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ABSTRACT

High-resolution optical spectroscopy of CPD —59°2636, one of the O-type stars in the open
cluster Trumpler 16 in the Carina Nebula, reveals this object to be a multiple system displaying
triple lines which we label as components A, B and C of spectral types O7 V, O8 V and 09
V, respectively. From our radial velocity measurements we find that the components A and B
form a close binary with a period of 3.6284 d, and we obtain the first circular radial velocity
orbit for this system with semi-amplitudes of 184 and 192 km s ', leading to minimum masses
of 10.1 and 9.7 M. We find that the component C is a single lined binary with a period of
5.034 d and semi-amplitude of 48 km s~'. We also analyse the X-ray radiation from CPD
—59°2636, finding neither appreciable overluminosity nor phase-related X-ray flux variations.

Key words: binaries: general — stars: early-type — stars; fundamental parameters — stars;
individual: CPD —59°2636 — open clusters and associations: individual; Trumpler 16 — X-rays:

stars.

1 INTRODUCTION

The spectroscopic study of early-type stars in young open clusters
is one of the most straightforward ways to detect massive binary
stars. The Carina Nebula (NGC 3372), with its rich population of
O-type stars, is one of the best places in our Galaxy for the study
of massive stars. CPD —59-2636 (V =9.31. aago = 10"45"13",
Sa000 = —59°44'20"; Massey & Johonson 1993). or Trumpler
16-110 (Feinstein, Marraco & Muzzio 1973), is a probable member
of Trumpler 16, one of the young open clusters located in the Carina
region.
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Spectral classifications between O7 V and O8 V have been de-
termined for CPD —59°2636 by different authors. The most recent
is O8 V, assigned by Massey & Johonson (1993). Moreover, Levato
et al. (1991) found that this star exhibits radial velocity variations
with a peak amplitude of about 60 km s '. indicating that CPD
—59°2636 is probably a multiple system. Such systems provide
valuable astrophysical laboratories for the direct determination of
fundamental parameters of the stars, whose knowledge is crucial to
test evolutionary models.

In fig. 1 of the first paper of this series (Albacete Colombo et al.
2001) CPD —59 2636 is the star located 26 arcsec north of CPD
—5972635, and it is also detected as a relatively bright X-ray source
on the corresponding ROSAT High Resolution Imager (HRI) image.

We have observed CPD —59°2636 in the context of the X-Mega
international campaign (Corcoran et al. 1999) which involves spec-
troscopic observations of hot stars detected as X-ray sources. Ac-
cording to Chlebowski & Garmany (1991), intense X-ray emission
in O-type stars could be explained as a result of wind collisions in
binary or multiple systems. Thus we decided to conduct a detailed
spectroscopic monitoring of CPD —59°2636 in order to explore the
nature of its radial velocity variations.

An inspection of our first high-resolution spectrograms revealed
triple lines present in some of them, ind icating that CPD —59°2636
was a multiple system. Additional observations confirmed this hy-
pothesis, as will be shown in this paper.
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Table 1. Instrumental configuration for different observing runs.

Run Id. Date Observatory Telescope [m] Spectrograph Detector A/A(X) Spec.range [A] No. obs.

1 March 1997 CASLEO 2.15 REOSC Tek 1024 15000  3500-6000 1

2 March 1997 ESO 1.5 B&C ESO CCD*39 3000  3850-4800 6

3 January-February 1998 CASLEO 2.15 REOSC Tek 1024 15000  3500-6000 5

4 January—February 1999 CASLEO 2.15 REOSC Tek 1024 15000  3500-6000 5

5 April-May 1999 ESO 1.5 FEROS EEV CCD 48000  3650-9200 5

6 March 2000 CASLEO 2.15 REOSC Tek 1024 15000  3500-6000 5

7 May 2000 ESO 1.5 FEROS EEV CCD 48000  3650-9200 3

8 February—March 2001 CASLEO 2.15 REOSC Tek 1024 15000  3500-6000 4
2 OBSERVATIONS | \ ‘ I [T S T
The observations on which this study is based have been obtained : :mkx‘\ e oty Y

.o . \/-’f\‘r‘v. ™ s |

at two different southern observatories. B A ™ [ ’

20 echelle CCD and two Cassegrain spectra of CPD —59°2636 ‘,_/1 0.8 - A C B -
were obtained at the Complejo Astronémico El Leoncito g B i
(CASLEQO), San Juan, Argentina, between 1997 and 2001 with )=
the 2.15-m Jorge Sahade Telescope. The spectrographs used were ; 0.6 |-
the REQOSC-échelle Cassegrain spectrograph' and the Boller and o o
Chivens (B&C) Cassegrain spectrograph. respectively. % 0.4 - z

14 spectra of CPD —59°2636 were obtained at the European = L ;
Southern Observatory (ESO) 1.5-m telescope. The spectrograph ) 3 1
used were the B&C Cassegrain spectrograph and the Fiber-ted Ex- o 0.2 I ]
tended Range Optical Spectrograph (FEROS, Kaufer et al. 1999).

