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Abstract. We present new accurate CGDby light curves for the LMC eclipsing binaries HV 982 and HV 12578, and for

the SMC systems HV 1433 and HV 11284 obtained at the Danish 1.5m telescope at ESO, La Silla. The light curves were
derived from DoPHOT photometry, and typical accuracies are between 0.007 and 0.012 mag per point. Stapuhalides

have also been established for each binary, primarily for determination of interstellar reddening and absorption. For HV 982
and HV 12578, accurate photometric elements have been established. Both systems consist of two detached components of
comparable sizes in an eccentric orbit. Adopting the spectroscopic elements given by Fitzpatrick et al. (2002) for HV 982, we
derive absolute dimensions of its components which agree well with their results. A distance modiglud/f = 18.63+0.08

is obtained, corresponding to a distance aP53.0 kpc, which is in formal agreement with (although slightly larger than) their
determination. HV 1433 and HV 11284 both consist of two rather close, deformed and diigterdistars. As the mass ratios
between the components (and their rotation rates) are not known, definitive photometric elements can not yet be obtained, but we
present a sample of possible photometric solutions. In a series of forthcoming papers we will comhinkyaloservations

with high-dispersion spectra from the UVES spectrograph on the ESO Very Large Telescope (VLT) and present absolute
dimensions, chemical abundances and distances for selected LMC and SMC systems, including HV 12578 and refined results
for HV 982.

Key words. cosmology: distance scale — galaxies: magellanic clouds — stars: fundamental parameters — stars: binaries: close —
stars: binaries: eclipsing — techniques: photometric

1. Introduction direct distance determinations available. From complete,

. o L ) .__accurate observations and careful analyses of well-detached
Double-lined eclipsing binaries provide, apart from objec stems, distance moduli better thad.10 mag can be ob-
where purely geometrical methods can be applied, the MPShed.

Send dorint s 10). V. Cl N With present-day facilities, including ground based 10—m
e_ﬁqa”ﬁgl@a:guoeski dok' sausen, class telescopes and the Hubble Space Telescope (HST), pre-
* Based on observations carried out at the Danish 1.5m telesc&g%e StUdl_eS of systems in Local Group galaxn?s, primarily the
at ESO, La Silla, Chile. Magellanic Clouds (MC), have become possible. Therefore,
** Tables 25-40 will be made available on electronic forRCcuraté LMC and SMC distances can now be established
at the CDS via anonymous ftp tacdsarc.u-strasbg.fr from eclipsing binaries, leading also to the calibrations needed
(130.79.128.5) or via for other important extragalactic distance indicators, like e.g.
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/402/509 Cepheids, reaching far beyond the Local Group. Reviews on
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the subject have recently been presented by etz (1997) Table 1.The observed eclipsing binaries. For comparison, the position

and Clausen (2000). of the optical centers of LMC and SMC are included.

Also, the accurate absolute dimensions obtained for the MC
binary components makes it possible to gain insight into e.g. D Vmax ~ Paays ~ @(2000.0)  6(2000.0)
core structure (e.g Ribas et al. 2000) and mass loss for massivéMC 05"24" -69°45
stars through comparison with stellar models. Furthermore, HV 982 147 534 0R9"53 690923

V12578 15.8 2.48 0R1m3> -66°21'15"
SMC 0d'53" 7250
HV 1433 16.4 2.05 om7m1s —-734118"
HV 11284 171 3.63 w4z —725110"

they provide fundamental mass-to-luminosity /Y rela-
tions for metal-deficient stars of e.g. typical LVEMC
compositions.

The first accurate CCD light curves of LMC and SMC
eclipsing binaries were obtained at the Danish 1.5 m telescope

at ESO, La Silla by Jensen et al. (1988), who give referengeg,js for the SMC system HV 1433. Studies of reddening
to earlier photometry. The present paper should be seen a3 metallicity in the observed fields (abou & 6.5 arcmin)

continuation of this work. Meanwhile, dedicated CCD lightenered on the four systems have previously been published
curve observations have been done for several LMC and S'YL%rsen 1996: Larsen et al. 2001).

systems at Mt. John University Observatory, New Zealand Further, together with a group of colleagues we are un-

(Pritchard et al. 1998a, 1998b and references_ therein), E?ﬂgtaking a large scale project, combining light curve ob-
several thousands of new systems _have be_en dlsc_overed fE‘?—:m/ations, standard photometry, and high dispersion spec-
the EROS, MACHO, and OGLE mlc_rolensmg Projects (€.grscopy from the ESO VLT UT2 telescope and the new
Grison et al. 199_5, Alcock et al. 1997; Udalski et al. 1.998b). very dficient UVES echelle spectrograph (Dekker et al. 2000;
Low to medium resolution spectroscopy is available f8.54orico 2000). Until now, complete spectroscopic obser-

a few MC systems (e.g. Niemela & Bassino 1994), andyiong have been obtained for four LMC systems, includ-

moderately accurate distances and dimensions based on qﬁ;gPHV 982 and HV 12578, and two SMC systems, and anal-
light curves and radial velocities from such spectroscopy hayg ' '

es are in progress.

been published for some systems, e.g. HvV 2241 (Pritchard prog
et al. 1998a), HV 2543 (Ostrov et al. 2000), and HV 5936 (Bell
et al. 1993) in the LMC, and HV 1620 (Pritchard et al. 19988). Selection of candidates
and HV 2226 (Bell et al. 1991) in the SMC. )

However, an important step forward was recently takaffhen theuvby observations were planned, the thousands of
when a very accurate distance modulus (aheli67 mag) and newly discovered MC binaries from the microlensing projects
stellar dimensions (abou®.5% for radii and+6% for masses) were not yet available, and our source for the selection was then

were determined for the LMC system HV 2274 (Watson et dimited to the about 110 systems identified mainly from the
1992; Guinan et al. 1998; Udalski et al. 1998a; Nelson et glhotographlc material of the H_arvard Surveys (Shapley & Na'_l
2000; Ribas et al. 2000; Groenewegen & Salaris 2001). Mas<dé?2: 1953;_ Payne-Gapo_schkln & Gapos.hk|n_1966; Gaposhkin
and radii were obtained from normal analyses of light curvd€ 70, 1977, Hodge.& Wright 1967, 1977; Kreiner 1972).

and radial velocity curves, based on rather few high disper- APout 10 candidates per galaxy were selected, but for
sion spectra, whereasfective temperatures, reddenings angfVeral reasons (field crowding, faintnessffidilt orbital
distances were obtained from Ubptical spectrophotometry. periods, lack of observing time, etc.) the project was gradually
Slightly deviating distances are obtained from théetent concentrated on the four systems listed in Table 1. Part of the
studies, mainly due to fierences in the reddening determindi€!ds, centered on the eclipsing binaries, are shown in Figs. 1~

tions, but they all tend to support the short LMC distance scdle ] .
(e.g. Gibson 2000). HV 982 is located about one degree NE of the optical center

Very recently, accurate distances and dimensions for tRbLMC, whereas HV 12578 is located in the northern outskirts

additional LMC systems, HV 982 (Pritchard et al. 1998t§,’f the LM_C Bar, abc_)ut three degrees from the optical cenfcer.

Fitzpatrick et al. 2002) and EROS1044 (Ribas et al. 2002), hadv&/ 1433 is located in the southern part of the central region

become available. A comparison of the results for Hv 2278f SMC, just south of the OGLE Il field SMC_SC4 (Udalski

HV 982, and EROS1044, and a discussion of the derived dfi-al- 1998b), and HV 11284 slightly west of the optical center

tances to the optical center of the LMC is given by Ribas et & SMC in the OGLE- Il field SMC_SC5. HV 11284 is iden-

(2002). Clearly, studies of many more binaries, well distributdigal to the OGLE- Il eclipsing binary SMCSC5140701.

across the LMC, are needed, and are important also for inves-

tigations on the orientatipn and structure of thg gala>_<y. SM§: Observations and basic reductions

systems should also be included to extend the investigation to

significantly lower metallicities, which will also allow a studyThe CCD observations were carried out during several periods

of the metallicity dependence of the Cepheid period-luminositgtween November 1992 and November 1995 at the Danish

relation. 1.54 m telescope at ESO, La Silla, equipped with a direct
In this paper, we present new completeby light camera and CCD #28 (a thinned 10241024 Tek device).

curves and analyses of them for the LMC systems HV 98ais combination of telescope and CCD yields a field size of

and HV 12578, and the SMC system HV 11284, and partiabout 65 x 6.5 arcmin. The image scale is 0/3Bixel. The
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Fig. 1. HV 982 and the surrounding field (1.5 arcmin square). FheFig. 3. HV 1433 and the surrounding field (1.5 arcmin square). Jhe
image was observed at 1.0 arcsec seeing. North is up, and east imme was observed at 1.1 arcsec seeing. North is up, and east is to

the left. the left.
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Fig. 2.HV 12578 and the surrounding field (1.5 arcmin square).Therig. 4. Hv 11284 and the surrounding field (1.5 arcmin square). The
image was observed at 1.1 arcsec seeing. North is up, and east ignigye was observed at 1.1 arcsec seeing. North is up, and east is to
the left. the left.

same set ofilvby interference filters were used throughout, ex-

cept for the early 1998 observations. Photometry from severadame pixels on all exposures. Also, the orientation of the cam-
b images of the same field obtained with the two filters weerachip varied between the fiérent observing runs. Typical
carefully compared, but no significantidirences between theexposure times for HV 12578, HV 11284, and HV 1433 were
instrumental systems were found. 5 (vby) and 20 min ¢), but for the brighter HV 982 we
The binaries were always positioned near the field cemsed 2.5 and 10 min, respectively. The observations were in
ters, but no fort was made to place them on exactly thgeneral done iybvyu sequences in order to obtain complete
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light curves in one bandy] and acceptable coverage in th@able 2. Mean DoPHOT errors (mag).
other bands.

