arXiv:astro-ph/0508187v1 8 Aug 2005

Mon. Not. R. Astron. Sod00, 000-000 (0000) Printed 9 November 2007 (MITEX style file v2.2)

Five WC9 starsdiscovered in the AAO/UK ST Ha survey

E. C. Hopewell, M. J. Barlow, J. E. Drew, Y. C. Unrult, Q. A. Parket*,
M. J. Pierce, P.A.Crowthet, C. Knigg€, S. Phillipps, A. A. Zijlstra®

LImperial College of Science, Technology and Medicine, I&itid aboratory, Exhibition Road, London, SW7 2AZ, U.K.
2University College London, Department of Physics & AstragpGower Street, London WC1E 6BT, U.K.
3Department of Physics, Macquarie University, NSW 2109{rAlizs

4 Anglo-Australian Observatory, PO Box 296, Epping NSW 121@{ralia

5 Astrophysics Group, Department of Physics, Bristol Ursitgr Tyndall Avenue, Bristol, BS8 1TL, U.K.

6Department of Physics & Astronomy, University of Sheffididks Building, Hounsfield Rd, Sheffield, S3 7RH, U.K.
"Department of Physics and Astronomy, University of Sougtiam) Southampton SO17 1BJ, UK.

8The University of Manchester, School of Physics & Astrond?yBox 88, Manchester M60 1QD, U.K.

9 November 2007

ABSTRACT

We report the discovery of 5 massive Wolf-Rayet (WR) stassilteng from a programme of
follow-up spectroscopy of candidate emission line stathéAAO/UKST Southern Galactic
Plane Hy survey. The 6195-6774 spectra of the stars are presented and discussed. A WC9
class is assigned to all 5 stars through comparison of tpeictsa with those of known late-
type WC stars, bringing the known total number of Galactic 3\&tars to 44. Whilst three

of the five WC9 stars exhibit near infrared (NIR) excessesatttaristic of hot dust emission

— as seen in the great majority of known WC9 stars — we find thataf the stars show no
discernible evidence of such excesses. This increasesithiear of known WC9 stars without
NIR excesses to 7. Reddenings and distances for all 5 seesmated.

Keywords: stars: Wolf-Rayet — stars: circumstellar matter — Galatsflar content — surveys

1 INTRODUCTION gen and helium are termed WN stars, whilst stars displaytiong
carbon, oxygen and helium lines are assigned WC or WO classi-
Massive Wolf-Rayet stars are important objects of studytfar fications. Subtypes then refer to the ionisation degree @fstar

reasons. First, the Wolf-Rayet (WR) phase of massive s@uev  with the WN 3-9 and WC 4-9 sequences each going from higher
tion has itself been a significant challenge to models ofeexér to lower ionisation states.

mass loss (Hillier 2003) and represents the likely precustage This paper presents the discovery of five Galactic massive
to chemically-peculiar core-collapse supernovae (typernd Ic: Wolf-Rayet stars, by means of spectroscopic follow-up & th
Woosley, Heger & Weaver, 2002), which has directed atterttie Anglo-Australian Observatory United Kingdom Schmidt Fele
ward understanding their structure and variety. Secomtf galac-  gcope (AAO/UKST) Hr Survey of the Southern Galactic Plane
tic demographics both as a function of WR sub-type and, more gnq Magellanic Clouds (Parker et al 2005). These new diseove
generally, as markers of star-forming activity has alsraated at- ies are located in a relatively small sky area, roughly @htin
tention in order to achieve a better understanding of theitas ¢ ~ 339°,b ~ 1° and spanning just»42 square degrees. The
evolutionary origins (Maeder & Meynet 2000) and their impas exceptionally dense young star cluster Westerlund 1 (Wests
luminous objects blowing chemically-enriched, high-speénds 1987, Clark & Negueruela 2002) lies near the edge of thisoregi
into their galactic environments (e.g. Homeier et al 2003). Intriguingly, these 5 objects were the only WR stars disoestén
WR stars possess very distinctive spectra, dominated thy hig  SPectroscopy of targets within a larger 62 square degreeatgch
contrast, broad emission lines. This reflects the strongs rfess also yielded more than 70 newaHemission line stars (Hopewell et
that follows on from the loss of the hydrogen-rich atmospttaat al, in prep). Two of our discoveries lie within the sky areaexed
these stars were born with, as higher mass25 M) O stars. by Shara et al (1991, 1999), in their blue narrowband seasch f
WR stars are most commonly H-deficient objects, and so do not WR stars.
normally display prominent hydrogen emission lines intispiec- It is striking that all five new WR stars are shown to belong to
tra, but are characterised instead by strong emission diheg, N the same spectral sub-type — WC9 — and all are reasonablyt brig
and C. The equivalent width ratios between the various éomiss  with R magnitudes in the rangel < R < 16. The total num-
lines in WR spectra allow their classification into subotssand ber of known galactic WC9 stars previously stood at 39 (van de

subtypes. WR stars whose spectra are dominated by linesrof ni Hucht 2001: 30, Homeier et al. 2003: 3, LaVine, Eikenberry &
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Davis 2003: 2, Negueruela & Clark 2005: 4 in Wd 1)) and as such tapje1. 4°x 4° AAO/UKST Ha Survey field centers in 1950 and Galactic

the five discoveries reported here represent a significaditiawl co-ordinates.
to this sample. The observations revealing them were cidain
year after and using the same spectroscopic facility asitoed Field RA (1950) Dec (1950) ¢ b

grg;;ao(l[))s;;r/\\llaettlz?szgfo?&ly the fourth known Galactic WO staRW HALO248 160000 48 00 00 3327 133
. HALO349 16 24 00 -48 00 00 335.7 +0.5