Table 1 gives details about the instrument configuration used in s f
each observing run. 0 = '~ : : . : - = :

Part of the data obtained with the B&C spectrograph at ESO 5870 5880 5890
1.5-m telescope are affected by a strange fringing pattern (Turatto, AAR)

Tighe & Castillo 1997). which affects the wavelength range 4050—
4250 A in the used instrument configuration. Given the variability
of the fringing pattern, and in order to avoid amplification of the
fringes in the stellar spectra. the data were not flat-fielded.

The observations obtained at CASLEQO were processed and anal-
ysed with IRAF? routines at La Plata Observatory.

The data obtained at ESO were reduced using the MIDAS software
developed at ESO.

3 SPECTRAL CLASSIFICATION

CPD —59 2636 has been classified as O8 V by Walborn (1982a)
and Massey & Johonson (1993). and as O7 V by Levato & Malaroda
(1982).

A preliminary inspection of our high-resolution spectra revealed
that CPD —59°2636 is a multiple system, with three sets of absorp-
tion lines present in its spectrum, all of which belong to late O-types,
which we labelled as components A, B and C. Some differences in
linewidths and intensities helped in identifying each component in
our observations. The component C has lines that are narrower than
the other two components, and it was the first to be identified on ev-
ery spectrogram. To distinguish between components A and B was
more difficult and we had to wait until the period of this close pair
was determined to properly identify each component on our spectra
(see Section 4.1 for details).

! Originally built by REOSC and Ligge Observatory. and on long term loan
to CASLEO.

2 Image Reduction and Analysis Facility, distributed by NOAO, operated by
AURA, Inc. under agreement with NSF.

Figure 1. The region containing the He 15876 A absorption line in a 1:ROS
spectrum of CPD —59 2636, observed on HID 2451670.609. Note the com-
plex structure of the interstellar Nat lines.

In Fig. 1 we present one of the FEROS spectra of CPD —59 2636
in the wavelength region containing the He1 5875 A absorption
line, which clearly shows the three stellar components. Also shown
in Fig. | are the interstellar Nat lines displaying a complex structure
due to multiple components along the line-of-sight. already noticed
by Walborn (1982b) in the Car lines.

With the aim of deriving individual spectral types for each compo-
nent of CPD —59°2636, we used the spectral classification criteria
described by Walborn & Fitzpatrick (1990) in the analysis of our
high- and intermediate-resolution spectra. In addition we applied
the classification schemes proposed by Conti (1973) and Kerton,
Ballantyne & Martin (1999) to the equivalent widths (EW) of He1
and He 1 absorptions. We obtained those EW as averages of several
measurements performed on our high-resolution spectra. In order to
reduce the effects of the sometimes serious blending of the measured
lines (which is evident in Figs 2 and 3). three independent Gaussians
were fitted to the observed profiles, using the IRAF NGAUSSFIT task.

Following Conti (1973), we derived the value

R = 10g(EWgeraar1/ EWien1asa2)

for each component of CPD —59°2636, finding Ry, =—-0.01+£
0.21, Ry =0.18£0.23, and Rc=0.14+0.18, corresponding to
spectral types O7 V, O8 V and O8 V. respectively.

We also applied the classification scheme proposed by Kerton
et al. (1999), considering

R = log(E Wy 1u921/ E Wi 1sa11)

© 2002 RAS, MNRAS 336, 1099-1108
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Figure 2. He14471 A and He 1 4542 A absorption lines in two observations
of CPD —59°2636. Note the changes in the relative intensity of He1 4471
for component B, which could be affecting the spectral type determination.
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Figure 3. Behaviour of the He14471-A line in different observing dates, in
comparison with He14921-A, 5015-A and He 11 4686-A lines. Only 4471 A
shows clear intensity variations. becoming stronger when the line is blue-
shifted. a behaviour identified as the S-S effect.

and we found logarithmic equivalent width ratios Ry = —0.08 +
0.03. Ry =—0.07£0.03. and Rc =0.14 £ 0.03, corresponding to
the spectral types O8. O8 and O9, for components A. B and C,
respectively.

In order to estimate the luminosity class of the component C. we
used the criterion proposed by Mathys (1988):

log W = log EWije 14388 + 10g E Wi T1aess -

The measured EWs were corrected for continuum overlapping of
the other two components, estimating this contribution through
comparison with equivalent width measurements of single stars
of the same spectral types from Mathys (1988). We obtained log
W¢ = 5.47+£0.12 > 5.35, thus corresponding to luminosity class V.

To get another estimation of the luminosity class of the com-
ponents A and B, we also used the expression given by Conti &
Alschuler (1971):

€ 2002 RAS. MNRAS 336, 1099-1108
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log W = log E Witvaose — log EWhe14144

finding log W, = —0.13, and log W =0.06 smaller than +0.10
and larger than —0.20, thus indicating that components A and B
also belong to luminosity class V.

We then conclude that the three spectral components of CPD
—59°2636 are of luminosity class V, as already suggested by the
visual inspection of our data. where we noticed, for example, that
He 11 4686 A presents strong absorption profiles in agreement with
an early evolutionary stage for the stars in this multiple system.