Initial reductions, essentially dark current and bias subtrac-  Binary y b v u
tions and flatfielding, where carried out using standard IRAF HV 982 0.008 0.007 0.008 0.008
tools. As the dark current was very low, only around 4 counts ~ HV12578 ~ 0.009 ~ 0.008 ~ 0.009  0.010
per hour with no “hot spots” or other defects visible, we de- ~ HV1433 0.009 ~ 0.008 0010  0.012

HV 11284 0.008 0.007 0.008 0.009

cided to use just a single common value for the dark current in
order not to introduce additional noise. In each observing run,
typically 10 bias exposures were made, and in all cases the Higlgls, or if the PSF varies significantly across the frame. This
level was found to be constant within 1-2 ADU during a givemay be partly due to the more sophisticated PSF modeling in
run, whereas the level changed slightly from year to year, d@AOPHOT. However, DoPHOT also produces very good pho-
pending on the electronic setup of the CCD. The bias fram@snetry and runs substantially faster than DAOPHOT. Because
were all very uniform, the only defect being a weak pattewf the large volume of data to be reduced in this project, we
from the thinning of the chip, and we used combined frames fidterefore opted to use DoPHOT for the analysis of the LMC
the bias subtraction. In each observing run, sky flatfield expaad SMC fields.

sures were made every evening and morning, and the individual Following the DoPHOT analysis, the photometry output
frames, typically 5 per filter with slightfisets between them, files were combined into a single database for each binary
were carefully checked against a reference frame obtained Withd using the DBMAG package developed by one of us
the same filter. Any exposures that contained bright stars (06). Besidesfiicient book keeping and photometry extraction
other obvious anomalies were rejected. For the remaining xols, it contains tasks for identification and detection of vari-
posures, we found no obvious variations from night to niglable stars based on the technique by Welch & Stetson (1993).
or between morning and evening flats, and we thus decided~tsr each binary field and photometric band, a master frame was
use a single combined flatfield in each filter for each run. TRelected, and all similar frames were then brought to the zero
accepted flatfield exposures were combined applying a sigrpaint of the master.

clipping rejection algorithm to avoid any (faint) stars that might  As a final check of the procedure, we studied one of the
be presentin the images. databases, thgband of the HV 11284 field, in further detail.

As a last step, we measured the seeing from two Arnumber of isolated, supposedly constant stars spanning the
more stars in each frame, and determined the sky backgrowiggnitude range of HV 11284 through its orbit were extracted,
level. This information is given in Tables 25-40 (light curveind their mean magnitude and the corresponding rms per obser-
tables, instrumental system). No images with seeing abaxgion were calculated. No systematic patterns in the individual
about 3 arcsec were accepted, and most images were obtaigfations from the means were seen for the stars, and rms val-
at 1-1.5 arcsec seeing. Very few images with a backgroungs between 0.009 and 0.011 mag were obtained. For all stars,

above 100 ADU were accepted. the rms values are close to the DoPHOT error estimates of the
Additional information on the reduction is given by Larseingle magnitudes, and we conclude that the frames have been
(1996). safely brought to the same zero point. Therefore, we have cho-
sen to apply directly the database results for the binary light
4. Photometry and formation of light curves curves, rather_than basing them on a smaller number of prese-
lected comparison stars, as is often done.
4.1. Light curves The light curve observations in the instrumental system are

Several packages are available for crowded field photomifrr%esemed in Tables 25-40, which will only be available in elec-

including MOME (Kjeldsen & Frandsen 1992), ROMAPHO nic form. For each light curve point, the internal frame num-

(Buonnano et al. 1993), DoPHOT (Schechter et al. 1993), al?]%r’ the Heliocentric Jghan Date correspon(jmg 0 the_t|me of
mid-exposure, the orbital phase, the magnitude and its error

DAOPHOT (Stetson 1987). Especially the latter two have be . :
widely used, and while DAOPHOT may be the most flexiblf?°" HOT): the sky background evel (in ADU), and the seeing
in pixels, the scale is 0.3@oixel) are given. Typical errors per

of the two, DoPHOQOT is particularly well suited for reductions .
- o oint are close to 0.01 mag (Table 2).
of large quantities of data because only a minimum of user o .
Phases were calculated from the individual ephemerides

interaction is required. Tests of DoPHOT and DAOPHOT b . . o
%ﬂ n below. When possible, times of minima were calculated

ourselves and others (e.g. Larsen 1996; Ferrarese et al. 2 | .
how that the two packages generally provide photometry '0f the ch_ee & Van Wperden (1956) method. Ephemendes
SHOW wo p ges generaly provide p yw re, if possible, determined from least squares fits to new and

comparable accuracy, as well as very realistic error estimate

Because of its large number of user-definable parameters QH(R:'Shed times of minima, else by fitting the observations to-

greater flexibility, DAOPHOT may give slightly more accuJener applying the method by Lafler & Kinman (1965). The

rate photometry in diicult cases such as strongly crowde&‘es’UItIrlg light curves are shown in Figs. 6, 11, 15, and 16.

L IRAF is distributed by the National Optical Astronomicals. Standard uvby indices
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc. under contract with the Nation¥n order to obtain reliable apparent magnitudes and colors
Science Foundation. for the eclipsing binaries, essential for reddening and distance
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determinations, a careful transformation to thby standard 32.90F
system is needed. We have based this calibration on numer- E oy (PHOT) - u|(DoPH
ous CCD observations of secondamjy standard, for which
photoelectric observations were simultaneously done at the
Strdmgren Automatic Telescope (SAT) at ESO, La Silla. The

o

o

SAT observations also provided accurate nightly extinction co- 32.705— % _

efficient needed for the calibration of the CCD photometry. The - - — S 7@?4—} %} - -
E A %)

32.80F

SAT observations and standardby indices for the secondary
standards are described by Clausen et al. (1997).

32.60F

Because DBMAG automatically adjusts the photometry of :
all individual frames to a common zero-point, it waststient 32.50} ' '
to derive a photometric transformation to théy standard sys- 3t40p f
tem for the reference frames. For this purpose, we first used F v (PHOT) —  (DoPHOT) {’
the substar task in the IRAF DAOPHOT package to subtract s1.30F
all stars except a few bright ones from the reference frames. :

Aperture photometry for these stars was then obtained with $ %
.y « . » 31.20F
the phot task, thus providing a set of “tertiary standard stars F @i& %@ g_ -
{) ¢

in each frame (see Larsen et al. 2001 for details). Finally, the ;
DoPHOT photometry was tied into the standard system by de- s1.10F
termining the dfsets between the DoPHOT magnitudes and ;
aperture photometry for the tertiary standard stars. Figure 5 .
shows the dference between the DoPHOT and aperture pho- "%} ’ ’ ’ . 1
tometry for the selected tertiary standards in the HV 982 field. : :
Typical uncertainties on the zero-points were estimated to be ~ 33f b (PHOT) — b (DoPHOT) E
0.01-0.02 mag. i
We further checked the accuracy of the photometric zero- 31.20F
points by comparing DAOPHOT PSF-fitting photometry on the :
co-addedrames (Larsen et al. 2001) with the mean DoPHOT E
magnitudes from the DBMAG database. For the LMC 31104
fields, the comparison showed excellent agreement between ;
the DoPHOT and DAOPHOT photometry, with systematic 31.00f
differences<0.01 mag iny andb — y and <0.02 mag inmy :
andc;. For the SMC fields we found slightly largerfiiirences
of ~0.02 mag iny and up to 0.03-0.04 mag im;, but still
compatible with the estimated zero-point uncertainties on the E
photometry. Note that the zero-points were established for the  31.20F
individual passbands, leading to larger formal uncertainties on E
indices such asy andc;, which are based on three bands each.
The resulting standanavby indices for the eclipsing bina-
ries are given in Table 3. Intrinsic standandby indices, inter- ;
stellar reddening, and absorption derived from the ) — Co 31.00¢
relation by Crawford (1978) are given in Table 4. For HV 982, 3 . . . . ]
the reddening determined from theby photometry agrees 17 18 19y (PHOT)ZU 2 22
well with that recently published by Fitzpatrick et al. (2002),

E(B- V) = 0.086+ 0.005, based on a completelyfidirent and Fig.5. Zero-point diferences between aperture and DoPHOT pho-
much more complex approach. tometry for “tertiary standards” in the HV 982 field. The dashed lines
indicate the adopted zero-points.

31.30

31.10F

6. HV 982 (LMC) orbital motion (the first known case is HV 2274, also in the
Already the photographic Harvard Survey data (GaposhKiMC; Watson et al. 1992; Ribas et al. 2000).

1970) show that HV 982 is a well-detached eclipsing binary, Pritchard et al. (1998b) also did standanby photom-
presumably with an eccentric orbit. CCD light curves oletry and IUE ultraviolet spectroscopy, and determined in-
tained at Mt. John University Observatory, New Zealand ligrstellar reddening and photometric elements for HV 982.
Pritchard et al. (1998b) clearly confirm these characteristiGubsequently, Pritchard & Niemela (2000) presented radial ve-
Furthermore, with new minima observations, apsidal motidocities and derived mean masses and radii for the compo-
with a period of about 200 yr could be detected, makingents, and a distance modulus \éf — My = 187 + 0.15

HV 982 just the second MC eclipsing binary with measuregas obtained. Very recently, Fitzpatrick et al. (2002) published
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Table 3. Standarduwby indices for the eclipsing binaries (no correction for reddening applied) at maximum light level outside edlist®e
number of observations used to form the mean valuis.the rms error (per mgigdex) given in mmag.

