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1 INTRODUCTION 

ABSTRACT 
We present spectral observations of the BelX-ray binary system X Persei/4U 
0352 + 30 taken during the recent (1989-91) low-luminosity discless phase. On the 
basis of new spectroscopic and photometric data the following self-consistent values 
of effective temperature Teff, surface gravity g and interstellar absorptionAv for the 
visible component of the system are determined: Teff = 29 500 ± 1500 K, log g 
= 4.0 ± 0.2 andAv = 1.05 ± 0.02. The corresponding spectral classification of the star 
is BO V. The helium overabundance HelH=0.19 is found, as well as the enhanced 
nitrogen abundance log e(N) ~ 8.4. Two possible explanations of the He excess are 
proposed: (a) internal enrichment of the outer layers of a massive star by eNO-cycle 
products because of a mixing on the main-sequence evolutionary phase or (b) 
external accretion during the evolution of a massive close binary. 

The star has a rotational velocity v sin i = 215 ± 10 km S -1 and is located at a 
distance d = 700 ± 300 pc. The X -ray flux corresponding to this revised distance is of 
the order of 1-2 x 1034 erg S-1 in the normal state, and around 1035 erg S-1 in the 
only bright state observed (1974-75). Non-LTE analysis of more recently obtained 
high-resolution profiles of the He II A,4686 line shows that there is no evidence for 
additional heating during the high-luminosity phase. 

Key words: stars: abundances - circumstellar matter - stars: emission-line, Be -
stars: fundamental parameters - stars: individual: X Per. 

The Be-type binary star X Persei (HD 24534) was identified 
with the long-period (~835 s) X-ray pulsar system 4U 
0352 + 30 by Braes & Miley (1972) and van den Bergh 
(1972), and has been a well-studied X-ray sources for over 
20 years. Although a member of the Be/X-ray subclass of 
massive binaries, X Persei is atypical in its long pulse period, 
unusual X-ray spectrum, low X-ray luminosity and lack of 
X-ray flaring behaviour. Optical studies have previously 
classified the visual component of the system as 09.5IIIe, 
with a distance of around 1300 pc (Persi, Viotti & Ferrari
Toniolo 1977; Norton et al. 1991; Fabregat et al. 1992; 
Roche et al. 1993, hereafter R93), and photometric obser
vations have revealed a range of time-scales and amplitudes 
of variability from the ultraviolet to the infrared regions 
(see R93 for a summary of long-term and multiwavelength 
behaviour). 

et al. 1997). It can be seen that ,:\ V is around 0.6 mag, but 
variations are non-periodic. Previous claims for a 580-d 
period in X Per (Hutchings et al. 1974; Kemp & Barbour 
1983) have not subsequently been confirmed by later studies 
(Larionov & Larionova 1989; Reynolds et al. 1992; R93), 
and the orbital period of this system remains an unresolved 
problem. 

According to R93, two different phases may be distin
guished for X Per: relatively high-luminosity phases (HLP) 
and low-luminosity phases (LLP). Some LLPs are signifi
cant owing to their extended durations, and are known as 
extended low states (ELS). The most recent ELSs were 
1974-77 and 1990-92 (see R93). In the latter period, no 
marked signs of emission in Htx were found, and it was 
named the discless phase (DLP) by Norton et al. (1991). 

Here we present the results of our analysis of a series of 
blue- and red-end optical spectra obtained during the DLP. 
These spectra are crucial in furthering our understanding of 
the X Per system, as for the first time they reveal the naked 
DB-type star which is usually hidden beneath the circum-

X Per is of interest to the Be star community because of 
its unusual amplitude of variability shown in Fig. 1 (Roche 
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Figure 1. Light curve of X Per (by Roche et al. 1997) with marks 
corresponding to our spectral observations. The lines Hex, Hb, He I 
AM026, 6678 and N II A3995 were observed during DLP (marks a), 
the He II M686 line during HLP (marks b). 

stellar envelope. New photometric data for the DLP 
obtained by Roche et al. (1997) are also used. We present 
here refined fundamental parameters for the visual compo
nent of X Per, its spectral classification, helium abundance, 
Nand 0 abundances, rotational velocity and a new distance 
estimate. 

