A&A 371, 908-920 (2001)
DOI: 10.1051/0004-6361:20010410
© ESO 2001

Astronomy

Astrophysics

The open cluster Havlen—Moffat No. 1 revisited***

R. A. Vazquez™*

and G. Baume!

Observatorio Astronémico de La Plata, Paseo del Bosque s/n, 1900 La Plata, Argentina

Received 2 November 2000 / Accepted 7 February 2001

Abstract. A deep CCD UBVRI photometric survey combined with UBVRI polarimetric observations of 21 bright
stars was carried out in the region of the open cluster Havlen—Moffat No. 1. Our data reveal that the extinction
law in this cluster is variable and that six cluster stars show very high polarisation values (>4%), probably because
of the presence of a nearby small dust cloud. The cluster is at a distance of d = 3300 pc, it is 2-4 Myr old and the
initial mass function of its most massive stars (M > 3 M) has a flat slope of  ~ 0.7. As an additional result,
it was possible to reconcile the absolute magnitudes of the two WN7-type members using the R—values valid in

the regions where they are located.
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1. Introduction

Havlen—Moffat No. 1 (hereafter HM1) = C1715-387 (I =
348.7°, b = —0.8°) is a compact group of stars that is
particularly interesting due to the presence of WR- and
Of-type stars (Stephenson & Sanduleak 1971; Sanduleak
1974). Situated in the inner part of our Galaxy, in the
spiral II-arm beyond the Sagittarius arm, this cluster is
a highly reddened object projected against the HII re-
gion RCW 121 (Georgelin & Georgelin 1970; Rodgers
et al. 1960). A first attempt to establish the cluster pa-
rameters comes from Havlen & Moffat (1977, hereafter
HM77) who carried out UBV photometry of over 20 stars
and spectroscopy for a handful of them. Lundstrom &
Stenholm (1984) studied the two WR stars whereas Thé
et al. (1982; hereafter TAH82) employing Walraven and
VRI, JHKL photometry, extended the HM77 work, set-
ting the cluster distance between 2.9 and 3.9 kpc. They
suggested that four of the brightest stars have near in-
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frared excesses and that HM1 stars are probably exciting
the HII regions RCW 122 and 123. It is curious that this
cluster did not receive more attention in the past, despite
being a highly reddened object containing stars that are
key objects to understand the stellar evolution of massive
stars. More recent specific information on the WR, stars
appears in Crowther et al. (1995), where they were classi-
fied as WNT7+(abs?), and in Walborn & Fitzpatrick (2000)
who re-classified LSS 4065 as a weak line WNS8-A star.

Taking into account the importance of the stellar pop-
ulation in HM1, we intend to improve its observational
parameters using a large star sample. In the first approach
of TAHS82, the reddening law in this cluster was assumed
as normal; however, this assertion based on VRI, JHKL
photometry of only 4 of the bright stars requires fur-
ther verification with more extensive UBVRI photometry.
Besides, to determine a more accurate cluster age and to
provide a better distance estimation, a photometric sur-
vey including faint stars is clearly needed. On the other
hand, with such a survey it is possible to build the lu-
minosity and initial mass functions of the most massive
stars in the cluster. These two functions are of crucial as-
trophysical interest (Miller & Scalo 1978) because they
provide us with information on how many of the bright
stars have ended their lives as supernovae, how much me-
chanical energy coming from them was injected in the in-
terstellar medium and how many unobservable faint stars
(which are important in the dynamical evolution of this
kind of system) are expected to be found (Will et al. 1995).
Bearing this in mind, we decided to perform extensive and
deep photometry, including also polarimetric observations
of several bright cluster stars. This last type of study was
designed to observe the state of polarisation of the in-
terstellar medium towards this highly reddened object.
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Fig. 1. Finding chart of HM1 showing the positioning of the five frames. The size of the symbols is approximately proportional
to V. Some star numberings from HM77 (1 to 24) and TAHS82 (starting at 25) are given as a guide. Those in brackets are from
the present work. Cluster boundaries are indicated by a 3’ radius circle. North and East are also indicated

In Sect. 2 we present details of the observations and of
the data reduction processes in both photometry and po-
larimetry; in Sect. 3 we discuss the cluster membership
and the reddening law and then we derive the main clus-
ter parameters, distance and age. In Sect. 4 we compute
the luminosity and initial mass function of the cluster.
Conclusions are presented in Sect. 5.

2. Observations
2.1. Photometry

CCD UBVRI (Cousins system) photometry for 802 stars
in the region of the open cluster HM1 was obtained in
May 1993 and May 1997 using the University of Toronto
Southern Observatory (UTSO) telescope, Las Campanas
(Chile). Four zones were measured in 1993 when the tele-
scope was equipped with a PM 512 x 512 METACHROME
UV-—coated chip (4 on a side, 0.45” /pixel). In 1997 we
used a new Kodak CCD 2032 x 2048 UV—coated (7' on a
side, 0.40” /pixel) chip 2 x 2 binned and glycol refrigerated
to cover the additional large area on the tilt depicted in
the finding chart in Fig. 1. On this occasion, a comparison
field 15’ north of HM1 was also exposed.