ID \% o N (b-vy) o N my o N (] o N

HV 982 14.648 8 69 -0.042 9 47 0.070 15 44 0.020 17 42
HV 12578 15.768 6 27 -0.050 10 20 0.094 13 16 0.077 25 11
HV 1433 15.547 11 3 -0.070 5 4 0.106 14 4 0.014 25 3
HV 11284 15.179 7 15 -0.023 10 27 0.094 15 21 0.069 13 17

Table 4. Intrinsic standardiby indices at maximum light level outside eclipses, and interstellar reddening and absorption for the eclipsin
binaries.

ID Vo  (B=yd Mo © Eb-y EB-V) Av

HV 982 14.350 -0.111 0.091 0.006 0.069 0.097 0.298
HV 12578 15.529 -0.106 0.111 0.066 0.056 0.078 0.239
HV 1433 15.369 -0.111 0.118 0.006 0.041 0.057 0.178
HV 11284 14.818 -0.107 0.119 0.052 0.084 0.118 0.361

accurate dimensions for HV 982 and found its distance modtlese stars), and a third at about 6 arcsec distance, except at toc
lus to beVy — My = 1850« 0.06. The results were obtainedarge seeing where the contributions of the companions were
by adding HST UVoptical spectrophotometry and radial vesubtracted assuming known positions and magnitudes.
locities based on high-resolution optical spectroscopy from the As our observations were done at much better seeing, we
Blanco 4-m telescope at Cerro Tololo, Chile to existing phbave been able to isolate HV 982 and avoid significant con-
tometry for HV 982. tamination from all the companions in the PSF fits to HV 982.
As HV 982 is clearly an important LMC eclipsing binary,This is demonstrated in Fig. 7. Here the database photometry
we decided — parallel to the Mt. John observations —to gain féor the 3 arcsec distance companion (id2673) NNE to HV 982
ther light curve data. Mainly because the field near the systésnplotted versus the orbital phase of HV 982 at the time of
is quite complicated, with several close neighbours (Fig. 1)ilze observation, versus the seeing, and versus the sky back-
delicate subtraction procedure was needed at the averagedvitund level. The companion, which is the brightest one,
John seeing of 3-5 arcsec (Pritchard et al. 1998b). This danabout 3.4 magy) fainter than HV 982 outside eclipses
be avoided at the average La Silla seeing of about 1-2 arcsewd its DoPHOT photometry therefore much less accurate.
Also, betteruvby standard indices were needed. However, we find no correlation between the magnitude of the
In this paper, we present the light curves and photometdempanion and the orbital phase (i.e. light level) of HV 982
elements derived from them, plus standartly photometry. or the sky background level. There is, perhaps, a tendency
Also, absolute dimensions and distances are derived, but @feslightly fainter companion magnitudes for seeing above
expect to publish significantly improved results when thabout 1.6 arcsec where the scatter on the other hand also in-
analyses of the VLIUVES spectra has been completed. creases significantly.

6.1. Light curves 6.3. Ephemeris and apsidal motion

HV 982 was observed on 43 nights between JD 24489@me time of each of primary and secondary minimum, derived
and JD 2450047, and 314(124 (), 115 @), and 103 () points from theuvby CCD observations, are given in Table 5 together
were obtained in the four bands. The light curves are givaith times published by Gaposhkin (1977) and Pritchard et al.
in Tables 25-28 and shown in Fig. 6. The coveragg,ib, (1998b).

ando is fairly complete, whereas a gap exists in thebserva- Apsidal motion parameters were derived from a weighted
tions of primary eclipse. Typical accuracies per point are givé@ast squares method, following the formalism by @imez &

in Table 2. Garcia-Palayo (1983) and Genéz & Bastero (1995). The or-

The two eclipses are of comparable depths with central sbital inclinationi and eccentricitye were fixed to the values
ondary eclipse occurring at phase 0.428. No significant chariiffived from the photometric analysis; see Sect. 6.4. The re-
of the (b - y) color is seen during the eclipses. Slight reflectiodults, which are shown in Table 6 and Fig. 8, agree quite well
effects are noticed outside the eclipses. with those obtained by Pritchard et al. (1998b).

For the calculation of phases of tlieby light curves, we
adopt the following linear ephemeris derived for the mid-epoch
of the observations from the apsidal motion parameters:

As seenin I_:ig. 1, I-_|V 982 has several rather clqse COMpPanioRg, | = 2449340.7172 + 5335220 xE. Q)
When possible, Pritchard et al. (1998b) PSF fitted as a group

HV 982, the two brightest companions at about 3 arcsec diEhe adopted period is identical to the sidereal period. During
tance (of which the southern actually seems to be two vehe light curve observations from JD 2448970 to JD 2450047,

6.2. The close companions
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Fig. 6. uvby light curves of HV 982 (LMC). The theoretical curves correspond to the solutions given in Table 8.

Table 5. Times of minima for HV 982 (LMC). O—C values (in days)Table 6. Apsidal motion parameters for HV 982 (LMC).

are calculated for the apsidal motion parameters given in Table 6.

References are: G1977, Gaposhkin (1977); P1998, Pritchard et al. Parameter Value and rms error

(1998b); C2003, this paper. The rms errors of the G1977 times are Q) 88.7 (assumed)

estimated. Note the perfect agreement between P1998 and C2003 e 0.159 (assumed)

for JD 2449337. To 244933517575+ 0.00049

Panomalistic(d) 5335595+ 0.000025

HJD-2 400 000 rms Typ Oo-C Reference Psigereal(d) 5.335220
13946.555 0.050 P 0.0290 G1977 wo (°) 22467+ 0.15
17590.584 0.050 P 0.0350 - w1 (°/ cycle) 000253+ 0.00018
23875.527 0.050 P  —0.0360 - U (yr) 208+ 15
25849.645 0.050 P 0.0130 -
26060.243 0.100 S 0.0900 -
26412.253 0.050 S -0.0160 - the longitude of periastron has changed from<824 2250
26577.631 0.050 S -0.0270 - and the phase of mid secondary eclipse relative to mid primary
27786.315 0.050 P -0.0380 - eclipse from 0.428 to 0.429. For the light curve analyses, the
29189.469 0.100 P -0.0700 - effect of apsidal motion can be ignored, except for a few points
29629.338 0.050 S -00060 - during secondary eclipse from JD 2450041, which have been
31304.630 0.050 S 0.0520 - excluded.
32070.603 0.050 P 0.0002 -
33153.625 0.050 P -0.0420 - . . :
493353866 0.0004 P 0.0018 P1998 6.4. Light curve analysis, photometric elements
49337.6668 0.0004 S -0.0002 - Pritchard et al. (1998b) presented photometric elements de-
jgg%-?‘i;g g-ggég ;3 0(?62218 C2003  jyed from their CCD light curves, adopting a modified ver-
£0695, 8520 0.0110 P 0.0086 P1998 sion of the Wilson-Devinney (WD) code (Wilson & Devinney

1971; Wilson 1994). Light curves in all bands were analyzed
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Fig. 7. DOPHOT photometry for the close companion (id2673) about 3 arcsec NNE to HV 982 (LMC); see Fig. 1. id2673 is about 3.4 m.
fainter than HV 982. The full drawn horizontal lines represent the mean magnitudes, and dashed lines are drawn at the 1 sigma levels.

0.3k E significant correlation between several elements. Often the dif-
. 27 E ference between theoretical light curves fitted to the observa-
i tions for a large range of adopté&d= rs/r, (p referring to the
0.1F E component eclipsed at the deeper primary eclipse at phase 0.0)
? Lok E are identical within a few mmag. Pritchard et al. (1998b) fur-
© E thermore did not know the mass ratiphetween the compo-
ol E nents, which is needed for calculation of the stellar shapes. The
-0.2F 3 classical ways to break (part of) the degeneracy are to include
o3k 3 independent spectroscopic information on the luminosity ratio

: ‘ ‘ L (see e.g. Andersen et al. 1983), or — for eccentric systems — in-
oo 74ooEc;OCh oo © dependent information on the orbital eccentricity from apsidal
motion analyses (see e.g. Clausen et al. 1986).
Fig. 8. Apsidal motion for HV 982 (LMC). O—C are the residuals Fitz ; : _ _
. : ) : ' patrick et al. (2002) determinep= Ms/M, = 1.029+
(days) from the linear part of the apsidal motion ephemeris deflnede 7 and the spectroscopic luminosity rakig'L, = 1.15 =

the parameters given in Table 6. The full and dashed curves represg .
predictions from the apsidal motion parameters for primary (triangleizf8 (blue) between the components which, although the accu-

racy is not as high as could be desired, enabled them to exclude
three of the solutions presented by Pritchard et al. (1998b).