2 OBSERVATIONAL DATA 

2.1 Spectral observations 

Spectra were obtained in 1990 as part of the service observ
ing program on the 2.5-m Isaac Newton Telescope (INT) on 
La Palma in the Canary Islands, using the Intermediate 
Dispersion Spectrograph with the 235-mm camera and the 
GEC CCD, with a variety of gratings and central wave
lengths on different nights. The instrumental setup gave the 
wavelength ranges and dispersions listed in Table 1 for the 
various observing dates in 1990. Spectra were obtained mid
way through the DLP, on 1990 November 15 and December 
27. The location of these observations in the X Per light 
curve is shown in Fig. 1. Examples of these spectra are 
shown in Fig. 2. 

In addition, high-resolution (~25 000) spectra of the 
He II 4686 line were obtained from the Coude focus of the 
2.6-m Shain Telescope of the Crimean Astrophysical Obser
vatory (CrAO) in 1993-94. The location of these spectra is 
also given in Fig. 1. It can be seen that they sample a rather 
different region of the X Per light curve, being obtained on 
the most recent brightening phase which marked the end of 
the ~ 4 yr ELS, and in the subsequent period of fading. In 
Table 1 we present dates of observations, the observed spec
tral region and the dispersion. 

2.2 Equivalent widths 

We have used the equivalent widths W, of the Balmer lines 
HI)( and Hc:5 in the determination of effective temperature 
Teff and surface gravity g. It is clearly necessary to ensure 
that there is really no emission contamination in HI)( during 
DLP. In Fig. 3 we compare the observed profiles of HI)( for 
two dates with the' theoretical profile interpolated from 
Kurucz's (1993) data for our values Teff and logg (see 
below). One can see that the lower spectrum, obtained on 
1990 December 27, shows evident signs of emission, 
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Table 1. List of spectral data. 

Data JD Wavelength 

(2440000+) (A) 

15.11.1990 8211.3 3804-4224 

15.11.1990 8211.4 6367-6783 

27.12.1990 8253.4 3968-4165 

27.12.1990 8253.5 6467--6660 

5.11.1993 9296.6 4671-4701 

14.11.1993 9306.5 4671-4701 

16.02.1994 9400.4 4671-4701 
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(A/pixel) 
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Figure 2. Examples of spectra with the lines (a) Hb and He I 
M026; (b) He I A6678. 

whereas in the upper profile, any emission is rather weak. 
Therefore in our analysis we only use the first profile of HI)(, 
obtained on 1990 November 15. 

Observed equivalent widths W, are given in Table 2. 
Besides the Balmer lines HI)( and Hc:5, we also measured W, 
for the He I AM026 and 6678 and N II A3995 lines. These are 
used for the He and N abundance determination. Equiva
lent widths of Hc:5 and A4026 are obtained from two spectra 
for each line, and W, values for HI)(, AA6678 and 3995 are 
measured from the one spectrum discussed previously. It 
should be noted that our W, value for HI)( differs somewhat 
from the values given in R93, probably as a result of a 
slightly different interpretation of the continuum level. 

2.3 Photometric data 

Various photometric indices are used to determine the 
basic parameters Teff and logg and to correct the interstellar 
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Figure 3. Comparison of observed (solid lines) and calculated 
(dotted lines) profiles of Hex. Observations were made on two 
dates: (a) 1990 November 15, (b) 1990 December 27. The theoreti
cal profile was interpolated from Kurucz's (1993) data and con
volved with the rotational velocity v sin i = 215 km s -1. 

Table 2. Equivalent widths of some lines 
duringDLP. 

Line W).. (A) 

Ho: 2.70 

H8 4.02 

HeI >'4026 1.27 

HeI >'6678 1.31 

N II >'3995 0.197 

reddening Av. Photometric data are taken from the light 
curves of Roche et al. (1997) and represented in Table 3. 
The mean colours are obtained for the DLP, namely for the 
period JD 244 7700-244 8400. 

According to Fabregat et al. (1992) the colour excess for 
X Per is E (B - V) = 0.39 ± 0.02, hence the interstellar 
absorption is Av = 1.26 ± 0.06. This value is insufficiently 
accurate and can be further corrected. We shall determine 
the Av value simultaneously with Teff and logg by a self
consistent method (see below). 