The AAO/UKST Hux Survey of the Southern Galactic Plane HALO413 1630 00 44 00 00 339.3 42,5

and Magellanic Clouds was the last photographic UKST sky sur  yaiLo0414 1652 00 440000 3419 —0.4

vey to be carried out. It is described in full by Parker et &I0R). It

was a narrow band photographic sky survey of the entire South

ern plane of the Milky Way for galactic latitudes10°< b <

+ 10 ° and consisted of 233 Galactic Plane and 40 Magellanic 1.5 T T

Cloud fields on 4-degree centres. The survey was completed in

2003 and is available online, as SuperCOSMOS scans of the ori

inal survey films at 1Qum resolution (SHS database, located at 10

http://www-wtau.roe.ac.uk/sss/halpha/). This survegdus high

specification, single elementcHinterference filter with a 700

bandpass. This, together with fine-grained Tech-Pan eamnukss

the detector, allowed a survey of Galactic ionised hydrogem-

bining large area coverage with good sensitivity and amsgces-

olution. For each field the aim was to take 15-minute broauiba

short-red exposures alongside the 3-hourdxposures to produce 0.0

contemporaneous exposure pairs. In the SHS, theahid short-

red data are combined withband data from the older UKST IVN LT e

Southern Sky Survey. g Y S R TSRS FESEEE
Since the completion of the survey, a programme of spectro- R

scopic confirmation of point-source candidater ldmitters from

the SHS database has been undertaken, using the UKST 6dF mult Figure 1. A plot of (R-Ha) versus (R-1) for all SHS catalogue point sources

object facility. This programme is finding all types ofttemitting within the  box containing WR 75aa which satisfyt < R < 16.3 as
point sources in the Galaxy, many of which represent siivetH given by the SHS database. The dashed line indicates thetiseldimit

evolutionary phases which are, correspondingly, rarelseoked. whilst the diamonds show the sources that were selectegémtroscopic
Here the focus is on WR stars: their detection via the UKST sur follow-up

vey and SHS database, typically resulting from the inclusithe

strong Hell and/or Cii lines at~ 6570 A within the Ho filter

bandpass. . . . . grees higher in galactic latitude, and consequently caegpns of
The paper is organised as follows. The next section dissusse |ess intense reddening where the average extinctions &r&(B—
the method of target selection used for the UKST 6dF follgw-u V)< 2.5 and1 < E(B-V) 6 respectively.

spectroscopy program and gives magnitudes and positisrthdo When selecting this region of the galactic plane for follow-
new WR stars. Section 3 then provides information about the o up we were motivated in part by the presence of the star cluste
servations and explains the relevant data reduction prwesdThe Westerlund 1 in the corner of HAL0414. Westerlund 1 is a highl
6dF data, details of spectral subtype identification andments reddened young open cluster whose popu|a’[i0n has been shown
on individual spectra are presented in Section 4. We thesiden to be rich in massive post_main_sequence stars (Westeﬂjgaa;
estimates of the dust emission, reddening and distancés toetv Clark & Negueruela 2002; Clark et al. 2005). These studie® ha
WR stars in Section 5. Finally, we close in Section 6 with a €om reyealed a considerable population of supergiants, higreisgand
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parison of this red selection of WR stars to selections madthar Wolf-Rayet stars in the cluster and prompted us to obsemeth
wavelengths, and a brief comment on how these new stargtelat  rounding region to investigate the environment of thisatdinary
the previously known WC9 sample. cluster.

Target selection was conducted by considering the position
of the objects in a plot of R — I') colour versugR — H«) excess
for all SHS point sources within a specifiddd magnitude range.
However within thesd® x 4° fields the location of the stellar lo-
cus in this colour-colour plot can be seen to change withtioosin
the field, owing to variations in the effective magnitudeitmaition
The discovery of the five new WC9 stars presented in this paper across it. Therefore, when identifying the objects for sqmscopic
resulted from observations of SHS fields HAL0348, HAL0349, follow-up, the fields were broken down into 16 small@1° re-
HAL0413 and HALO0414, whose field centers and positions are gions and the | emission candidates selected from these subsam-
shown in Tabldll. As would be expected for fields straddliry th  ples. Two magnitude ranges were considered separatelgltarts
galactic equator, HAL0349 and HAL0414 are highly reddereed r  ing targets,12 < R < 14.5 and14.5 < R < 16.3. Figure[l
gions with E(B-V)> 3 predicted for extragalactic objects ob- demonstrates how the targets were selected for the areadhat
served along these sightlines (Schlegel, Finkbeiner & 49D8). tained WR 75aa, one of the new discoveries. From this saniple o
These fields also include a few extremely reddened regions fo ~ 5000 stars, 22 were selected as candidates for follow-up- spe
which E(B-V)> 15. Fields HA0348 and HAL0O413 lie a few de-  troscopy, all falling betweefi < (R — I) < 3 and on the & ex-

2 SELECTION OF SPECTROSCOPIC TARGETSFROM
THE UKST Hao SOUTHERN GALACTIC PLANE
SURVEY
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Figure 2. (R-1) versus (R-H ) for the 1°x 1° boxes containing (a) WR 75c; (b) WR 75d; (c) WR 77aa; and (d) WR The WR stars are highlighted by
open circles.

Table 2. Designations (including J2000 positions) and SHS magegudr the new Wolf-Rayet stars. The WR catalogue names itethiband column are
named according to the conventions of the van der Hucht (2€ftalogue of massive WR stars.

WR No SHS designation SHS ¢ b SuperCOSMOS Magnitudes
Field Ho R 1

75aa SHS J162620.2-455946 413 337.02-2.17 13.85 1531 14.18

75c SHS J163403.6-434025 413 339.65+2.77 12.78 13.96 13.12

75d SHS J163417.5-460852 349 337.86+1.06 13.27 14.03 12.30

77aa SHS J164646.3-454758 414 339.56-0.33 14.59 15.79 13.51

77t SHS J165057.6-434028 414 341.66+0.47 1457 15.87 13.00

these designations.In Talfle 2, we also introduce the IAlistered
naming convention for stars picked out from the SHS: namely,
SHS JHHMMSS.$DDMMSS (J2000 coordinates).

