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ABSTRACT

We have analyzed the UV photospheric lines of 29 CMa, a 4.39 day period, double-lined O-type spectro-
scopic binary. Archival data from IUE (28 spectra well distributed in oribital phase) were analyzed with
several techniques. We find that the mass ratio is ¢ = 1.20 + 0.16 (secondary more massive) based on three
independent arguments. A tomography algorithm was used to produce the separate spectra of the two stars in
six UV spectral regions. The MK spectral classifications of the primary and secondary, O7.5-8 Iab and 09.7
Ib, respectively, were estimated through a comparison of UV line ratios with those in spectral standard stars.
The flux ratio of the stars in the UV is 0.36 &+ 0.07 (primary brighter). The primary has a strong P Cygni N 1v
A1718 feature, indicating a strong stellar wind. We also present tomographic reconstructions of visual spectral
data in the range 4300-4950 A, based on seven observations of differing orbital phases, which confirm the UV
classifications, and show that the primary is an Of star. From the spectral classifications, we estimate the
temperatures of the stars to be 33,750 K and 29,000 K for primary and secondary, respectively. We then fit
visual and UV light curves and show that reasonably good fits can be obtained with these temperatures, a
semicontact configuration, an inclination of 74° + 2°, and an intensity ratio r < 0.5.

Subject headings: binaries: spectroscopic — stars: early-type — stars: individual (29 UW Canis Majoris) —

ultraviolet: stars

1. INTRODUCTION

In previous papers (Bagnuolo & Gies 1991, hereafter BG91;
Bagnuolo, Gies, & Wiggs 1992, hereafter Paper I), we analyzed
the UV photospheric spectra of the O-type binaries AO Cas
and Plaskett’s star, respectively. Archival data from a number
of IUE spectra were analyzed with a tomography algorithm to
produce the separate spectra of the primary and secondary
stars in six spectral regions. The MK spectral classifications of
the primary and secondary were estimated through a compari-
son of UV line ratios with those in spectral standard stars. We
also estimated the intensity ratio and projected rotational velo-
cities. Tomography appears to be a useful technique for study-
ing the spectra and physical properties of both the primary and
expecially the less luminous secondary components of binary
systems.

In this paper we present a similar analysis of the massive
O-type binary 29 UW Canis Majoris (HR 2781, HD 57060).
The secondary spectrum in this system has not been identified
in the UV and is seen only with difficulty in the visual. Thus
determining the mass ratio has been problematic. Pearce
(1932) estimated the mass ratio as ¢ = M /M, = 0.75 based on
sparse radial velocity data, and, more recently, Leung & Sch-
neider (1978) adopted this value to fit the photometric data.
Corcoran & Heap (1989) also advocate this value based on
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M/L ratios and evolutionary considerations. On the other
hand, McCluskey, Kondo, & Morton (1975) adopted g = 1.20
based on the spectroscopic data of Struve et al. (1958), and
Parthasarathy (1978) found the same value from photometry.
Hutchings (1977) gives the largest mass ratio, g = 1.30, from
spectroscopic analysis. However, Eaton (1978) casts doubt on
all these values and questions whether the true spectrum of the
secondary has actually been detected.

Somewhat more is known about the spectral classifications
of the stars. The primary is variously estimated as O7 (Struve
et al. 1958), O7 Ia:fp var (Walborn 1973), O8 Iaf (Hutchings
1977), or O7-08.5 I (Corcoran & Heap 1989). The secondary is
thought to be similar in type, O7 (Struve et al. 1958) or earlier
(Hutchings 1977).

In the following sections of this paper we apply several
analyses to IUE high-resolution spectra of 29 CMa. We first
attempt to estimate independently the mass ratio of the star
(§ 2) by three methods: (1) fitting cross-correlation functions,
(2) comparing K, and V sin i (Gies & Bolton 1986), and (3)
measuring the goodness-of-fit of shifted secondary spectra pro-
duced by the tomography algorithm for an assumed grid of
mass ratios. We then apply the tomography algorithm to the
set of UV spectra to obtain the separated spectra and the
spectral types (§ 3). We also present a similar analysis of
spectra in the blue (§ 4) which generally confirms the spectral
types obtained from the UV spectra. Finally, we discuss a
photometric model of the system and the physical properties of
the stars (§ 5).