In the following, we will present photometric elements de-
simultaneously, and four possible sets of elements were priged from WINK (Wood 1971; extensions from Vaz 1984,
sented, as the filerential least squares fit did not converge tdt986; Vaz & Nordlund 1985; Nordlund & Vaz 1990) and WD
wards one unique solution. This reflects a situation which (g/ilson & Devinney 1971; Wilson 1994), extensions from Vaz
often seen for partially eclipsing systems with fairly identicadt al. 1995) analyses of the newby light curves. Both codes
components, both for circular and eccentric orbits. It is due psovide physical binary models, adequate for the description

and secondary (squares) eclipses, respectively.
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Table 7. WINK solutions {) for HV 982 for a range of fixed val- Table 8. WINK solutions for HV982.k = r¢/r, = 1.10 andT, =
ues between 0.90 and 1.10, = 24200 K andx = 0.33 have been 24200 K has been assumed.

assumed.
y b v u
y y y y y i(°) 88.66 88.96 88.84 88.80
i(°) 88.71 88.26 88.15 88.25 88.66 +16 +32 +26 +28
+14 +10 +10 +11 +16 ecosw -0.1117 -0.1106 -0.1106 -0.1103
ecosw -0.1115 -0.1115 -0.1115 -0.1116 -0.1117 +2 +4 +4 +5
+2 +2 +2 +2 +2 esinw -0.1124  -0.1102 -0.1065 -0.1097
esinw -01243 -0.1194 -0.1170 -0.1137 -0.1124 +44 +75 +71 +76
+43 +43 +43 +44 +44 e 0.1585 0.1561 0.1535 0.1555
e 0.1669 0.1634 0.1617 0.1593 0.1585 w(®) 225.20 224.90 223.91 224.83
w(®) 228.11  226.96 226.38 22553  225.20 o 0.1931 0.1929 0.1912 0.1932
k 0.90 0.95 1.00 1.05 1.10 +7 +12 +11 +12
Mo 0.2138 0.2085 0.2033 0.1982 0.1931 rs 0.2125 0.2122 0.2103 0.2125
+7 +7 +7 +7 +7 fp+Ts 0.4056 0.4051 0.4015 0.4057
rs 0.1924 0.1981 0.2033 0.2081  0.2125 Xp = Xs 0.33 0.36 0.39 0.39
p+Ts 0.4062 0.4066  0.4066  0.4063  0.4056 Ts (K) 23650 23671 23420 23468
Ts (K) 23740 23613 23572 23577 23650 +104 +150 +138 +107
+103 +104 +101 +104 +104 Js/Jp 0.953 0.954 0.931 0.907
Js/ Jp 0.959 0.950 0.947 0.947 0.952 Ls/Lp 1.160 1.160 1.134 1.105
Ls/Lp 0.773 0.856 0.948 1.049 1.160 o(mag) 0.0100 0.0104 0.0097 0.0100

o(mag) 0.0098 0.0099 0.0098 0.0100 0.0100

As seen from the upper panel of Fig. 9, solutionskdre-

of HV 982. They dffer mainly with respect to the model of thetween 0.90 and 1.10 fit the observations nearly equally well in
stellar shapes (3-axial ellipsoids with 4th and 5th order terrai four bands. Several parameters correlate directly kyighi-
included versus Roche potentials) and with respect to the aiearily e (throughesinw) andLs/L,, whereasTs (and thereby
ments determined through thefférential least squares procethe ratio of surface fluxeds/J,) and the sum of relative radii
dure (e.grp, andk versus potentials, arstosy andesinw ver-  are nearly constant. Solutions from the four bands agree quite
suse andw). WINK is faster and more used-friendly than WDwell — they solution carries highest weight due to the larger
and therefore well-suited for detailed investigations of multrumber of points and the most complete phase coverage for this
dimensional parameter spaces. An extended IDL-FORTRAJNd. A luminosity ratiopy) of Ls/L, = 1.15+0.05, as deter-
WINK version has been developed by one of us (JVC) fonined by Fitzpatrick et al. (2002), correspondskte: 1.10 +
that purpose. 0.03. We have assumed this value, and solutiongkfer1.10

We have selected to perform independent rather than cceme presented in Table 8, and (O-C) residuals (observed minus
bined analyses of thavwby light curves in order to obtain full calculated mag) are shown in Fig. 10. No systemafieats
understanding of the accuracy to which the elements canwi¢h phase and seeing are seen, but for an unknown reason a
established. slight tendency of positive residuals (observation fainter than
theoretical point) for background levels above about 150 ADU
seems to be present. However, the rms errors of the fits are
comparable to the photometric errors of the CCD magnitude
The results from a series of WINK analyses for fixedalues differences.
between 0.88 and 1.12 are shown in Fig. 9 and listed in Table 7.
An effective temperature of, = 24200 K was assumed in
agreement with the combined intringicby indices given in
Table 4 and the calibration by Napiwotzki et al. (1992), as wetbr comparison, both with the results from our WINK analyses
as with the energy distribution analysis by Fitzpatrick et and with the results by Fitzpatrick et al. (2002), we present in
(2002). Surface fluxes for thavby bands, as function of¢  Table 9 a series of WD solutions for thdight curve. The WD
and logg were based on Kurucz (1992) ATLAS9 atmosphersolutions were done for very nearly the same ratio of rkdii
models (although for Solar composition). Linear limb darkeras the WINK solutions given in Table 7, and as for the WINK
ing codficientsx (see Table 8) by Diaz-Cordoves et al. (1995olutions, a mass ratio of = 1.0 and pseudosynchronized ro-
were adopted, and gravity darkening exponents of 0.25 atadion of the components have been assumetirface fluxes
bolometric albedos of 1.0 were assumed in accordance withre based on Kurucz (1992) ATLAS9 atmosphere models,
atmospheres in radiative equilibrium. For the model calcula-linear limb darkening law withkx = 0.33, gravity exponents
tion of the stellar deformations, a mass ratiogof 1.0 was of 1.0 (which correspond to input values of 0.25 for WINK),
assumed, and the rotation of the stars was assumed to be paad-+eflection albedos of 1.0, were adopted.
dosynchronized (rate at periastron). Initially it was settled that When comparing the results from the two codes, it should
no phase shift was needed, i.e. the epoch of the ephemeris giitesh be noted that in WINK, the relative radii are corrected for
in Eq. (1) is well established. the (small) expansionfiects from rotation and gravitational

6.4.1. WINK analyses

6.4.2. Wilson-Devinney analyses
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Fig. 9. Results from WINK analyses of HV 982 for adoptkd= rs/r, values between 0.88 and 1.12. The individual figures show s: rms
error (mag), s1: rms error (mag) for primary eclipse, s2: rms error (mag) for secondary eclipse, i: orbital incliratiorbital eccentricity

e, w: longitude of periastrow (°), rl: relative radius for primary componery, r2: relative radius for secondary componegtr12: sum of
relative radii, 121: luminosity ratid.s/L,, jn: surface flux ratio, t2: fective temperature of secondary comporgy (). Symbols are: cross,
diamondb, trianglev, squareu.

Table 9. WD solutions §) for HV 982 for fixed€,. T, = 24200 K
andx = 0.33 have been assumed.specify surface potentials amd
relative volume radii.

y y y y y
i(°) 88.71 88.34 88.26 88.32 88.74
+9 +7 +5 +6 +11
e 0.1633 0.1628 0.1606 0.1593 0.1594
+20 +21 +19 +19 +22
w(°) 226.76 226.58 225.80 225.34 225.37
+67 +72 +68 +69 +79
Q 5.900 6.020 6.125 6.240 6.385
Qs 6.488 6.362 6.253 6.108 6.015
+18 +18 +16 +17 +16
o 0.2172 0.2115 0.2066 0.2016 0.1958
Is 0.1958 0.2007 0.2061 0.2112 0.2155
k 0.902 0.949 0.998 1.048 1.101
fp+1rs 0.4130 0.4122 0.4127 0.4128 0.4113
Ts (K) 23536 23498 23471 23452 23520
+75 +83 +73 +65 +85
Ls/Lp 0.778 0.859 0.947 1.044 1.157
o(mag) 0.0097 0.0097 0.0097 0.0098 0.0099

interaction between the components, whereas such corrections
are not applied in the WD code. In the case of HV 982, the cor-
rections are about 0.002 for both components; see Table 10 for
further details. Taking this codefiérence into account, the two
binary models are seen to produce practically identical results
for HV 982.

6.4.3. Adopted photometric elements

From the results of thewby light curve analyses described
above, we derive the mean photometric elements for HV 982
listed in Table 10. Within the errors, our results agree well with
those given by Fitzpatrick et al. (2002). Slightly more accu-
rate values have been obtained for the orbital inclination and
eccentricity, probably because ourby photometry is more
accurate than that by Pritchard et al. (1998b). Accepting the
luminosity ratio derived by Fitzpatrick et al. (2002), both anal-
yses yield relative radii accurate to about 1%, i.e. at the level of
the expansion of the components compared to single stars; see
Sect. 6.4.2.
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Fig. 10. O—C residuals for the WINK solutions of HV 982 fer= 1.10 given in Table 8 plotted versus orbital phase, seeing, sky background,
and DoPHOT error (mag).