Besides the photometric parameters mentioned in Table 
3, we also consider the interstellar-reddening-free index 
[C l ]=c l -O.2(b-y) and the P index connected with the 
absorption in Hp. The following values are used (Fabregat 
et al. 1992): [cl ] = - 0.083 ± 0.012 and P = 2.575 ± 0.011. 
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Table 3. Mean photometric parameters 
during DLP. 

parameter value 

V 6.778± 0.009 

B-V 0.137± 0.004 

U-B -0.790± 0.006 

V-J 0.17± 0.08 

V-H 0.16± 0.16 

V-K 0.15± 0.08 

3 SELF-CONSISTENT DETERMINATION OF 
Tem logg AND Av 

We have used a standard technique for the determination of 
Teff and logg based on the comparison of some observed 
spectroscopic and photometric parameters with their theo
retical values. The following quantities were analysed: (a) 
equivalent widths of the Balmer lines HIX and Hc5 (Table 2); 
(b) the colour indices U - B, V -J, V - H and V - K (Table 
3); and (c) the [cl ] and P indices (Fabregat et al. 1992). The 
theoretical P values have been computed by Castelli & 
Kurucz (1994): all other theoretical parameters have been 
calculated by Kurucz (1993) on the basis of his last model 
atmospheres. It should be noted that Kurucz (1993) used 
the L 1E approach in calculations of Balmer lines. However, 
according to Mihalas (1972), this approximation is well 
founded for Teff ::;; 30000 K, and hence is applicable in the 
case of X Per (see below). 

The theoretical P index was calibrated by Castelli & 
Kurucz (1994) using Vega and the Sun, i.e., relatively cool 
stars. We can check the validity of their calculations for 
early B stars using a number of such stars with Teff and logg 
determinations from Kilian (1992). Comparing the 
observed P values for these stars (Hauck & Mermilliod 
1980) with the theoretical ones, we have found that there is 
rather small discrepancy between observations and compu
tations (0.013, or 0.5 per cent on average). In particular, for 
X Per this uncertainty is comparable with the error ± 0.011 
in the observed P index. Therefore the calculations of Cas
telli & Kurucz (1994) are quite suitable for our analysis. 

According to Kurucz (1993) the colour index B - V for 
early B stars is poorly dependent on Teff and logg, so this 
index is badly suited to the Teff and logg determinations. 
Therefore we exclude B - V from our analysis. As for the 
indices U - B, V -J, V - H and V - K, they must be cor
rected for interstellar reddening. Our analysis shows that 
the Av value may vary approximately from 1.0 to 1.1, 
because outside of this interval the theoretical colour 
indices cannot correspond to observed ones. We adopt 
Av = 1.00 as a first approximation and calculate the A). values 
for various wavelengths A. on the basis of relation of StraiZys 
(1964). After correction of the colour indices for the inter
stellar absorption, we compare these observed values with 
the theoretical unreddened indices calculated by Kurucz 
(1993). 
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Figure 4. The Teff - loggdiagrams in three cases: (a)A v = 1.00; (b) 
Av = 1.05; (c) Av = 1.07. The filled circle in case (b) corresponds to 
the adopted parameters Teff =29500 K and logg=4.0. 

The Teff-Iogg diagram in the case Av= 1.00 is shown in 
Fig. 4(a) (various lines here are the loci of model atmo
spheres, for which the theoretical parameters coincide with 
observed ones). We can see that the agreement between 
colour indices U - B, V -J, V - H and V - K as well as with 
reddening-free index [cl ] is rather poor. The interstellar 
absorption must be increased slightly in order to decrease 
the discrepancy. Our analysis shows that the minimum dis
persion in Teff values derived from different colour indices is 
obtained in the case Av = 1.05 (Fig. 4b). For Av = 1.07 the 
agreement between indices [c l ], U - B, V -J and V - H has 
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Figure 5. Comparison of theoretical energy distribution (solid 
line, by Kurucz 1993) with observed colours (dots). The transition 
from colours U, B, V, J, Hand K to fluxes F(A) was made according 
to StraiZys (1977). 

improved, but now the V - K index shows a strong over
estimation in Teft (Fig. 4c). Finally, we adopt 
Av = 1.05 ± 0.02. The corresponding basic parameters 
are found from Fig. 4(b): Teff =29500 ± 1500 K, logg= 
4.0 ± 0.2. One can see that the various colour indices are 
good indicators of Teff, whereas the Balmer lines are highly 
sensitive to logg. It should be noted for comparison that the 
previous less accurate estimation gave Teff = 31400 ± 5000 K 
and logg=3.7 ± 0.4 (Fabregat et al. 1992). 