2. MASS RATIO

The IUE spectra we analyze were originally extracted in the
vicinity of Si 1v 41400, C 1v 11550, He 11 411640, and N 1v 11718
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for a stellar wind study by Wiggs & Gies (1993). For this
tomographic analysis, we selected six spectral regions, two
each from the Si v 11400 and C v A1550 regions (on either
side of these stellar wind lines), and the entire He 11 411640 and
N 1v 11718 regions. The UV spectra were smoothed to reduce
noise by convolving the spectra with a Gaussian transfer func-
tion with a FWHM = 3 pixels (approximately 0.075 A). The
spectra were transformed to a uniform, heliocentric velocity
grid, a pixel spacing of 5 km s~ !, and the velocity registration
of each spectrum was altered so that the positions of the inter-
stellar lines matched their positions in a mean global spectrum.
Interstellar lines of Si 1 11526.8, Fe m 11608.5, C 1 A1657, and
Al 11 11670.8 were removed from the data by interpolation.
Our first method of estimating mass ratio involves fitting
functions calculated by cross-correlation of each observed
spectrum with a reference spectrum. We extracted one sub-
region of purely photospheric lines in the 1598-1677 A region
for this analysis. The selection of this region was based on a
preliminary spectral typing (see § 3) that indicated that the
secondary is somewhat later in type than the primary and had
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relatively strong lines (mainly Fe 1v and He 1) in this region.
We chose a “single-lined” spectrum obtained near superior
conjunction of the primary (SWP 6368) as a reference spectrum
that was cross-correlated with each of the 28 individual
spectra. The cross-correlation data, 251 velocity points x 28
spectra, were then rectified to unit intensity by fitting a straight
line through the values at the velocity extrema. The derived
cross-correlation functions are plotted as a function of relative
radial velocity and orbital phase in Figure 1a. (Our phase con-
vention is that of Wiggs & Gies 1993, in which primary
superior conjunction occurs at ¢ = 0.13) The cross-
correlation minima appear to follow the velocity curve of the
primary. However, traces of the secondary can be seen particu-
larly at quadratures. (See also Fig. 1b.)

The cross-correlation functions have broad minima, and
even at quadrature phases the minima corresponding to the
primary and secondary spectra are significantly blended (Fig.
1a). Thus, in order to determine a velocity curve for the second-
ary spectrum from these data, we need to fit the curves with
functions that adequately represent both spectral components.
Because of the relatively low S/N ratio inherent to IUE
spectra, the cross-correlation functions are noisy, and so we
decided at the outset to constrain the fit for the primary com-
ponent as much as possible, since its radial velocity curve is
well determined. In this way we hoped to avoid spurious veloc-
ity solutions for the secondary, particularly at the conjunction
phases when blending is most severe.

The cross-correlation analysis proceeded as in Paper I
(Plaskett’s star), with some modifications. Preliminary tom-
ography and cross-correlations showed that both stars have
roughly similar rotational widths. The lines attributed to the
secondary are considerably weaker in 29 CMa than in Plas-
kett’s star. The analysis of the data is further complicated by
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FiG. 1.—(a) Upper frame: Cross-correlation functions of the UV spectra with a single-lined, conjunction phase spectrum plotted against relative radial velocity.
The profiles are arranged in order of increasing orbital phase and each function is placed in the y-ordinate so that the continuum equals the phase of observation
(phase 0.13 = superior conjunction of the primary). The bar in the upper right gives the intensity scale relative to a unit continuum. Lower frame: A gray-scale
representation of the orbital variations in the cross-correlation functions. Here each cross-correlation intensity is assigned one of 16 gray levels based on its value
between the minimum (dark) and maximum (bright) observed values. The shape of the function at each phase in the image is calculated by a linear interpolation
between the closest observed phases. The portions of the image for the first and last 20% of the orbit are reproduced at the bottom and the top of the image,
respectively, to improve the sense of phase continuity. The solid white lines overplotted in the gray-scale image show the velocity curves of the primary (from
Stickland 1989) and the secondary (based on a mass ratio g = 1.2). (b) Averaged cross-correlation functions for two quadratures: phases 0.28-0.48 (secondary
receding, dashed line), and phases 0.75-0.98 (secondary approaching, dotted line). Note evidence of both stars at both quadratures.
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real changes in the strengths of the components due to changes
in projected shapes of the stars and partial eclipses. We made
an initial estimate of the relative radial velocity of the second-
ary by fitting the cross-correlation data with two Gaussian
functions to represent the contributions of each star. The
velocity registration of the Gaussian for the primary was set
according to the “all data” orbit of Stickland (1989), and the
amplitudes of the Gaussians were fitted for each cross-
correlation. The mass ratio, ¢ = M,/M, and the widths of the
Gaussians were parameterized for the whole set of data. These
fits are relatively insensitive to the assumed widths of the
Gaussians, and we estimate that errors in the derived widths
are approximately 20% of their value. The best-fitting set of
parameters yielded a mass ratio of about g = 1.03 and Gauss-

ian widths of 6; = 198 km s~ ! and o, = 198 km s~ !. Because -

the secondary peaks are not very evident, we decided to repeat
this analysis using 13 spectra obtained at the velocity extrema
and omitting conjunction spectra obtained between phases
0.03-0.23 and 0.53-0.73. For this sample of better separated
components we obtained g = 1.27 with Gaussian widths of
6, =222kms 'and ¢, = 247 km s~ *. We have estimated the
error in this result by comparing results for even and odd sets
of data, and we find g = 1.3 + 0.4. We regard this estimate as
the best that can be obtained with this particular method.

Struve et al. (1958) noted stronger features for the secondary
at a phase of about 0.8 when it is approaching. The ratio of the
depth of the secondary dip to the primary dip in the cross-
correlations can be used to test this hypothesis. The sum of the
cross-correlations of the six spectra with phases of 0.28-0.48
(receding) produced a fitted depth ratio of r., = 0.31 + 0.02.
Similarly, the seven spectra of phases 0.75-0.98 (approaching)
produced an average depth ratio of r,,, = 0.44 + 0.08 (errors
estimated from the variance of individual fits). The difference in
the strength of the secondary features at the two quadratures is
thus r,,, —r,. =013 +0.08. Thus, while the UV line
strengths of the secondary may be stronger during the
approaching phase, the effect is not large enough to be con-
sidered statistically significant. Figure 1b shows the average
cross-correlations for the two quadratures.