Table 10. Adopted photometric elements for HV 988, andrs are  6.5. Absolute dimensions, reddening, and distance
corrected for expansion due to rotation and tidétets, theo results

are not. The individual flux and luminosity ratios are based on ﬂl]:geliminary absolute dimensions and distance for HV 982 are

mean stellar and orbital parameters. givenin Table 11 together with photometric data for its compo-
nents. The results are based on the mean photometric elements
i 887+ 02 listed in Table 10 and the spectroscopic elements by Fitzpatrick
ecosw —0.1117+ 0.0002 (at JD 2449500) et al. (2002). Thewby indices have been derived from the com-
esinw  —0.1124+ 0.0044 (at JD 2449500) bined indices at phase 0.25 (Table 3) and the luminosity ratios
e 0.159+ 0.003 (Table 10). Reddening, interstellar absorption and intrinsic col-
w 2252 = 11 (at JD 2449500) ors are based on the calibration by Crawford (197 8edive
p 0.194+ 0.003 temperatures were calculated from the empiriaalf] calibra-
s 0.214+0.003 tion by Napiwotzki et al. (1992), and the well established tem-
rkp s g'igiio%go(zssume d) perature dierence from the light curve solution, and bolomet-
T ric corrections are based on the calibration by Flower (1996).
y b v u The dimensions and temperatures we obtain for HV 982
J/J, 0956 0.954 0.939 0.912 agree well with those presented by Fitzpatrick et al. (2002),
Ly/Lp, 1171 1168 1.150 1.117 although the photometric data and the methods used for the
analyses are fferent. The distance has been derived from the
Deformation of the components (WINK model): “classical” formula
a b c 4thord. 5thord. ro Vo-Mv = V-A+5xlog(R/Ro) (2)
Starp 0199 0196 0.193 0002  0.001 0.196 +10x10g(Tesr/ Tefio) + BC — Mool

Stars 0221 0217 0212 0004 0001 0217 4qq4ting rms errors of .01 (), 0.02 (Ay), and 0.05 BC).
Our value is slightly larger, but in formal agreement with that
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Table 11. Astrophysical data for HV 982My,, = 4.74 has been determination of accurate dimensions and distances. The field
assumed (Flower 1996). near the binary is not much crowded, but our first CCD expo-

sures showed that HV 12578 has two much fainter neighbours

Primary Secondary at about 3 arcsec distances; see Fig. 2. At average La Silla see-
Absolute dimensions: ing they do not cause any problems for the PSF photometry
M/Mg 1128+ 0.46 1161+ 0.47 of HV 12578.
R/R, 7.15+0.12 792+0.13
logg (cgs) 3782+ 0.023 3706+ 0.022 7.1. Light curves
Photometric data: We observed HV 12578 on 33 nights between JD 2448970
\% 15.490 15.318 and JD 2450040, and 194)( 71 (o), 65 (), and 53 (1) points
(b-y) -0.044 -0.041 were obtained in the four bands. The light curves are given in
my 0.062 0.077 Tables 29-32 and shown in Fig. 11. Although the phase
G 0.012 0.027 coverage is not as complete as we would preferytlaad b
Ee-y 8'282 g'ggg light curves are adequate for photometric analysesvEmelu
(bV_ o _0'112 0 '111 data are more scarce and, besides providing luminosity ratios
C _02002 0'.013 between the components in these bands, they mainly serve as
[u-b] 0.118 0.054 check data. Typical accuracies per point are given in Table 2.

The new CCD observations reveal that reflectifiects are
log Test 4.384+ 0.005 4373+ 0.005 smaller than indicated by the Harvard material, and also that
Mpol -5.75+ 0.06 -5.86+ 0.07 secondary eclipse is shifted slightly from phase 0.50, i.e. the
logL/Lo 4.19+0.02 423+0.03 orbit is eccentric. Both eclipses are deep, about 0.8 mag in all
BC -231 -2.25 four bands, so the orbital inclination must be very close to 90
My -344+0.06 -3.61+ 007 (a similar galactic F-type case is DM Vir; see Andersen et al.
Y 18,63+ 0.08 1984). From the CCD observations alone, it is not possible to
o — My 63+ 0. - . . .

Distance (kpc) 53.2 2.0 settle definitively which eclipse is the deeper one. We have

therefore decided to keep tfig definition given by the Harvard
ephemeris (Payne-Gaposchkin 1971), although the final photo-

obtained by Fitzpatrick et al. (2002) (30 1.2 kpc). However metric analysis presented in Sect. 7.3 shows that for this defini-

we expect to refine both absolute dimensions and distaﬁi@@'the component eclipsed near phase 0.49 is marginally hot-

when independent spectroscopic elements, temperatures, ijfjhan the other. We will return to this matter once the mass

nosity ratios, and chemical abundances become available G Pecomes available from the analysis of the MIVES
the VLT/UVES spectra mentioned in Sect. 1. spectra.

_ _Finally, we want briefly to comment on an interesting emy » Ephemeris
pirical method presented recently by Salaris & Groenewegen
(2002). The method, which is based on a calibration dhree times of primary minimum (at phase 0.00) and one of
Strémgren photometry, can be used for estimation of distancggsondary minimum (near phase 0.49), derived fronutheg
to B-stars in eclipsing binaries, and among various systerf&;D observations, are given in Table 12 together with times
they applied the method to HV 982. For both components pablished by Gaposhkin (1970). Weighted (weight propor-
distance of 48+ 5.4 kpc, close to the result of the binary analtional to square of inverse rms) least squares fits to the times of
ysis, was obtained. It is based on the photometry by Pritchdrdmary and secondary minima yield periods 84803769+
et al. (1998a), and the radii anddata from an earlier version0.0000017 and ©803730+ 0.0000017, respectively, and
of Fitzpatrick et al. (2002), which was, however, later revisgtearly identical results are obtained if equal weights are ap-
significantly. We have repeated the calculations using the nglied. For the calculation of phases of theby observations,
results listed in Table 11 and derive distances of 56.5 kpc awe adopt
56.2 kpc, respectively, for the components of HV 982. Min | = 2448971.7778 + 24803769 x E.

+6 +17 ©)

7. HV 12578 (LMC) The orbital period agrees well with that published by

The photographic light curves of HV 12578 (Gaposhkin 19782yne-Gaposchkin (1971),48038, but is much more accu-
indicate a detached system in a circular orbit with compfAté. The time of secondary eclipse determined fromutig
nents of comparable surface fluxes. The system is relativejservations reveals that the orbit of HV 12578 is slightly ec-
bright, my; = 1505 at maximum light, and both eclipse£entric, and this is confirmed by the light curve analysis; see
are about 0.7 mag deep. The orbital period®¥82 and from Sect. 7.3. The slight ffierence in the periods derived from
the widths of the eclipses, relative radii of the componerf{§1es of primary and secondary eclipses, respectively, could
of about 0.20-0.25 are estimated. Although reflectifiacts " principle be due to apsidal motion, but since the orbital ec-
seem to be present, we judged from the photographic data #gitricity is just about 0.015 this is not very likely, and it can

HV 12578 could very well be a promising candidates igpot at all be confirmed from an analysis of the available times
of minima.
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Fig. 11. uby light curves of HV 12578 (LMC). The theoretical curves correspond to the solutioad(00) given in Table 13.

Table 12. Times of minima for HV 12578 (LMC). Phases are calcu-

The combined intrinsiciwby indices given in Table 4 and

lated from the ephemeris givz_an in Eq. (3). References are: G19#fe empirical {I — b] calibration by Napiwotzki et al. (1992)
Gaposhkin (1977); C2003, this paper. The rms errors of the G19fiéld a mearTe; of 22000 K, and since the components have

has been omitted.

HJD-2 400 000 rms Type Phase Reference
16823.638 0.050 P 0.010 G1977
23681.879 0.050 P 0.010 -
23907.499 0.050 P -0.028 -
26303.577 0.050 P -0.015 -
26328.446 0.050 P 0.012 -
27800.507 0.050 S 0.494 -
29881.575 0.050 S 0.507 -
29927.447 0.050 P 0.001 -
29994.482 0.050 P 0.027 -
30640.598 0.050 S 0.518 -
31496.277 0.050 S 0.498 -
48971.777 0.001 P —-0.000 C2003
49343.835 0.001 P 0.000 -
49637.738 0.001 S 0.492 -
50040.825 0.010 P 0.002 -

7.3. Light curve analysis, photometric elements

to the primary component (eclipsed at phase 0.00) and kept
fixed throughout the analysis. Linear limb darkening fiee
cientsx (see Table 13) by Diaz-Cordoves et al. (1995) were
adopted, and gravity darkening exponents of 0.25 (WINK)
and 1.00 (WD), and bolometric albedos of 1.0, were assumed
in accordance with atmospheres in radiative equilibrium. For
the model calculation of the stellar deformations, a mass ra-
tio of g = 1.0 was assumed, and the rotation of the stars was
assumed to be pseudosynchronized (rate at periastron).

