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Abstract.

V magnitudes of Krzeminski'sistar and their interpretation are
‘ |
presented. We find M@ri = 20.5 t 3.5 MO’ Mx =2.5%1.1 Mﬂ’ gin 1 =

0.985 * 0.02, and q@ = 0.12 t 0.05.
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I. INTRODUCTION
|

Cenfaurﬁa X-3 vas the first discovered X-ray source whose intensity is ///”
pulsed and eclipsed (Giacconi gt al. 1971, Sclireler et al. 1972). Though the
X-ray préperties of the Cen X-3 system %ave been intensively studied, the optical
properties remained unstudied until Krzéminski's (1973) identification of thé
optical %ounterpart of Cen x-3; Observ;tions of fﬁé X=-ray eclipse duration,
pulsatioﬁ frequency variation, and pulaé arrival time variation have been uséd
to place limits on the pature of the system and to predict the nature of the *
optical companion and, X-ray ;ource (Schieier et al. 1972, Sofié 1972, Wilson
1972, Osaki 1972, Davidaon and Ostriker 1972, and M¢01uskef and Kondo 1972).

It is the purpose of this paper to preaent an observational determination of
several system parameters based on a preliminary interpretation of the light

3
,curve of Krzeminski 8 star. o ' o
]
|

t v oo II. - OBSERVATIONS p;mn REDUCTIONS
The obaervationa presented here weée obtained with the Cerro Tololo
o [

Inter-ﬂmerican Observatory 1 meter (Yale) teleacope and the 61 cm. (Lowell)

telescope in the period 25 January 197h to 12 February 197& A 1P21 (CTIO

P I LU

no. 57) was used in pulse counting mode‘on both telescopes with the V filter

‘of the CTIO no. 2 UBV filter set. The standard CTIO photometers were used,

photbmeter no. 2 being usedubn the 1 meter telescope and photometer no. 1
on the 61 cm. {elescope. | i .L,&A |

Obgervations at the telescope were made in the order: sky-comparison-
Krzemineki's star, being sure to bracket all observations of Krzeminski's star
with comparison observatioﬂs and to bracket all comparison measures by sky
measures. All observations were one miﬂute integrations. Observations were

made in thia sequence until approximateiy 10 measures each of the sky, Krzeminski's
: b : /
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star, and the comparison were obtained.f The primary comparison observed was
ne. 9 of Brucato, Kristian, and Wéstphai (1972) and the secondary standard was
no. 6 of the same paper. , .

In the data reduction sky subtraction was effected by taking the mean of

adjacent sky measures and applying this to the bracketed measures of the com-

| S | /
parison and of Krzeminski's star. The differential magnitude of Krzeminski's
star was then found with respect to_thé mean of the comparison star measures
bracketing ' the, measure of Krzeminskl's :star. ' - .

Two ?rohlems-were encountered in theae proéedures. The first was due to
the crowded field in which Kxgeminaki'ﬁ star is loecated. Observations obteined
with a 20 arc second aperture differedzaystematiéallylfxom those'obtaiﬁed with
a 15 arc second aperture. A special sequence of observatioéa was made on two
nightg.yith the 1'mep¢; telescope and .combined with a previéus night's observations,
when bo£h apertures on thedlrmgpgrﬁtelésggpe‘had been employed to determine
the aperture effect to be 0.056 & 0.005 mﬁg. This correction has been applied
to all dbservations,obtained.;ith the iarger'aperturea. The size of this
effect corresponds to the presence of ; star of magnitude 16.5 in the larger
apertures. Residuals from the light curves described in the following section
show nolstatiatically significant différence between the two sets of observa-
tions after correction of the larger aperture set; D

The pecond problem was that the sky subtraction method failed for obser-
vations made ngar moonrise and moonset;UIEb overcome this we interpolated graphi-
cally in the ;pggxi;hmlof the Eky brightness to determine the value of the sky
background at the time of each observation. The difference between the logarithmic

graphical procedure and our standnrd:péphniqne wvas &s large as 0.03 magnitude.

