Session 3. Stellar Variability and Abundances

Convener: Prof. Werner W. Weiss

(Inst. for Astronomy, Univ. of Vienna, Austria)

SPECTRUM ANALYSIS OF HD 83368 AND HD 60435 WITH LITHIUM SPOTS

A. V. Shavrina^1, V. Tsymbal^2, V. Khalack^1, N. S. Polosukhina^3, J. Zverko^4, J. Žižňovský^4, M. Hack^5, P. North^6

1Main Astronomical Observatory, NAS of Ukraine 27 Akademika Zabolotnoho St., 03680 Kyiv, Ukraine e-mail: shavrina@mao.kiev.ua, khalack@mao.kiev.ua

2Tavrian National University, 95000 Simpheropol, Ukraine e-mail: VAD@ccssu.crimea.ua 3Crimean Astrophysical Observatory, Naukove, 98409 Crimea, Ukraine e-mail: polo@crao.crimea.ua

4Astronomical Institute, Slovak Academy of Sciences, 059 60 Tatranská Lomnica, Slovakia e-mail: zve@ta3.sk, ziga@ta3.sk

5Dept. of Astronomy, Trieste Univ., I-34131 Trieste, Italy e-mail: hack@ts.astro.it 6Inst. d’Astronomie, Univ. Lausanne, CH-1290 Chavannes-des-Bois, Switzerland e-mail: Pierre.North@obs.unige.ch

We present results of abundance determination of some elements in the roAp star HD 60435 and compare them with the results obtained for HD 83368. Lithium spots were distinguished on HD 60435 and their parameters were derived. For the first time the values of the rotational axis inclination i and surface magnetic field H_s were determined for HD 60435.

INTRODUCTION

The behaviour of the Li line at 6708 Å in spectra of several magnetic CP stars was studied by Polosukhina et al. [6] in the framework of the “Lithium in CP stars” project. A distinguished behaviour of the 6708 Å line which divided the stars into four different groups, was explained in terms of the oblique rotator model with magnetic field and occurence of Li spots at the magnetic poles. HD 60435 and HD 83368 studied here belong to the group I, for which we observe two lithium spots on a rotating star, that can be explained in the frame of magnetic dipole model with significant inclination of its magnetic axis to the rotational one.

SPECTRUM ANALYSIS

Primary data reduction was made by one of us (PN) using the standard IHAP procedure. Subsequent evaluation of the spectra were performed with SPE, a code written by Sergeev. The quantitative analysis was carried out by means of synthetic spectra using STARSP code and Kurucz’s model atmospheres [3]. Line lists with atomic data were those by Kurucz (CDROM 23) and VALD [2, 5] accessible through INTERNET. Computations of spots’ parameters (size, location and elemental abundance) were performed with the ROTATE code of Tsymbal.

The values of T_{eff} , log g and v sin i were determined in [7, 10]. For HD 83368 the best agreement in the abundances computed from the Fe i and Fe ii lines was achieved for the model T_{eff} = 7750 K, log g = 4.0. For HD 60435 the best agreement between the abundances computed from the Fe i, Fe ii and Cr i, Cr ii lines was reached for the model T_{eff} = 8250 K, log g = 4.5. For the line profile calculations we used v sin i = 11 km s^{−1} for HD 60435 and v sin i = 34 km s^{−1} for HD 83368. Models with [M/H] = 0.0 were the best ones.

Table 1: Elemental abundances for HD 83368 and HD 60435 as compared with data by Zverko et al. [11] for HD 60435, Grevesse & Sauval [1] for the Sun and Roby & Lambert [8] and Ryabchikova et al. [9] for HD 24712

HD 83368 HD 60435 N error HD 60435 Sun HD 24712 El max min max min lines (dex) m1^b m2^c

