1987Ap&SS. 129. . 251S

SPECTROPHOTOMETRIC OBSERVATIONS AND
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Abstract. The continuum energy distribution data of ten Be stars — namely, HR 1761, HR 1786, HR 1820,
6 Ori, w Ori, OT Gem, § Lyr, HR 7983, v Cyg, and 59 Cyg - have been presented in the wavelength range
2A43200-8000 A. The observed energy distribution curve shows near infrared excess for majority of Be stars
and a double Balmer jump for HR 8047 and HR 8146. Empirical effective temperatures of these stars have
been estimated by comparing the observed continuum energy distributions with that of computed theoretical
models given by Kurucz (1979).

On the basis of an HR diagram with evolutionary tracks for different solar masses the masses of these
Be stars have been estimated. Position of these studied stars on the HR diagram suggests that these Be stars
may be in the stage of core contraction after exhausting hydrogen at the centre and have undergone hydrogen
exhaustion in the thick shell.

1. Introduction

The Be stars have been extensively observed ever since their discovery. The most
striking manifestation of the Be phenomenon in the visible spectral region is the
existence of emission lines in the Balmer series, in a spectrum which would be classified
as type B from its absorption lines. Be stars constitute a peculiar subset of B-type stars.
A Be star is a fast rotating hot B star which is surrounded by an extended moving
circumstellar envelope. Their peculiarity is manifested in their spectra. Emission lines,
particularly the Balmer series of hydrogen, are superposed on the rotationally-broadened
lines. The intensities and profiles of these emission lines change on various time-scales.
Just like the line spectrum, the continuous spectrum of the Be stars is different from that
of normal B stars. A wide range of phenomena takes place in Be stars, such as
photometric variations, variations in the line intensity, mass loss due to radiatively
driven stellar wind, and change in the Balmer jump. Ultraviolet and infrared excesses,
ultraviolet deficiency, variation in emission line strengths, etc., are some of the common
features associated with the Be stars.

Continuum energy distribution in the visible region is an important parameter in
determining the effective temperatures of early-type stars, since a large amount of energy
is radiated by the star in this region. There is one more advantage of studying the
continua of early-type stars: since absorption lines are weak, as a result, the apparent
absence of serious line blanketing has made their study relatively easier. Convection as
a source of energy transport in the stellar atmosphere of the early-type stars is neglected.
Thus, a good representation of the variation of temperature and pressure with depth in
the atmosphere can be obtained easily to construct models. The continuous spectrum
originates at different depths in the photosphere of the star and is modified by the
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frequency-dependent absorption coefficient. So, the emerging continuous spectrum will
be related to the physical conditions in the photosphere, while the infrared continuum
would be connected to the presence and nature of circumstellar envelope.

The continua of Be stars are peculiar since they display many interesting pecuiiarities.
According to Barbier and Chalonge (1941), the Balmer jump is smaller for Be stars than
for normal B-type stars. Mendoza (1958) has concluded that the majority of Be stars
have an UV excess. Johnson (1967) has found that the excess is found in infrared oo.
However, Bottemiller (1972) and Briot (1978) did not find any deficiency or excess n
the ultraviolet fluxes.

Since different observers have reported different characteristic features in the con-
tinua of Be stars, it becomes relevant and important to keep Be stars under continuous
surveillance to understand various facets of the Be phenomenon. The continuum energy
distributions are important in order to understand the origin and nature of UV and
infrared excesses in the Be stars. The aim of this paper is to make available some more
observations which will help us in understanding the various unresolved mystery about
Be stars.

2. Observations and Their Reduction

All the programme stars studied in this paper, listed in Table I, were observed through
104-cm reflector of Uttar Pradesh State Observatory using Hilger and Watts mono-
chromator at Cassegrain focus. The stars HR 7106, HR 7983, HR 8047, HR 8146 were
observed during November, 1983 and HR 1761, HR 1786, HR 1820, HR 1932,
HR 1934, and HR 2817 during February, 1984. The standard stars o« Lyr and o Leo
were observed alongwith the programme stars. The spectral types and luminosity classes
are taken from the compilation of Hoffleit and Jaschek (1982). An exit slot of 0.7 mm,
admitting 50 A of the spectrum onto the photomultiplier, was used for making the
observations. Each star was observed four to five times. The reduction techniques were
same as used by us earlier (Goraya and Singh, 1985).

TABLE 1

Ephemerides of the programme Be stars

HR Star Sp. type my T.q Logg EB-YV)
1761 - B5Ve 6757 18000 4.0 0704
1786 - B4lVe 6.32 17000 4.0 0.03
1820 - B2Ve 6.41 25000 4.0 0.05
1932 o Ori B2Ve 6.70 30000 4.0 0.05
1934 o Ori B3IIle 4.57 22500 3.5 0.08
2817 OT Gem B2Ve 6.30 22500 4.0 0.07
7106 B Lyr B7Ve 3.40 13000 4.0 0.03
7983 - B4Ve 6.33 18000 4.0 0.05
8146 v Cyg B2Ve 443 25000 4.0 0.06
8047 59 Cyg B1IVe 4.74 30000 4.0 0.06
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The nightly extinction coefficients were applied for each star using standard star
observations. Transformations of observations to absolute flux values were carried out
with the help of the absolute calibration of « Lyr and « Leo given by Taylor (1984). The
absolute monochromatic magnitudes extracted at every 100 A interval between
2A3200-8000 A corrected for interstellar reddening have been normalised to 45500 A.
These are listed in Table II. The standard deviation of the measurements does not
exceed + 0703 in the entire wavelength region.