A second mass ratio estimate can be made by assuming
synchronous rotation and a Roche-filling primary (both rea-
sonable assumptions because of the small separation of the
stars and a light curve that indicates a tidally distorted
primary; see § 5). Then the ratio of the projected rotational
velocity, V sin i (which is proportional to the radius of the
primary), to the orbital semiamplitude, K, (proportional to
a[1l/q + 1], where a is the semimajor axis), is independent of
inclination and is given by

V sin i 1
=(-+ 1>¢(q>,
K, (‘1

where ®(q) is the Roche lobe volume radius divided by a
(Gies & Bolton 1986). The projected rotational velocity is
Vsini=135+20 km s~ ! according to Conti & Ebbets
(1977), and the semiamplitude is K, = 224.5 4+ 2.1 km s~ !
(Stickland 1989). Thus, (V sin i)/K; = 0.60 + 0.09, and based
on Roche radius expression ®(q) given by Eggleton (1983), we
obtain ¢ = 1.4 + 0.3. The main source of error comes from
error in V sin i for the primary. However, a previous estimate
of ¥ sin i = 145 km s~ ! by Slettebak (1956) is consistent with
that of Conti & Ebbets, and so the quoted error is probably
conservatively large. Finally, to check the effect of radiation
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pressure, we reestimated ®(q) from the model radii results pro-
duced by the Mochnacki code (introduced in § 5 to model the
photometric light curve). For these models in which the
primary fills the Roche lobe adjusted for radiation pressure, the
derived radius yields g = 1.34, insignificantly different from the
value of 1.4 obtained with simple Roche lobe geometry.

We considered one other method to determine the mass
ratio based on the following procedure: (1) Run the tom-
ography algorithm assuming reasonable starting values of ¢
and r (intensity ratio). In the case of 29 CMa for the 1587-1693
A region, these are g ~ 1.0 and r ~ 0.4, respectively. (2) Take
the reconstructed primary spectrum, shift it by the known
velocity curve (Stickland 1989), and subtract it from the data,
thus producing a “pure” secondary spectrum. The rationale
for this step is that for unequal components (r < 1) the recon-
structed primary varies only slowly with the assumed values of
q (as we verify). Furthermore, as long as the reconstructed
spectra have fluxes greater than zero, this procedure is insensi-
tive to the value of r assumed; e.g., smaller assumed values of r
lead to shallower line depths in the reconstructed primary
spectrum normalized to unity, but the same depth in flux in the
composite reconstructed spectrum. (3) The “pure” secondary
spectra are analyzed by assuming a number of values for K, or
mass ratio Q = 1/q. For each trial value of Q, we shift each
spectrum to the reference frame of the secondary and then sum
all the spectra. As Q is increased from O, the lines of the
summed spectrum are at first blurred, then become sharp and
distinct at the correct Q value, and then blur again (see Fig. 2).
The summed secondary spectrum (sss) will thus appear most
“reasonable” for the correct Q. The criterion of
“reasonableness’ is that the cross-correlation of the sss with a
similar stellar spectrum be maximized. We have used the same
single-lined spectrum SWP 6368 as above for the reference
spectrum. This composite spectrum is roughly type O8.5 I,
compared to an estimated O9.7 Ib for the secondary. For
systems with more dissimilar components we will in future use
spectra of O-type standards (processed in the same way as the
spectra of the binaries) for the reference template. (4) Finally,
the tomography should be repeated with several input values
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FiG. 2—Reconstructed and summed secondary spectra as a function of
assumed mass ratio Q = M,/M, from 0.0 to 2.0 at intervals of 0.2. Note the
single-lined spectrum SWP 6368 at bottom for comparison. Spectrum intensity
has been scaled by 0.6 and offset to the appropriate mass ratio.
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of Q (each producing a slightly different reconstructed primary
spectrum) until a consistent solution is found.

The best-fit solution for the 1587-1693 A region is Q = 0.97
(g = 1.03). For different input values of Q = 0.769, 1.0, and
1.3333, we obtained best-fit values of Q = 0.92, 0.98, and 1.08,
respectively. Independent trials with even and odd frames to
estimate the error resulted in Q = 0.92 and 1.07, respectively.
As a further check of this technique, we made a similar analysis
of the 1690-1770 A region (not as optimal for detection of the
secondary), and we obtained Q = 0.72 (¢ = 1.39). (Because the
spectrum SWP 6368 is a poor match for secondary spectrum
near N 1v 11718, we excluded an 8.6 A region centered on this
feature from the cross-correlation). Based on these tests, the
results of this technique indicate a mean ratio of g = 1.1 + 0.2.

To sum up, we have tried three methods to estimate the mass
ratio, and we find consistent results from all three
(g=13+04,14 103, and 1.1 + 0.2). We conclude that the
mass ratio is approximately g = 1.20 + 0.16 (error weighted
average). We can rule out cases for g < 1, such as those found
by Leung & Schneider (1978), and our value (g = 1.2) is equal
to that adopted by McCluskey et al. (1975) and Parthasarathy
(1978).

