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ABSTRACT

If binaries are common among massive stars, it will have important consequences for the derivation of
fundamental properties such as the cluster age, initial mass function, and dynamical mass. Making use of the
multiplexing facilities of the Gemini Multi-Object Spectrograph, we were able to investigate the presence of
binary stars within the ionizing cluster of 30 Doradus. From a seven-epoch observing campaign at Gemini
South we detect a binary candidate rate of about 50%, which is consistent with an intrinsic 100% binary rate
among massive stars. We find that single-epoch determinations of the velocity dispersion give values around
30 km s~!. After correcting the global velocity dispersion for the binary orbital motions, the “true” cluster
velocity dispersion is 8.3 km s~!. This value implies a virial mass of about 4.5 x 103 My or 8% of the
mass calculated using the single-epoch value. The binary corrected virial mass estimate is consistent with
photometric mass determinations, thus suggesting that NGC 2070 is a firm candidate for a future globular cluster.
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1. INTRODUCTION

30 Doradus in the Large Magellanic Cloud (LMC) is the
nearest available example of a young and massive starburst
cluster. Given its proximity it is possible to perform a highly
detailed study of its stellar component. The large number of
massive stars present in this single cluster allows the statistical
analysis of several parameters at a level of significance that is
not available in the local and smaller Galactic clusters.

Although a large amount of work has been devoted to the
study of the 30 Dor ionizing cluster, some important topics,
such as the binary fraction among its massive stars, remain
relatively unexplored. If binaries are common among massive
stars, it will have important consequences for the derivation
of fundamental properties such as the cluster age, initial mass
function (IMF), and dynamical mass. In particular, the orbital
motions of massive binary stars in a young stellar cluster can
have a large impact on the measurement of its global stellar
velocity dispersion and, consequently, on the dynamical mass
determination.

Bosch (1999) and collaborators pointed out that the observed
radial velocity dispersion of stars within the cluster can be
strongly affected by the orbital motions of massive binaries.
Single-epoch mid-resolution spectra obtained at ESO with the
New Technology Telescope (NTT; Bosch et al. 1999) were used
to perform a radial velocity analysis on the stars that conform
to the ionizing cluster of 30 Dor (Bosch et al. 2001). The most
important results of that analysis can be outlined as follows:

1. A high value of the velocity dispersion (o ~ 35kms~!) was
obtained for the OB stars within NGC 2070, the ionizing
cluster in 30 Dor.

. Estimates of the influence that an underlying binary popu-
lation could have on this determination revealed that orbital
motion within the binary pair could mimic this large veloc-
ity dispersion.
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3. From the photometric mass of 30 Dor a rather uncertain
value for the virial motions was estimated to be around
10 km s~ 1.

Although these results are consistent with a 100% binary
population, it is necessary to confirm this assumption with
direct evidence. The issue of binary frequency is still sub-
ject to debate, as most of the statistics on binary stars are
biased toward later type stars (Lada 2006). There is evidence
pointing toward a relatively high number of binaries among
early-type stars (Mason et al. 1998), but previous studies based
on single Galactic clusters using similar techniques (such as
Sana et al. 2008) deal with a smaller number of stars, each of
them observed on different numbers of epochs.

Here we present a new set of observations of NGC 2070 ob-
tained with the Gemini Multi-Object Spectrograph (GMOS) at
Gemini South. These comprise multiobject optical spectroscopy
of 50 early-type stars observed at least in six different epochs.
The aim is to detect spectroscopic binary stars from variations
in their radial velocities.