From figureddl anfll2 it can be seen that, with the possible

cess side of the main stellar locus. Objects With— H«) colours
in the excess region, by — I) > 3, were not selected as this
region of the plot becomes increasingly populated with tgfee
stars, whose optical spectra contain molecular bands,halaaxd

to their colours mimicking those of &dexcess objects. WR stars
require~ E(B-V)> 5 in order to display such colours, so this
selection cut also serves to exclude severely reddened star

Basic data for the five new Wolf-Rayet stars, including the
initial SuperCOSMOS magnitudes used to select these abgect
targets, are given in Tablg 2. The R and khagnitudes in the ta-
ble refer to the AAO/UKST measurements, however the | mag-
nitudes listed in the SHS catalogue were derived througttimat
ing SHS sources withl band data from UKST IVN Surveys.

exception of WR 75d, the new WC9 stars were obvious high pri-
ority candidates for spectroscopic follow-up, displayihg largest
(R—Ha) excesses in their subfields. WR 75d appears to lie in a
more populated region of the diagram. However the objecishye
were nearly all discounted for follow-up as on closer insipec
they were revealed to have spurious: ldxcesses resulting from
the confusion of two or more objects in the digitising praces

In the case of the candidate which became WR 75aa, the pro-
cess of checking selected targets against known objectalez/

WR star names have been assigned in line with the conventionthat it had already been identified as a possibie dtnission line

used within the seventh catalogue of Wolf-Rayet stars (van d
Hucht, 2001) and we will hereafter refer to the new WR stars by

star. Known as SPH 146, it was detected in the southern algect
prism survey for K emission objects published by Schwartz, Pers-
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son & Hamann (1977): they described it as showing faint/ttage
Ha emission.

3 UKST/6DF OBSERVATIONS

Spectroscopic follow-up observations of eight SHS fieldsanadb-
tained using the AAO/UK Schmidt 6dF multi-fibre spectrodrap
on 26-30 March 2004, three of which (HA0349, HA0413 and
HA0414) contained the new WR stars presented here. Defails o
the observations can be found in Table 3. Observations wadem
using the 1516R grating, which in conjunction with@4 x 1024
EEV detector having 13m pixels yields a spectral resolution of
2Aanda spectral range of 6195-67X5For the spectra presented
in this paper the observations involved taking both ondaand
sky-offset frames to allow for varying levels of diffusextemis-
sion in the vicinity of our targets.

The data were extracted from the CCD frames and re-
duced using 6dfdr, the 6dF adaption of the 2dfdr softwar&k-pac
age (see http://www.aao.gov.au/AAO/2dt/manuallhtm)ctEab-
ject and sky-offset frame was reduced separately befongtwaim-
bined and then subtracted to produce the final spectra. oy ev
frame, this reduction involved: flat field extraction; fidvg-fibre
arc extraction and calibration; extraction of the obsersectrum
from each fibre with scattered light correction. Each franasw
also processed for cosmic ray hits, which the software reahov
by assuming that these corresponded>®20o outliers. No fibre
throughput calibration was applied to these data. Oncenttiigid-
ual frames were reduced, the sky offset frames were reexahtin
identify any fibres including unwanted starlight and, if pibde, to
replace them with uncontaminated data from a differentrskgé.
No replacement was necessary for any of the offset pointisgs
sociated with the new Wolf-Rayet stars. The reduced framese w
then processed in 6dfdr to produce two combined averagetfa
one for the object frames and another for the sky offsets.skige
subtraction was then accomplished using FIGARO routinéigimvi
the Starlink software suite to subtract the combined offiene
from the combined object frame, after appropriate scalliins re-
duction process yielded a single wavelength-calibrataché for

counts / 104

a I I L I I L L I L I I
6250 6300 6350 68400 8450 6500 §550 6600 6850 6700 6750
Wavelength

ecunts / 10°
®
o
T

WER 7T7aa

WE ¥7t

) L 1 L 1 L L
8250 6300 6350 8400 &450 B500 B550 6600 6650 8700 8750

Wavelength

Figure 3. The 6200 - 6800 spectra of the 5 new WR stars, offset verti-
cally. Upper: WR 75d, 75¢ and 75aa. Lower: WR 77aa, 77t. Nugedif-
ference in scale between the two panels.

each field which contained between 80 and 120 spectra, each ofThe strongest emission feature seen in the 6dF spectra5#ta.6

1032 pixels. As a final measure prior to analysis, the spdotra

WR 77aa and WR 77t — the faintest of this sample — were redis-

tributed into 2 pixel bins to reduce the noise level.

4 THE 6DF SPECTRA OF THE 5WR STARS

The extracted stellar spectra are shown in fiddre 3. It is imme
diately evident that all five stars are of a similar specttab-s
type. The emission lines present have been identified throug
use of the Atomic Line List v 2.04 maintained by P. van
Hoof,(http://www.pa.uky.edu/peter/atomic/), and are listed in Ta-
ble[d. All are due to ionised species of helium and carbon.

Initial identification of the spectral subtype of these staas
accomplished though comparison of the 6dF spectra withgae-s
trophotometry of Wolf-Rayet stars presented by Torresdaod&
Massey (1988). This allowed all five to be identified as beillonto
the WC9 subtype. Figue 4, illustrates the trends preseahgrate
type WC stars and confirms our assignments as we now describe.