3. SPECTRAL TYPES OF THE STARS

We discussed in BG91 and Paper I the use of a modified
version of the ILST (iterative least squares technique) tomo-
graphy algorithm for separating the spectra of binary stars.
For binary stars, the flux in the composite spectrum is C, ; =
Py pmy + Si+sm)» Where there are N composite spectra and C, ;
is the ith pixel of the nth composite spectrum. P and S are the
primary and secondary spectra, and p(n) and s(n) are the pixel
shifts at the time of spectrum n of the primary and secondary
spectra relative to the binary center of mass [s(n) = —Qp(n),
where Q = M,/M,]. For good orbital phase coverage (i.e.,
N > 2), the system of equations for P and S is overdetermined,
and P and S can be estimated by the ILST algorithm, a relax-
ation method which minimizes the squared error in C° — C¥,
where C° is the observed composite spectrum and C* is the
computed spectrum for the kth iteration. Since Paper I, this
algorithm has been extensively investigated by Wiemker
(1992), and it has been extended to include nonintegral spectral
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F1G. 3—Spectra of the primary (top) and secondary (below) components of
29 CMa, from tomography of 28 IUE spectra, in the 1348-1381 A region. Both
spectra are rectified to unit continuum (here defined as the maximum intensity
in the region). The primary spectrum is offset by one unit for clarity.
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F1G. 4—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 14101440 A region.

shifts, triple or multiple components, multiplicative interstellar
absorption lines, and phase variable flux ratios. The recon-
structions presented here were calculated for only two com-
ponents using fractional pixel shifts.

The separated individual spectra of the two stars in each of
the six regions appear in Figures 3 to 10. These results are from
70 iterations, although little change was noted after 40 iter-
ations. A mass ratio of ¢ = 1.2 (§ 2) and intensity ratio of
r = 0.40 (see § 5) were assumed. Forty pixels at either end are
omitted from these reconstructed spectra to avoid edge effects.
A modified version of the program took into account the vari-
able flux ratio of the components based on a preliminary
photometric model (§ 4), but the recovered spectra look almost
the same with the assumption of constant flux ratio.

Spectral classifications of the two stars were estimated
through comparison with standard spectra in the International
Ultraviolet Explorer Atlas of O-Type Spectra from 1200 to
1900 A (Walborn, Nichols-Bohlin, & Panek 1985, hereafter
O-Star Atlas or WNP85) and with the spectra sequence of
Walborn & Panek (1984, hereafter WP84). We have also relied
on several classification line features mentioned by Prinja
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FiG. 5—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 1497-1537 A region.
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F1G. 6.—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 1565-1600 A region.

(1990, hereafter P90) and Massa (1989, hereafter M89). Addi-
tional line identifications were derived from Bruhweiler,
Kondo, & McCluskey (1981), McCluskey & Kondo (1976),
and Drechsel et al. (1981). We have obtained the O-Star Atlas
in digital form from NASA and have created a “custom” atlas
of the regions for which we have 29 CMa data in order to
provide direct comparisons of the recovered primary and sec-
ondary spectra with the standards. In contrast to the classi-
fication methods in Paper I and BG91 in which we tried to
match the overall appearance of the recovered spectra to stan-
dards in each waveband, in this Paper we have attempted to
derive lists of specific criteria for spectral type and luminosity.
We have assigned each feature a (subjective) weight, listed in
Tables 1 and 2, based on the importance and reliability of the
feature for classification purposes.

A brief description of each criterion is given in Table 1 for
spectral type and in Table 2 for luminosity class. The first
column in Table 1 lists the spectral feature (individual absorp-
tion line, line ratio [indicated by a colon], or broad structure),
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F1G. 7.—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 1585-1645 A region.
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Fi1G. 8.—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 1635-1695 A region.

and the second column gives the figure in which the feature is
illustrated. The broad structures are described in footnotes to
the tables; they include local maxima or “hills” (such as
AA1368, 1522, 1574, 1648, 1662) that occur due to an absence of
absorption lines, and specific line blends (Fe v 11420) or wide
troughs (4141502, 1625-1630, 1657, 1723). The third through
fifth columns in Table 1 give the hot limit, maximum strength
class, and cool limit for the spectral features. Note that some of
these features remain visible into the B-types (beyond the avail-
able O-type comparision spectra). For these features, the cool
limit is given as “ BO.” The sixth column lists the weight associ-
ated with the feature, and the seventh and eight columns give
the resulting spectral types (if applicable) for the primary and
secondary, respectively. The final column gives a reference to
the specific spectral feature; features without any reference are
empirical criteria we have found based purely on the available
comparison spectra in the O-Star Atlas. Table 2 has a similar
presentation except that we list only the luminosity class of
maximum strength.
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FIG. 9.—Spectra of the primary (top) and secondary (bottom) components
0f 29 CMa in the 1662-1720 A region.
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TABLE 1
SPECTRAL TYPE CRITERIA (FOR O5-0O9 I TYPES)