gy . . .
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Hiving taken thege effects into a?count the mean and internal error of
each Qé the 40 minute runs was computeg. The standard deviation of an obser-
vation ﬁf unit weight is 0.008 magnituﬁe. Figure 1 presents these means from
which it may Dbe seen that the amplitudé of the light curve is approximately
0.08 magnitude, in agreement with the 3n1tial announcement by Krzeminski (1973)
but in ﬁisagreement with the value of b.12 magnitude reported recently by Mauder
(19Th).;nd Kréemsinki,(l97h)...HoweVerk if the extreme values of the present
observstiona¢are employed in determining the amplitude, then a value approaching

O 12 magnituﬂe is found. \.ﬂr

|
III. LIGHT CURVE SYNTHESIS AND SYSTEM PARAMETERS

[

We have determined the mass ratio qr= M /M and the inclination,

primary
i, of the system by minimizing x for the obaervations shoqn in figure 1 and

for synthetic light curves over a range &f (q, sin i) values. These light curves
are computed from formuilas given by Kbpal and Kitamura (1968) for the light

changes‘of close binary systems. The ﬁodel employed is the standard Roche

A

.model wherein the atars are assumed tolbe of infinite .central condensation,

f

rotating synchronocusly, and to have thg rotational and orbital angular momenta

parallel. The observed surface brightﬁess is taken to obey von Zeipel's theorem

and a linear limb darkening law. We h;ve assumed that the primary star fills
its Roche lobe,  The, gffect of thia aaﬁumption is that the mass ratios and inclin-
ations determined will be minimum valuéa.

We have epployed the NLTE, line b?anketed, plane parallel, hydrostatic
model atmospheres of Mihalas (1972) to;compute the gravity derkening coefficients

Ty and Tys the values of vhich depend upon the spectral type of the primary,

Vale
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The foiléwing spectral types for Krzemiﬁaki!s star have been suggested:
09—09.5_V, BO I-III, and BO II by Krzeminski (19T4) based on the UBY colors

of the star; 09 III-V (Vidal et al. 197hk); 09.5-B0.5 Ib by Rickard (197k)

from. spectra; end 06.5 III-V (Osmer, Hiitner, and Whelan 19Tk) from spectra.

We have explored this range of apectral?types By employing the gravity darkening
coefficients appropriate to the endpointa 06.5 III-V and 09.5.IiI-V. The values
of (To,. rl) are.(0~.295, -0.45) and (o.héo.,. ~0.45) respectively. It is found
that the gravity darkening coefficientajare essentiaily'identical for luminosity .
classes III and V. and.that the Bpthtal%t&peé néar BO Tb have gravit& darkening
coefficients within this nange. The liﬁb darkening coefficient has been taken
to be 0.6 (Grygar 1965).. i o |

The best fit to all 41 observationg for the above range of gravity .darkening
! ;

! !
~coefficients 1s shown as line segment & in figure 2. The small q endpoint is

the best fit 09.5 III-V solution and th% iarge q endpoint is the best fit 06.5
III-V solution.. The error ellipses on‘ihese-endpoints are the formal errors
from the ia solution. The 06.5 III-V aﬁd 09.5 IIi—V solutions represent fhe
obaervations equally well .and.thus we c;nnot distinguish between the published
spectral types on the basis of the lighthcurve analysis alone.

-Consideration of the residuals from the best.fitting synthetic light curve
shows that the light curve providesa a gbod representation of the observations
gince there are no.systematic'deviations. .However, the internal errors do not
provide a good estimate of the.deviation of the observations from the best fit
1light curve. Thig, can be interpreted gs evidence that the primary 1is irregularly
varying in brightness ﬁith 8 diuperaioﬂ of approximately 0.011 magnitude.

To test the senaitivi¥y of the li%ht curve parameters g and sin i to this
variability, ve fit the,3T.obaervationé obtained by deleting four discrepant

E
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observétiona near'the primary and aecdndary minima, since the light curve
parametera have a maximum senaitivity to observations at the extrema. The
results of the fitting procedure for these observations are shown as line
segment b in figure 2. These results lie outside the formal lo golution
region based on all 41 observations, but not greatly so.
l Thus, the present observations can be represented by the model developed .//
by Kopal and Kitamura {1968) with a m%sa ratio near 0.123 and sin i near 0.98k,
the ex%ct values depending upon the aéectral type of the primary and the inter- .
;pretation of the observations which aﬁe far froﬁ the mean light curve. These
‘two ambiguities lead to a 24 percent uncertainty in q and 2 percent uncertainty
in sin i. . ‘ E