7.3.1. WINK analyses

Normally, at leasi, e cosw, e sin w, rp, Ts, and possiblyk,
would be kept free and determined through th&edeéential
least squares procedure, but initial tests showed that this ap-
proach is not possible for HV 12578, primarily becaiisesery
close to 90. We have therefore calculated grids of solutions for
adopted values df each of them for a range of adopteual-

ues centered at 1.0. Figure 12 illustrates the results from such
WINK solutions for they light curve. It is seen that the best fits

For the analyses of the CCD light curves of HV 12578, we haage obtained for between 88 and 900 andk between 0.98
adopted the WINK and Wilson-Devinney models describexhd 1.02. For a givek, most other parameters — especially the

in Sect. 6.4.

individual radii — are very little dependent owithin the range
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Table 13.WINK solutions for HV 12578 fok = rs/r, values of 0.98, 1.00, and 1.02= 90:0 andT, = 22000 K were adopted. For the v,
andu solutions,ecosv andesinw were fixed at the results.

y b v u y b v u y b v u
k 0.98 0.98 0.98 0.98 1.00 1.00 1.00 1.00 1.02 1.02 1.02 1.02
esinw 0.00648 0.00648 0.00648 0.00648 0.00745 0.00745 0.00745 0.00745 0.01076 0.01076 0.01076 0.0107¢
+551 +546 +555
ecosw —0.01341-0.01341-0.01341-0.01341-0.01341-0.01341-0.01341-0.01341-0.01341-0.01341-0.01341-0.01341
+31 +30 +31
e 0.0149 0.0149 0.0149 0.0149 0.0153 0.0153 0.0153 0.0153 0.0172 0.0172 0.0172 0.0172
w(®) 154.2 154.2 154.2 154.2 150.9 150.9 150.9 150.9 141.3 141.3 141.3 141.3
Mo 0.2450 0.2479 0.2442 0.2497 0.2426 0.2455 0.2419 0.2472 0.2402 0.2430 0.2395 0.2447
+10 +13 +2£ +25 +10 +14 +20 +23 +10 +13 +22 +23
Is 0.2401 0.2429 0.2394 0.2447 0.2426 0.2455 0.2419 0.2472 0.2450 0.2478 0.2443 0.2496
p+Ts 0.4851 0.4908 0.4836 0.4944 0.4852 0.4910 0.4838 0.4944 0.4852 0.4908 0.4838 0.4943
Xp = Xs 0.32 0.37 0.39 0.39 0.32 0.37 0.39 0.39 0.32 0.37 0.39 0.39
Ts (K) 22328 22328 22 447 22079 22332 22295 22430 22073 22277 22289 22409 22058
+76 +100 +151 +107 +75 +100 +151 +108 +76 +100 +151 +108
Js/Jp 1.027 1.028 1.041 1.010 1.027 1.025 1.039 1.009 1.023 1.024 1.037 1.007
Ls/Lp 0.986 0.987 0.999 0.971 1.028 1.026 1.040 1.011 1.066 1.068 1.081 1.051
o(mag) 0.0109 0.0093 0.0148 0.0157 0.0107 0.0094 0.0149 0.0159 0.0111 0.0093 0.0149 0.0160

Table 14. WD solutions {) for HV 12578 for fixedQp. i = 9GO0,
T, = 22000 K andx = 0.32 have been assumed.

7.3.2. Wilson-Devinney analyses

For comparison, a few WD solutions for thdight curve, done
for very nearly the same ratio of radiias the WINK solutions

e 0_015y7 0_01?,3 0_01y71 listed in Table 13, are given in Table 14. Taking into account the
+12 +14 +20 effect from the diferent treatment of the expansiofieets on
w(®) 150.7 150.3 139.4 the resulting radii, explained in Sect. 6.4.2, we find only small
+6.9 +8.0 +6.9 differences between the WINK and WD results. We notice a
Qp 5.040 5.120 5.200 slightly higher surface flux ratio (vi@is) for the WD solution.
Qs 5.117 5.126 5.138
+18 +16 +17
p 0.2513 0.2462 0.2414 7.3.3. Adopted photometric elements
Is 0.2464 0.2458 0.2452
K 0.981 0.998 1.016 The adopted mean photometric elements are listed in Table 15.
fp+Ts 0.4977 0.4920 0.4866 The components are very nearly identical, and as seen, their
Ts (K) 22502 22512 22461 relative sizes are slightly larger than for HV 982. Relative radii
+54 57 =57 accurate to 1% have been established, together with well
Ls/Ly 0.983 1.020 1.052 established elements for the very slightly eccentric orbit. Thus
o(mag) 0.0115 0.0114 0.0121 : '

when the results from the analysis of the VUVES spectra
are available, we expect to be able to present accurate astro-
physical parameters and distance for HV 12578.

mentioned above. Similar analyses for the other three bands
support these findings, but are less accurate due to the feger\/ 1433 (SMC)

observations.

Sincei = 90:0 formally gives the best fit we adopt thisAt the time of theusby observations, only about 30 SMC
value, and in Fig. 13 solutions from all four light curves argclipsing binaries were known, and the selection of candidates
shown. They andb results agree well, but due to the incompletterefore more diicult than for LMC. Also, the quality of the
phase coverage inandu, the elements from these two bandghotographic light curves from the Harvard survey (Gaposhkin
are less reliable. For the final solutions, we have chosen for B#77) is rather low, and it was not possible to identify any

clearly well-detached systems.

bands to fixe andw at they results. Such solution fde= 0.98,
1.00, and 1.02 are presented in Table 13, and the O—C residu-CCD photometry has been obtained for several Harvard
als for thek = 1.00 solutions are shown in Fig. 14. Theby SMC systems (HV 1620, Pritchard et al. 1998a; HV 1761,
solutions agree quite well, and no systematic trends exist in thancan et al. 1993; HV 1876, Jensen et al. 1988; HV 2016,
residuals. In all four bands, the component eclipsed near phdsasen et al. 1988; HV 2208, West et al. 1992; HV 2226,
0.49 and by us referred to as the secondary, is slightly mdensen et al. 1988; Bell et al. 1991), and we initially included
luminous than the (primary) component eclipsed at phase 0.@ur additional in our project, HV 1346, HV 1433, HV 1597,
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Fig. 12. Results from WINK analyses of thelight curve of HV 12578 for adoptetlvalues between 88 and 900, andk = r/r, values

between 0.97 and 1.03. A constant phase shift of 0.00065 has been used. The individual figures show s: rms error (mag), e: orbital eccentricity
e, w: longitude of periastrow (°), rl: relative radius for primary componery, r2: relative radius for secondary componegtr12: sum of

relative radii, [21: luminosity ratid.s/Lp, jn: surface flux ratio, t2: fective temperature of secondary comporiengK). Symbols are: cross

i =9C0, diamond = 899, trianglei = 898, square = 8%7.

and HV11284. For HV1346 R = 66!9) and HV 1597 Table 15.Adopted photometric elements for HV 125%8.andr, are

(P = 492), rather few observations were obtained, partial liglsbrrected for expansion due to rotation and tid&ets, thero result
curves were obtained for HV 1433, and for HV 11284 we offboth components) is not. The individual flux and luminosity ratios
tained complete light curves. In the present paper, we will orfje based on the mean stellar and orbital parameters.

include the HV 1433 and HV 11284 observations.

As mentioned in Sect. 2, HV 1433 is located in the southerr] 90002
part of the central region of SMC, just south of the OGLE esinw 6%8712;1%%83830
SMC_SCA4 field. Except for a 1.8 mag)(fainter star about’d 0.0153+ 0.0010
east of HV 1433 (see Fig. 3), which causes no problem for the, 1570+ 65
PSF photometry, the surrounding field is quite clean. o 0.2425+ 0.0025

Apart from the photographic Harvard light curve, no earlier r 0.2425+ 0.0025
observations of HV 1433 have been published. rp+rs 04850+ 0.0035

k 1.00+ 0.02

8.1. Light curves y b v u

HV 1433 was observed on 19 nights between JD 244897155//"]_" Lozl Toee 1o o
JL L . . .

and JD 2450040, and 8#4( 38 (b), 33 (v), and 30 (@) points

were obtained in the four bands. The light curves are givemyeformation of the components (both; WINK model):

in Tables 33-36 and shown in Fig. 15. Typical accuracies per

point are given in Table 2. a b c 4thord. 5thord. ro
Unfortunately, the coverage of the light curves is far from 0.2498 0.2442 0.2408 0.0037 0.0009 0.2449

complete, and it is problematic to evaluate from the light curve
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Fig. 13.Results from WINK analyses of HV 12578 for an adopted orbital inclinaitier8®0, andk = r/r, values between 0.95 and 1.05. The
individual figures show s: rms error (mag), e: orbital eccentrigjity: longitude of periastromn (°), rl: relative radius for primary component
rp, 12: relative radius for secondary componegtrl2: sum of relative radii, 121: luminosity ratibs/L,, jn: surface flux ratio, t2: fective
temperature of secondary compon&n{K). Symbols are: crosg, diamondb, trianglev, squareu.

Table 16.Times of minima for HV 1433 (LMC). Phases are calculatetbgether with the epoch of the ephemeris by Payne-Gaposchkin
from the ephemeris given in Eqg. (4). References are: SAO9, Pay@eGaposchkin (1966). We adopt the following ephemeris, de-

Gaposchkin & Gaposchkin (1966); C2003, this paper. rived from the new time of primary minimum and the old epoch
HJD-2400000 rms Type  Phase  Reference Min | = 2450037.630 + 2/047002 x E. 4)
24431.682 P 0.0000 SAO9 £5 +5
gggg;'gggg 8'8882 g 8'2882 02_003 The period is slightly larger than that derived from the photo-
50040 7055 0.0010 S 0.5024 _ graphic Harvard observations/(26987).

shapes if HV 1433 could maybe be detached, or if it is &3. Light curve analysis, photometric elements

semi-detached system, possibly with the secondary compg- . i i . i
nent filling its Roche lobe, like e.g. HV 2208 and HVZZZGWe have applied only the Wilson-Devinney model for the pho

) metric analysis of HV 1433, since its components are ex-
However, the latter appears to be the most likely case. As %Re ! ysis Sl s P S X

depth of secondary eclipse is only about half of that of prpl)ected to be larger and more deformed than appropriate for

mary, the temperatures of the components must be quier-di the WINK m_odel; see Sect..6.4 f(_)r de';ails on the actual .WD
ent 'I"he orbit appears to be circular. In Sect. 8.3 we wil sketcﬁde' A semi-detached configuration with the secondary filling
- : ) ' e {t Roche lobe has been assumed, since initial tests showed tha
possible photometric solutions. detached models converges towards this configuration.
The standardwby indices for the combined light of the
components, listed in Table 4, correspond to fiaative tem-
One time of primary minimum and two of secondary minimunperature of about 23000 K (Napiwotzki et al. 1992), which

derived from theuwby CCD observations, are given in Table 1$as then been adopted for the primary component, although it