Hot Maximum Cool Primary Secondary
Feature Figure Limit Strength Limit Weight Type Type Reference
(1) %) 3) @ () (6) (7 ®) )
Fev1361-1376 ...........ceunnn. 3 05 06.5-07 BO 8 07-08 09.5-B0
1368 feature® .............cocvennnn 3 06 07.5 09 5 07-08 09.7-B0
Fev1420blend..................... 4 o7 07.5 08.5 5 08 N/A
Sim1417...ooiiiiiiiiiiiiiin.n. 4 08 BO BO 10 08 09.5-09.7 1,2
Cur1426-1428 ........ccoovvvnnnnn. 4 o7 09.7 BO 8 07.5-08 09.5-09.7 3
Fev1430:1426 ..................... 4 04 05 BO 7 0715 ~09.5-B0 4
1502blend® ..........ccevininnnnn. 5 05 o7 BO 7 0715 09.5-B0
1522 feature® .........cceviiiiinnnn 5 06 06.5 o7 4 >07 N/A
Ferv 1565-1598 .......cccvvvvvnnn. 6 Os BO BO 5 07.5-08.5 N/A
1574 feature® .............occeenin. 6 o7 07.5 08.5 5 07-08.5 N/A
Hen1640° .......cooovvvviiiinnnnne. 7 04 08 BO 10 07.5-08.5 09-B0 3
Fe1v 1647-1656-1681-1687 ....... 8 05 BO BO 7 08-08.5 08.5-09.7
1648-1657-1662 features' .......... 8 06.5 07-017.5 08.5 7 08-08.5 N/A
NIvI1718 .. 9,10 04 05 BO 7 0175 09.5-B0 3
1723 blend: N1v 1718 .............. 10 06 BO BO 7 7.5 09.5-B0
N 1748-1752 c.oovviiviiiiiine, 10 05 09.5 BO 7 07-08.5 09-B0 2,3
eIv1765: Nm 1752 .............. 10 05 BO BO 10 07.5-08.5 09.5-B0 2

* A local intensity maximum between 1367 and 1370 A.
® Shape changes (blue side) between O5 and O7.

° A local intensity maximum between 1521 and 1523 A.
4 A well-known local intensity maximum 1572-1574 A.
¢ Asymmetric line (blue wing depressed) O5-07.5.

f Large-scale “hills ” at 1648-1662; “ valley ” at 1657 A.
¢ P Cygni profile in early types; absorption line at O9.5.

REFERENCES.—(1) Massa 1989; (2) Prinja 1990; (3) Walborn, Nichols-Bohlin, & Panek 1985;(4) Walborn & Panek 1984.

To summarize the classification results from the UV lines, it
appears that the primary’s spectrum is fairly normal for spec-
tral type O7.5-8 Iab. The secondary’s spectral features, on the
other hand, consistently indicate a later type and slightly
fainter luminosity class, 09.7 Ib. Furthermore, the secondary’s
spectrum seems to exhibit some mild peculiarities: (1) The
A1723 feature, a blend including Si 1v and Fe 1v lines (Drechsel
et al. 1981) is stronger than normal. (2) There is a depressed
feature around 1731 A. Note, however, that both of these fea-
tures may be distorted by reconstruction near the N 1v 11718 P
Cygni feature (since the wind lines have different velocities than
the photospheric lines; Wiggs & Gies 1993). (3) Both the N m1
and Fe 1v lines seem relatively weak. (4) There is a large

i NV N N

RELATIVE INTENSITY

1 720

1730 1740 1750
WAVELENGTH (A)

FiG. 10.—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 1710-1770 A region.

1760 1770

depressed feature at 1756 A (which also exists in milder form in
other late O supergiants).

4. SPECTRAL TYPES FROM VISUAL OBSERVATIONS

Optical spectra of 29 CMa were obtained with the CTIO 1.5
m telescope and bench mounted echelle spectrograph on four
out of five nights from 1991 March 29 to April 2 (seven spectra
in total; see Table 3). The instrumental arrangement employed
ana 31. 6 grooves mm ~ ! echelle grating, blazed at 8000 A and
used with a 226 grooves mm ™! cross disperser (2nd order),
with a BG38 order sorting filter, and blue Air Schmidt Camera.
Twenty orders were recorded on the GEC No. 11 CCD
(576 x 384 22 um? pixels) between 4300 and 5050 A These
spectra have a reciprocal dispersion of 0.12 A pixel™! and a
resolution FWHM = 2.7 pixels. Exposure times ranged from
25 to 50 minutes.

IRAF* routines were employed to extract and calibrate the
CTIO data. Each frame was bias-subtracted and then the
spectra were extracted using the “apsum” package. These
spectra were divided by flat-field spectra extracted in the same
way, wavelength-calibrated, and transformed to a uniform
wavelength grid. The identification of features in Th/Ar com-
parison spectra was accomplished with the “ecidentify”
package, and the transformation to uniform wavelength grid
with “ecdispcor.” A standard curve for the blaze function of
each order was found by using t Cen (HD 109787, HR 4802)
spectra as a template. Each order of each spectrum of 29 CMa
was divided by the standard curve for the appropriate night.
Finally, the spectra were rectified to unit continuum with a
linear fit to line-free regions (using “eccontinuum ™), and the

+ IRAF is distributed by the National Optical Astronomy Observatories
which is operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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TABLE 2
LuMiNosITY CRITERIA (FOR O7.5-09.5 TYPES)

Vol. 423

Feature Maximum Primary Secondary
A) Figure Strength Weight Class Class Reference

1368 feature® .................. 3 1 5 1 N/A
1502blend®.................... 5 1 7 I-11 I-1I
1574 feature® .................. 6 Ib-1I 5 I-111 N/A 1
1625-1630blend® ............. 7 Ia 6 I 1
Henm1640° ..............coeeet. 7 Ia 6 I N/A 1
Ferv1647:Hen 1640......... 8 Ia 10 I-11 I
NivI718 9,10 I 7 I -1 1
Ferv1765:Nm 1752 ......... 10 1 6 II-1II I-1I1 2

2 A local intensity maximum between 1367 and 1370 A.

b Shape changes in blue wing with higher luminosity.