... These values of q and sin i are ﬁinimum values in thgt we have assumed

P E— ;
that the Roche lobe is filled. David%on and Ostriker (1973) have suggested
that eér;y spectral type members of cioé@lbinaries may rotate at less than the
synchrénqus ?elpcity.in which case it;is possible for a star to be in dypamical
‘equiliﬂrium,ax sizes larger than the #ocherlobe. The size and mass ratio of
a stariprincipally-affgct the mean am?litude of the light varistion, whereas
| the reiative depth of the two minima is principally determined by the inclin-
ation of the system. We therefore beiieve thgt our lack of knowledge about
vhether the Roche lobe is filled (or overfilled if the tidal lobe model is
:appropriate)dpppuld not affect our_eséimation of the uncertainty in sin {.
To eatimate the uncertainty in qldue to our lack.of knowledge of the

size of Krzeminski's star we note thai the lowest order equations for the

light changes of & close binary (Kopaé 1959, p. 412) can be used to find the

following useful 1nterpoiation fbrmulﬁ: }

1) '.I.'aAlﬂBin 1!1!' (1&*1‘) 1 *x.|. »

"‘.fj:;, .



; | ~ where ihe amplitude, Al, is given in terms of the radius of the star, r (in
units ef the separaeion); the limb da%kening coefficient, x; and previously
] é defined quantities. Since, near g = é.l the tidal lobe radius is T percent
greater than the Roche lobe radius (Devidson and Ostriker 1973) q may be
smailer by as much as 21 percent. The approximate ¢ limits for the tidal
. ~ lobe model for solution tracks a and g_are shown in Figure 2 as line segments
¢ and d respectively. Underfilling of the Roche lobe seems less iikely since
the spectroscopic observations of Oemer, Hiltner, an&'Whelan (1974) constrain
q from being much greater than 0.1. ;
. We have entimated the total unceftainty‘of q to be h5kbercent and of
sin i %o be 2 percent. It is expected that further ohaervétion and study'of
the ayete@lyilljgreatly reduce the.present“uncertainty.

| |

? oo - IV, ﬁfédgssxon
j 1
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B : !
! The most important result which follows from the present study is an

observational determination of the masses of Krzeminski's star and of Cen X-3

and of their separation. From the 458 X-ray pulsation mass function and the
projected size of the Cen X-3 orbit the following relations for the primary mass,

M, and the separation of the components; a, are found:

[ R B

2) | M=15.5 (1 + )2/ ein’

i

Lol

3) ‘ a

17}1 (L+q)/sint ,

i ot

where the mass and sepafation are in ;olar units. It can be seen that the

[
primary mags and the peparation are principally sensitive to sin 1.

B RO ot
|

Equations 2) and 3), the eqnivalent radius, R. of the Roche lobe (Kopal 1959}

b R S 2N 11 I
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in unita of the component. separation; and the readial velocity semi-amplitude,
K, of Krzeminski'a star in terms of the x-ray source velocity yield the results
shown in table 1,

! !
| ,

; Table 1

| q=0.12% .05 |  ~a=19.5 1.2 Ry

i sin i =0.985 £ 0.02 | R =12.8 ¢t 0.8 Ry

3 | -1
spri = 20.5 £ 3.5 M K=51 19 km sec

0 - .

Mx =2.5%1.1 Me

L)

The qnoted uncertainty in each quantity reflects our eatimate from the previous

A i)

section of the Roche ldhe filling uncertainty, the spectral type uncertalnty,

|
and the observational interpretation uncertainty.

I{ is interesting to‘compare thesc yalues with stellar masses and radii
tabulated as functicns of spectral typc. The masses of 06.5 III~V models are
given as approximateiy'Sd Me (Stotherc 1972) and 45 M0 {Robertson 19735.- From
equation 2) the vﬁlue of sin i necessary to bring agreemént between the model

masses and the observed mass can be found. Lines f and g in figure 2 show

H

" these values of gin 1 for hS M and 30 M respectively. Clearly no agreement

can exist with the.PFFsﬁ?t observaticna. However, the predicted masses of

of p?.s III-V stars are in accord wité‘the mass foun'dl.Ahcre.l Fffects of mass
exchange on close binary members arc_éct well understood and it is therefore
unwicejto rule out an atmospheric qpagtity,‘the spect;al type, on the basis of
a mass determination. We conclude th%t krceminski“s Btar cannof be an 06.5

