10.1515/astro-2017-0418

Baltic Astronomy, vol. 19, 147-155, 2010
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Abstract. High resolution spectra of M-type supergiant u Cep are analyzed.
The movements in the atmosphere of this star are highly supersonic and variable
with depth. The lines forming in deeper layers show the widths corresponding
to 30 kms~!. The lines forming in outer layers are much wider, 50 kms—!. At
the same time, the microturbulent velocity (&) is low, from 4.0 to 4.5 kms~1.
The atmosphere of p Cep is slightly metal deficient with [Fe/H]~-0.4.
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1. INTRODUCTION

Herschel’s Garnet Star, p Cephei is one of the largest and most luminous stars
in the Milky Way (Humphreys 2007). It belongs to red supergiants (RSG) which
are evolved massive (Mini = 10 to 25 M) stars burning helium in their cores
(Massey et al. 2008). Their spectra show strong line broadening which seems to
be different for different lines. The atmospheric dynamics of p Cep and other red
supergiants was studied recently by Josselin & Plez (2007) using the tomography
technique. In this note we analyze the same observational data by more traditional
approach. We use the concept of the line formation depth instead of mere line
center optical depth for characterizing the atmospheric dynamics. We will also try
to determine the still poorly known chemical composition of y Cep.

The spectra of u Cep were taken from the ELODIE archive (Moultaka et al.
2004). Overall 20 spectra, observed by Eric Josselin from 1999 to 2004, were used.
The spectra cover the wavelength region 400-680 nm with S/N = 100 to 350 at
550 nm and a wavelength resolution of 0.0132 nm.

For the present analysis all the spectra were preliminary coadded. Before that
they were shifted in the wavelength using as a zero-point the spectrum obtained
on JD 2453211.5. The shifts were found by cross-correlating the spectra.

2. ANALYSIS

2.1. Atmospheric parameters and model atmospheres

The known atmospheric parameters of i Cep are listed in Table 1. The effective
temperature is known rather well. The older temperature scale for RSGs indicated
too low temperatures, and their location in the HR diagram was in disagreement
with the evolutionary tracks (Massey et al. 2007). Using the new generation
MARCS atmospheric models (Gustafsson et al. 2003) for fitting the TiO bands
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allowed to Levesque et al. (2005) to solve this problem and to establish a new
temperature scale for RSGs. For pu Cep Levesque et al. (2005) have found Tog =
3700 K. Josselin & Plez (2007) used the VK color and T,g calibration by Bessell
et al. (1998) to find Tex = 3750 K.

Table 1. Basic parameters of u Cep (HD 206936).

Sp. Var. 14 B-V V-K EB*V AV Teﬁ‘ lOg g Mbol
M2Iab SRc 4.08 2.35 596  0.66+0.19 2.01 3700 -0.5 -9.08
4.02 5.90 3750  -0.36 —8.88

In the first line the data from Levesque et al. (2005) and in the second line the data
from Josselin & Plez (2007) are given.

When fitting the spectra, the surface gravity for RSGs was chosen by Levesque
et al. (2005) iteratively starting with log g = —0.5 which corresponds to My, and
the old temperature scale. With the new scale they found that log g = 0 was more
consistent with the RSGs locations in the HR diagram. Levesque et al. (2005) also
found that the choice of log g has affected the derived values of Fp_y by < 0.1 mag
and had no effect on the derived effective temperatures. Josselin & Plez (2007) for
1 Cep found log g = —0.36 on the basis of adopted M, = —8.88 and the 25M
mass. According to these data, I started the analysis with Tog = 3700 K. The
constant surface gravity log g = 0.0 was chosen.

The models were taken from the Plez (1992) grid. These are the same models
which were used by Levesque et al. (2005). There is no model with Tog = 3700 K
in the grid. Therefore I interpolated the temperature at a given gas pressure in
the models (3600/0.0) and (3800/0.0) corresponding to 5 M. This mass is lower
than is expected for p Cep but the T'(p,) distribution of plane-parallel atmospheric
models depends on the stellar mass through log g, which was fixed as described
earlier. Later (see section 2.3), when deriving the Ti abundance, we found that Toq
should be lowered by 100 K and therefore we used the model (3600/0.0) afterwards.

2.2. Measurement of the spectra

The coadded spectrum was normalized to a continuum using the IRAF task
‘continuum’; and the wavelengths, equivalent widths and half-widths (FWHW)
of lines were measured with the task ’splot’, which was also used to decompose
the blends. This was reasonably possible down to the wavelength of ~ 480 nm.
However, most of the measured lines were severely blended and during the sub-
sequent analysis were rejected. The element abundances and the line formation
depths were calculated with the code WIDTHS5 (Kurucz 1979). The solar oscillator
strengths by Thevenin (1989, 1990) were used.