2. OBSERVATIONS AND DATA REDUCTION

Observations were performed at the Gemini South Observa-
tory (proposals GS-2005B-Q-2 and GS-2006B-Q-21) using two
multislit masks. Targets within each mask were selected from a
previous imaging run with the GMOS according to their spectral
types as determined and compiled in Bosch et al. (1999). Spec-
tra were obtained during nights of 2005 September and 2005
December for the first run, and 2006 December and 2007
January for the second run. Approximate HJD for the listed
observations are shown in Table 1. The instrument was set up
with the B1200 grating R ~ 3700 centered at about 4500 A,
which yields a resolution of 0.25 A per pixel at the CCD.
Although the wavelength range varies slightly in MOS spec-
troscopy, the region from 3900 A to 5500 A is covered by our
spectra. The total integration time was split in three to allow
for the wavelength dithering pattern needed to cover the gaps
between GMOS CCDs. Overall signal-to-noise ratios (S/Ns)
are above 150. These ratios are measured on reduced spectra,
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Table 1
Log of Observations

Observing Date MaskI MaskII
2005 Sep 7 2453620.89

2005 Dec 19 2453723.58
2005 Dec 20 2453724.58

2005 Dec 22 2453726.68
2005 Dec 23 2453727.65

2005 Dec 24 2453728.59
2006 Nov 29 2454068.73

2006 Nov 30 2454069.70
2006 Dec 24 2454093.83

2006 Dec 31 2454100.86
2007 Jan 1 2454101.79 2454101.73
2007 Jan 9 2454109.66

Note. Observing dates are listed in Column 1 and Heliocentric Julian dates for
masks I and II are shown in Columns 2 and 3, respectively.

dividing the average value of the stellar continuum by the scat-
ter over the same spectral range. No flux calibration stars were
observed as they were not needed for our purposes.

Data were reduced following standard procedures, using the
GMOS reduction tasks within the Gemini IRAF* package.

3. RADIAL VELOCITIES
3.1. Zero-Point Errors

We were able to check for the presence of zero-point er-
rors in our radial velocity determinations using the nebular lines
present throughout the region. Nebular spectra were wavelength
calibrated together with the stellar spectra so as to provide a
strong template to check for variations of our radial veloci-
ties’ zero point at different epochs. Nebular emission lines have
strong narrow profiles, enabling us to cross-correlate nebular
spectra obtained on different nights using fxcor within IRAF,
which yields accurate determinations of radial velocity differ-
ences, if present. Radial velocities derived for each night (Vyep)
are very stable when observations on different epochs are com-
pared and their variations |AV,¢,| were found to be negligible
(|AVeb| < 1.0km s™!, opep, = 3.1 km s™!), which suggests that
there is no systematic shift introducing spurious variations of
stellar radial velocities between epochs.

3.2. Measurements

Radial velocities were derived measuring absorption line
profiles with the aid of the ngaussf it task within the STSDAS/
IRAF package, following a procedure similar to that described in
Bosch et al. (2001). This allowed us to derive individual radial
velocities for each spectral line, and handle each element (or
each ion in the case of He) separately. Stellar radial velocities
were derived using the best set of lines available, according
to the star’s spectral type. Although this means that we are not
using the same set of lines for the whole sample, we strictly kept
the same set of lines for the same star on different epochs when
looking for radial velocity variations. Uncertainties introduced
when fitting individual Gaussians to the absorption profiles are
of the order of 5 km s~

4 IRAF is distributed by the National Optical Astronomy Observatories,
which are 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 lists the complete set of radial velocities determined
for the sample stars. Stars are labeled following the nomencla-
ture of Parker (1993) and data columns include average radial
velocity (and its uncertainty) for each epoch. The errors listed
in Columns 3, 5,7, 9, 11, 13, and 15 in Table 2 correspond to
the internal error o, which is the quadratic sum of the standard
deviation of the estimated average from the set of available lines
and the minimum uncertainty (3.1 km s™!) as derived from high
S/N narrow nebular emission lines. Column 16 shows the ratio
between the standard deviation of stellar radial velocity between
different epochs and the average of o;. Spectral types are given
for reference in Column 2.