We found that the equivalent widths of some absorption lines of
component B (secondary). which we will show forms a close binary
system with the component A (primary), are not constant, but display
phase-related variations. Such variations are present in He14471 A
and probably also in He14921 A and 5015 A. This behaviour. called
*‘Struve—Sahade’ effect (S-S effect), has been observed in massive
close binary systems, and is described by Bagnuolo et al. (1999).
as ‘the apparent strengthening of the secondary spectrum of a hot
binary when the secondary is approaching and the corresponding
weakening of the lines when it is receding’. There are a variety
of mechanisms that can result in line-intensity variations of binary
components as a function of the orbital phase. Wind blanketing
and/or heating, obscuration and re-radiation by gas streams could
explain the asymmetrical change in the secondary spectrum. Also,
Gayley (2001) has suggested that the S-S effect might be due to
surface flows generated by irradiation of the stellar surface by the
companion.

Fig. 3 shows the profiles of He14471, He 14921, 5015 A and He 1t
4686 A lines at two different observing dates. He14471 A presents
intensity variations that could affect the spectral types assigned for
components B and (probably) A. Such variations are not clear in the
other spectral lines represented in the figure.

Considering the results of the ditferent classification methods and
especially relying on the visual inspection of the spectra in order to
decide between slightly different results. we arrive to the conclu-
sion that CPD —59°2636 presents at least three stellar components
that we labelled as A, B and C, and classify as O7 V. O8 V and
09 V. respectively. Spectral line variations identified as S-S effect
can modify the spectral classification of component B, but by less
than one subclass, according to our estimations.

4 RADIAL VELOCITY ANALYSIS

From our high-resolution spectrograms of CPD —59°2636, we mea-
sured radial velocities fitting three different Gaussians whenever the
separation between components was enough to do so. When this
was not the case, we used an independent Gaussian fit with fixed
parameters in an attempt to deblend the lines.

Our radial velocity determinations show that CPD —59°2636 is a
multiple system consisting of a close pair formed by components A
and B, and another (single-lined) binary represented by component
C which has an orbital period somewhat longer and presents radial
velocity variations of smaller amplitude.

For the radial velocity analysis. we used He1 and He 11 spectral
lines which are always present in the spectrum of each component,
He14471, 4922, 5015. 5875 A and He 11 4686 A. Other He 11 lines,
such as A 4200, 4542, and 5411 A show broad profiles, presumably
as a consequence of high pressure acting in the line formation region,
which must be deeper in the atmosphere than the formation region
of the Hel lines. As a result, blending effects are more serious in
those lines. making less confident the radial velocity determinations
derived from them. In addition, He 11 4686, lying near the centre of
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Table 2. Heliocentric radial velocities for stars A and B of CPD —59°2636, forming a SB2 system. The orbital phases are relative to
the time of maximum radial velocity of the component A. All radial velocities. standard deviations (s.d.) and (O-C) are in km s
‘Run Id." is as in Table 1. The standard deviation of the fit is 17 km s~ '.

HID Phase A —primary B —secondary Run Id.
2400 0004 ¢ VR s.d. n O-C VR s.d. n o-C

50508.811 0.264 —13 4 4 -12 +26 6 4 +11 1
50534.731 0.407 +155 5 3 +2 2
50535.735 0.684 +140 12 3 +30 2
50536.726 0.957 +176 30 2 —11 —193 15 3 —14 2
50538.707 0.459 —170 21 3 =) +176 8 3 —13 2
50841.811 0.040 +219 11 5 +19 —186 9 5 +5 3
50843.709 0.563 —142 14 5 +17 +206 7 5 +22 3
50845.706 0.136 +184 12 5 +22 —145 7 5 +6 3
50848.757 0.954 +200 8 5 +13 —155 14 5 +22 3
50850.712 0.493 —138 19 3 +25 +216 18 3 +28 3
51209.741 0.443 —147 8 5 +1 +171 5 5 -1 4
51210.795 0.733 —55 11 5 —11 +48 6 4 —11 4
51216.830 0.396 —106 10 5 +16 +133 18 5 —12 4
51217.637 0.619 —138 14 5 -1 +178 10 5 +18 4
51218.732 0.921 +168 9 5 +4 —147 7 5 +7 4
51300.654 0.499 —161 4 3 +3 +202 5 3 +13 5
51302.559 0.024 +213 5 5 +11 —183 3 5 +11 5
51302.715 0.067 +202 12 5 +11 —172 6 5 +10 5
51304.629 0.594 —140 16 4 +9 +185 4 4 +12 5
51327.620 0.930 +181 2 2 +10 —143 4 2 +18 5
51615.611 0.302 —51 13 5 —11 +58 7 5 -1 6
51617.542 0.834 465 8 5 —11 —-92 13 5 -29 6
51618.636 0.136 +123 23 5 —19 —145 10 5 —13 6
51619.815 0.461 —163 13 5 =1 +173 14 5 —6 6
51620.615 0.681 —83 5 5 +8 +94 9 5 —18 6
51670.609 0.459 —157 6 5 =2 +176 13 5 -3 7
51672.593 0.006 +192 8 5 —-10 —200 9 5 —6 7
51968.580 0.581 —171 8 5 -17 +162 8 5 —16 8
51969.576 0.856 +67 6 5 —34 —104 16 5 —15 8
51970.643 0.150 498 28 5 -30 —132 13 5 -3 8
51971.564 0.404 —158 14 5 -30 +130 20 5 -20 8

an echelle order in CASLEQ data. presents higher signal-to-noise
ratio than other He 11 lines.

