph
with CCD - matrix of the 2-meter telescope of the
Shamakhy Astrophysical Observatory of the Republic
of Azerbaijan (R=56000, S/N=150-400). The analy-
sis of spectrograms, were conducted using the DECH
package programs, which were specifically developed
by Galazutdinov (Galazutdinov 1992). We have as-
sessed the equivalent widths of the spectral lines using
two distinct methods: direct integration and Gaus-
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sian approximation. The direct integration method
involves calculating the equivalent width by numer-
ically integrating the area under the absorption or
emission line profile, which provides a precise mea-
surement of the line intensive based on the actual
shape of the line. In contrast, the Gaussian approxi-
mation method simplifies the line profile by assuming
it follows a Gaussian distribution, allowing for an es-
timation of the equivalent width based on the width
and amplitude of a fitted Gaussian curve.

The equivalent width of the Hg line of the Balmer
series of hydrogen is W(Hjs) =3.63A, and the equiv-
alent width of the H., line is W(H,) =2.84A. The
equivalent widths of the used spectral lines are given
in Tables 1 and 2.

The measurement error for the equivalent widths
(W) has been carefully controlled and does not ex-
ceed 5%, ensuring high accuracy and reliability in our
data.

Several of the spectral lines under investigation,
including Zr II at 4264.92A and Sm II at 4265.08A,
are positioned close to each other in the spectrum.
To accurately distinguish and analyze these closely
spaced lines, we employed a combination of high-
resolution spectroscopic techniques that provided the
necessary spectral resolution. Additionally, advanced
line fitting methods were utilized to deconvolve the
overlapping lines, ensuring precise measurement of
their wavelengths and intensities. This approach al-
lowed us to achieve a higher degree of accuracy in
identifying and characterizing each spectral line de-
spite their near coincidence.

3. PARAMETERS OF ATMOSPHERE:
EFFECTIVE TEMPERATURE AND
SURFACE OF GRAVITY

The atmosphere of the p Cas star was studied by
the model method. This method has been extensively
described (Lyubimkov et al. 2010). We have studied
the atmospheres of several A, F, G-spectral class gi-
ants and supergiant stars using the model method
(for example, Samedov et al. 2023, 2021, Samedov
2019). The model method of determination of atmo-
spheric parameters of stars is based on the compar-
ison of observed and theoretically calculated values
of the spectral and photometric quantities. We have
determined the effective temperature (Tog) and sur-
face of gravity (log g) of the star p Cas based on the
following criteria:

1. Comparison of observed and theoretically cal-
culated values for equivalent widths of Balmer
lines. Hg and H., spectral lines of the Balmer
series were used.

2. Comparison of observed and theoretically calcu-
lated values for index [c1].

3. Comparison of observed and theoretically calcu-
lated values for index Q.
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The index [c;] is defined as [¢1] = ¢; — 0.2(b — y)
in the uvby photometric system and the Q index is
defined as Q = (U—B)—0.72(B—V) in the UBV sys-
tem. These indices are released from the absorption
effect in interstellar space. The observation values of
the quantities [¢1] and Q are determined from the cat-
alog (Hauck and Mermilliod 1998). The theoretical
values of these quantities were calculated in (Castelli
and Kurucz 2003).The theoretically calculated values
of the equivalent widths of the Balmer series are given
in (Kurucz 1993).

If there is a significant variation in the observed
values of the star’s [¢1] and Q photometric indices,
this will affect the determination of the star’s atmo-
spheric parameters, such as (Tes, log g). It should be
noted that the range of variation of these indices for
the p Cas star has not been studied.

Fig. 1 shows the diagram that determines 7Tcg and
log g based on the above criteria. Based on Fig. 1
for parameters of the atmosphere of p Cas star, the
following values are taken: Tog = 5450K £ 200K,
log g=0.1 £ 0.2. p Cas is a variable star whose ef-
fective temperature fluctuates even during quiescent
periods. The temperature Tog =5450K is based on
the spectrum of the star obtained on November 6/7,
2019. According to Klochkova et al. (2014), the ef-
fective temperature of p Cas varied between 5777K
and 6744K during their observation period, with an
average value of about 6200 K. Israclian et al. (1998)
also reported that the temperature changes by ap-
proximately 750K during the pulsation period. The
temperature variation reported by Klochkova et al.
(2014) is greater than that found by Israelian et al.
(1998). Lobel et al. (1998) reported an effective
temperature range of 7250K—6500K based on obser-
vations from August 4, 1998, while Israelian et al.
(1999) determined Tog =7300K+200K. Kraus et al.
(2019) noted an outburst in p Cas in 2013, which was
accompanied by a temperature drop of approximately
3000K.