8.2. Ephemeris
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Fig. 14.O-C residuals for the WINK solutions of HV 12578 foe 90° andk = 1.00 given in Table 13 plotted versus orbital phase, seeing,
sky background, and DoPHOT error (mag).

might be slightly on the low side due to thffect on the indices 9. HV 11284 (SMC)

of the cooler component. Linear limb darkening ffiméents ] ) ] )

by Diaz-Cordoves et al. (1995) were adopted together wifty mentioned in Sect. 2, HV11284 is located slightly

gravity exponents and reflection albedos of 1.0. A circular ortest Of the optical center of SMC in the OGLAI field

and synchronized rotation of the components were assumeg@MC-SC5 and is identical to the OGLEII eclipsing binary
Solutions for a range of fixed mass ratios indicate that vatMC-SC3140701. We selected HV'11284 as one of the most

ues below 0.4 and above 0.6 are not very likely. In Table 17 WECMISing systems among the few Harvard candidates avail-

present a few solutions within the remaining range for whic}p!e and obtained complete CCD light curves 1992-94. In ad-

acceptable fits are reached. Definitive solutions can not be gfion. BV1 light curves from 1997-98 are now also available

tained from the incomplete light curves, but relative radii Jfom OGLE~ Il (Udalski et al. 1998b).

around 0.34 (primary) and 0.32 (secondary), a temperature dif- Being nearer to the SMC center, the HV 11284 field is

ference between the components of about 7000 K, and an"™®gre crowded than that of HV 1433 with a higher density of
bital inclination of about 86are estimated. faint stars. There are no bright, close companions to HV 11284,

but the shape of its image on CCD exposures obtained at
] ) about 1 arcsec seeing indicates the presence of a possible
8.4. Discussion very close, but also quite faint companion slightly to the east;

Due to its brightness, its position within the SMC, and its urs€€ Fig. 4. If real, it is included in the DoPHOT photometry
complicated surrounding field, HV 1433 is an interesting taff HV 11284 and therefore may add a small amount of 3rd light
get for future photometric and spectroscopic observations dfdtne light curve data. We estimate that it is at least 3—4 mag
studies, primarily for distance determinations. On the othféinter than HV 11284 at maximum light, leading to an upper
hand, many of the new eclipsing binaries in the central regitiye! of about 6% of possible 3rd lightt4/(Lp + Ls)).

of SMC, now known from the OGLE Il project, could just

as well be consid_ered. They include about_ 150 detached sysy Light curves

tems, most of which are, however, much fainter than HV 1433

and therefore in general morefiiult to observe accurately HV 11284 was observed on 34 nights between JD 2448971 and
enough. JD 2449638, and 21%), 81 (), 70 (), and 63 (1) points
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Fig. 15.uby light curves of HV 1433 (SMC). The theoretical curves correspond to the soluticn®.60) given in Table 17.

Table 17. WD solutions for HV 1433 for adopted mass ratios between 0.4 and 0.6. A semi-detached configuration is assufigds and
23000 K has been adopted throughout.

y y b v u y
g = ms/m, 0.40 0.50 0.50 0.50 0.50 0.60
i(°) 88.37 86.17 84.43 86.15 86.68 84.80
+20 +15 +18 +37 +44 +10
Q 3.3394 3.4093 3.5562 3.4710 3.4474 3.6630
+84 +192 +398 +557 +425 +201
Qs 2.6781 2.8758 2.8758 2.8758 2.8758 3.0624
Mo 0.347 0.352 0.334 0.344 0.347 0.333
rs 0.303 0.321 0.321 0.321 0.321 0.336
Xp 0.34 0.34 0.38 0.40 0.40 0.34
Xs 0.37 0.37 0.43 0.46 0.43 0.37
Ts (K) 16157 16150 16425 16577 16595 16180
+67 +54 +70 +102 +117 +51
Ls/Lp 0.455 0.494 0.539 0.494 0.356 0.600
o(mag) 0.0134 0.0111 0.0098 0.0148 0.0150 0.0120

were obtained in the four bands. The light curves are givetose and significantly deformed components. It is, however,
in Tables 37—-40 and shown in Fig. 16. Typical accuracies psot quite obvious if the system is detached or semi-detached.
point are given in Table 2. The eclipses dier significantly in depths, and the secondary

As seen from the relatively broad eclipses and the lighbmponent eclipsed at phase 0.5 is clearly much cooler than
variations outside eclipses, HV 11284 consists of two rathiie primary. The orbit appears to be circular.
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Fig. 16. uby light curves of HV 11284 (SMC). The theoretical curves correspond to the solutions given in Table 24.

9.2. Ephemeris

Table 18. Times of minima for HV 11284 (LMC). Phases are cal-
. culated from the ephemeris given in Eq. (5). References are: SAO9,

Two times of primary minimum and one of secondary Mirbayne-Gaposchkin & Gaposchkin (1966); U1998, Udalski et al.
imum, derived from thewby CCD observations, are given(1998b) adjusted by(?0087; C2003, this paper.

in Table 18 together with the epochs of the ephemeris by

Payne-Gaposchkin & Gaposchkin (1966) and Udalski et al. ' HJD-2400000 rms Type Phase  Reference
(1998b). Based on a reanalysis of the OQLUight curve, the 34682.321 P 0.0000 SA09
latter has been adjusted B0?0087. We note that the light  48975.607 0.005 S 0.4971 C2003
curve tabulated by Gaposhkin (1977) is shifted with primary 49343.598 0.002 P -0.0004 -
minimum located at phase 0.25, i.e. as if the epoch should cor-49633.636 0.002 P 0.0003 -
respond to maximum light level. From a weighted least squares®9471.1116 P 0.0001  U1998

fit to the times of primary eclipse and the two epoch, we derive
the following linear ephemeris:

than appropriate for the WINK model, and we have therefore
applied only the Wilson-Devinney model for the photometric
analysis; see Sect. 6.4 for details on the actual WD code. The
The period is somewhat shorter than that determined from #tandarduvby indices for the combined light of the compo-
photographic Harvard observation8§35487), and somewhatnents, listed in Table 4, correspond to dfeetive tempera-
longer than the result {82537) published by Udalski et al.ture of about 23000 K (Napiwotzki et al. 1992), which has
(1998b). However, a reanalysis of their | (DIA; see below) lighten been adopted for the primary component. As for HV 1433,
curve yields 362545. the actual fective temperature might be slightly higher, but
tests show that the possibldidrence is of no importance for
the light curve analysis. Linear limb darkening fit@ents by
Diaz-Cordoves et al. (1995) were adopted together with grav-
From the shape of the light curves, the two componeritg exponents and reflection albedos of 1.0. A circular orbit and
of HV 11284 are expected to be larger and more deformgghchronized rotation of the components were assumed.

396254398 x E.
+4

Min | = 2449343.5996 +

+8

9.3. Light curve analysis, photometric elements
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Table 19. WD solutions for HV 11284 based on the two availabl@able 20. WD solutions for HV 11284  light curve) for adopted
OGLE | light curves; see text for details. A mass ratjo= 0.80 mass ratios between 0.6 and 1.4. A detached configuration is assumed,

andT, = 23000 K has been adopted. andT, = 23000 K has been adopted throughout.
1(DIA) I q=ms/my 0.60 0.80 1.00 1.20 1.40
i(°) 84.32 84.66 i(°) 84.78 84.95 85.37 84.38 82.75
+14 +44 +11 +10 +8 +10 +7
Q, 3.6172 3.6325 Q, 3.3971 3.6418 3.9088 4.1889 4.4898
+49 +138 +61 +49 +30 +39 +42
Qs 4.1145 4.0562 Qs 3.3725 4.0714 4.8617 5.5874 5.9983
+97 +372 +59 +101 +94 +148 +175
Mo 0.367 0.365 Io 0.3679 0.3633 0.3557 0.3466 0.3353
rs 0.270 0.275 s 0.2824 0.2737 0.2622 0.2588 0.2726
Xo 0.24 0.24 Fo 0.91 0.94 0.91 0.97 0.95
Xs 0.31 0.31 Fs 0.84 0.82 0.74 0.72 0.72
Ts (K) 15242 15183 Xo 0.34 0.34 0.34 0.34 0.34
+49 +95 Xs 0.37 0.37 0.37 0.37 0.37
Ls/Lp 0.295 0.309 Ts (K) 15160 14790 14393 14212 14249
o(mag) 0.0090 0.0171 +40 +37 +35 +34 +34
Ls/Lp 0.314 0.286 0.260 0.259 0.304

o(mag) 0.0097 0.0086 0.0080 0.0078 0.0079
The stellar shapes depend on the mass ratio between the
components, and on their rotational velocities, which are Ufigpie 21 WD solutions for HV 11284 (OGLE (DIA) light curve) for
fortunately not known since spectroscopic observations are Bgbpted mass ratios between 0.6 and 1.4. A detached configuration is
available. This means that we needed to explore various plassumed, and, = 23 000 K has been adopted throughout.
sible configurations.
Besides theuvby light curves, we have also analyzed q=my/m, 0.60 0.80 1.00 1.20 1.40

the| light curve available from the OGLE WWW catalogue ~i(°) 83.22 84.32 84.18 83.29 81.86
B andV light curves are also available, but they contain too +23 +14 +14 +9 +7
few points for meaningful analyses. Two versions of the light €, 3.3861 3.6172 3.8983 4.1957  4.5005
curves are available: the original light curves are based on pho- +97 +51 +47 +35 +41