¢ A well-known local intensity maximum 1572-1974 A.

4 “trough ” appearance at la.

¢ Blue wing depressed at Ia for O7.5.

f P Cygni profile in early types, absorption line at 09.5.

REFERENCES.—(1) Walborn, Nichols-Bohlin, & Panek 1985; (2) Prinja (1990).

heliocentric Julian dates and solar corrections were calculated
using the “rvcorrect ” package.

The individual echelle data (20 orders) were concatenated
together into four large spectral ranges, with overlapping data
weighted according to the echelle flat-field intensities. These
four ranges were analyzed using the tomographic algorithm
described above. We estimated V, for each observation from
Stickland’s (1989) orbit, and set ¢ = 1.20 and r = 0.4, as pre-
viously. Table 3 is a journal of observations, giving the observ-
ing dates, orbital phases, and assumed primary star radial
velocities (in the center of mass frame), respectively. The
resulting separated spectra for the two components are shown
in Figures 11 and 12, covering 43004625 A and 4625-4900 A,
respectively.

We caution the reader that residual emission from circum-
stellar gas in the system can distort the profiles of the recon-
structed spectra (particularly in the case of the secondary
spectrum). Wiggs & Gies (1993) found that the strong emission
at Ho results from a P Cygni component forming close to the
primary and a broad emission component forming in a bow
shock between the stars. The first component has a velocity
curve similar to that of the primary star, and so, like the N 1v
11718 line, it would be reconstructed as a feature attributed to
the primary. The broad, stationary component, on the other
hand, will produce a feature distributed in flux between the two
reconstructed spectra but weighted more strongly toward the
spectrum of the slower moving secondary. As a percentage of
the weaker secondary continuum, this feature will be stronger
still. We suspect that similar emission filling is the probable
explanation for the double-peaked appearance of Hy, Hf, He 1

TABLE 3
CTIO OBSERVATIONS

124471, 4921, and He 11 14686 in the reconstructed secondary
spectrum. Therefore, any classification criteria that rely on
Balmer, He 1, He 11, or other lines where emission may be
present should be used with great caution.

The method used for spectral classification of the primary
and secondary stars is similar to that used for the UV spectra.
We identified a set of specific criteria based on the plots and
descriptions given in Walborn (1971) and Walborn & Fitz-
patrick (1990, hereafter WF90). As in the UV classifications, we
have assigned each feature a (subjective) weight for classi-
fication purposes. Table 4 lists eight classification criteria and
results for the estimated spectral types and luminosity classes.
Here we use < (>) to indicate “earlier than” (“later than”).
Note that Table 4 includes both temperature and luminosity
sensitive features. The O 11 14341-49, N 111 44379 line strengths
and the ratios He 1 14471:He 11 14541 and Si m 14552:He 1t
A4541 are mainly temperature sensitive. The N 11 14510-4514,
4534 line strengths are both temperature and luminosity sensi-
tive. The ratio He 1 A4387:He 11 44541 is luminosity but also
somewhat temperature sensitive. The emission strength at both

25

T

T T T
L1

N
T T T ©
3

HID Orbital 4

(2,440,000 +) Phase (km s~ 1)
8344.515............... 0.716 117.6
8345491............... 0.938 231.3
8345.535......ciinnnn. 0.948 223.5
8347.498............... 0.395 —195.8
8347.519........cul . 0.400 —193.7
8348494............... 0.621 32
8348.516............... 0.626 9.2
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F1G. 11.—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 4300-4625 A region from CTIO data. Multiple plots occur in
regions where data segments overlap.
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F1G. 12.—Spectra of the primary (top) and secondary (bottom) components
of 29 CMa in the 4625-4950 A region from CTIO data. Multiple plots occur in
regions where data segments overlap.

N 11 14640 and He 11 14686 is luminosity sensitive. The latter is
also a stellar wind feature, and its orbital-phase variability is
discussed by Hutchings (1977). Because both of these features
appear in emission in the primary’s spectrum, it is classified as
an Of star.

The overall conclusions from the visual classification criteria
are very similar to that from the UV: the primary star is best
fitted by type O7.5 Iabf and the secondary by 09.5 Ib
(however, the luminosity class of the latter is poorly
constrained). The visual classification corroborates the more
detailed classification from the UV lines. Overall, our best esti-
mates of the types from both UV and visual data are O7.5-8
Iabf and O9.7 Ib for the primary and secondary, respectively.