4. MICROTURBULENT VELOCITY

Therefore, when determining the microturbulent
velocity in the stellar atmosphere we used the Fell
lines. When determining &; we use only the Fell lines
with the equivalent width W < 280 mA. These lines
are formed in the deep layers of the atmosphere which
can be considered as plane-parallel layers in the LTE
state.

Spectral lines with the equivalent widths W < 280
mA are widely used in determining the microturbu-
lent velocity (e.g., Lyubimkov et al. 2010).

Based on the found parameters T,g and log g
we calculated the corresponding model of the atmo-
sphere; for this Kurucz’s ATLAS 9 program was used.
The determination of the microturbulent velocity by
the model method is based on the study of equivalent
widths in a wide range of spectral lines of Fell. Sev-
eral values are given to the microturbulent velocity,
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Fig. 1: log g - Tog diagram. The lines are constructed
based on a comparison between observed and theoretical
values of the equivalent widths of the Hg and H lines, as
well as the [cl] and Q indices. The filled circle represents
the accepted values of Teg and log g.

Table 1: List of used Fell lines. For each line, the wave-
length, excitation potentials of the lower energy levels,
oscillator strengths, measured equivalent widths, and cal-
culated iron abundances are shown.

Line (), A)[Ecxc (eV)[log gf[W (mA)] log e(Fe)
6482.20 6.19 -1.84 133 7.54
6446.41 6.20 -2.02 88 7.48
6369.46 2.88 -4.29 223 7.30
6179.39 5.54 -2.60 69 7.28
6113.32 3.21 -4.20 208 7.30
6084.10 3.19 -3.85 259 7.21
5627.49 3.37 -4.06 151 7.20
5161.18 2.84 -4.55 276 7.57
5100.85 5.89 -1.92 186 7.58

log e(Fe)
=7.39 £ 0.16

and the equivalent widths (W)) of the spectral lines
of Fell are calculated and compared with the equiv-
alent widths measured from observation (Table 1).
We used atomic data for the spectral lines from
the VALD-3 database (http://vald.astro.uu.se).
VALD-3 (Ryabchikova et al. 2015).

Fig. 2 presents the determination of the microtur-
bulence parameter in the atmosphere of the p Cas
star. As can be seen from Fig. 2 there is no corre-
lation between log e(Fell) and W) at & = 10 km/s.
Thus, we define for the p Cas star: & = 10+ 1 km/s.
de Jager (1998) determined & = 11 £ 2 km/s for the
microturbulent velocity.

5. ABUNDANCE OF THE ELEMENTS

When analyzing microturbulence (&) the iron
abundance is simultaneously found from the Fell
lines: loge(Fe)=7.39. The abundances of elements
are given on logarithmic scale

p Cas 5=10 km/s
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Fig. 2: Determination of the microturbulent velocity.
The straight line indicates that when & = 10 km/s, there

is no correlation between the iron abundance, log e(Fe
IT), and the equivalent widths of the spectral lines (W).

N(el)

N 12

loge(el) = log

For hydrogen, it is assumed that loge(H)=12. Ap-
plying our model (basic parameters: Teg = 5450K +
200K, log g=0.1 4+0.2.) we calculated the abundance
of the elements at & = 10 km/s. Ounly the fairly weak
lines are used, these lines are formed in deep layers
of the atmosphere and the variability in the upper
layers of the atmosphere has no effect on the lines we
use. The results are presented in Tables 1 and 2.

The difference in abundances of elements [el/H| =
logey(el) —logeg(el) in the star and Sun is presented
in Table 3 and Fig. 3. Solar abundances logeg (el) are
taken from (Scott et al. 2015, Grevesse et al. 2015).