The spectra shown in figufd 4 illustrate the fact that as the
WR subtype decreases toward earlier types of higher eixgitat
the lines broaden as many features become blends of sevesl |

blend of Hell 6560A and Ci1 6578,82A, is a good example of this
process: The helium line grows in prominence within the 8l@o-
wards earlier spectral types. Examination of fidlre 4 shtvasthe
shape of the line profile of the 6570 A feature changes markedly
between subtypes WC8 and WC9. In the WC8 spectrum this fea-
ture is very obviously a blend, with the IC6578,6582A doublet
weaker than the He 6561A emission, but in the WC9 spectrum
the blend is dominated by €, with Hel 6560A virtually absent.
Since the measured central wavelength of the feature inpmatis
is 6577.54 in four cases and 6573&in the other (WR 75aa), im-
plying C1i dominance, a spectral type of WC9 is implied for all five
stars. In support of this assignment, the H6405 A emission in
our WR stars is weaker than the adjacent carbon-dominat2i/64
and 65154 emission features, as seen in the WC9 spectrum shown
in figured.

The Starlink DIPSO package was used to spectrally fit the
lines and provide values for equivalent widths (EW) andviidiths
at half maximum (FWHM). For the weaker line EW determinasion
and all FWHM measurements, gaussian fitting was used. To pre-
pare for this, continuum fits were derived for each spectrach a
then divided. This procedure was hampered by the narrowtrsppec
range: the red end of the observed spectra lies at érahd, as
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Table 3. Log of SHS 6dF follow-up observations conducted from 26tBthavarch 2004.

6400 6450 6300 6550 6600 6630 B700 67350

Wavelength

Field RMag Observation UT Object frame  Sky-offset  Seeing hebt
range date Start exposures exposures information
HAL0349 12-14 26-03-2004  13:38 6x1200 2x1200 ~1” offset (RA,Dec:-5 -10, +10 +5)
HALO413 12-14 28-03-2004 13:50 3x1200 1x1200 ~2” offset (RA,Dec:+12 +7)
HAL0413 14-16 29-03-2004 14:50 6x1200 3x1200 ~ 2" offsets(RA,Dec:+12 -7, -7 +12, +7 +12)
HALO414 14-16 27-03-2004 15:44 6 x 1000 2 x 1000 2'- 4 offsets(RA,Dec:-12 -7, -7 +12)
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Figure4. Example 6200 - 7008 spectra of late type WC stars. WC7=WR
90, WC8=WR135, WC9=WR103. The vertical dashed lines indithe

limits of our 6dF spectra.

figure[d shows, this part of the spectrum is crowded with eimniss
lines which make accurate continuum determination diffidebr
all objects the continuum was estimated separately foragmns
6195-6650A and 6530-6775\ using a linear fit in both sections.
Figure[® shows an example continuum-subtracted speateafiti
for WR 75c: this demonstrates the need to determine the EVAeof t
6570 A and 6680A blends by the more direct device of integra-
tion of the emission profile counts — simple gaussian fits és¢h
clearly non-gaussian features typically overestimatelitiee EW.
The EWs for the 657G and 6680A blends in TablEM were mea-
sured by integrating the net line emission counts after atising
the spectrum locally. It was not possible to fit all the listedission
features for all 5 stars: e.g. for the faintest member of trape,
WR 771, gaussians were only fitted to three features.

Figure 5. Example spectral line fitting. The 6375-6776 spectrum of
WR 75c¢ (black), with the gaussian fits overlaid (red).
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Figure 6. FWHM data for the 6570k feature as a function of WC star sub-
type, taken from Torres-Dodgen & Massey’s 1988 spectraphetric atlas.
All of the WC stars of subtype 6, 7, 8, or 9 in this catalogueavesed, pro-
vided data in the 6506, region of their spectra were available. Solid lines
indicate the FWHM range spanned, filled squares show the mRé&4AM

for the subtype while the FWHMs of the new WC9 stars are inditavith
arrows. The FWHM were measured via gaussian fitting.

shows that, the later the spectral subtype of the star, thdlenthe

FWHM of the 657GA emission line blend. All five of the WC stars

in our sample fall within the FWHM range for these WC9 stang] a
Some support for the classification of these stars as membersoutside the range shown by the WC8 stars. WR 75aa is less clear

of the WC9 class comes from applying the same FWHM fitting cut: it presents with the largest FWHM, as well as the shodes-

method to the 657Q feature in the WR spectra in the spectropho- tral wavelength for this blend — both suggesting a leaningatd

tometric catalogue of Torres-Dodgen and Massey(1988)refg

the earlier spectral type.
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Table 4. Identification and measurements of emission lines in th&&IF5A spectra of the new WR stars.

Wavelength ~ Transition ID WR 75aa WR 75¢ WR 75d

(A) -EW@A) FWHM(A) -EWA) FWHM(A) -EWA) FWHM(A)

6405 He Il 15-5 11.20.7 26.2£5.2 57409 18735 5.0:0.5  36.74.9

6462 Cll 2626g—2s24f 20.1£1.9 36.9:4.2 10.4:1.1  28.5:3.4 6.10.4 27.82.1

6515 C Il 2s9h-2s6g 12.41.4 26.743.0 10.8£1.1  27.3:2.6 3.2:00.2  17.1#15
He Il 14-5

6570 He Il 6-4 16210  40.8:0.4 158£3 32.6:0.3  74.0t0.8 32.8:0.2
C Il 3p—2s2

6680 He | 1s3¢-1s2p 17.2£5.0 29.5:2.4 38.745.0 26.7:0.4 12.8:0.9  26.6:0.6
He Il 13-5

6735 C 1 M21,M16.03 75.82.6 35.91.5 74.8:1.1 35206 34704 33.5:0.4
C M3

Wavelength  Transition ID WR 77aa WR 77t

A) -EW@A)  FWHM(A) -EW@A)  FWHM(A)

6405 He Il 15-5

6462 Cll 2626g—2s24f  28.0£3.1 41.3t5.6 10.4:2.3  9.8£2.1

6515 C Il 2s9h-2s6g 11.32.3 27.8:6.2

, He Il 14-5

6570 He Il 6-4 17&10 29.3:0.4 105:10  32.2t1.6
C Il 3p—2s2

6680 He | 1s3¢-1s2p 325 19.0£2.1  32t5 27.4+5.6
He I1 13-5

6735 C I M21,M16.03 53427 29.5:1.7
C M3

Whilst the five WC9 stars have very similar spectra, there are 5 DUST EMISSION, REDDENING AND DISTANCE
some significant differences between them, which are natkmhb DETERMINATION