Our radial velocity determinations are presented in Table 2 for
components A and B. and Table 3 for component C, where we list:
the heliocentric Julian Date corresponding to each observation, fol-
lowed by orbital phases computed with the ephemeris of Tables 4
and 5. the corresponding average heliocentric radial velocities, stan-
dard deviations, number of lines included in the average. and O-C
values, in units of km s~

4.1 The orbital periods

We have performed a period search applying to our radial
velocity determinations the (Lafler & Kinman 1965, hereafter
LK 65) technique, the generalized Fourier analysis (Heck,
Manfroid & Mersch 1985 hereafter HMM 85), and the maxi-
mum entropy method (Cincotta, Mendez & Nufiez 1995, hereafter
CMN 95).

For the pair composed of stars A and B we performed the period
search using the absolute radial velocity differences ||(V.4 — Vip)ll
which are better suited for period determinations than individual
radial velocities, in cases where the two components have lines so
similar that confusion between them is a possible issue. As for the
system containing component C, we have only one set of spectral
lines, as already mentioned.

We have not found significative differences between the period
values obtained from different techniques. Therefore. we adopted
a period value of Paip=3.6284 +£0.0005 d for the double-lined
close binary system (SB2). and P, =5.034 +0.002 d for the single-
lined binary system (SB1) and used these values in the input for the
orbital calculation routines.

If both binary systems are physically related. their systemic veloc-
ities will show anti-correlated variations with time. We did not find
such variations in our data set. However, the relatively short time
baseline covered by our observations (5 yr) might be responsible for
those variations not being apparent.

4.2 Orbital solution for the close pair A + B

From our radial velocity measurements we identify components A
and B as the primary and secondary, respectively, of the close binary
system with period 3.6284 + 0.0005 d.

We applied a modified version of the code developed by Bertiau
& Grobben (1969) in order to obtain the radial velocity orbit of
the binary system A 4 B. The corresponding solution is presented
in Table 4 and plotted, along with our radial velocity observations.
in Fig. 4. In the orbital solution we assigned weight 0.5 to data
from the run labelled as 2. while the other data were given unit
weight.

© 2002 RAS. MNRAS 336, 1099-1108
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Table 3. Heliocentric radial velocities for component C of CPD —59 2636.
The orbital phases are relative to the time of maximum radial velocity in the
orbital solution. All radial velocities, s.d. and (O-C) are inkm s~ '. ‘RunId.’
is as in Table 1. The standard deviation of the fitis 11 kms '.

HID Phase C — component Run Id.
2400000+ ¢ VR s.d. n o-C
50508.811 0.32 —10 3 4 0 1
50536.726 0.86 +44 22 2 +13 2
50537.721 0.06 +27 15 2 —15 2
50538.707 0.26 +12 4 4 +5 2
50539.720 0.46 =25 9 4 +20 2
50841.811 0.47 —53 6 5 —6 3
50843.709 0.84 +29 5 5 +2 3
50845.706 0.24 +10 6 5 -1 3
50848.757 0.85 +27 12 5 0 3
50850.712 0.24 +11 2 5 -1 3
51209.741 0.55 —58 8 5 =7 4
51210.795 0.76 +5 14 5 +1 4
51216.830 0.96 +54 11 5 +10 4
51217.637 0.12 +38 5 5 +3 4
51218.732 0.34 =31 8 5 —13 4
51300.654 0.61 =31 3 6 +11 5
51301.607 0.80 +10 4 8 —6 5
51302.559 0.99 +40 4 11 —6 5
51302.715 0.02 +39 6 9 =) 5
51304.629 0.40 -22 6 8 +12 5
51327.620 0.97 +44 3 6 -1 5
51615.611 0.18 +19 8 5 —6 6
51617.542 0.56 —54 11 5 —4 6
51618.636 0.78 +5 7 5 =) 6
51619.815 0.01 +51 4 5 +6 6
51620.615 0.17 +40 13 5 +14 6
51670.609 0.10 +34 3 14 -3 7
51671.633 0.31 -8 5 12 +1 7
51672.593 0.50 —41 8 12 +10 7
51968.580 0.29 =7 10 5 -2 8
51969.576 0.49 —64 9 5 —14 8
51970.643 0.70 —14 10 5 +1 8
51971.564 0.89 +35 6 5 -1 8

The relatively low values found for the minimum masses are
indicative of a low inclination of the orbital plane.

4.3 Orbital solution for component C

From the radial velocities listed in Table 3 we computed orbital
elements for the single lined binary C using the modified version
of the Bertiau & Grobben (1969) code and the period of 5.034 £+
0.002 d determined for this star.

The resulting orbital elements are presented in Table 5. In Fig. 5.
we plot the observed radial velocities and the computed orbital so-
Iution. Again, we assigned weight 0.5 to the data from run 2 and
weight 1.0 to all the remaining data.

As seen in Tables 4 and 5. we obtain for the orbital solution ec-
centricities that have small, but non-zero, values. In order to check
the reliability of these eccentricities, we applied a statistical F-test.
following Lucy & Sweeney (1971) finding that the values derived
for those parameters are lower than 2.45 times their 1o error, thus
corresponding to a level of significance of only 5 per cent. Conse-
quently. circular orbital fits could also be applied to our data for both
binaries, with indistinguishable results.