We have estimated the probable errors ± 1500 K in Teff 
and ± 0.2 dex in logg based on the scatter of intersections in 
Fig. 4(b). These values characterize the intrinsic accuracy of 
our method. If one also takes into consideration the errors 
in observed colour indices and in the observed equivalent 
widths of the Balmer lines, the scatter can increase up to 
± 2000-2500 K in Teff and ± 0.3 dex in logg. However, in 
our opinion these extreme values are overestimated, and 
our further analysis will be based on the initial errors 
± 1500 K and ± 0.2 dex. 

So we have obtained three important values - Teff, logg 
and Av - by a self-consistent method. This same technique 
can be used in the Av determination for other stars. As can 
be seen from Fig. 5, for our values Teff, logg and Av the 
theoretical energy distribution is in good agreement with 
that observed for X Per (where some small discrepancies 
can be explained by errors in the observed colours). 

It is interesting to examine which spectral type and lumin
osity class corresponds to the obtained Teff and logg values. 
According to the statistical relations of de Jager & Nieu
wenhuijzen (1987), we find that the most suitable classifica
tion for X Per is BO V. The luminosity class is confirmed by 
very precise data for early-type components of eclipsing 
binaries; for such stars of class luminosity V logg=3.9-4.1 
(Andersen 1991). 

4 HELIUM ABUNDANCE AND 
ROTATIONAL VELOCITY 

Comparing the observed equivalent width of the He I AA026 
line (see Table 2) with theoretical widths we can derive the 
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helium abundance in the atmosphere of X Per. Our analysis 
is based on unpublished non-LTE calculations of He I lines 
by Becker (1993, private communication); these data were 
interpolated by us for the adopted Toff and logg values of 
X Per. It is found that He/H=0.19 (by number of atoms). 
Therefore, we obtain some helium overabundance in the 
atmosphere of the star relative to the normal value Hel 
H~O.lO. 

We have also tried to determine the helium abundance 
from the He I A6678 line. According to Auer & Mihalas 
(1973), this line in the spectra of B stars is rather sensitive to 
departures from LTE. However, in spite of using the non
LTE equivalent widths (Becker 1993, private communica
tion), we obtained from this line an unrealistically high 
helium abundance He/H > 1. The same overabundance had 
been found previously from the 'red' He I lines AA6678 and 
5876 in the case of the primary component of the binary 
system V380 Cyg, whereas the 'blue' He I lines (A < 5000 A) 
had shown only a weak overabundance He/H=0.19 (Lyu
bimkov et al. 1996). Probably this problem with the red He I 
lines is typical for rather evolved early B stars. For example, 
according to Lennon, Dufton & Fitzsimmons (1993), an 
abnormally strong He I A6678 line (W.l. = 800-1000 rnA) is 
observed in the spectra of BO-B5 supergiants. Smith et al. 
(1994) found also an analogous enhanced line for B giants, 
whereas early B-type normal dwarfs show only a weak dis
crepancywith non-LTE computations. However, for B stars 
when they are in the non-emission phase (as is X Per in our 
case) the abnormal strengthening of the A6678 line is again 
observed (Smith et al. 1994). The problem of red He I lines 
is not solved yet, therefore these lines should be excluded 
from the He abundance determination. 

We have also used the He I A4026 line for the determina
tion of the rotational velocity v sin i. Both of our spectra that 
have this line were considered. An analysis was made by two 
methods: (a) fitting of theoretical profiles with various 
v sin i values to the observed ones and (b) fitting of half
widths. A convolution of theoretical profiles with rotation 
was made with the code SYNTHEL (Lyubimkov 1986). Four 
close velocities were obtained, with the mean weighted 
value being v sin i=215 ± 10 km S-I. 

5 ANALYSIS OF THE Hell l4686 LINE 

Our spectra in the He II A4686 region were obtained in the 
HLP of X Per (see Fig. 1). The equivalent width W.l. of the 
line in this period was about 0.5 A. This value is much 
greater than theoretical widths from old non-LTE calcula
tions by Auer & Mihalas (1972) for the corresponding 
effective temperature Toff. Only for Toff ~ 35000 K is an 
agreement reached between the observed and the cal
culated W.l. values. Hence we should expect significant addi
tional heating in the system during the HLP. 

Recent non-LTE computations made for the He II A4686 
line by Becker (1993, in preparation) (using an improved 
model of He II atom) led to some increases in theoretical W.l. 
values. Using these new data, we tried to resolve the prob
lem of the possible additional heating in X Per during the 
HLP. Here we speculate that such heating appears just in 
the atmosphere of the visible component of the system, as 
both the surface gravity logg=4.0 and the helium abun
dance He/H=0.19 remain invariable. 