Diffuse interstellar band (DIB) absorption is seen in thecsp 5.1 Reddening estimation

tra of both WR 75c and WR 75d. For WR 75d the DIBs at 6284  The next step in assessing the physical properties of thevsVi
and 6613A are both seen, while WR 75c shows evidence of ab- stars was to determine the interstellar extinctions tos/érdm and

sorption at 62844 only. The DIB properties will be relevantto the  to decide if they display NIR colours indicative of circurekr
discussion of reddening in the next section. dust emission. Of the 30 WC9 stars contained within the Shven
catalogue of Galactic WR stars (van der Hucht, 2001) onlye5 ar
listed as not possessing circumstellar dust. Most of thevknd/C9
stars (18) are known to display evidence of either persisievari-
able dust emission. The remaining 7 in the catalogue areilijeav
reddened 4 ~29 mag) stars within 30pc of the Galactic Center,
for which it is to difficult reach any conclusion.

To estimate the reddening of our WC9 stars, data from the
2MASS and GSC 2.2 catalogues were obtained for 11 well stud-
ied WC9 stars and the five newly discovered objects (Tabl&/g).
split the 11 known WC9 stars into the group of five without NIR

Almost the opposite pattern of EW ratios to that observed for €Xcesses and a group of six with excesses. We chose to use the
WR 75c is seen in the spectrum of WR 77aa. When compared to the2MASS JH K and GSC 2.27 magnitudes to derive measures of
other WC stars presented here, theiHentribution to its spec-  the spectral energy distributions (SEDs) of our sample s eea-
trum is slight: there is no definite detection of IH8408, while the sonably uniform data on all 16 WR stars are contained withzse
6570 A blend is somewhat redshifted and narrower compared to catalogues. Tabld 5 gives the relevant magnitudes.

the other WC9 stars presented here, suggesting little ibatiom The initial assumption of our method for determining redden
from Hell 6562. ings is that all WC9 stars have similar unreddened optid®/N

colours, allowing the better known examples to serve ag-refe
ences SEDs for the newly discovered objects. More spedyfical
Lastly we note that binarity is suspected for WR 75d on the we dereddened the magnitudes of the five WC9 stars without NIR

basis that the EW of its 6578 emission blend is under half that  dust excesses, in order to obtain their intrinsic colourghvivere
seen in WRs 75aa, 75¢ and 77aa. This cannot be more than a susaveraged to use as template colours. In the process we rated t
picion since WR emission line EWs show significant differesc WR 92 is somewhat discrepant, but not so much that its inmtusi
object to object, even among apparently single stars (eged@& significantly altered the derived SED template. Initiatlyg consid-
Conti, 1984). ered just red and infrared wavelengths. For these stars o tte

Relatively strong emission in the He6405A line is shown
by WR 75c. The strength of this line compared to the carbagslin
is a possible indication that this star belongs to the snudijgoup
of WC9 stars that have never shown evidence of circumstlisr
emission. This view derives from the work of Williams & vanrde
Hucht (2000) in which it is shown that other WC9 stars of thjset
(WR 81, 88, 92) also possess relatively enhanced ldeission.
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Table 5. Magnitudes for a selection of known WC9 stars and for all fieevly-discovered WC9 stars. The; and I magnitudes are taken from the USNO
B1 catalog, the? magnitudes are from the GSC 2.2 catalog, whileftf¢ K’ magnitudes are 2MASS measurements.We also quote apptexingX A-band
(8.28 um) magnitudesing . 2g, where available. Exceptions are the R mags for WR 103 - téken the USNO catalog and the | mags of WR 119 and 77t
taken from the DENIS catalogue.

WR By R I J H K ms.28

Known WC9 Stars without NIR dust excesses

75a 16.2 14104 11.96:0.3 9.96+0.02 9.18:0.03 8.50:0.02

75b 158 14.30.4 11.65:0.3 9.76:0.03 9.06:0.03 8.36:0.03

81 13.2 11.605 10.18:0.3 8.29+0.02 7.76£0.05 7.12£0.02 5.8
88 14.1 11.604 10.620.3 9.03:0.02 8.56:0.04 8.05:0.04 6.7
92 10.5 10.20.1 10.12£0.3 9.5Gt0.03 9.22£0.03 8.82£0.02

Known WC9 Stars with NIR dust excesses

65 144 12304 10.96:0.3 8.46:0.02 7.28:0.05 6.120.03 4.5
73 155 13.%0.3 11.8%#0.3 10.32£0.02 8.790.05 7.470.02 4.8
95 145 12311 10.920.3 8.29:0.02 6.620.03 5.270.02 2.4
103 8.9 8.#0.3 8.64:0.3 7.75:0.03 7.210.05 6.370.03 4.3
104 139 12.30.4 10.3%0.3 6.674-0.03 4.34£0.24 2.42:0.26 -1.9
119 13.3 11.304 10.990.3 9.5@:0.02 8.43£0.06 7.2%0.02 4.8

New WC9 Stars

75aa 17,5 154£0.2 14.35%0.3 12.030.02 10.730.02 9.46t0.02 6.9
75c 16.4 14.20.2 13.1%#0.3 11.630.02 11.120.02 10.52:0.02

75d 17.0 14.80.2 11.990.3 10.68:0.02 9.880.02 9.12+0.02

77aa 19.3 1640.2 13.54:0.3 10.04t0.02 8.210.02 6.73:0.03 4.0
77t 18.9 16.#0.5 13.850.4 10.65-0.03 9.410.02 8.32:0.02 6.0