The FWHW of lines were found to be dependent on line strength. In Fig-
ure 1 the dependence of line widths on the formation depth is shown. In the
code WIDTHS5 the line formation depth is calculated as weighted over the line
profile mass depth py corresponding to the monochromatic optical depth 1 (px =

Ptot(T)\ = 1)/9)~

Figure 1 shows that the lines forming in the highest layers are widened by
the motions with 50 kms™! velocities while in the deepest layers the observed
velocities are 30 kms~!.
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Fig.1. The dependence of line widths (FWHW) on the formation depth. The Fel
lines are plotted as filled dots, the lines of other elements (Til, CrI, MnI, VI, Nil,Cal
and Ball) as open circles. The line is drawn by the least-square fit for all lines.

2.8. Chemical composition

Abundance analyses for M supergiants are rare. The first attempt to find
the chemical composition of p Cep was by Yamashita (1956, 1965) using the
curve-of-growth method for the S-S atmospheric model. He was able to found
the abundances of some elements relative to neutral iron. He obtained the excita-
tion temperature 2800 K and the microturbulent velocity 9.3 kms=!. A few years
later Orlov (1967) did the same with the M-E type curve-of-growth. He found the
abundances of several elements relative to iron which are, however, quite different
from the solar values. He also adopted Tex. = 2800 K and get the microturbulent
velocity & = 15 kms~1.

When deriving the new temperature scale for red supergiants by TiO band
strengths, Levesque et al. (2005) used the solar metallicity and presumably the
solar oxygen abundance. The abundances of Ti, O and C have strong effect on
the TiO band strength. We assumed loge(O/H) = 8.80 according to findings by
Lambert et al. (1984) for another M-type supergiant, Betelgeuse. With this oxygen
abundance and loge(C/H) = 8.52 and loge(Ti/H) = 4.90, the TiO bandheads
at 516, 545, 585, 616, 658-680 nm are well reproduced in the synthetic spectra
(visual inspection). In the spectrum synthesis, the lists of Bell (1976) for metallic
lines and of Plez (1998) for TiO lines were used. A good fit was obtained when
differences in abundances do not exceed + 0.1 dex in both O and Ti and 4 0.05 dec
in C. However, the Ti abundance derived from the equivalent widths was found
to be lower by about 0.4 dex (see below). This means, that in order to preserve
the same TiO band strengths with the same oxygen and carbon abundances, the
temperature should be lowered to Tog = 3600 K. This temperature was used in
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the subsequent abundance analysis. The choice of O and C abundances affects
only the strength of TiO bands, with no effect on the derived abundances of other
elements.

We started the analysis

Table 2. Chemical composition of p Cep. The with Fel for which the largest
number of used lines is indicated in remarks. number of comparatively un-
The microturbulent velocity & = 4.0 kms™! was P vey

wsed in all cases. blended lines was found. In

Figure 2 the derived iron

Sun® p Per abundances are plotted versus
El' 1102%50 loge [El/Fe] | Remarks log(EW/)) f(?r 80 Fel lines.
C 855 | 8.52 0.38 | Input abund. The needed microturbulent ve-
O 887 | 880 0.34 | Input abund. locity is 4.5 kms™! and the
Na 633 | 6.76+0.24 0.84 | 2 Nal iron abundance is loge(Fe) =
Mg 7.58 6.39 + 0.66 —0.78 3 MgI 699 :l: 024 The scatter 1s
Si 755 | 7.6340.16 0.49 | 5Sil large and there is some irreg-
Ca 6.36 | 5.9940.29 0.04 | 12 Cal ularity in the distribution of
Sc 317 | 2174£033  -059 | 5ScI, 1 Scll points at log(EW/A) = —1.2.
Ti 502 | 4404027  -0.21 | 19 Til In Figure 3 the line forma-
Y 4.00 | 3.41£0.29 -0.18 | 14 VI tion depths are plotted against
Cr 5.67 4.92 +£0.34 -0.34 | 21 CrI log(EW/)\) Here one could
Mn 539 | 484+030  -0.14 | 7 Mnl notice that at this value of the
Fe  7.50 | 7.09+0.20 5T Fel reduced equivalent width the
Co 492 | 4534024 0.02 | 4 Col dependence starts to diverge
Ni 625 | 6.10%0.39 0.18 | 14 NiI and for stronger lines it splits
Cu 421 | 4741019 0.94 | 3 Cul into two branches. This be-
Y 2.2 2.10£0.15 0.27 | 2 Y1I havior is related to the way
VAq 2.60 1.21 £0.36 —0.98 | 5Zrl i :
how the formation depth is
Ba 215 | 2.59+0.12 0.27 | 3 Ball calculated. For broader lines
Sm_ 101 1.09 £0.54 049 | 2 SmlI the difference in the formation
1 Grevesse et al. (1996), relative to log 6(H) depths of the line core and

wings starts to show up and for
very broad lines the contribution of wings takes over. Therefore we have set a limit
log(EW/X) < —1.2 for the abundance analysis.