3. Corrections for Interstellar Reddening

The determination of interstellar reddening for Be star is complicated due to their
high-rotational velocities which introduces an intrinsic reddening for rapidly rotating Be
stars. A neglect of this effect yields an overestimate of interstellar reddening which in
turn, yield an over-correction of ultraviolet fluxes in spurious ultraviolet excess. So the
normal Q method of colour excess determination of Johnson and Morgan (1953) cannot
be applied for these stars.

In order to estimate the interstellar reddening for the stars discussed in this paper the
colour excess E(B — V) was determined through distance modulii method. The details
of the method of reddening corrections are given in our previous papers (Singh, 1985,
1986). The colour excesses E(B — V') determined through this method are also given in
Table I. The reddening corrections were calculated by adopting a mean value of
total-to-selective extinction: R = 3.25 (Moffat and Schmidt-Kaler, 1976) and using the
interstellar reddening curve given by Lucke (1980).

4. Discussions of the Result

The energy radiated from Be stars comprise of stellar radiation, radiation from
circumstellar envelope and scattered radiation. In such a way the radiation received
from these stars is composite, variability in line spectrum as well as in the continuum
is found practically for every Be star. Such kind of variability has been observed over
a wide range of electromagnetic radiation: i.e., from ultraviolet, visible, infrared to radio
region. The Balmer jump is seen sometimes in emission and sometimes in absorption.
The effective temperature of Be star is highly affected due to high rotation of the star.
The geometrical position of the star also affects its effective temperature (i.e., decrease
in inclination makes an increase in radiation as optical depth through envelope
decreases).

In this paper we have used synthetic spectra constructed by Kurucz (1979) with
normal chemical composition for deriving the effective temperatures of stars.

Kurucz model atmospheres with solar abundances and microturbulence velocity of
2km s~ ! were superimposed on the observed spectra in order to derive effective
temperatures assuming log g = 4 for luminosity classes IV and V and log g = 3.5 for
luminosity class III. Continuum fits to stellar models are considered only in the
wavelength region 1440005500 A since this region is free from ultraviolet and near-
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infrared excess emissions. The observed energy distribution with Kurucz (1979) model
(solid curve) line is shown in Figures 1 and 2. Since the effect of gravity on the effective
temperature is small, it is not necessary to know the correct value of gravity (Nandy and
Schmidt, 1975). A change in log g = 4 to log g = 2 would be equivalent to a chiange in
temperature of less than 500 at 10000 K (Kontizas and Theodossiu, 1980).

The uncertainty in the temperatures due to errors of the observed fluxes is estimated
to be + 5% around 25000 K and + 29, around 10000 K. The fitting of the computed
to the observed fluxes introduces an additional error that varies from + 500 K for cool
stars to + 1000 K for hot stars. The temperatures derived here are plotted on the

NORMALISED MAGNITUDES

/21

Fig. 1. Normalised de-reddened energy distribution curves of Be stars (filled circles) superimposed by best
fitting models (solid continuous curves). The normalisation has been done at 15500 A which is denoted by
a filled circle surrounded by an open circle. The matching has been done by eye.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System



1987Ap&SS. 129. . 251S

OBSERVATIONS AND STATUS OF TEN BE STARS 257

NORMALISED MAGNITUDES

NIy

Fig. 2. This figure is the same as Figure 1.

0.-spectral type relation in Figure 3. From Figure 3 we see that there exists a fairly good
correlation between 6, and spectral type for Be stars. From Figures 1 and 2 we see that
energy distribution fits well with the model in the wavelength region 114000—-5500 A.
However, there is an excess emission longward of 26000 A for most of the Be stars. For
Be stars HR 8047 and HR 8146 a double Balmer jump is seen. In shell stars the
presence of a second Balmer jump is a common feature. These two Balmer jumps are
produced in two different regions of the stellar atmosphere: the photosphere and the
extended atmosphere where the pressure is much lower.
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Fig. 3. A plot of  g-spectral type relation for Be stars.

5. Evolutionary Status of Be Stars

The evolutionary status of Be stars is not yet known completely. According to
Schmidt-Kaler (1964) and Crampin and Hoyle (1969), all Be stars are in the secondary
contraction phase followed by hydrogen exhaustion in the core. Thus the shrinking of
the stellar core decreases the moment of inertia, thereby causing it to spin faster to
conserve total angular momentum. The high rotation might be brought to critical speeds
in this way to produce extended atmosphere or envelope. The correct position of Be
stars on the HR diagram is not clearly defined. Some investigators like Bidelman (1947),
Mendoza (1958), Schild (1965), Meisel (1968), and Slettebak (1968) suggested that on
the average, Be stars are located 0.5-1.0 mag above the Main Sequence. Contrary to
above, Bond (1973), Schild and Romanishin (1976), Abt and Levato (1977) have shown
that Be stars in clusters do not lie above the Main Sequence but also found near the
Zero-Age Main Sequence. In order to study the evolutionary status of our programme
Be stars and their mass determinations, we have plotted positions of these stars in the
log(L/Ly) versus log(T.;) HR diagram shown in Figure 4. The HR diagram with
evolutionary tracks for different solar masses has been taken from Novotny (1973). The
boundaries of the Main Sequence are shown by dashed lines.