Al :
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0.4 @
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Elements

Fig. 3: The difference in abundances of elements between
p Cas and the Sun. The horizontal line at zero repre-
sents the solar abundances. Elements corrected for the
non-LTE effects are depicted with open circles, and the
direction of the corrections (decreasing) is indicated by

an arrow.
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Table 2: List of used lines. The table presents the wave-
lengths of spectral lines for the specified elements, the
excitation potentials of the lower energy levels, oscillator
strengths, measured equivalent widths, and the calculated
abundances of the elements.

Line Fexcit | log W, loge

N\ A) (eV) | gf mA

CI

4775.89 | 7.46 -2.30 51 8.05

5800.60 | 7.95 -2.34 15 7.95

6010.68 | 8.64 -1.94 6 7.82

6413.55 | 8.77 -2.00 10 8.17

6587.61 8.54 -1.00 105 8.15

6671.85 | 8.85 -1.65 11 7.94

7087.83 | 8.65 -1.44 23 7.90

7108.93 | 8.64 -1.59 32 8.19

7111.47 | 8.64 -1.08 54 7.96

7115.17 | 8.64 -0.93 75 8.00

7476.18 | 8.77 -1.57 24 8.16
loge(C)
=8.03£0.13

NI

7442.30 | 10.33 | -0.38 80 8.58

7468.31 | 10.33 | -0.19 100 | 8.55
log e(INT)
=8.57£0.02

(0) 1

6155.97 | 10.74 | -1.01 16 8.88

6156.78 | 10.74 | -0.69 24 8.74
loge(O)
=8.81+0.1

Nal

5682.63 | 2.09 -0.70 281 | 6.54

6160.75 | 2.10 -1.26 280 | 6.83
loge(Na)
=6.69 £+ 0.21

Sil

5754.22 | 4.93 -1.84 44 7.13

5772.15 | 5.06 -1.36 94 714

6527.29 | 5.85 -1.07 120 | 7.74

6848.58 | 5.84 -1.53 8 7.24

7034.90 | 5.85 -0.62 90 7.11

7405.77 | 5.59 -0.31 217 | 7.35

7424.61 5.59 -1.61 19 7.11
log e(Si)
=7.26 +0.23

Scll

5318.35 | 1.35 -1.87 | 290 | 3.11

5357.20 | 1.50 -2.11 214 3.26

5552.22 | 1.45 -2.09 110 | 2.75
log e(ScII)
=3.04 £ 0.26

Til

4299.63 | 0.82 -0.43 269 | 5.13

4639.36 | 1.73 0.03 85 4.96

4639.94 | 1.73 -0.08 62 4.73

4650.01 1.73 -0.56 17 4.62

5035.90 | 1.45 0.41 75 4.75

5219.70 | 0.02 -2.11 28 4.59

5460.50 | 0.05 -2.68 22 5.10

5739.48 | 2.24 -0.47 24 5.11

5739.98 | 2.23 -0.69 10 4.92

6258.10 | 1.44 -0.39 51 4.69
log e(Ti)
=4.86 £ 0.21
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Table 2. continued.