© 2002 RAS. MNRAS 336, 1099-1108
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Table 4. Orbital parameters for the close pair A + B.
Tmax represents the time of maximum radial velocity of
the primary component A. The last column gives the
error of each parameter.

P(d) 3.6284 +1 x 107*
e 0.06 +0.03
Qe 355 +15
Ka (kms™1) 184 +4
Kp (kms™h) 192 +4
y (kms™ 1) 8 +1
Tmax (FID) 2450848.94 +0.1
Tperi (HID) 245084898 +0.1
ay sini (Re) 13.2 +0.2
ag sini (R@) 13.7 +0.2
Masin® i (M) 10.1 +1
Mpsin®i M@) 9.7 +1
q(Mp/My) 0.96 +0.04

Table 5. Orbital solution for component C. Tinax represents
the time of maximumradial velocity and Tpesi the time around
periastron passage. F(M): mass function for the SB1 binary
system. The last column give the error of each parameter.

P (d) 5.034 3x 1073
e 0.09 0.04
Q) 209 30
Kc (kms™1) 48 5
yspi (kms™h) 0 2
Tmax (HID) 2451217.0 05
Tperi (HID) 2451215.0 05
asini (Re) 4.8 0.4
F(M) M@) 0.06 0.02

4.4 The fourth component

Let’s now explore the possibility of a fourth component in CPD
—5972636 and its physical nature. In order to rule out the alterna-
tive explanation of CPD —59°2636 being a triple system, we have
computed the quantity vy + (mg/m,)vp (proportional to y,,5) as
a function of the 5.034 day period of the SB1 orbital solution of

200 = S e P
£ - s ¥
o F ¥ . ¥
I " E p . +
<100 '
= 50 E g Y A ’
L L 4 ¥
o OF ! A
= r.';ng \ 4 3
— 100 g ) 4 %
of 9 S L 9
% 4 [}
g
250

Orbital Phase

Figure 4. Radial velocity solution for the A 4 B binary system. The meanings
of the symbols are as follows. Open and filled symbols refer to primary A and
secondary B components. respectively. Circles represent REOSC-echelle
spectra, squares represent FEROS spectra and crosses/asterisks represent
B&C spectra.
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Figure 5. Radial velocity solution for component C. The meanings of the
symbols are as follows. Filled circles represent REOSC-echelle spectra,
open circles represent FEROS spectra and triangles represent B&C spectra
(included in the RV solution with weight =0.5)

component C. As we see in Fig. 6, there is no clear trend that could
indicate that we are dealing with a genuine triple system. because
if CPD —59°2636 were a triple system, the systemic velocity of the
pair A 4+ B. ie. y5.p. should vary with an amplitude of a bit less
than K¢ but with the same period of component C (see Table 5).

Another point that argues against a triple system is the stability of
such a system. Eggleton & Kiseleva (1995) found that hierarchical
systems are stable provided that their configuration is such that
Pyl /P, = X" where X" is a function of the mass ratios gi; =
mp /mp and gon = (M +mp)/mc and the eccentricities of the inner
and outer orbits. For values of g, between 1.75 and 3.0 (what we
would have for CPD —59 2636 is &2.6), the criterium states that
stable orbits will occur if Py, /Py is larger than 11. As the observed
period ratio (1.39) is much less than the minimum required for
dynamical stability, we conclude that CPD —59 2636 must be a
quadruple system.

We can then discuss the possible nature of the fourth star in CPD
—59°2636.Itis unlikely that this could be a compact object, because
its progenitor would have to be extremely massive and even then.
it is not clear whether the age of the system would be sufficient
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Figure 6. Systemic velocity of SB2 system (ysp2) as a function of the period
of component C (arbitrary phase). The meanings of the symbols are as
follows. Stars represent B&C spectra. filled hexagons represent REOSC
spectra and open hexagons represent FEROS spectra.

to allow this star to complete its evolution and become a compact
object.

From the mass function obtained for this binary (0.06), if we as-
sume for the primary O9 V star a reasonable mass of. say, 18 M,
and guess the orbital inclination will be the same as the value es-
timated for the pair A 4+ B, we find that the companion of star C
should be a 4 to 6 M, star, thus an intermediate B-type star.

5 PHYSICAL PARAMETERS

In order to estimate the relative contribution of each component of
CPD —59'2636 to the total observed brightness, we have applied
the corrected integrated absorption method of Petrie (1940). We
measured equivalent widths of He 14144, 4388, 4471 A, He 114541,
4686 A and Si1v 4089 A on our high-resolution spectra, and com-
pared them with similar measurements of single stars of the same
spectral types obtained by Mathys (1988) and Conti & Alschuler
(1971). Those equivalent widths are listed in Table 6.

The derived brightness ratios for each component are as
follows: lA/LTOT = EWA/E WO7V =0.39+£0.05, lB/LTOT = EWB/
EW08V2030:l:004. and lC/LTOT :EWC/EWOQV =0.26 %
0.04. As the sum of the relative contributions should be equal to 1.0.
we normalized our preliminary results. and then we derived individ-
ual brightness of [y /Ltor=0.41£0.05,15/Ltor =0.32+£0.04,
and I¢/Lror =0.27 £0.04.

However, we have to recall that there could be a fourth component
in the system, the companion of star C. which has no signature in
our spectra.