1 2 3 4 5 6 7 8 9 10 11 12

C i -3.8 -4.5 -3.6 -3.8 6 .3 -3.52 -4.5 N i -3.0 -4.0 -3.2 -3.4 10 .3 -4.09 -4.4 O i -3.4 -4.3 -3.9 -4.5 2 .3 -4.0 -4.0 -3.21 -3.8 Na i -6.1 -6.1 -5.8 -5.8 2 .3 -5.9 -5.72 Al i -6.0 -6.6 -6.2 -6.2 1 .2 -6.8 -5.57 -5.53 Si i -3.9 -4.9 -3.6 -4.4 5 .2 -4.9 -4.48 -4.43 S i -5.2 -5.2 5 .3 -4.84 Ca i -5.1 -5.6 -4.7 -5.1 2 .1 -5.4 -5.4 -5.69 -5.69 Ca ii -5.3 -5.8 -5.8 -5.8 3 .3 -5.22 -4.88 Ti ii -6.8 -7.3 -7.2 -7.3 2 .2 -7.10 -7.22 -7.29 Cr i -4.1 -5.0 -4.3 -4.4 4 .2 -6.35 -5.93 -5.80 Cr ii -4.2 -4.6 -4.6 -4.6 4 .3 -4.9 -5.0 -5.58 -5.33 Fe i -4.6 -4.9 -4.1 -4.2 4 .1 -4.4 -4.5 -4.54 -4.77 -4.88 Fe ii -4.3 -4.7 −4.3^a −4.3^a 10 .2 -4.4 -4.5 -4.80 -5.11 Co i -5.5 -6.3 1 .3 -5.7 -7.13 -5.88 -5.57 Y i -6.4 -7.0 4 .2 -8.5 -9.81 -7.80 -7.80 Ba ii -9.1 -9.1 −9.1^a −9.1^a 1 .2 -9.5 -10.0 -9.82 -9.12 -8.98 La ii -8.4 -9.2 3 .4 -10.3 -10.82 -9.40 -8.75 Ce ii -8.1 -8.7 2 .2 -9.4 -10.41 -9.18 -8.90 Pr ii -9.3 -9.3 -9.3 -9.3 4 .2 -11.24 -10.15 -9.60 Pr iii -8.5 -9.1 -8.4 -8.8 2 .2 Nd ii -8.2 -9.3 -7.9 -8.6 4 .3 -9.2 -10.55 -9.13 -8.64 Nd iii -7.2 -8.0 -7.5 -8.0 2 .2 Sm ii -8.4 -9.1 -8.1 -8.4 3 .2 -9.9 -11.06 -9.75 -9.16 Eu ii -9.8 -9.8 2 .2 -9.5 -11.07 -9.50 -9.00 Gd ii -8.4 -8.9 6 .3 -8.2 -10.95 -9.11 -8.70 Er ii -8.1 -8.6 1 .3 -11.07 -9.79 -9.53 Yb ii -9.3 -9.4 1 .3 -11.08 -8.30 -8.30 Lu ii -9.2 -9.2 -9.4 -9.4 1 .2 -11.91 a) - from spectral range 6120–6180 Å;

b) - T_{eff} = 8250 K, log g = 4.5, v sin i = 11 km s^{−1} and [M/H]=0.0; c) - T_{eff} = 7750 K, log g = 3.0, v sin i = 11 km s^{−1} and [M/H]=0.0.

Comparing the synthetic spectra with the observed ones at individual rotational phases, we derived abundance variations of several elements with rotation. The maximum and minimum values of log(N/H) for the corresponding phases are given in Table 1 for HD 83368 (column 2 and 3) and for HD 60435 (column 4 and 5). The number of lines used and the errors for each element are given in columns 6 and 7, respectively. The procedure of fitting the observed and calculated spectra was repeated until the disagreement in abundances for all the analysed lines of each element has been reached its minimum.

MAGNETIC FIELD

In the previous paper we estimated the value of the surface magnetic field to be equal to ∼ 2 kG that varies by ± 300 G over the rotation of the star. We attempted also to determine the value of the surface magnetic field from the Fe ii 6147 Å and 6149 Å line profiles. We computed the synthetic profiles taking into account magnetic splitting for two values of the magnetic field, namely 2 kG (Zeeman splitting), and 11 kG (Paschen-Back effect) [4]. The profiles shown in Fig. 1a were computed for H_s = 2 kG taking into account spots of the Fe ii located at the longitudes l_1 = 110^∘ and l_2 = 170^∘ and of the Pr ii (l = 100^∘), where l = 0^∘ corresponds to the subsolar point on the stellar surface at the photometric phase zero [7].

We completed the same calculations for H_s = 11 kG and a significantly worse agreement with observed line profiles was derived. Due to this reason we consider the value H_s = 2 kG to be more convenient. This value is confirmed also by a good fit of the computed profiles of the Eu ii 6645.46 Å, Nd iii 6145.07 Å and Ba ii 6141 Å lines to the observed ones, taking into account the surface spot structure (see Fig. 2a).

Contrary to the case of HD 83368, there are no original measurements of magnetic field for HD 60435. Considering the similarity of these two stars we followed the same way for HD 60435.

Figure 1: Profiles of Fe ii 6147.74 and 6149.26 Å. Full line: observed spectrum. a) HD 83368, phase 0.320; dashed line: 2 kG (Zeeman splitting), thin line: 11 kG (Paschen-Back effect), spotted surface. b) HD 60435, phase 0.005; dashed line: 3 kG (Zeeman splitting)

We computed profiles of the lines mentioned for the corresponding orientation of the magnetic field with Zeeman splitting for a set of values of H_s in the range 2–8 kG and v sin i = 11 ± 2 km s^{−1}. The best fit of the computed profiles to the observed ones was achieved for H_s = 2 kG in the case of the Fe ii lines and for H_s = 3.5 kG in the case of the Ba ii lines (Fig. 2b). We derived a good fit for both elements simultaneously: for a single value H_s = 3 kG, but only if v sin i = 9 km s^{−1} for the Fe ii lines (Fig. 1b), and if v sin i = 13 km s^{−1} for the Ba ii line. Thus, our estimate of the surface magnetic field of HD 60435 is H_s = 3 ± 1 kG with v sin i = 11 ± 2 km s^{−1}.