Ay values from Table 28 of the seventh catalogue of WR stars (van WR 103 which cannot be assigned to either category solelyi@n t

der Hucht, 2001) and used the tabulation/f/Ay- of Cardelli, basis of their(R — R(x)) values. These are ‘intermediate’ cases
Clayton & Mathis (1989) to derive dereddened magnitudeb @it where (R — R)) ~ 1. For the newly discovered WC9 stars,
standard Galactic reddening law, corresponding to R=pgljed. we find that both WR 75c and WR 75d appear to be without NIR

To estimate the reddenings towards other stars in our sample dust emission, increasing the number of recognised Galaxth-
we dereddened their observed NIR magnitudes until the batstm ~ dusty’ WC9stars from5to 7. In WR 77th— Rk, ) is ~ 1 making
to our adopted dereddened NIR colours was achieved. Inthis p  itintermediate such that we cannot exclude or confirm theeuee

cess, we attached the highest weight to matcliihg- K). How- of a NIR dust excess.

ever, this method can only give reliable reddening estisttethe The problem, for extinction estimation, of dust emission-co
minority of WC9 stars without dust emission. When instebhdyre taminating the NIR SEDs of WC9 stars can be overcome by using
is significant contamination of the NIR SED by dust emissibig shorter wavelength magnitudes that are uncontaminatedhi3o
approach results in an anomalously high derived visuahetitin. end, theB; magnitudes of the stars in our sample given in the

The listedAy, ) errors in Tabl€l6 take no account of this system- USNO B1.0 catalogue were collected, and are believed tode ac
atic difficulty. They indicate only the results of propagatthrough rate to+ 0.3 magnitudes (Monet et al. 2003). Essentially the same
the errors inherent to the photometry. reddening determination method was then applied to al stasur
Overestimation ofy k), due to the contamination of, espe- sample, with the difference that all stars were dereddemadbom-
cially, K-band light by warm dust emission, can be put to use as a mon intrinsic(B; — J) value, in place of J — K). The(B; — J)
useful pointer to NIR dust emission. To do this and to testttiiel- colour index was chosen for this purpose because it covees a r
ity of the Ay, k) values deduced from matching the NIR colours, 9ion of the SED which we would expect to be far less affected by
we used our derived intrinsic WQ® — K) colour, first to obtain ~ dust emission than (J-K) whilst spanning a wide wavelengtige.
dereddened? magnitudes from the deredden&dmagnitudes for ~ Since the photographiB,; bandpass is a broad one and these WC9
all 16 WC9 stars in the sample, and second, ‘predicted’ reeidle  Stars are significantly reddened, we re-used the group dfrfioen
R magnitudes (reddened by amounts consistent with the 2MASS WC9 stars without NIR excesses, this time to serve as tepptat

NIR colour fitting). In the absence of NIR dust emission these establish a best estimate for the effgctive wavelength efBh
dicted magnitudesR i), should roughly match observedl mag- bandpass. We found this to be4800A, fixing A(p,)/Ax to be
nitudes taken from the GSC 2.2 catalogue. For stars with NiR d ~ 1.1: these give a mean intrins{@, — J) colour of -0.5 for the
emission, this procedure yields clearly discrepant, éimagni- catalogue reddenings of these five objects. Resulting atesof
tudes than those observed. Hence, objects with laRje R k) extinctions @Ay, (p)) calculated on this basis for all the WC9 stars

are picked out as NIR excess objects. The results of apptyiisg are listed in Tablgl6. The errors on these estimates are frgan
check to our sample are given in Tafle 6. In this way we suecess Propagation of photometric error only.

fully reproduce the division of the known WR stars into theRNI For the already known WR stars there is now reasonable, if
excess and no-excess categories, with the exception of WHR®@2  less precise, agreement between our new estimated eatiagti
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Table 6. Reddening and distance estimates. The column headed*do&t?® wh

ether NIR excesses attributable to dust emiss@pr@sent. The following

columns give derived reddenings and related quantiflgs;.,.) is the visual extinction given in Table 28 of the seventh logtze of galactic WR stars (van
der Hucht, 2001)Ay,, k) is the extinction we derive using the 2MASSY K data; R — Rk is the difference between the GSC ZZ2magnitude and the
predicted R magnitude based on the NIR-based reddeningagstidy, gy is the extinction obtained from thg3; — J) colour; Dcq: is the distance also
given in Table 28 of the WR catalogue (van der Hucht (20@2)is the estimated distance, and was used in conjunction Wéh3alactic co-ordinates to
estimateR, the galactocentric radius. The data in these columns weieed using a reference SED determined from the mean demedccolours of the 5

non-dusty WC9 stars WR 75a, 75b, 81, 88 and 92, adopfipgvalues from van der Hucht(2001).

WR dust? AV,cat AV,(K) R— R(K) AV,(B) Decat D Ra
(kpc) (kpc) (kpc)