3.3861 4.1114 48585 5.4805 5.8599

tometry derived from a modified DoPHOT package, and re-£%
+142 +97 +184 +128 +122

cently new and more accurate light curves based finréince

image analyses (DIA) have been publish2elfrui et al. 2001; :p 8'2222 g‘gggg 8‘3225 g'gggi g‘gggg
Zebrui et al. 2001). We have used théDIA) light curve for Xz 0.24 '0.24 0.24 0.24 0.24
the WD analyses. It contains 312 points obtained through a 0.31 0.31 0.31 0.31 0.31
large number of nights. It is generally well covered, but rather-rs (K) 15648 15242 14999 14870 14985
few points are obtained during primary eclipse. The original +58 +49 +45 +43 +43
light curve leads to nearly identical but less well defined WD Lg/L, 0.349 0.294 0.279 0.302 0.364
solutions; see Table 19. o(mag) 0.0100 0.0090 0.0080 0.0075 0.0075

First, we have considered HV 11284 to consist of two de-

tached components, and a sef@idl| solutions for a range of , i o
adopted mass ratios between 0.6 and 1.4 are listed in Table§'8§MP!S to improve the fit of the theoretical light curves to the

and 21. For all mass ratios, the hotter primary componentqgser_v_"’ltions for mass ratips around 0_'6 by adjust_ing rotational
larger than the 8-9000 K cooler secondary component. Fillif§Oc!ties. reflection cdécients, and limb darkening cfie
factorsF (see e.g. Mochnacki 1984) are between 0.91 and 0.9%"tS (including using non-linear laws) have not been very suc-
for the primary, and between 0.84 and 0.72 for the secondd§SSTul: and adding a small amount of third light from the pos-
Formally, the best solutions correspond to a mass ratio le close companion does not help much either, as seen from
around 1.2, which is, however, not very likely. For mass r(,;{'_able 22. Without knowing the mass ratio, it is, however, still
tios abové 1 0. and g,iven the Ie;rge temperatuiier.énce the considered too early to exclude definitively that HV 11284 is a
more massive component is expected to have evolvethe detached system. Analyses of the, andu light curves lead to

main sequence and to have become not only the cooler gippilar but less accurate results and conclusions. In Table 23 we
also the larger component. This is clearly not supported f§mPare thewby solutions for an arbitrary (although not very

the light curve solutions. If, on the other hand, both compB—ely) mass ratio c_)f 0.8 which, at the moment, seem to repre-
nents of HV 11284 are still within the main sequence banﬁent the deformation of the components adequately, although

current evolutionary models predict a mass ratio not larger thaqt as well as higher mass ratios.

about 0.6 for a primary temperature of around 23000 K and Next, we have considered HV 1128_4 tq be a semi-detached

a 8-9000 K temperature fierence between the component$YStém With the cooler component filling its Roche lobe. For
this configuration, we also find it impossible to determine

2 http://sirius.astrouw.edu.pl safely the mass ratio from the light curve solutions. It is,
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Table 22. WD solutions for HV 11284  light curve) for adopted Table 24. WD solutions for HV 11284 for an adopted mass ratios
mass ratios between 0.6 and 1.4. A detached configuration has bafeqp = 0.4. A semidetached configuration with the less massive sec-
assumed, and, = 23000 K has been adopted throughout. A smatindary component filling its Roche lobe has been assumedlaad
amount of 3rd light of 0.06L(z/(L, + Ls)) has been included.

23000 K has been adopted throughout.

g=ms/m 0.60 0.80 1.00 1.20 1.40 I(DIA) y b v u
i(°) 86.02 86.04 86.06 86.29 84.83 i(°) 81.77 82.71 82.26 82.10 82.97
+13 +13 +10 +8 +8 +6 +5 +8 +8 +16
Qp 3.4103 3.6442 39034 4.1715 4.4576 Qp 3.4145 3.3410 3.4436 3.7161 3.3378
+47 +45 +35 +34 +40 +142 +81 +110 +105 +253
Qg 3.2994 39514 46699 5.4515 6.0543 Qs 2.6781 2.6781 2.6781 2.6781 2.6781
+42 +83 +80 +96 +93 Ip 0.338 0.347 0.334 0.324 0.347
Mo 0.3659 0.3629 0.3565 0.3490 0.3394 rs 0.303 0.303 0.303 0.303 0.303
Is 0.2931 0.2859 0.2766 0.2669 0.2696 Xp 0.24 0.34 0.38 0.40 0.40
Xp 0.34 0.34 0.34 0.34 0.34 Xs 0.31 0.37 0.43 0.46 0.43
Xs 0.37 0.37 0.37 0.37 0.37 Ts (K) 16 056 15638 15773 16175 15166
Ts 15280 14934 14595 14307 14175 +43 +37 +85 +61 +70
+38 +35 +33 +33 +34 Ls/Lp 0.506 0.446 0.462 0.486 0.305
Ls/Lp 0.347 0.318 0.293 0.273 0.288 o(mag) 0.0081 0.0092 0.0085 0.0086 0.0119
o(mag) 0.0095 0.0085 0.0077 0.0075 0.0079

Table 23.WD solutions for HV 11284 for an adopted mass ratio|ef
0.8. A detached configuration has been assumed,Tgne 23 000 K
has been adopted throughout.

able system for distance determination, and since it is rela-
tively bright, we suggest that such observations are done, e.g.
at the VLT.

Y b B U 10. Concluding remarks
1) 84.95 85.00 85.10 84.52 With present-day facilities, precise studies of eclipsing bina-
+10 +20 +32 +45 . . .
Q, 3.6418 36849 37161 3.7443 ries in the LMC and the SMC_ hqve become p_OSS|bIe. Such_
+49 476 4105 4162 objects are excellent distance mdlcators,_ and distance moduli
Q. 4.0714 4.1212 4.1270 39734 better tharnt-0.10 mag can often be obtained. Also, accurate
+101 +164 +288 +479 absolute dimensions for MC binary components are important
M 0.363 0.357 0.353 0.349 for the study of internal structure, mass loss and evolution of
rs 0.274 0.269 0.268 0.284 massive metal-deficient stars.
Xp 0.34 0.38 0.40 0.40 We have in this paper, as part of a large scale project
Xs 0.37 0.43 0.46 0.43 on MC eclipsing binaries, presented new complefsy light
Ts (K) 14790 14852 15310 14178 curves and analyses of them for the LMC systems HV 982
L OJ—'ZZ_) Oi26752 525 *672912 and HV 12578, and the SMC system HV 11284, and partial re-
s . . : : ;
(T(mgg) 0.0085 0.0086 0.0084 0.0101 sults for the SMC system HV 1433. Accurate standarbyin-

dices have also been established for each binary, and individual
interstellar reddenings have been determined.
HV 982 and HV 12578 are well-detached systems with

however, seen that only values below 0.5-0.6 lead to accefizentric orbits, each consisting of components of compa-
able agreement between the theoretical light curves and the @fisie sizes, and accurate photometric elements have been
servations. The quality of the fits is comparable to those for dgstaplished. Adopting the spectroscopic elements given by
tached solutions, meaning that a semi-detached configurat,iqﬁpatrick et al. (2002) for HV 982, we have derived absolute
for HV 11284 is certainly possible. Solutions for an adoptegimensions of its component which agree well with their re-
mass ratio ofy = 0.4 are listed in Table 24. sults. A distance modulus 0f; — My = 1863+ 0.08 is ob-

In conclusion, we find relative radii of 0.33—-0.36 (primarybained, Corresponding to a distance of538 2.0 kpC, which is
and 0.26-0.30 (secondary) for the components and a tempgtformal agreement with (although slightly larger than) their
ature diference of of 8-9000 K between them, but the actugétermination. In a forthcoming paper, we will combine our
configuration of HV 11284 remains an open question. The Ghotometric results with those underway from high-dispersion
bital inclination is 82-85'. spectra obtained with the UVES spectrograph on the ESO VLT
and present absolute dimensions, chemical abundances and dis-
tances for HV 12578 and refined results for HV 982.

HV 1433 and HV 11284 (identical to the OGL-Ell system
Theuvby and OGLEI light curves of HV 11284 are well cov- SMC_SC5140701) both consist of two rather close, deformed
ered and of quite high quality. They should allow definitivand quite diferent stars. Because the mass ratios between the
photometric solutions once the mass ratio is established freaomponents — and their rotation rates — are not known, defini-
spectroscopic observations. HV 11284 is potentially a valtive photometric elements could not be obtained. We have,

9.4. Discussion
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however, presented a sample of possible photometric solutiofiner, J. M. 1972, Rocz. Astr. Obs. Krakowskiego, 43, 98
Since HV 11284 is relatively bright and has complatbyl Kurucz, R.K. 1992, in The Stellar Population of Galaxies (Dordrecht:
light curves, we recommend that spectroscopy is obtained for Reidel), ed. B. Barbuy, & A. Renzini, Proc. IAU Symp., 149, 225

this SMC system. In addition to spectroscopy, more photonfg¥ee, K. K., & van Woerden, A. 1956, BAN, 12, 327
try is also needed for HV 1433. Lafler, J., & Kinman, T. D. 1965, ApJS, 11, 216
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