5. PHOTOMETRIC MODELS AND STELLAR PROPERTIES

There have been various attempts previously to use light
curve data in both visual and UV colors to estimate the tem-
peratures, radii, and masses of the stars. For example, Leung &
Schneider (1978) and Corcoran & Heap (1989) argued that the
photometric data lead to g < 1, but Parthasarathy (1978)
instead finds g > 1. Therefore, we tried to see if a satisfactory fit
to the photometric data could be obtained with our estimates
of the mass ratio (¢ = 1.2) and temperatures (inferred from the
spectral types). In addition, the observed flux ratio (dependent
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on the relative surface fluxes and radii) provides a significant
constraint on acceptable models.

By using the spectral type calibration of Howarth & Prinja
(1989) with our adopted spectral types, we obtain effective tem-
peratures of T, = 33,750 K and 29,000 K for the primary and
secondary, respectively. Some previous estimates of the tem-
peratures of the components are: (T;, T,) = (35,000 K,
32,000 K) (Corcoran & Heap 1989), (43,000 K, 39,194 K)
(Leung & Schneider 1978), (35,000 K, 30,000 K) (Eaton 1978),
and (39,000-42,500 K, >39,000 K) (Hutchings 1977).

We used the Petrie (1939) method (see Paper I) to make an
approximate estimate of the flux ratio of the stars which, in
turn, can help constrain the solutions of the light curves. This
was not done in previous work, and the ratio of secondary to
primary flux, r, has been claimed to be as high as 1.0, which is
clearly wrong since for r ~ 1 and comparable line widths (see
§§ 3, 4), the secondary lines would be as strong as the primary
lines in the composite spectrum. For this analysis we chose the
following lines or line blends: Fe 1v 4141575, 1615, 1647, 1656,
1680, and the blend 1687-1689; He 11 11640 (double weight).
By comparing the equivalent widths of these features in the
reconstructed spectra, we obtain r = 0.40. The strengths of
these lines are generally slowly increasing with decreasing tem-
perature (He m 11640 attains peak strength at Q9.5 I).
Assuming that Prinja’s (1990) result for Fe 1v 11765 is typical
of Fe 1v, these lines should be ~1.11 times stronger in the
secondary than in the primary, and He 1 11640 should be
~1.07 times stronger (see Table 3 of Prinja 1990). This tem-
perature correction (weighted by the different line species) gives
r = 0.36. The conclusion, given the uncertainties in the data, is
that r = 0.36 + 0.07 (a conservative error estimate). Our result
is similar to Hutchings’s (1977) estimate r = 0.38 in V. This
estimate of stellar flux ratio serves to constrain the possible
solutions of the light curves, and we will reject any solutions
that require r > 0.50.

The V band photometric data were obtained from van Gen-
deren et al. (1988) and the UV (1330 A) data from Eaton (1978).
We fit this photometric data using the GENSYN code
(Mochnacki & Doughty 1972; Gies & Bolton 1986). We used
quadratic limb darkening laws from Wade & Rucinski (1985)
and fluxes from Kurucz (1979). We investigated a number of
models with solar abundances, log g = (3.5, 3.7) (primary,
secondary), and an effective temperature for the primary of
33,750 K. The temperature for the secondary was set at 27,000
K, 29,000 K, and 31,000 K to provide three sets of models.
Mochnacki & Doughty (1972) define a fill-out ratio, F, to be
the ratio of the potential at the inner Roche potential surface to
that at the stellar surface, and thus F is roughly proportional to

TABLE 4
VisuAL CLASSIFICATION

Feature Lum(L)/ Primary Secondary

(Species, A) Temp(T) Remarks Weight Type/Class Type/Class
O14341-4349 ................ T Max. at 09.5 3 <09 09-B0
Nm4379 ..ooviiiiiininn... T Declines 09-09.7 3 N/A >09
He14471:Heu 4541 .......... T Equal at O7 10 07.5-08 09.5-09.7
Sim4552:Hen4541 .......... T Equal at 09.7 5 <09 09.5 (<09.7)
N 4511-4515,4534 ......... T/L Max. at O8.51 5 075-08 1 09-09.71
He14387:Hemnd541 .......... L/AT) I 8 I-1I I-I11
Nm4640 ...........ooeeinn L Emission 5 I-11 N/A
Hend686...................... L Emission® 5 If N/A

* Wind contribution.
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TABLE 5
PHOTOMETRIC FITS

T, i Am,(V) Am,(UV) Am, (V) Am,,(UV) Oy Oyv

(kK) F, ) r (mag) (mag) (mag) (mag) (mag) (mag)

(1) 2 3) @ ®) 6) Y] @®) &) (10)
270 i, 070 742 037 0.500 0.525 0.075 0.065 0.0447  0.0438
270, 075 742 045 0.515 0.550 0.080 0.080 0.0415  0.0467
29.0. ... 070 742 048 0.475 0.490 0020 = —0.010 0.0463  0.0402
290 0ciiienn.n. 070 750 048 0.490 0.510 0.025 —0.010 0.0442  0.0419
290.. ... 075 742  0.56* 0.490 0.510 0.025 —0.005 0.0425  0.0421
290 ..cciinnnn.. 080 730  0.64* 0.490 0.520 0.030 0.015 0.0406  0.0413
290, .0, 090 690  0.84* 0.465 0.510 0.045 0.060 0.0389  0.0414
3100, 065 742 043 0.450 0.450 —0.015 —0.075 0.0533  0.0412
310, 070 742  0.51* 0.465 0.465 —0.010 —0.075 0.0503  0.0432

the mean radius of the star. The fill-out ratio of the primary
was set at F; = 1.0 (semicontact case), and the fill-out ratio of
the secondary, F,, was adjusted to produce a realistic intensity
ratio (r < 0.50). The inclination was set at i = 74°2 (see Wiggs
& Gies 1993) for small values of F,, but for larger values of F,,
somewhat lower inclinations provide a better fit. The
GENSYN models assume that e = 0, which previous workers
(e.g., Leung & Schneider 1978) have also assumed for photo-
metric modeling of 29 CMa.