Line Fexcit | log W, loge
O\ A) | (eV) | gf mA
Crl
4042.24 | 2.53 -1.21 66 5.93
4257.35 | 3.00 -1.26 22 5.91
4261.34 | 2.90 -0.53 39 5.33
4381.11 | 2.70 -1.50 8 5.39
4410.30 | 3.00 -1.22 31 5.98
4458.54 | 3.00 -0.41 39 5.29
4569.52 | 3.11 -0.74 10 5.13
4646.21 1.03 -1.63 129 5.13
4633.26 | 3.11 -1.18 30 6.01
4637.76 | 2.53 -0.72 7 5.43
4697.84 | 3.35 -0.64 16 5.43
4767.86 | 3.54 -1.03 6 5.59
4775.13 | 3.54 -1.12 4 5.52
5177.40 | 3.41 -0.62 10 5.33
5287.18 | 3.42 -0.93 14 5.68
5390.38 | 3.35 -0.99 17 5.76
5648.26 | 3.81 -0.77 3 5.38
5694.74 | 3.84 -0.26 14 5.39
5719.82 | 3.00 -1.51 5 5.41
loge(Cr)
=5.53 £ 0.28
AII
5557.06 | 3.13 -2.11 12 6.38
7836 4.00 -0.49 107 | 6.62
log e (AI)
=6.50 £ 0.17
SI
4694.11 6.50 -1.77 140 7.39
4695.44 | 6.50 -1.92 39 7.33
6052.66 | 7.84 -0.83 84 7.38
6757.15 | 7.84 -0.45 152 7.39
loge(S)
=7.37+£0.03
Scl
5671.82 1.44 0.54 23 3.17
log e(ScI)
=3.17
Mnl
4070.27 | 2.18 -1.09 109 5.1
4452.99 | 2.93 -0.64 179 | 5.64
4671.68 | 2.88 -1.68 20 5.48
4727.48 | 2.91 -0.47 92 5.52
5388.50 | 3.36 -1.37 10 5.28
5457.46 | 2.15 -2.89 8 5.52
6013.49 | 3.06 -0.48 23 5.05
log e(Mn)
=5.37+£0.23
Col
4068.54 1.95 -1.11 99 4.99
4110.53 | 1.04 -1.82 186 | 5.13
4570.02 | 3.62 -0.40 8 4.71
472794 | 0.43 -3.33 34 5.02
5094.95 | 2.03 -2.12 7 4.71
5287.79 | 4.03 -0.33 5 4.83
7417.38 | 2.03 -1.98 28 5.05
loge(Co)
=4.92+£0.17
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Table 2. continued.

Line Fexcit | log W, | loge
N\, A) (eV) | gf mA
Nil
4009.98 | 3.62 -1.17 94 6.48
4017.57 | 3.69 -0.53 113 5.99
4023.99 | 3.69 -0.81 118 | 6.23
4551.22 | 4.15 -0.86 20 5.89
4600.36 | 3.58 -0.40 220 | 6.14
4715.76 | 3.53 -0.30 226 | 6.00
4752.42 | 3.64 -0.60 90 5.83
4814.60 | 3.58 -1.62 26 6.17
4832.69 | 3.78 -0.95 95 6.33
4841.97 | 4.15 -1.20 10 5.91
4918.36 | 3.82 -0.08 294 6.32
4930.80 | 3.83 -1.56 26 6.36
4952.28 | 3.59 -1.69 38 6.43
4980.17 | 3.59 -0.36 197 | 5.98
5606.80 | 3.88 -1.70 16 6.28
6025.75 | 4.22 -1.53 24 6.59
6116.18 | 4.07 -1.08 41 6.24
6327.60 1.67 -3.21 41 5.92
6370.35 | 3.53 -1.80 50 6.50
log e(IN1)
=6.194+0.23
Znl
6362.34 | 5.77 0.15 75 4.52
log £(Zn)
=4.52
Zrl
4241.69 | 0.65 0.14 7 2.38
4027.20 | 0.62 -0.23 9 2.87
log (ZrI)
=2.634+0.35
ZrI1
4071.09 | 0.99 -1.66 162 2.53
4110.06 | 0.75 -1.40 230 | 2.28
4264.92 1.66 -1.41 62 2.40
log (ZrII)
=2.40+0.13
Lal
5377.05 | 2.29 -0.43 23 1.35
loge(La)
=1.35
SmlII
4123.95 | 0.48 -0.69 80 0.75
4256.39 | 0.38 -0.15 232 | 0.73
4265.08 | 0.18 -1.04 64 0.66
log e(Sm)
=0.71+0.05

Open circles indicate the differences in the C, N,
and Na elements in the star and Sun according to
the literature data require non-LTE corrections. It
is necessary to insert corrections — (0.3-0.4)dex. into
the value of loge(N)—(0.2-0.3) dex. into the value of
log e(C) (Lyubimkov et al. 2011, 2015)—(0.1- 0.2)dex.
into the value of loge(Na) Andrievsky et al. (2002).