From the error estimation of the total luminosity of CPD
—5972636, we derived a maximum value for the luminosity of the
fourth component, not presenting any spectral features in our high-
resolution spectra. This condition suggests a probably rather faint
star contributing about 10 per cent to the total brightness of CPD
—59°2636, which could correspond to a B-type star. This seems
to be consistent with our speculation about the mass for the fourth
component obtained from the mass function of the SB1 binary.

In order to get individual magnitudes and luminosities for
components A, B and C., we adopted for CPD —5972636 V =
9.31, Ep_y =0.60, and A,=1.92, from Massey & Johonson
(1993), hereafter (MJ93). The distance modulus for Trumpler 16
is still a controversial matter, as already discussed, for example,
in Rauw et al. (2001), and Benvenuto et al. (2002). As a conse-
quence, we thought that it would be useful to derive the physical
parameters for each component, according to two different distance
moduli, namely, those obtained by MJ93, My — Vy=12.49 £ 0.09:
and Davidson etal. (2001), My — Vo, =11.76 £ 0.18. Depending on
which distance modulus we consider, the absolute visual magnitude
of CPD —59°2636 will be My =—5.10+£0.09 or My =—-4.37 +
0.18, respectively.

In Table 7. we present the derived physical parameters for the
CPD —59 2636 components using the bolometric corrections and
effective temperatures from Howarth & Prinja (1989).

The A and B components have been discovered to be a close
binary system, and we can estimate new physical parameters for
these stars.

As the components of CPD —59°2636 belong to luminosity class
V. we can expect that they fit inside their corresponding Roche lobes.
Applying for the radius of the Roche lobe the expression given by
Paczynski (1971):

Rl:O.SS—I—OQlog (%\l ()
a \ My
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Table 6. Equivalent widths of absorption lines for single stars and CPD —59-2636. References labelled with numbers are:
(1) Mathys (1988). (2) Conti & Alschuler (1971) and (3) this paper.

Star S.T. He1 Hen Sitv Ref.
4143 A 4388 A 4471 A 4541 A 4686 A 4089 A
HD 90273 O7V - 0.29 0.60 0.72 0.74 - 1
HD91824 O7V - 0.23 0.55 0.69 0.87 - 1
HD 110360 O7V - 0.32 0.74 0.93 0.97 - 1
HD 164492 O7V - 0.21 0.63 0.66 0.97 - 1
68 Cyg o8V - - 0.89 0.64 0.44 0.20 2
HD 41161 O8V 0.24 - 0.91 0.59 0.79 0.27 2
HD 46056  O8V - - 0.87 0.61 0.83 - 1
HD 73882 O8V - 0.33 0.75 0.45 0.77 - 1
HD 5005¢ 09V 0.19 - 0.89 0.43 0.45 0.24 2
HD 46202 09V 0.31 - 0.95 0.40 0.55 0.37 2
HD 92504 09V - 0.39 0.91 0.35 0.74 - 1
HD 92555 09V - 0.38 0.95 0.36 0.79 - 1
HD 166546 09V - 0.43 0.85 032 0.62 - 1
A 07V  011+0.02 0.12£0.02 020£005 020£005 0.26%004 0.05+0.02 3
B 08V  006+0.02 009£002 020+£004 0.13£004 0224004 0.06+0.03 3
C 09V 008+0.02 0.11+£002 0.18+£003 0.13£003 021+002 0.04+0.03 3

Table 7. Physical parameters for A+ B. and C components in CPD —59 2636. Effective temperatures and bolometric
corrections were taken from Howarth & Prinja (1989). Rgy and rgp. refer to a Stefan—Boltzmann radii and minimal Roche
lobe radii. respectively. Vgyq refers to the synchronous rotation velocity.

Physical M, —-Vy=11.76 M, — Vo =1249

parameters A B C A B C

M, —340+03 —3.14+03 —295+03 —4.13+0.1 —386+0.2 —3.68+0.2
Mol —-7.02+03 —6.56+0.3 —6.17+0.3 —-7.75+0.1 —728+0.2 —6.90+ 0.2
log(L) (L) 471+£0.1 4.52+0.11 437+£0.13 5.00 £0.09 4.82 £0.08 4.66 £ 0.09
Rsp (R) 5008 49+£06 45+£0.7 7.0+£08 6.4+ 0.7 62+£0.7
Rsp/PRL 05+£0.1 05+£0.1 - 0.7+£0.1 06+0.1 -

Ve (kms 1) 70 £ 10 70+ 8 - 100+ 10 90+ 9 -

(%) 54 +£17 50+ 15 - 37+ 14 38+11 -

Terr (K) 39000 36500 34000

BC —3.62 —3.42 —3.22

where (a) is the total semi-major axis of the binary system, we
obtain Rj}, sin i =rg =10.1 R and R} sin i =r§ =103 Re.
for components A and B, respectively. Comparing these results with
the Stefan—Boltzmann radii presented in Table 7 we can see that. as
supposed, both components fit well inside their Roche lobes, thus
building a detached system.

Now. in order to obtain some insight about the absolute masses
of both stars, we could get a rough estimate for the inclination of
the orbital plane of the close pair A + B. To do so, we have to
derive quantitative values of the rotational velocities and to study
the hypothesis of synchronous rotation in the system.