4. RESULTS
4.1. Detection of Binary Candidates

From the different epochs’ radial velocities we can check
for the presence of variations with time. To quantify this, we
follow the standard procedure of comparing the dispersion of the
average radial velocity for each star with the average uncertainty
in the determination of each radial velocity. This can be done
by calculating the external-to-internal velocity dispersion ratio
(og/o1) as defined by Abt et al. (1972). Radial velocity variables
can then be easily flagged out as they show og /o7 above 3, which
is equivalent to saying that the variation in radial velocity is 3 o
above the expected uncertainties.

Binary motion is not the only source for scatter in the
determination of radial velocities for a star. Stellar winds and
atmospheric turbulence, both present in early type stars, also
introduce apparent changes in the derivation of radial velocities
at different epochs, but in these cases the internal errors are large
too. A clear example of this is star #205 in the ionizing cluster
of NGC 6611 (Bosch et al. 1999).

In addition to the results presented in Table 2, the high S/N
of our spectra has also allowed us to detect several double-
lined binaries that show evident variation of their absorption
line profiles from epoch to epoch. Examples of these can be
seen in Figures 1 and 2. Individual radial velocities are difficult
to measure for these cases; therefore some of these stars are not
included in Table 2. These 10 stars (including the four present
in Table 2) are listed in Table 3.

An inspection of Table 2 shows that 17 out of 46 stars show
radial velocity variations. If we add the stars present in Table 3
(excluding P613, which already shows radial velocity variations
in Table 2), we have our complete set of binary star candidates,
which rises to 25 out of 52 stars (~ 48%).

The mass ratio of binary components, orbital parameters,
number of observations, and radial velocity accuracy can impact
the statistics of detected binaries in star clusters. In an effort to
quantify these effects, Bosch & Meza (2001) performed Monte
Carlo simulations including all the parameters listed above.
Feeding our GMOS data parameters into these simulations, we
find that our detection rate is consistent with a population of
100% binaries.