As can be seen in the atmosphere of the star, C
turned out to be in deficit, N and Na in excess, the
other investigated elements practically display the so-
lar abundance. This means that the star p Cas was
formed from matter with the same chemical compo-
sition as the Sun. This conclusion is interesting from

Table 3: The difference in abundances between p Cas
and the Sun.

Element | logex logee | Aloge=
logesx —logep

C 8.03 8.43 -0.4

N 8.57 7.83 0.74

O 8.81 8.69 0.12

Na 6.69 6.21 0.48

Al 6.50 6.43 0.07

Si 7.26 7.51 -0.25

S 7.37 7.13 0.24

Sc 3.04 3.16 -0.12

Ti 4.86 4.93 -0.07

Cr 5.53 5.62 -0.09

Fe 7.39 7.47 -0.08
Mn 5.37 5.42 -0.05

Co 4.92 4.93 -0.01

Ni 6.19 6.20 -0.01

Zn 4.52 4.56 -0.04

Zr 2.40 2.59 -0.19

La 1.35 1.11 0.24

Sm 0.71 0.95 -0.24

the point of view of models of the Galactic chemi-
cal evolution. According to the calculations of these
models (for example, Spitoni et al. 2009) the enrich-
ment of the Galactic disk with heavy matter is very
small during the age of the Sun (within 4.5 billion
years). The oxygen abundance and metallicity have
retained their original abundance, but evolutionary
changes were observed in the composition of the C,
N, and Na elements. Thus, the predictions of the the-
ory of evolution are confirmed by observations. The
abundances of elements in the atmosphere of the star
p Cas have been determined (Boyarchuk and Lyu-
bimkov 1983). In (Boyarchuk and Lyubimkov 1983),
and it was concluded that C is deficient, N, and Na
are in excess, and the amount of other studied el-
ements is the same as in the Sun. Israelian et al.
(1998) demonstrated that the atmosphere of the p
Cas star contains excess of N [Na/H] = 0.65 £ 0.15.
Additionally, the abundances of Si, Mg, and Ca are
slightly enhanced, with the mean increase of 0.3 +
0.1 dex.

The abundance of elements in the atmospheres of
giants and supergiants have been determined by nu-
merous authors (for example, Lyubimkov et al. 2010,
2011, 2015, 2019, Luck et al. 2006) and it has been
shown that the O abundance and metallicity of these
stars are close to those of the Sun, C is in deficit,
while N, and Na are in excess.

6. CONCLUSION

1. The effective temperature and surface of gravity
of the p Cas star are determined by the method
of atmospheric model. The following values of
the effective temperature and surface of gravity
were found: Tog = 54504200 K, log g=0.1+0.2.
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2. The microturbulence parameter was found as
& =10+ 1 km/s on the basis of studies of Fell
lines.

3. The abundance of elements in the atmosphere of
p Cas star was determined and compared with
their abundances of the Sun. A deficiency of C
and excess of N and Na were found. The abun-
dance of other studied elements is close to the so-
lar. This means that the star p Cas was formed
from matter with the same chemical composition
as the Sun.
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Opuzunasnu HaywHY Pao

Armocdepa xuneprnmna p Cas ucrpaskeHa je
Kpo3 MogzenoBame armocepe. ITopebemem moc-
MaTPAHUX U TE€OPWjCKUX BPEAHOCTU (POTOMETPU]-
CKUX WHIAEKCA [c1],(), ¥ EKBUBAJEHTHUX MUPU-
na Danmeposux gunuja oapebere cy Bpemnoctu
Tex = 5450 £ 200K,logg = 0.1 £ 0.2 3a edex-
TUBHY TeMIepaTypy W HOBPIIMHCKY TI'DABUTAIM-

38

jy. [lapamMeTap MUKpPOTYpOYICHIMj€ TPOLEHEH je
Ha & = 10+ 1kms~! Ha ocmoBY mpoyuaBama Fe II
auauja. Ouppeben je xemujcku cacrtas 3Be3me. Y
armochepu p Cas, C je y nepunury, N u Na npu-
cytau cy y Behoj mepu y omuocy una CyHie, IOK
OCTAJIM TPOYUYABAHU €JIEMEHTU MOKA3Y]y XEMIj-
CKy 3acTymibeHocT Oancky CyHUEBO].
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