For plotting our observed points on log(L/L) versus log(7T.;) HR diagram the
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Fig. 4. Positions of the programme Be stars on HR diagram with adopted evolutionary tracks for different
solar masses. This figure has been taken from Novotny (1973).

values of effective temperatures have been taken from our observations. For luminosity
determinations, we have taken the values of absolute magnitudes (3£,.) from Hirshfeld
and Sinnott (1982). By use of bolometric corrections taken from Schmidt-Kaler (1982),
bolometric magnitudes (M,,,) were determined. From the bolometric magnitudes and
luminosity relations the values of luminosities were calculated for individual stars. We
have plotted our previous observations (Goraya and Singh, 1985; Singh, 1985, 1986)
also on the log(L/L) versus log(7,.s) HR diagram.

From Figure 4, we see that majority of Be stars are lying well above the Main
Sequence of the HR diagram near the turning points of evolutionary tracks. This
suggests that these stars may be in a stage of core contraction after exhaustion of
hydrogen at the centre and have undergone hydrogen exhaustion in the thick shell.
However, a few stars are seen to lie just below the Main Sequence of the HR diagram.
It 1s possible that due to error in effective temperature and luminosity determinations
these stars may be lying below the Main Sequence. It is also clear from Figure 4 that
majority of stars are lying between 5 M, to 9 M, evolutionary tracks.

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System



1987Ap&SS. 129. . 251S

260 M. SINGH AND U. S. CHAUBEY

Acknowledgement

The authors are thankful to Dr M. C. Pande for critical review of the manuscript and
helpful suggestions.

References

Abt, H. A. and Levato, H.: 1977, Publ. Astron. Soc. Pacific 89, 797.

Barbier, D. and Chalonge, D.: 1941, Ann. Astrophys. 4, 430.

Bidelman, W. P.: 1947, Astron. J. 52, 121.

Bond, H. E.: 1973, Publ. Astron. Soc. Pacific 85, 405.

Bottemiller, R.: 1972, in A. D. Code (ed.), Proc. Symp. on Scientific Results from OA0O-2, Amherst, p. 505.

Briot, D.: 1978, Astron. Astrophys. 66, 197.

Crampin, J. and Hoyle, F.: 1969, Monthly Notices Roy. Astron. Soc. 120, 33.

Goraya, P. S. and Singh, Mahendra: 1985, Astrophys. Space Sci. 108, 161.

Hirshfeld, A. and Sinnott, R. W.: 1982, Sky Catalogue 2000.0, Vol. 1, Cambridge University Press,
Cambridge.

Hoffleit, D. and Jaschek, C.: 1982, The Bright Star Catalogue, 4th revised ed., Yale University Observatory,
New Haven, Connecticut, U.S.A.

Johnson, H. L.: 1967, Astrophys. J.150, 1L39.

Johnson, H. L. and Morgan, W. W.: 1953, Astrophys. J. 177, 313.

Kontizas, E. and Theodossiu, E.: 1980, Monthly Notices Roy. Astron. Soc. 192, 745.

Kurucz, R. L.: 1979, Astrophys. J. Suppl. 40, 1.

Lucke, P. B.: 1980, Astron. Astrophys. 90, 350.

Meisel, D. D.: 1968, Astron. J. 73, 350.

Mendoza, V. E. E.: 1958, Astrophys. J. 128, 207.

Moffat, A. F. F. and Schmidt-Kaler, Th.: 1976, Astron. Astrophys. 48, 115.

Nandy, K. and Schmidt, E. G.: 1975, Astrophys. J. 198, 119.

Novotny, E.: 1973, Introduction to Stellar Atmospheres and Interiors, Oxford University Press, Oxford, p. 381.

Schild, R. E.: 1965, Astrophys. J. 142, 979.

Schild, R. and Romanishin, W.: 1976, Astrophys. J. 204, 493.

Schmidt-Kaler, Th.: 1964, Bonn. Verdffentl., No. 70.

Schmidt-Kaler, Th.: 1982, in K. Schaifers and H. H. Voigt (eds.), Landolt-Bornstein Numerical Data and
Functional Relationships in Science and Technology, New Series, Springer-Verlag, Berlin, p. 453.

Singh, Mahendra: 1985, Astrophys. Space Sci. 113, 325.

Singh, Mahendra: 1986, Astrophys. Space Sci. 120, 133.

Slettebak, A.: 1968, Astrophys. J. 154, 933.

Taylor, J. Benjamin: 1984, Astrophys. J. Suppl. 54, 259.

\

© Kluwer Academic Publishers * Provided by the NASA Astrophysics Data System