4.2. Cluster Kinematics

After removing the confirmed and candidate binaries, the
nonbinary population of our sample decreases to 26 stars, still
enough to calculate a representative value of the stellar radial
velocity dispersion (o,). In calculating it, we must keep in
mind that each radial velocity measurement has its intrinsic
error (ojn), Which must be subtracted quadratically from the
observed (oops) velocity dispersion. The former is the average
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Table 2
Radial Velocities Determined for Sample Stars
Id Sp. T Vr o1 Vr o1 V, o1 Vr o1 Vr o1 V, o1 Vr o1 %]IE)
15 (D) 085V 299.1 5.5 272.7 9.0 2075 49 2893 57 2552 5.6 5.9
32 (1D 09 1V 283.3 6.3 271.6 42 261.1 48 2713 43 2783 43 2755 4.1 1.6
124 (D) 085V 266.0 42 2393 37 2097 6.0 268.7 33 2435 3.5 2610 5.3 5.1
171 (I) o8V 272.7 3.7 2865 54 2569 5.0 258.7 47 276.7 6.1 269.2 7.1 2.1
260 (IT) B0.5: 'V 286.0 9.1 2747 59 261.0 9.4 2666 42 3045 3.8 2715 9.1 2784 6.1 2.3
305 (II) BO-BO.5V  269.5 9.7 2695 6.1 2499 6.4 2654 33 2589 4.8 2531 49 2825 53 1.4
316 (I) 0651V 286.7 5.0 3660 6.7 302.8 3.9 2145 4.1 3498 8.7 3025 5.7 9.4
485 (I1) 089V 277.3 53 260.1 55 2557 8.1 2787 35 2512 5.5 259.8 6.2 269.1 4.0 2.0
531 (II) o8V 309.3 7.1 2476 37 2212 93 2609 37 2769 9.0 3246 11.3 241.7 35 53
541 (D 075V 239.2 6.2 2760 7.0 2724 34 2328 39 3585 6.2 2321 3.9 9.4
613 (1) 085V 246.2 4.1 2756 4.8 3329 9.1 257.6 38 2645 4.4 2459 7.5 2363 55 5.8
649 (1) 089V 282.6 9.1 2863 6.5 280.2 6.4 2769 3.7 2815 6.7 2852 5.9 280.1 4.0 0.5
684 (1) BO: I 275.7 7.9 2704 54 2478 7.8 25277 34 2548 50 2725 8.7 270.7 64 1.9
713 (D o5V 238.3 47 3161 69 298.8 44 3204 53 2970 7.2 3126 109 4.6
716 (1) 05.5 TII(f) 274.0 3.6 2738 74 266.1 46 2714 38 2753 44 2798 4.1 2775 38 1.0
747 (D 06-8 V 182.4 3.8 2139 5.6 306.5 5.0 331.0 4.0 2483 9.2  306.0 7.5 10.1
809 (II) 089V 263.8 9.4 2687 55 256.0 79 2793 38 2652 40 2576 11.7 269.1 6.1 1.2
871 (II) 04 V((f*)) 2752 7.5 2728 63 268.7 8.4 2813 3.6 2822 8.3 289.1 42 2782 82 1.2
885 (II) O5 111 276.1 5.1 289.1 4.1 2863 7.6 2348 32 2705 8.1 2672 5.3 2835 48 3.5
905 () 09-BO V 268.5 6.9 2674 82 2712 11.1 2575 4.1 2619 5.1 2655 5.8 0.7
956 (I) B1-2V 268.4 6.6 2845 64 239.1 3.7 2657 65 2703 7.1 2743 6.8 2.5
975 (1) 06-7 V((f)) 2974 42 2888 3.7 266.7 6.5 281.1 3.6 2892 8.9 2829 6.0 2872 3.8 1.9
1022 (I) 05:V 274.3 45 2889 49 271.1 5.0 290.0 54 2784 8.2 2795 6.6 1.3
1035 (1II) 03-6 V 287.8 11.2 2781 7.6 2635 8.4 27777 42 2736 49 285.1 3.4 2813 4.7 1.3
1063 (II) 06-7V 269.5 6.6 2653 3.7 2659 8.9 261.6 4.1 2723 42 256.5 7.2 2664 49 1.0
1109 (I) [01°A% 274.2 57 2939 8.6 278.6 45 2785 36 253.0 4.4 2485 8.1 3.0
1139 (D) BoV 256.3 54 2662 8.0 259.1 4.1 2694 42 2571 5.5 2717 54 1.2
1163 (I) 04 1f* 263.6 55 2733 79 2595 48 2655 81 2665 11.9 2609 13.0 0.6
1218 (11) 06: V 294.1 3.4 2836 4.1 273.0 7.1 2874 38 2814 3.6 2977 103 2943 45 1.7
1222 (I) 03-6V 277.8 47 2727 59 2582 48 2634 60 2723 8.4 2659 4.6 1.3
1247 (I) BO.S TV 248.7 8.8 2632 43 248.1 153 2435 9.1  269.7 8.4 2733 4.4 1.5
1260 (I) o3V 289.0 50 2948 51 2793 5.0 2945 42 2914 94 2973 5.9 1.1
1339 (D) B0-0.2 1V 252.7 6.1 271.8 52 255.0 6.3 260.8 48 261.0 7.1 2737 6.6 1.4
1341 (I) 0O3-4 11I(f*)  287.9 7.6 3003 6.0 3012 44 3053 52 2672 12.6 3045 139 1.8
1350 (1) 06 III(f*) 266.1 47 2693 75 2559 6.9 267.1 38 261.7 6.5 271.6 8.9 253.0 6.1 0.9
1401 (I) o8V 248.2 3.1 260.7 3.6 279.7 52 2826 45 3212 109 2375 6.7 53
1468 (1I) 095V 268.2 9.5 276.1 57 2599 4.4 26277 43 263.0 5.8 264.1 8.4 2741 59 0.9
1531 (I) 06.5V((f)) 276.1 45 3040 56 2909 3.5 2952 4.0 291.0 8.1 299.8 5.6 1.9
1553 (I) o7V 267.1 42 2410 6.0 2302 7.8 2874 34 309.7 6.5 316.2 6.8 6.1
1584 (1I1) BO-1V 2817 59 2507 6.9 2772 4.0 299.0 7.2 2831 363 2938 6.1 1.5
1604 (I) B1V 270.9 58 2613 7.6 251.0 40 2694 4.1 3371 162 3267 273 3.4
1607 (II) O7:1f 281.7 3.6 2797 47 2672 3.7 271.8 39 269.1 45 2779 4.1 2744 47 1.5
1614 (I) 05-6 V((f)) 274.0 3.1 2937 44 2769 5.9 286.8 3.8 280.2 8.3 2913 5.6 1.5
1619 (I) 08 111(f) 267.9 32 3217 5.1 3015 33 2929 42 3057 103 2910 5.5 3.4
1729 (1) B1 II-11I 281.3 8.5 270.8 4.6 1942 6.4 2332 64 2092 115 2110 3.6 286.1 52 5.2
1840 (1II) B1V 262.4 8.2 270.8 43 2735 5.8 2451 55 2714 32 2513 53 2969 59 2.2
1969 (1) B0O.71V 273.3 5.1 2769 6.5 285.0 4.1 2996 4.1 3120 52 3132 6.6 3.3
1988 (I) BO5SV 218.3 5.3 3252 6.2 2345 3.6 2630 33 2042 56 311.6 8.0 9.3