© 1997 RAS, MNRAS 286, 549-557 
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The brightness of X Per during the considered period was 
on 0.33 mag more in V than during the DLP. We have 
subtracted this additional source, which corresponds to the 
26 per cent increase of intensity in the He II line region, and 
renormalized the continuum level. Hence the disc contribu
tion to the continuum was subtracted. In Fig. 6, the reduced 
profile ofthe A4686 line (solid line) is shown together with 
two theoretical profiles interpolated from Becker's calcula
tions (both are convolved with the rotational velocity 
v sin i =215 km S-I). The first theoretical profile (dotted 
line) corresponds to the above-mentioned model, 
Toff =29500 K and logg=4.0, obtained for X Per. We can 
see that there is not a good agreement between the compu
tations and observations in this case. The second profile 
(dashed line) corresponds to the model Toff = 30 300 K and 
logg=4.0, which provides the best fit to the observations. 
Therefore the effective temperature must be increased by 
only 800 K to explain the observed He II A4686 line during 
the HLP. Taking into consideration the strong sensitivity of 
this line to Toff and the relatively small change of Toff as 
compared with the possible error ± 1500 K in the Teff for X 
Per, we can conclude that there is no evidence for the 
appearance of additional heating during the HLP. This con
clusion could be confirmed if spectra in the He II line region 
are obtained during any future DLPs. 

6 NITROGEN AND OXYGEN ABUNDANCES 

Helium lines are insensitive to a choice of the microturbu
lent velocity ~t' but for abundance determinations of more 
heavy elements (metals), it is necessary to know ~t. We only 
have a very small number of spectral lines, and so we cannot 
derive ~t from our data. 

According to Gies & Lambert (1992) and Kilian (1992), 
there is a marked dispersion in ~t values obtained for early 
B-type main-sequence stars, approximately from 0 to 10 km 

1.04 
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Figure 6. Comparison of the obselVed He II A,4686 profile (solid 
line) with two theoretical non-LTE profiles computed for the fol
lowing model atmospheres: (a) Teff=29500 K and logg=4.0 (dot
ted line), (b) T.ff = 30 300 K and logg=4.0 (dashed line). 
Theoretical profiles were convolved with the rotational velocity 
vsini=215 km s-'. 
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Table 4. The N and 0 abundances in X Per for three microturbulent velocity 
(~t) values in comparison with some normal stars. 

value X Per 

et = 0 et = 5 et = 10 

log c:(N) 8.77 8.42 8.18 

log c:(0) 8.66 8.50 8.40 

NjO 1.3 0.8 0.6 

S -1. Using the N II A3995 line (for its equivalent width W,t 
see Table 2) we determined the nitrogen abundance log 
8(N) for ~t=O, 5 and 10 km S-l. The analysis was based on 
a comparison with theoretical non-LTE W,t values com
puted by Dufton & Hibbert (1981). It should be noted that 
in the more recent non-LTE computations of Becker & 
Butler (1988) the A3995 line is absent. We calculated a 
synthetic spectrum in the region of this line and were satis
fied that the observed profile is free of blending. Our results 
are given in Table 4. 

We also determined the oxygen abundance log 8(0) by 
analysing the unresolved blend, which consists of five 0 II 

lines of the multiplet No. 10 (A=4069-4079 A). LTE calcu
lations of synthetic spectra were made with the code SYN

THEL (Lyubimkov 1986). The log 8(0) values for three 
microturbulent velocities are also given in Table 4. 

We compare the N and 0 abundances for X Per with 
some data for normal stars. First, we use the results for the 
well-studied star t Sco of the same spectral type BO V. The 
data of SchOnbemer et al. (1988) and Kilian (1992) are 
given in Table 4. Secondly, mean abundances for early B 
stars by Gies & Lambert (1992, table 12) are included in 
Table 4 also. It is important that in all three papers cited, a 
similar analysis technique has been used, namely line
blanketed LTE model atmospheres and non-LTE computa
tions for the N II and 0 II lines. Moreover the solar values 
for nitrogen (Grevesse et al. 1990) and oxygen (Biemont et 
al. 1991) are given in Table 4. 

One can see from Table 4 that the nitrogen in the visible 
component of X Per shows a marked excess, which is about 
0.4 dex relative to the Sun and 0.6 dex relative to the mean 
value for early B stars by Gies & Lambert (1992), if the most 
probable microturbulent velocity ~t=5 km S-l is adopted. 