|
star of "normﬂl" mass. Radii of OB Btars tabulated by Panagia (1973) show the

radii of 09-BO supergiants to be twicT that of Krzeminaki"a star. We, therefore,

ﬂ
|
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concludefthat Krzeminski's star cannot be a normal 09-B0 supergiant. Main
* i

sequence and glant stars in the range 0?.5 - 09.5 are compatible with the

" Roche lo%e diameter determined here. {
| Froﬁ the Doppler variation of the *?8 X—r;y pulsations it is found thatl_

the lineiof sight velocity.variation of;Cen X-3 18 415 Jom sec‘l (Schreier

et al. 1972). The line of sight velocity variation of the optical primary

is simpl; q times this value. Though the 6bservations of Osmer, Hiltner end

Whelan (1974) do not place a strong constraint on the radial velocity variation

of'Krzeminaki‘s star, the redial velocify variation determined from the light //f

curve analysis presented here is consistent with these“gbsggfations.

1 ' . i S
., The duration of X-ray eclipse places constraints on théf§;ze of the

'
!

;‘occglting object and the inclination of|the system. For purposes of comparison

..... I
b

we maylgésume that the size of the occuitiqg object is given by the Roche lobe.
The gbge;ved gp;ipselﬂp;ation‘then cons%rains the possible values of q and sin i
to s 100?3 in the (q;“sip'i)lp}gng,i“Fp¥'the duration of X-ray eclipse we have
taken 0?&88 (Schreier et al. 1972), excluding the transition period. Curve e

in figure 2 shows the result of a calcugation in vhich we have employed the

third order expression for the surfeace %adiua given by Kopal (1959, p. 131).

The massargtio and inclingtion found fr;m,the light curve do not fall on this
locus. A possible resclution of the difcrepgnpy can be made by assuming that
the X-ray opculting surface is larger thgn the Roche lobe‘by approximately 13
percent ;hile maintaining the_photosphg?e,ax the Roche lobe. The X-ray occulting
surface wouldjnepgssarily,not be in_@ynamical equilibriyp as suggested previously
for HD 775681 -- 3U 0900-40 by Petro and Hiltner (1974). An altefna;ive explan-
ation follows from the tidal lobe auggektion of Davidson and Ostriker (1973),

(SN O RN e
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|
‘,‘
:
N



namely that the X-ray ccculting surface and the photosphere are closely coin-

= |
cident and are both near the tidal lobe iimit.

B i
; " v. comcwsfron
|

.The lack of firm understandinglof t%e structure of upper main sequence
stars and of the evolution of these stars in close binaries precludes the use
of the results of this study to discriminate between the widely disparate
spectral types suggested for Krzeminski s star. The mass of,Krzeminski's star
is established,as 20.5.% 3.5, M ;while. that of Cen X-3 is estahilshed as 2.5 £
1 1 Me Resolution, of the, spectral typejamhiguity, further light curve obser-
vations, and further radial velocity ohs%rvations-should lead to & muéh better

) o ‘
determination of all parameters discussed in this paper.
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Figure 2
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FIGURE CAPTIONS

Differential V light curve of Krzeminski's star. Also

i .

shown is the best fitting synthetic light curve for all
_ R -
41 observations. E
|
|

[ ey,

‘Congtraints on the aysteﬁ Cen X~3 ~ Krzeminski's star. a

|
is the 06.5 III/V - og.siIII/V light curve solution track

for all 4l observations., b ia the same track for 37 of

the observations. The error ellipses shown at the endpoints
depend only on the internal errors of the observations.‘
Lines ¢ and g,are”approx;maté lower limits to the value

of q if the tidal lobe médel is correct. Locus:e gives

the {q, sin i) values co&paéible with X-ray eclipse being
caused by,materiallgt.thé Roche lobe. Points to the right
of this lpcusgcorresponditoleclipae being caused by material
beyond the Roghe lobe. #ines f and g are the approxiumate
values of sin 1 necessax;if the primsry mass is to be L5 Me

, |
or 30 Me respectively. ..
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