Notes. Stellar identifications by Parker (1993) are in Column 1 and Spectral types from Bosch et al.

(1999a) are included in Column 2,

Columns 3 through 16 include radial velocities and uncertanties (all in km s~!) for each epoch of observation. Column 17 lists the ratio between

epoch-to-epoch variations and the average uncertainties.

of the (o7) values over the whole sample of nonradial velocity
variable stars, while the latter is directly derived as the standard
deviation around the average radial velocity derived for the
same subset of stars in the cluster and it therefore follows that
0,2 = Oobs> — (own)?. For our sample, oops = 10.3 km s/,
(0ie) = 6.2 km s~!, which yield a value of 8.3 km s~! for
the actual radial velocity dispersion. This seems to confirm the
suggestion by Bosch et al. (2001) based on simulations that
the large values derived for the stellar velocity dispersion were
most probably due to the presence of binaries. As expected,
if we derive the radial velocity dispersion from an individual

GMOS mask observation for a single epoch, we find values as
high as 30 km s~!, consistent with what was previously found
in Bosch et al. (2001) from single-epoch NTT data.

This is the first time that a radial velocity dispersion is found
for massive stars in NGC 2070, free from contamination by
the motion of binary stars. We can therefore safely proceed
to compare it with the stellar kinematics expected for 30 Dor
in order to check if the cluster is virialized. Following the
estimations for the photometric mass derived in Selman et al.
(1999), we find that the stellar mass within the volume covered
by our spectroscopic survey is about 4.5 x 10° My. If the
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Figure 1. Spectra obtained for Parker 1024 on two different epochs, showing
the variation of observed profiles for selected absorption lines. Both spectra
are continuum normalized but shifted in the y-axis by 0.05 continuum units for
comparison purposes and identified by their respective observing date during
2005. Relevant absorption profiles are labeled and double troughs are identified
indicating their blue (b) and red (r) components. Note the evident changes in
the relative intensities of the blue and red troughs, particularly for He 1 4542 A
and He 11 4686 A, suggesting that the binary pair was observed on opposite
orbital phases.