It should be noted that the normal helium abundance He/ 
H = 0.10 was found for t Sco by Kilian (1992) and on the 
average for early B stars by Gies & Lambert (1992). Mean
while our value for XPer is HelH=0.19. The He over
abundance as well as the N overabundance testify to the 
appearance of CNO-cycle products in the outer layers of 
X Per (see Discussion). 

7 COMPARISON WITH EVOLUTIONARY 
COMPUTATIONS 

We can estimate the mass M of X Per by comparison with 
evolutionary tracks calculated for single stars (here we must 
suppose that the possible mass exchange in the system had 
no marked influence on the evolution of the B star we are 
now investigating). Fig. 7 shows the location of X Per on the 

T Soo (BOV) ea.rly Sun 

SHB'88 K'92 B stars (GL'92) 

8.00 8.15 7.81 8.00 

8.90 8.61 8.68 8.86 

0.13 0.35 . 0.13 0.14 

2.8 

3.2 

C) 

I:lIl 3.6 
0 

.-; 

4.0 

15.5 
4.4 

4.6 4.5 4.4 4.3 4.2 

log T eff 

Figure 7. The locus of the visible component of X Per on the 
log Teff-Iogg plane in comparison with the evolutionary tracks of 
stars with masses M = 12.8 and 19.9 Mo calculated by Claret 
(1995). The interpolated track M = 15.5 Mo corresponds to 
X Per. 

log Teff-Iogg plane, as well as two tracks for stars with 
M = 12.8 and 19.9 M0 computed by Claret (1995) for a nor
mal initial chemical composition (Y = 0.28, Z = 0.02). On the 
basis of these computations, we found by interpolation that 
the track for M = 15.5 M0 corresponds to the X Per loca
tion. 

When the mass M is determined, we can obtain the 
radius R and the luminosity L from the following well
known formulae: 

logR!R0 =2.22 + 0.5IogM!M0 - O.5logg; (1) 

logL/L0 = -15.045 + 210gR!R0 + 4 log Teff • (2) 

Besides M, R and L, we estimated the age t from the same 
calculations by Claret (1995). All results derived from a 
comparison with evolutionary computations are sum
marized in Table 5. 

We should remember that the M, R, L and t values were 
determined under the assumption that the influence of pos
sible mass exchange in the binary system X Per on the evolu
tion of the visible component was insignificant. However, if 
the star was subjected to a large mass-gain process, its evo
lutionary track may have a very specific shape (see, for 
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Table S. Mass, radius, luminosity and age of X Per estimated from evolutionary 
models of single stars. 

value X Per 

et = 0 et = 5 et = 10 

log £(N) 8.77 8.42 8.18 

log £(0) 8.66 8.50 8.40 

N/O 1.3 0.8 0.6 

instance, Vanbeveren & de Loore 1994). In this case, the 
data in Table S would be rather wide of the truth. At present 
we do not know which of these two possibilities holds in the 
case of X Per (see Discussion). 

8 DISTANCE DETERMINATION 

Two methods were used to determine the distance d. The 
first method is based on the well-known formula (see, for 
instance, Allen 1973) 

Mbol=Mv+BC=mv+S -Slogd -Av+BC, (3) 

where Mbol is the bolometric absolute magnitude, Mv and mv 
are the absolute and visual magnitudes in the Vfilter, BC is 
the bolometric correction and Av is the interstellar absorp
tion. Here 

Mbol = 42.36 - 10 log Teft - Slog R(Ro' (4) 

where 10gR(Ro can be obtained from (1). The final formula 
for distance is 

logd= -S.2S +O.5logM!Mo +210g Teft -O.5logg 

+ 0.2mv - 0.2Av + 0.2BC. (S) 

According to Conti & Underhill (1988), BC = 
- 2.87 ± 0.13 for our Teft and logg parameters. Other 
numerical values are as follows': 10gM!Mo = 1.19 ± 0.11 
(Table S), log Teft =4.470 ± 0.022, logg=4.0 ± 0.2 and 
mv = 6.778 ± 0.009 (Table 3). If we adopt for interstellar 
absorption our value Av = LOS ± 0.02 (see above), then 
logd=2.86 ± 0.23 (d=720pc). 