We calculated times of synchronization for the pair A 4+ B, fol-
lowing the expressions given by Zahn (1977) and Tassoul (1988) ob-
taining 7y, =~ 6.7 x 10* and Teyn 0.8 X 10* yr, respectively. These
methods rely on different assumptions, being the only tidal forces
considered in the model by Zahn (1975, 1977), while Tassoul takes
into account radiative dumping as the dominant dissipative mecha-
nism in early-type binaries. Even though, both predicted synchro-
nization times are short enough to consider synchronic rotation as
a good hypothesis for the binary system A + B.

Under this assumption, we estimate the projected rotational ve-
locities (V sin i) for components A and B using the non-LTE model

© 2002 RAS. MNRAS 336, 1099-1108

atmospheres by Auer & Mihalas (1972) for He1 4471 A, with a
Ter of 35000 K and log g = 4. After convolution with different ro-
tational velocities and comparison with the observed Gaussian full
width at half maximum (GFWHM) of this line in our data, we es-
timate projected rotational velocities (V sini)y, =57 &+ 8 km s 1
and (V sini)y = 54 £ 8 km s~ ', for each component respectively.
The resulting values for the estimate inclination of the orbital plane
are quoted in Table 7. If those are right, the system is not likely to
present eclipses. However, further photometric studies could reveal
light variations associated, for example. to tidal deformations of the
binary components or reflection effects, which can be expected in
systems having short periods and hot luminous components.

We plotted the locations of the components A and B on the
Hertzsprung—Russell (H-R) diagram in Fig. 7, together with evolu-
tionary tracks from Serenelli & Benvenuto (private communication)
for chemical composition X =0.70, Z =0.02. We placed on the
diagram components A and B according to the different adopted
distance moduli, finding bolometric luminosities that are about
50 per cent larger if we take the larger distance modulus to Trumpler
16. The lower values of the luminosities for the O7 V and O8 V stars
seem to be in better agreement with those derived for other stars in
binary or multiple systems in Tr 16, such as HD 93205 (Morrell

DBPEO|UMOQ

LLIC


https://academic.oup.eom/mnras/article-abstract/336/4/1099/981356

1106  J. E Albacete Colombo et al.

Figure 7. Position of the A (filled symbols) and B (open symbols) compo-
nents on the H-R diagram. Circles and stars represent the position of the A
and B components according to the distance modulus derived by Massey &
Johonson (1993) and Davidson et al. (2001), respectively. Continuous lines
are solar metallicity evolutionary tracks (labelled on the left-hand side with
the mass of the model). and lines of constant radii (labelled at the bottom),
from evolutionary models by Serenelli & Benvenuto (private communica-
tion) The dashed line represents a 0.5-Myr isochrone from the same models.

etal. 2001). Tr16-104 (Rauw et al. 2001) and Tr16-1 (Freyhammer
etal. 2001), which are binaries with relatively well constrained stel-
lar radii and luminosities. It is also interesting to point out the posi-
tion of both components of the close binary A + B, to the left of the
0.5 Myr isochrone, drawn from the above-mentioned evolutionary
models.

Using the estimation obtained for the orbital inclination of the
A + B binary system from a lower or greater distance moduli
(Table 7), and the minimum masses from our orbital solution
(Table 4), we get absolute masses of Ma ~ 21 M‘- and My~
20 Mgy. or My = 46 M and Mg =~ 44 M, respectively. If the
bolometric corrections are right. we see that the bolometric lumi-
nosities and masses inferred from a lower distance to Tr 16, seem to
be more realistic. They are also in better agreement with the masses
suggested from a comparison with evolutionary models in Fig. 7.

These results suggest that the luminosities of main sequence
O-type stars in very young clusters such as Tr 16 could be sys-
tematically smaller than usually believed. as has been previously
found in a number of studies, as for example, Walborn (1995) and
‘Walborn & Blades (1997).

6 X-RAY EMISSION

CPD —59 2636 was detected as an X-ray source by ROSAT. It
appears in the WGACAT catalogue (White, Giommi & Angelini
1994) of Position Sensitive Proportional Counter (PSPC) sources
as source 1WGA J1045.1-5944 (=2RXP J104509.1—-594456) at
a rate of 4.1 4 0.7 x 1072 PSPC count s '. This detection was
derived from sequence rp200108n00 (observation date 1991-12-15,
principal investigator W. Waldron). The source was also detected in
adeep (38 ks) ROSAT PSPC pointing at  Carinae (rp900176, obser-

vation dates 1992 June—December, principal investigator J. Swank)
at a rate of 1.18 4 0.07 x 10~? PSPC counts s~'. In these PSPC
pointings the source is unresolved from nearby sources, notably
CPD —59 2635, CPD —59 2641 to the north and CPD —5972629
to the south. We extracted a spectrum from the ROSAT sequences
1p900176n00 and 1p900176a01, and found we could (it the spec-
trum with a simple absorbed Mewe—Kaastra thin thermal emission
model with Ny = 7 x 10*! ¢m? and kT = 0.3 KeV. The X-ray
flux in the ROSAT band (0.2-2.4KeV)is f=1.0 x 10713 erg 57!
cm ?: the flux corrected for absorptionis 1.7 x 10 "% erg s™' ¢m 2.
Adopting the bolometric luminosities of Table 7 for the combined
system, then the L, /Ly ratio 15~ 1.4 x 10-7. There is no apparent
time-variability in the long PSPC exposure, though sensitivity to
time-variability is poor due to contamination of the X-ray flux from
CPD —59°2636 by the unresolved nearby X-ray sources.