CONCLUSIONS

We find that abundances of elements in both stars differ from each other and differ considerably from the solar one, which is a common feature of CP stars. As compared with the other roAp star HD 24712, almost all elements studied show overabundances, while Al is deficient in both stars. In HD 60435 the O and Yb are underabundant too.

In HD 83368, the abundances of the elements studied vary with rotation by up to 0.9 dex in general, while in HD 60435 the most prominent variations (up to 0.7 dex) are shown by REE and some of the light elements (O, Si). The main difference between these two stars is that the iron peak elements in HD 60435 are non-variable within the abundance errors.

In HD 83368, the abundance maximum of the most variable elements occurs at phases when the Li line is outside of its extrema. From this we deduce that some of the other elements (mainly REE) may form the ring-like features surrounding the lithium spots. A similar structure can be expected for HD 60435.

In HD 83368 the behaviour of the Li line profile and magnetic field shows that lithium spots approximately coincide with magnetic poles. The positions l_1, l_2 of the two lithium spots correspond to a lag between magnetic poles and spots of ∼ 23^∘ which is in a good agreement with the lag derived in [7]. At the same time the values of l_1, l_2 show that the lithium spots are possibly not exactly 180^∘ apart. In HD 60435 we derived from the line profile variations the positions of the lithium spots, which similarly do not lie strictly at opposite sites. Like on the former star, we suppose that magnetic poles may coincide approximately with the lithium spots.

For HD 83368 the determination of inclination i was described in [7] and it has to be close to 90^∘. For HD 60435 using the HIPPARCOS data we derived i = 133^∘ ± 23^∘ (or 47^∘ ± 23^∘). Under these conditions our analysis of profiles of magnetically sensitive Fe ii lines (6147 Å, 6149 Å) leads to the surface field value H_s = 3 kG for HD 60435 and H_s = 2 kG for HD 83368.

Acknowledgements. We are grateful to S. Sergeev for SPE code for spectra analysis, to Ch. Cowley for numerous consultations and for sending us the rare earth element data, to M. Ya. Orlow for discussion, to D. Bord and J. Sugar for suggestions and advices to use their data. The data from Kurucz’s CDROM 23,

Figure 2: Profile of the Ba ii 6141.71 Å line with Zeeman splitting. Full line: observed spectrum, dashed line: synthetic spectrum. a) HD 83368, two spots at l = 85^∘ and l = 160^∘, 2 kG. b) HD 60435, 3.5 kG, v sin i = 11 km s^{−1}

NASA ADC, VALD and NIST were used and we thank the administrators of these databases, accessible through INTERNET. A partial support of VEGA grant No. 7107 is acknowledged. V. Tsymbal thanks Mr. Yakushechkin for his support. P. North thanks the Swiss National Science Foundation for its support. V. Khalack is grateful to the Ukrainian Astronomical Association for financial support. REFERENCES

[1] Grevesse N., Sauval A. J. Standard solar composition // Space Sci. Rev.–1998.–85.–P. 161–174. [2] Kupka F., Piskunov N., et al. VALD-2: Progress of the Vienna Atomic Line Data Base // Astron. and Astrophys.

Suppl. Ser.–1999.-138.-P. 119–133.

[3] Kurucz R. L. // CDROM13, CDROM23–1993.

[4] Mathys G. Spectropolarimetry of magnetic stars. V. The mean quadratic magnetic field // Astron. and Astrophys.– 1995.–293, N 3.–P. 746–763.

[5] Piskunov N. E., Kupka F., et al. VALD: The Vienna Atomic Line Data Base // Astron. and Astrophys. Suppl.

Ser.–1995.-112.-P. 525–541.

[6] Polosukhina N. S., Kurtz D., et al. Lithium on the surface of cool magnetic CP stars. I. Summary of spectroscopic observations with three telescopes // Astron. and Astrophys.–1999.–351.–P. 283–291.

[7] Polosukhina N. S., Shavrina A. V., et al. Preliminary spectroscopic analysis of the “spotted” roAp star HD 83368 in the Li I 6708 Å region // Astron. and Astrophys.–2000.–357.–P. 920–930.

[8] Roby S. N., Lambert D. L. Carbon, nitrogen, and oxygen abundances in the chemically peculiar stars of the upper main sequence // Astrophys. J. Suppl. Ser.–1990.–73.–P. 67–102.

[9] Ryabchikova T. A., Landstreet J. D., et al. Abundance analysis of roAp stars. IV. HD24712 // Astron. and Astrophys.–1997.–327.–P. 1137–1146.

[10] Zverko J., Žižňovský J., North P., Spectrum variability of the roAp star HD 60435 in the red region // Contr.

Astron. Obs. Skalnate Pleso.–1998.–28.–P. 109–120.

[11] Zverko J., Žižňovský J., North P. // private communication.–2000.