The second method is based on a comparison of X Per 
with some well-investigated eclipsing binaries, for whose 
components the accurate parameters are known, including 
absolute magnitudes Mv' We selected from Andersen's 
(1991) compilation two pairs of stars (comp~~ents of 
binaries) with practically identical surface graVIties logg 
(Table 6) We can adopt logg=3.92 for the first pair and 
logg = 4.04 for the second one. Plotting two straight lines 
for logg=3.92 and 4.04 on the Mv-Iog Teft diagram and 
interpolating Mv for our values log Teft=4.470 . and 
logg = 4.00, we derive an absolute magnItude 
M = - 3.47 + 0.89 for X Per. 

We now ~e the formula 

Mv-mv=S -Slogd -Av, 

or 

log d = 1 - 0.2Mv + 0.2mv - 0.2Av' 

© 1997 RAS, MNRAS 286, 549-557 

(6) 

T Seo (BOV) early Sun 

SHB'88 K'92 B stars (01'92) 

8.00 8.15 7.81 8.00 

8.90 8.61 8.68 8.86 

0.13 0.35 0.13 0.14 

Table 6. Some parameters of compo-
nents of eclipsing binaries (Andersen 
1991) used for distance determination 
of X Per. 

Star logg logTeff Mv 

EM Car B 3.928 4.531 -4.31 

V478 Cyg A 3.919 4.484 -3.89 

CW Cep A 4.059 4.452 -3.17 

V539 Ara B 4.020 4.230 -1.04 

Adopting again Av = LOS, we obtain log d = 2.84 ± 0.18 
(d=690 pc). It should be noted that this second method of 
d determination is somewhat more accurate than the first 
one, because in formula (6) the massM is absent. We finally 
adopt the distance d = 700 ± 300 pc for X Per. 

9 DISCUSSION 

9.1 Helium overabundance 

We have found evidence for some atmospheric helium over
abundance (HelH=0.19) for the visible component of 
X Per. In connection with this the supposition arises that the 
presence of X-ray radiation in the system would have an 
influence on the ionization and excitation of the He I atoms 
and, consequently, on the He abundance determinatio.n. 
This problem has been considered for B-type stars by Mlt
skevich & Tsymbal (1992). It has been shown that the effect 
is notable for stars with Teft < 25 000 K and leads to the 
weakening of the He I lines. Therefore, the external X-ray 
radiation could not result in an overestimation of the He 
abundance in the visible component of X Per. 

As mentioned previously, it is difficult in the case of X Per 
to choose between two possibilities, namely evolution of the 
star with a large mass gain or evolution without marked 
mass gain. This uncertainty remains when we try to explain 
the observed helium overabundance. On the one hand, 
some evolutionary models of massive close binaries with 
mass exchange predict very similar helium enrichment (He/ 
H ~ 0.2-0.3) in an accreting star (Vanbeveren & de Loore 
1994). On the other hand, helium enrichment during the 
MS phase is observed even for single early B stars (Lyu-

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/286/3/549/985377 by guest on 19 M
ay 2023

http://adsabs.harvard.edu/abs/1997MNRAS.286..549L


1
9
9
7
M
N
R
A
S
.
2
8
6
.
.
5
4
9
L

556 L. S. Lyubimkov et al. 

Table 7. The X Per parameters in comparison with parameters of primary components of three binary systems. 
Helium abundance He/H was determined for all stars only from the blue He I lines (A < 5000 A). 

Star Sp Teff logg HelH 

X Per BOV 29500 4.0 0.19 

sPerA BO.5 N-lli 27000 3.S5 O.IS 

aVirA Bl N-lli 24700 3.7 0.19 

V3S0CygA B1.5ll 21200 3.10 0.19 

bimkov 1991), and the more pronounced effect (Hel 
H = 0.2) is found for the evolved primaries of binary 
systems. As an example, Table 7 compares the X Per param
eters with those of three such primaries investigated by the 
same technique. Estimations of the relative age tltMs show 
that all three stars are close to the termination of the MS 
phase (tMS is the lifetime on MS). Simultaneously, these 
stars have an enhanced helium abundance (HelR=0.18-
0.19). It is interesting that for the less massive secondaries 
of the systems rx Vir and V380 Cyg, which are both at the 
beginning of MS phase, the normal He abundance was 
found. It is important to note that there are no traces of 
mass transfer in any of the three systems. 