The results are shown in Figure 4. We get the microturbulent velocity & =
4.0 kms™! and the iron abundance loge(Fe) = 7.09 + 0.20 from 57 Fel lines.
When treated separately, the stronger lines give very close abundance, log e(Fe) =
7.14 £ 0.23, with a slightly higher & = 4.3 kms™!.

For Til only 19 lines were found and with & = 4.0 kms™! the titanium abun-
dance is loge(Ti) = 4.40 = 0.27.

No Lil line at 670.8 nm was found.

The summary of abundances is presented in Table 2. One can see that p Cep
is slightly metal deficient. The abundance errors of the elements, other than those
of the iron peak, are quite large due to small number of measured lines and severe
blending.

The random errors rising from using of different lines are presented in Table 2.
The systematic effect from the lowering of the effective temperature by 100 K
causes the rise of Fe abundance by 0.1 dex.
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Fig. 2. The dependence of iron abundances on the reduced equivalent widths for all
(80) measured Fel lines. The microturbulent velocity is & = 4.5 kms™*.

2.4. The NalD and Ha lines

The NalD lines have composite profile. In Table 3 and Figure 5 the Gaussian
decomposition of these lines in the velocity scale is presented. The velocities are
derived relative to the radial velocity of the star. For the decomposition the mean
spectrum for the period from JD 2451412.5 till JD 2453211.5 was used. The profile
was stable during the whole period except of the component 4 which during the
first observation was about 20% weaker than in the mean spectrum. The close
fit of intensities of the Dy and Ds components points to heavy saturation and
excludes further analysis of these lines.

Table 3. Results of the Gaussian decomposition of NaID
lines in the spectrum of u Cep.

No. XDz EW o AD1  EW .
[nm]  [pm] [km/s] mm]  [pm] [km/s]
1 588.907 53.6 —42.0 589.506  46.8  —40.8
2 588.944 121 231 589.543  19.5  —21.9
3 588974 515  —T.9 589.575 46.3  —5.7
4 580.037 465  24.2 589.632 425 233

The Ha line was variable during nearly five years of the used observations.
However, the observations were distributed very unevenly in time, and we grouped
them with no discernible changes in Ha and averaged them. The time between
the first observation and the second group is about 3.8 years, then the third and
the fourth groups each followed in about a half of year. The time evolution of
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Fig. 3. The dependence of the iron line formation depth on the reduced equivalent
widths for all (80) measured Fel lines.
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Fig. 4. The same as in Fig. 2 but for 57 weaker lines with log(EW/X) < —1.2. Here

the microturbulent velocity is & = 4.0 kms™?'.
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Fig.5. The Gaussian decomposition of the NaID lines in the velocity scale (D2 —
solid line, D; — dashed line). Zero velocity corresponds to the radial velocity of the star.
The mean of all used spectra is plotted.

the Ha line is presented in Figure 6. The line was narrowest during the first
observation and its wavelength corresponded then quite well to the radial velocity
of the star. In other observations one could follow a gradual widening of the red
wing of the line, and for the last observation the widening of the blue wing also.
At the same time the central wavelength of the line has also increased. According
to the AAVSO light curve of u Cep, a deep light drop close to the last spectral
observation could be present. That drop could be as large as AV = 0.6 mag, but
no direct photometry is available at the time of spectral observations.

3. CONCLUSION

In the spectra of Ha region of late type giants and supergiants observed by
Eaton (1995), metallic lines in the spectra of pCep and « Ori are notably wider
than in other stars. In this work I found that the line width depends on the
line formation depth being larger in outer layers of the stellar atmosphere. The
difference in velocities responsible for these line widths is about 20 kms~!. The
velocity gradients found by Josselin & Plez (2007) were close to that. The velocities
themselves are highly supersonic. This indicates that large granules can be present
in the atmosphere of y Cep. Chivassa et al. (2010) have modeled convection for the
Betelgeuse, a close kin of 1 Cep, and indeed found that the star is characterized by
a granulation pattern composed of convection related granules and large convective
cells. At the same time the microturbulent velocity is rather low, (4.0 kms™1).
The Fel lines stronger than log(EW/A) > —1.2, which form in the outer layers of
the atmosphere, show slightly larger microturbulent velocity, & = 4.3 kms™!.
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Fig. 6. Profiles of the Ha line during four time intervals. On JD 2451421.5 — solid line,
from JD 2452787.5 to JD 2452826.5 — dotted line, from JD 2452873.5 to JD 24523051.2 —
dashed line and from JD 2453122.6 to JD 2453211.5 — dash-dotted line. The positions of
Til line at 655.608 nm and Fel line at 656.922 nm, and the Ha position with the radial
velocity determined by these two lines, are indicated.

The chemical composition of i Cep is found to be slightly metal deficient with
[Fe/H]~ —0.4. This leads to somewhat lower (~ 100 K) effective temperature than
it was assumed earlier. For other elements than of the iron peak the results are
very uncertain due to small number of the measured lines.
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