CPD —59°2636 is also listed in the ROSAT Results Archive
High Resolution Imager (HRI) Catalog as detection 1RXH
J104512.9—-594417 (sequence name 1rh900385a03.031) at 2.3 £
0.4 x 107* HRI counts s~ '. This pointing occurred on 1994-07-
21 and is the longest segment (40 ks) of 4 pointings centred on
Car (principal investigator J. Schmitt). Using the model which best
fits the PSPC spectrum. this HRI count rate corresponds to a 0.2—
2.4keV flux fy = 5.0 x 10'* erg s~! cm™2. while the absorption-
corrected flux is 9.8 x 10 '? erg s~! cm 2. These fluxes are smaller
than the PSPC fluxes derived above but this is most probably due
to contamination of the PSPC spectrum by neighbouring sources
which are resolved from CPD —59°2636 in the HRI pointing. The
HRI fluxes suggest L, /Ly ~7.0 x 10 8. Based on the Ly /Ly ra-
tios derived from the analysis of the HRI and PSPC data, there is no
real evidence of any X-ray overluminosity which might be ascribed
to colliding wind emission.

Because CPD —5972636 is resolved by the HRI from most of
the other strong nearby X-ray sources. we can put more sensitive
limits on source variability using the HRI data than is possible with
the PSPC data, to determine if the X-ray source flux is correlated
with either the orbit of components A + B or component C. To
generate an X-ray light curve from the HRI data, we first extracted
photon events from CPD —59°2636 for all archived segments of
the deep HRI # Car pointing, which. in addition to the catalogued
sequence rh900385a03, include ROSAT sequences rh900385n00
(11 ks, observation date) and rth900385a02 (0.5 ks); another archived
sequence, th900385a01, had an accepted exposure of 0 ks and was
not included for analysis. The combined ROSAT HRI image (50 ks
effective exposure) is shown in Fig. 8. In addition to the th900385
observations, CPD —5972636 was also detected in another long
(47 ks) HRI pointing at  Car, sequence identification th200331n00.
Prior to extracting light curves we examined the pulse-height distri-
bution of the HRI emission for CPD —59°2636 in order to determine
the importance of ultraviolet (UV) contamination produced by the
HRI UV light leak. The HRI pulse height distribution peaks near
HRI channel 6, while UV photons have a pulse height distribution
peaking at HRI channels <3: thus UV contamination is rather min-
imal for CPD —5972636. We then extracted light curves from the
rh900385 sequences and from rh200331n00 from a ~20-arcsec ra-
dius region centred on CPD —59 2636, using a neighbouring source-
free region to estimate background, using a time bin size of 5 ks.
The resulting light curves (Fig. 9) have rather good phase coverage.
but show no significant variability correlated with the orbital phase
of either component C or components A + B. Given the lack of any
X-ray variability and the rather modest X-ray luminosity of CPD
—5972636 in the ROSAT pointings, there is no strong evidence of
X-ray emission from wind-wind collisions in this source. This is
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Figure 8. 50-ks ROSAT HRI image of the Carina Nebula. The location of
CPD —59°2636 is marked.
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Figure 9. Light curves extracted from ROSAT HRI pointings at CPD
—59°2636. The observing times have been phased using the periods of com-
ponents A + B and of component C. using an arbitrary epoch.

somewhat surprising given the presence of at least three O-type stars
in this system. It might be that some or most of the colliding wind
X-ray emission is generated at energies beyond the ROSAT pass-
band, or alternatively, perhaps the emission is suppressed by circum-
stellar absorption or radiative braking (Gayley. Owocki & Cranmer
1997).

7 CONCLUSIONS

We have demonstrated that CPD —59°2636 is a new special
O-type multiple system composed of two binary stars. Three sets of
absorption lines are observed in the high-resolution spectra. which
we labelled as components A, B and C, with spectral types O7 V,
O8 V and O9 V. respectively. Radial velocity measurements and
analysis showed that component C is a single-lined binary with a
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5.034-d period, and components A and B form a double-lined binary
system with a 3.6284-d period.

Adopting for Trumpler 16 the distance modulus obtained by
Davidson et al. (2001) (i.e. 11.76 mag), the place of components
A and B on alog T versus log L /L, diagram corresponds to evo-
lutionary tracks of ~22 and 18 My, in agreement with the masses
estimated using the parameters of the system and an inclination
~52° (derived from the observed linewidths under the assumption
of synchronous rotation). Moreover, both binary components seem
to be well within their Roche lobes. and lie to the left of the 0.5-Myr
isochrone on the same diagram.

Although, because of the probable low value of the inclination,
the SB2 binary system is not likely to present eclipses. future photo-
metric studies could reveal light variations due to tidal deformation
or reflection effects.

CPD —59°2636 was detected by ROSAT as an X-ray source with
the PSPC and HRI cameras. No real evidence of overluminosity is
observed in the X-ray data, although it could be expectedin a system
having three O-type stars. This might suggest heavy circumstellar
absorption or a radiative braking mechanism acting in this multiple
system. X-ray light variations were not detected in the PSPC and
HRI observations.
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