Table 3
Stars with Evidence of Binarity from Individual Spectra
ID Comment
260 Asymmetrical on 19/12
613 Her lines look double on 24/12
674 Double lines on 22/12 & 24/12
805 Double lined on 23/12
955 Looks double on 20/12 & 23/12
956 Looks Asymmetrical on 23/12
1024 Double profile on three epochs
1031 Double lined on 07/09 & 20/12
1035 Hel lines look broad on 24/12
1938 Broad lines on 22/12

Notes. Stellar identifications by Parker (1993) are shown
in Column 1. Column 2 describes the characteristics
found among spectral features that suggest binary nature.

stellar velocity distribution is isotropic, we can follow Binney
& Tremaine (1987) and estimate the expected radial velocity
dispersion as

, 45x107°3M

0, ’
" 3R.
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Figure 2. Same as Figure 1, for Parker 260 with a 0.2 continuum units shift
between spectra. In this case the profile variations show changes from a well-
behaved absorption profile (2005 December 24) to an asymmetrical profile
(2005 December 19). These changes are particularly evident for the He 14387 A
and 4026 A profiles. Although the most evident changes are seen as a double
peaked profile in He 14471 A the presence of nebular emission contamination
in this line cannot be ruled out.

where masses are in Mg, distances in pc, and o in km s~!. The
velocity dispersion derived for the total mass of 30 Dor, for a
half-mass radius of 14 pc, is about 8§ km s~!. Our derived value
of 8.3 km s~! is well within the observational and sampling
uncertainties. If there are more binaries yet to be discovered
a slight reduction in the observed value is expected (although
it is unlikely that they would show such large radial velocity
variations that would dramatically enhance the current value).

Another interesting issue is that the single-star population
does not confirm the evidence toward mass segregation that was
suggested in Bosch et al. (2001), at least for the massive stars.
However, the fact that massive stars seem to have a relatively low
velocity dispersion cannot rule out dynamical mass segregation
with low-mass stars.

5. CONCLUSIONS

Based on seven epoch observations with the GMOS in Gemini
South, we have presented observational evidence that shows that
the binary fraction among massive stars in NGC 2070 may be
very high. Indeed we already detect a 50% binary candidacy
with only three epoch observations, which suggests that it is
only a lower limit. The evidence pointing toward a high binarity
fraction has an important effect on the massive end of the stellar
cluster IMF, and should not be overlooked.
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If a high binary fraction is common among massive young
clusters, virial masses obtained from the observed global veloc-
ity dispersions in unresolved young clusters might be overes-
timated by a large factor, as discussed in Kouwenhoven & de
Grijs (2008).

Regardless of the origin of the stellar radial velocity variabil-
ity, the analysis of the nonvariable subset provides an important
result regarding the kinematics of the stellar cluster itself. The
radial velocity dispersion determined for the 30 Doradus ioniz-
ing cluster agrees, within observational errors, with the stellar
kinematics expected if the cluster is virialized and its total mass
is derived from the photometric plus ionized gas masses. This
suggests that the stellar cluster is far from disruption and stands
as a firm candidate for a future globular cluster system.

More observations in further epochs should allow us to
confirm the binary nature of radial velocity variables detected
in this work and derive the orbital parameters and individual
masses of members of the binary pairs. The success of the
GMOS in the MOS mode makes it a very efficient tool for
discovering massive binaries in large numbers using a relatively
small amount of telescope time.

We are grateful for the suggestions and comments given
by the referee, Chris Evans, which improved the final version
of this paper. We also acknowledge the invaluable help from
Rodrigo Carrasco at Gemini South for clearing our doubts and
even providing some scripts that were extremely useful for end-
less repetitions of the complete set of reduction procedures
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from scratch. We have enjoyed helpful discussions with Daniel
Carpintero, Daniel Rosa-Gonzélez, and Guillermo Hiagele. E.T.
and R.T. are grateful for a Visiting Professorship and the hos-
pitality of the Facultad de Ciencias Astronémicas y Geofisicas
de La Plata during a visit when this paper was written. Based
on observations obtained at the Gemini Observatory, which is
operated by the Association of Universities for Research in
Astronomy, Inc., under a cooperative agreement with the Na-
tional Science Foundation (NSF) on behalf of Gemini partner-
ship: NSF (United States), the Science and Technology Facili-
ties Council (United Kingdom), the National Research Council
(Canada), CONICYT (Chile), the Australian Research Council
(Australia), CNPq (Brazil), and SECYT (Argentina)
Facilities: Gemini:South (GMOS)
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