Known WC9 stars without NIR dust excesses

75a no 8.1 8.6:0.6 -0.1 8.2:0.4 1.6 3.305

75b no 8.9 8.20.7 -0.5 7.9-0.4 23 3.6:0.6

81 no 6.4 6.20.5 0.5 6.6:0.4 1.6 1.40.2

88 no 6.0 5.80.7 0.1 6.740.4 23 1.#03

92 no 2.1 4.6:0.6 1.2 1.8-0.4 3.8 5.@0.8

Known WC9 stars with NIR dust excesses

65 yes 76 13406 2.4 7.8:0.4 3.3 1.60.3

73 yes 6.9 16.460.5 4.6 6.9-0.4 39 3.806

95 yes 7.4 17404 4.2 8.2:0.4 21 1.40.2

103 yes 1.8 8.10.7 1.6 2.6:04 22 2304

104 yes 72 24F1.7 6.1 8.740.4 23 1.1%0.2

119 yes 44 13105 4.3 5.3:04 33 2504

New WC9 stars

75aa yes 1580.5 3.6 7.3£0.4 8.4t1.3 3.4-0.8

75¢ no 6.5:0.5 0.5 6.4+0.6 6.2£1.4 3.5:1.7

75d no 9.10.5 0.2 8.3+0.4 4.3-0.7 4.8t14

77aa yes 19:80.6 31 11904 2204 6.5t1.0

77t 13.6+0.6 0.9 10.3t04 3.9t0.6 4.9-1.5

Ay, (), and the already published catalogue valuég, (...)): the
mean difference is-0.5 magnitudes. As a necessary result of the
method adopted, the agreement in the mean is best for thenknow
WC9 stars with no apparent dust excess, since these prothéded
mean templat¢ B; — J) colours. There is evidence of a positive
offset for the known WC9 stars showing NIR dust emissionhin t
sense thatly, z) always exceedsly, ... This excess is most no-
ticeable for WR 104. We attribute this to dust emission being
greater contaminant of thé band flux in this object. Nevertheless
it is clear thatAy, () is a very much better measure of the visual
extinction for objects with dust emission thaly (k).

We conclude that for WR 75c¢ and 75d, without NIR contin-
uum excesses, thaty, ) = 6.1 & 0.5 and8.8 £ 0.5 are to be
preferred as extinction estimates. For WR 75aa, 77aa andn/7t
which there is evidence of dust emission, the more appragima
estimates exploiting blue photographic magnitudes arestprb-
ferred: namelyAy, gy = 7.3 £0.7,11.9 £ 0.7 and10.3 £ 0.7.

5.2 Distance estimates, observed SEDs and other data

The derived extinctionsdy, (z), can be combined with the tabu-
lated GSC 2.2R magnitudes and the assumptidtfyy = Mr =
—4.6 (using the value of\/y, from van der Hucht 2001), in order
to estimate distances to the newly-discovered WC9 staesd are
given in the penultimate column of Tallg 6. The errors spextifi
are likely to be optimistic given that the distances calmddor the
known WC9 stars differ from their catalogued values by 1-@ kp
differences larger than the errors deriving from the phetio un-
certainties alone. The probable causes of this scattehaitemnited
reliability of the individual GSC 2.2R magnitudes and uncertain-

ties in Ay due to possible differences between the assumed and
actual reddening law for different objects. In addition,cenm the
known WC9 stars with NIR excesses, there is evidence of aisyst
atic effect such that our estimated distances are alwayewod his
can be explained by thdy, ) estimates being typically higher
than they are in reality (as we suspect, see above in Sectipr/8e
conclude that the distance estimates to the five newly-dised
WC9 stars are rough values only — more reliable CCD photgmetr
can certainly improve the situation. For WRs 75aa, 77aa &td 7
there are further grounds to suspect our distance estimatesn
the low side.

In figureld we plot the optical and NIR colours we have gath-
ered from the literature on the newly discovered objectorfirms
that WR 75¢c and WR 75d are, in the NIR at least, the most similar
in colour to the non-dusty WC9 stars. Because of this andube s
cess with which we are able to ‘predict’ the GSC &R 2nagnitude,
we are confident we have measured the visual extinctions of WR
75c and WR 75d in a self-consistent way.

We have checked for MSX (Egan & Price 1996) detections
of mid infrared (8.28um) emission at or near the positions of our
sample WC9 stars. This shows the expected correlation betwe
detectable NIR excesses and mid-IR flux: the 3 new WC9 stars
deduced to have NIR excesses were detected by MSX, while the
two without excesses (WR 75c and 75d) were not. ithe:s mag-
nitudes included in TablEl5 are based on a zero magnitude flux
from Vega at 8.2&m of 55 Jy, derived by normalising a Kurucz
Tea =9400 K, log g = 3.90 model to Vega’s 5586ux of 3540 Jy.

The IR emission of the newly-discovered WC9 stars is faiaint,
which should not be a surprise given that they escaped dmtdnt
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Figure 7. The observed SEDs of the newly discovered WC9 stars. For aisgm, the data on the non-dusty star WR 81 are also pldtteslordinate is the
broadband magnitude difference,y, — m s, and is derived from the data given in table 5, and threagnitudes given in the USNO B1 catalogue. At NIR
wavelengths, WR 75¢ and WR 75d (shown in blue) are most like84/Rshown in red) even before dereddening.

Table 7. Identification and measurement of the observed DIB features
Aref @nd,.. s refer to the properties of HD 183143.

)\,;ef )‘OJ’S FWOHM EWT%f EWU,O,]- AV,(DIB)
(A (A) (A) (mA) (mA)
WR 75c:
6283.86 6282.0 6.2 1945 1600 3.3
WR 75d:
6283.86 6282.2 8.5 1945 3400 6.9
6613.62 6612.5 2.8 358 500 5.5

previous IR colour-based searches for dusty Wolf-Rayes $&ag.
Cohen’s 1995 IRAS search).

As mentioned in section 4, both of the new WC9 stars lacking
NIR dust excesses display DIB absorption features in tipeictsa.
The EWs of these DIBs can be compared to those of HD 183143,
the standard DIB reference object (Herbig 1995), in ordeskio
tain a rough lower limit to the interstellar reddening. Thé&/End

mags) of the five WC9 stars discussed here, not far short dfthe

= 13.6 estimated by Clark et al. (2005) for a number of OB super
giants at the core of Wd 1, for which Clark et al. estimate tadise

of 2 — 5.5 kpc. The distance of 2£1.4 kpc derived here for WR
77aa opens the possibility of association with Wd 1.