Table 5 gives the results of these models. The first three
columns give, respectively, the assumed secondary tem-
perature, secondary fill-out ratio, and orbital inclination. The
fourth column lists the derived orbital mean flux ratio; unac-
ceptable flux ratios, r > 0.5, are marked with an asterisk. The
next two columns give the depth of the primary eclipse in V
and the UV, respectively, and the next two give the difference
in eclipse depths (Am; — Am,). Note that models with cooler
secondaries yield larger differences. The last two columns give
the rms residuals from the fit for the visual and UV data,
respectively. Figures 13 and 14 give an example of a fit to the
visual and UV data. The observed curves display several fea-
tures (such as the depression in the UV curve between photo-
metric phases 0.6 and 0.7 that has been noted by several
observers) that cannot be modeled assuming axial symmetry,

LN B S s S S S S S W S e e B e e A i

0.0 ° B -

0.2

Delta M

0.4

L® ® ]
0.6 | - a1 1 a1 | S S
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
ORBITAL PHASE

FiG. 13.—Fit to the photometric V light curve data from van Genderen et
al. (1988) plotted vs. photometric orbital phase. Model parameters: T, =
33,750 K, T, = 29,000 K, F, = 1.00 (semicontact), F, = 0.70, i = 74°2. Obser-
vations are indicated by open circles, and the model fit is drawn as a solid line.

so we caution that models that are based solely on the inte-
grated photospheric fluxes may be incomplete. Basically, the
residual errors from the visual and UV data fits have broad
minima as a function of the model parameters, which, more-
over, have different best-fits. Thus, minimizing the errors does
not produce the same solution in both colors. For example, for
a secondary temperature of 29,000 K, the best fit for the visual
data occurs with F, =0.90, i = 69°, and r = 0.84 which is
unacceptably large. On the other hand, the UV curve is best-
fitted with a smaller secondary (F, = 0.70, i = 7422) for this
temperature, which yields a flux ratio r just below our limiting
value from the UV lines.

The temperature difference between the stars can be
estimated from the observed difference in eclipse depths
(Amy — Am,) of 0.055 and 0.020 magnitudes in V and the UV
(1330 A), respectively. Within a broad range, these differences
in eclipse depths depend mainly on assumed temperature and
vary only slightly with i or F,. The magnitude differences are
best-fitted by models with secondary temperatures of 27,800 K
and 28,300 K, respectively for the ¥ and UV light curves, by
interpolation of model results for r < 0.5. Both estimates are
close to that of 29,000 K obtained from our UV spectral classi-
fication and the temperature calibration of Howarth & Prinja
(1989).

Finally, the photometric model implies that the radius of the
secondary, R,, is about 70%-80% as large as that of the

Delta M

0.8 1.0 1.2

0.4 0.6
ORBITAL PHASE

FiG. 14—Fit to the UV data (1330 A) from Eaton (1978) in the same format
as Fig. 13. Here the open circles represent a smoothed fit of the observations.
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primary. Therefore, assuming synchronous rotation, the sec-
ondary should have a smaller projected rotational velocity
than the primary. To check this, we measured the FWHM for
four lines in the visual, He 1 114387, 4921 and N m 114510,
4514, The results are (FWHM), =161 4+ 16 km s~ and
(FWHM), = 119 + 10 km s~ !. This difference in measured
width is significant, and the ratio of widths is 0.74 + 0.11. This
result is consistent with our photometric model and is inconsis-
tent with models having a large secondary such as that advo-
cated by Leung & Schneider (1978).

Our estimates of the physical properties of the stars based on
the photometric model with ¢ = 1.2, F, = 0.70, i = 74°2, and
the “all data” velocity curve of Stickland (1989) are listed in
Table 6. Like the previous stars in this series, AO Cas and
Plaskett’s star, 29 CMa has a secondary which is more massive,
but less luminous, than the primary. Although with ¢ > 1 both
stars are “overluminous” for their masses, we think such
implicit comparisons with single-star models can be misleading
for such close interacting binaries. Finally, although it is
tempting to speculate on the evolutionary history of the com-
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TABLE 6
COMPONENTS OF 29 CANIS MAJORIS

Parameter Primary Secondary
M/Mg .o 16 19
Classification . 0O7.5-8 Iabf 09.7 Ib
PN . 33,750 K 29,000 K
log L/Lg ............ 53 4.8
R/Rg ovvviiiniinns 13 10
logg oo 3.2 3.7

ponents of 29 CMa, we will postpone further speculation until
a later paper.
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spectra of early B stars. We also thank the referee, Dave Stick-
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partially supported by NSF grant AST 89-16110 and NASA
grant NAG 5-1994. D. R. G. gratefully acknowledges the finan-
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