One can see from Table 7 that the visible component of 
X Per shows the same helium overabundance as the other 
three primaries. Such similarities confirm the hypothesis 
that the observed helium excess in X Per could be the result 
of internal mixing, which leads to the appearance of CNO
cycle products from stellar interiors. An additional con
firmation of this hypothesis is the nitrogen overabundance 
found by us for X Per (see above). However, unlike other 
stars in Table 7 the visible component of X Per is rather far 
from the termination of the MS phase (tltMs = 0.45). Never
theless, this cannot be considered as a decisive objection to 
the hypothesis, because we do not know how quickly the He 
and N excesses in the atmosphere are accumulated. 

So we are left with the situation where we cannot choose 
between two possible explanations of the helium over
abundance (internal enrichment of the atmosphere by 
CNO-cycle products as a result of mixing during MS phase 
or external accretion during the evolution of a massive close 
binary). If the secondary of X Per is a neutron star, as 
implied by the X-ray behaviour of the system, we cannot 
exclude a third explanation: the supernova explosion in the 
system led to the pollution of the outer layers of the neigh
bouring component by products of explosive nucleosynthe
sis or even the blowing away of these layers. Unfortunately 
the distance between the components of X Per is not known 
and therefore we cannot evaluate the probability of such an 
event. 

9.2 X-ray flux 

Our improved parameters Teff and logg for X Per have led 
to the distance d = 700 pc, which is considerably less than 
the previous estimate d", 1300 pc (Fabregat et al. 1992; 
R93). It is therefore necessary to decrease correspondingly 
the previous estimates of the X-ray flux for X Per. Taking 
the values from R93, we find X-ray luminosities in the 

MomfM® M../M® tltMS Source 

10.9 

12.1 

15.5 0.45 This work 

13.5 0.74 Tarasov et aI. (1995) 

12.6 0.90 Lyubimkov et aI. (1995) 

15.5 1.01 Lyubimkov et aI. (1996) 

2-10 ke V range of the order of only 1-2 x 1034 erg s -1 in 
the normal state, and around 1035 erg s -1 in the only bright 
state observed (1974-75: R93). This makes X Per the least 
luminous of the currently known persistently emitting mas
sive X-ray binary systems. Even in outburst, X Per barely 
attains a luminosity comparable with the quiescent emission 
in a number of Be/X-ray binaries. 

10 CONCLUSIONS 

The main results derived from our analysis of X Per during 
the discless phase are as follows. 

(1) Self-consistent determination of effective tempera
ture Teff, surface gravity g and interstellar absorption Av for 
the visible component of X Per led to the values 
Teff =29500 ± 1500 K, logg=4.0 ± 0.2 andAv=I.05 ±0.02. 
Therefore, previous estimates Teff = 31400 ± 5000 K and 
logg= 3.7 ± 0.4 (Fabregat et al. 1992) are considerably 
improved. The corresponding spectral classification of the 
star is most likely BO V instead of the previous 09.5III. 

(2) The helium abundance HeIR = 0.19 was derived from 
the He I M026 line, i.e. there is double the expected amount 
of helium in the atmosphere of the star. The red line He I 
A6678 gives an unrealistically high He abundance, as for 
some other evolved B stars. 

(3) The nitrogen and oxygen abundances were also deter
mined for different microturbulent velocities ~t. The nitro
gen excess about 0.4 dex relative to the Sun is found for the 
most probable velocity ~t ~ 5 km S -1. The N overabundance 
is also confirmed by an abnormally high N/O ratio. The less 
accurate estimates for oxygen indicate some 0 under
abundance. 

(4) A new distance determination for X Per led to the 
value d = 700 ± 300 pc, which is considerably less than the 
previous estimate d", 1300 pc. Accordingly, the 'quiescent' 
X-ray flux (in the range 2-10 keY) for X Per was reduced to 
~ 1-2 X 1034 erg S-1. 

(5) If an evolution of the visible component of X Per has 
proceeded without marked mass gain from its neighbouring 
component, ordinary evolutionary tracks calculated for 
single stars are suitable. Then the star has the mass 
M ~ 15 M0 and age t ~ 5 X 106 yr. The helium and nitrogen 
excesses in X Per are explained in this case by a mixing in 
the star during the MS evolutionary phase. However, if a 
large mass-gain process has taken place in the system, the 
above-mentioned M and t values may be incorrect, and the 
helium excess can be explained by accretion on to the star 
during the evolution of the binary. 
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(6) An analysis of the He II M686 line observed during 
the high-luminosity phase led to the conclusion that there is 
no evidence for considerable additional heating in outer 
layers of the star during this phase. 
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