6 DISCUSSION

The allocation of a WC9 class to all five of the WR stars disedss
here is consistent with the already known galactic distiisuof
this class of object. The 5 WC9 stars presented here falliwith
337.0° < £ < 342° and —0.35° < b < 2.80° with galacto-
centric radii in the rang8.4 < Rg < 6.5 kpc (Table[®). This
finding is based on distance estimates that are presentbrtairc
by as much as-2 kpc. Once CCD photometry becomes available
for these newly-discovered WC9 stars, these errors will fal

The small region encompassing the five new Wolf-Rayet stars
partially overlaps the area covered by the Shara et al. (1°2H9)
survey for galactic WR stars, with WR 75aa, 75d and 77aa all

FWHM values of the DIB features were measured using the same falling within the overlap region. Their survey used the pam

spectral fitting procedure as was applied to the emissi@s Jiand
the results are given in Tale 7. The, (p; 5 values for WR 75¢c
and 75d resulting from such a comparison are considerablgrio
than those estimated from their NIR colours in Tdle 6. Thig-s
gests that about half of the reddening towards these staysma
associated with molecular gas — not commonly thought to thest
DIB carriers — rather than with diffuse-cloud atomic gad thaes.
(see Herbig 1995 and references therein).

The coordinates of WR 77aa place it within 5 arcmin of West-
erlund 1, the star cluster which first motivated our investiimn of
this region. WR 77aa has the largest reddening A 11.9 = 0.7

ison of narrow and broadband photometry centred on the 4686
WR emission line feature to select WR candidates for spsctic
observation. It probed down to a blue magnitude~d® and was
considered to be complete for the detection of single WRssiar
the 90% level down tev17.5. The broadband magnitudes listed
by Shara et al. for the stars discovered by their survey terbt
fainter than theB ; magnitudes for the same stars given in either the
whole-sky GSC 2.2 or USNO B1.0 catalogues. This no doubt re-
flects the difference between effectiiBemean wavelengths, which
are somewhat shorter in the Shara et al measurements. Hpasve
USNO B1.0 magnitudes are also available for the new disteser
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Figure8. A plot of GSC 2.2R magnitudes against USNB; magnitudes
for the WR stars detected by the Shara et al (1999) surveyed$dithern
Galactic Plane (open squares) and the newly discovered V&ES gre-
sented in this paper (filled squares). Only 27 of the 35 WRsslatected
by Shara et al. are plotted, as not all stars in their sampla¢l@ble data
available from both the GSC 2.2 and USNO catalogues.

we need to use them in comparing tBe and R magnitudes of the
new WC9 stars with those of the Shara et al sample[{JFig 8). This
comparison demonstrates that the new Wolf-Rayet starstedle
from the SHS, withR magnitudes in the ranget < R < 16,
overlap with and reach beyond the faint end of the Shara etral s
vey.

The Shara et al (1991) survey was the last large scale opti-
cal survey for galactic WR stars. All other galactic WR st&-d
coveries since 1991 have either been the result of the sifitas
tion of previously known emission line objects or resulteonf
NIR/MIR/radio observations. Longer wavelengths suffar lsss
severely from the effects of extinction, and so allow theedébn of
WR stars in distant parts of the galaxy obscured by largencotLof
dust. Recent WR star searches have therefore focuséd lband
(2um) observations. In such searches there is a potential dias t
ward the discovery of WC9 stars with NIR continuum excesses a
they are brighter at NIR wavelengths. But, at the same timis-em
sion line EWSs in WC9 stars NIR spectra may be reduced by the
added dust continuum, and therefore become harder to detect

In order to estimate the frequency of occurrence of dust-emis
sion in late WC stars, a sample that is flux-limited at wavgles
shortward of 1um could help avoid the biases that might be act-
ing at longer wavelengths. Of the five newly-discovered Wt@ss
presented here, selected via their strong G\6578,6582 emis-
sion, two have turned out not to possess NIR excesses &inibu
to dust. Up to now, just five — out of the more than 30 known WC9
stars — have been recognised as belonging to this categuige T
of them were discussed by Williams & van der Hucht (2000). The
other two, WR 75a and 75b, were products of the Shara et al sur-
vey, and were recognised as lacking NIR excesses by van it Hu
(2001). So all seven objects, making up this group, are aiptiis-
coveries.

It was noted a long time ago (e.g. Smith 1968) that Galac-
tic WC9 stars are found only inside the Solar Circle. Desfite
large increase in the numbers of known Galactic WC9 stargsin
then, this conclusion still holds. In the lower metallicibarge
Magellanic and Small Magellanic Clouds, no WC9 stars atrall a

known' AT99-4 is listed as type WC9+08V in the Breysacher et al
(1999) catalogue of WR stars in the LMC, but it is noted thé th
typing had been dismissed by Moffat (1991). Heydari-Matage
Melnick (1992) confirmed that the older WC9 assignment was no
warranted. . In contrast to this, M83 — a metal rich spira¢ like
Milky Way — has been shown to host a large humber of late WC
stars, including some WC9s (Hadfield et al, 2005). Anothpeets

to this is the recognition that there is a gradient in the nerrdd

WC type stars relative to WN stars such that the WC types are
relatively more numerous at smaller galactocentric degarR¢,
Massey & Johnson 1998). Our selection should not be biased to
wards the selection of WC9 stars as all WR subclasses show H
Hell or C emission which falls within our Zf()bandpass (cf. dis-
covery of WO star WR 93b, Drew et al 2004). All 5 sharing the
same WR subtype can therefore be seen as an indication afgthe p
ponderance of late WC stars in the inner Milky Way.

However the fact remains that extrapolation inwards of tre S
lar Circle of the trend in the surface densityadf types of WR star
would indicate many more WR stars Bt; < R might well be
present than are actually known (see figure 10 in van der Hucht
2001)! Accordingly, it is interesting and encouraging tties rela-
tively shallow trawl of 4 SHS fields, based on red rather thtree
infrared or short wavelength optical data, has already yred 5
new strongly-reddened WR stars scattered across a«8sguare
degrees, albeit embedded within a total search aread8fsquare
degrees. No two of the stars found are likely to be within trae
cluster. We conclude that optical searches of the GaladtineP
for new massive WR stars remain worthwhile, if taken to great
depths ofR ~ 19 that still lie well within the grasp of even 4-metre
class telescopes.
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