To improve the signal-noise ratio of faint stars, we com-
bined two long exposure frames of 700, 450, 200, 110 and
110 s in the UBVRI filters respectively. Moreover, to avoid
saturation among bright stars, short exposures of 40 and
50 s in the RI filters were additionally taken. The nights

were photometric with seeing values ranging from 1.2"” to
1.4".

We removed instrumental signatures with a combina-
tion of bias and flat field exposures. Using the point spread
function, PSF method (DAOPHOT, Stetson 1987), instru-
mental magnitudes were obtained. They were matched
with the standard system by means of calibration se-
quences in the open clusters NGC 5606 and Hogg 16
(Vazquez & Feinstein 1991a, 1991b; Vazquez et al. 1994)
including over 20 stars spectrally well distributed. For
extinction coefficients we used those of Grothues &
Gocherman (1992).

We adopt as the external photometric error the typical
calibration errors on the order of 0.02-0.03 mag in colour
and magnitude. The internal accuracy of our photome-
try, 0.02 mag, was estimated from the mean differences of
colours and magnitudes for stars with V' < 17 that are
located in the overlapping regions of the different frames.

Figure 2 shows the magnitude and colour errors from
DAOPHOT as a function of V. Up to V =16, the U — B
errors remain below 0.05 mag but quickly rise to 0.3 for
V = 16 — 17 due to the strong absorption in this area.
V = 17 is, therefore, a reliable limit for further analyses
in this text. The CCD photometric catalogue containing
the star identification, the x —y co-ordinates, V', U — B,
B -V, V — R, V —1I values, the cross correlation with
other authors and the available spectral types is provided
in Table 1 (available in electronic format). In the rest of
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Table 1. Photometric catalogue of the HM1 region
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# HM-TAH X Y \%4 B-V U-B V—-R V-I LSS ST Rem  Note
1 1 854.5 487.0 11.02 1.48 0.40 1.18 2.14 4065 WN7/WNS8-A 1/2

2 4 769.3 237.0 11.30 0.42 0.46 0.44 0.53

3 5 975.3 631.2 11.40 0.50 0.19 0.49 0.76

4 2 7225 489.2 11.44 1.49 0.37 1.28 2.28 4067 O41If+ 1 *

Comment: Table 1 is available in full in an electronic version at the CDS. A portion of it is shown here.
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Fig. 2. The error (as given by DAOPHOT) of our photometry
against the V magnitude

this paper, the notation used by HM77 and TAHK2 will
be preferred; however, in those cases where ours is deemed
indispensable, it will be denoted by numbers in brackets.

Eighteen out of 802 stars have UBYV photoelectric pho-
tometry made by HM77. Four of them have also VRI and
near IR photometry made by TAHS82. The mean pho-
tomeric differences given by our measures minus those of
other authors, along with the standard deviations, listed
in Table 2, are quite small except for stars 2, 7, 10, 14, 15,
22 and 24. We found that three of them, stars 2, 10 and 22,
have close companions photometrically resolved. The rest
of the stars with large differences have close neighbours
(at 6”), therefore, contamination and even variability are
possible. Surprisingly, the four TAH82 stars show VRI dif-
ferences exceeding several tenths of our measures. We were
unable to account for this.

2.2. Polarimetry

On three nights of June in 1997 we carried out UBVRI
polarimetric observations of 21 stars using the Torino
Observatory Five—Channel Photopolarimeter attached to
the 215-cm telescope of the Complejo Astronémico El
Leoncito (CASLEO). A set of filters with effective wave-

lengths, \y = 0.360 pym, A\p = 0.440 pm, Ay = 0.530 pm,
Ar = 0.690 pm, A\; = 0.830 pum, and a 15" diameter di-
aphragm was used. The number of observations varied
from 4 to 8 for each star and each night, three stars of
null polarisation, HD 68456, 102365 and 146233, (Gliese
1969), were observed to remove instrumental polarisation.
The determination of the zero point of the polarisation
angle was carried out by observing three stars each night,
namely, HD 111613, 147084 and 187929, (Serkowski et al.
1975). The percentage of polarisation, Py, the polarisa-
tion angle, 0, and their errors are included in Table 3.
The uncertainties in the polarisation angles shown in this
table were computed using (Hsu & Breger 1982):

£p = 28?655—];’-

The cases of large uncertainties, especially in the U and
B bands, require more observations in order to be re-
duced. However, since we are interested in the detec-
tion of large variations of polarisation across the cluster
surface, the accuracy reached in this attempt is quite sat-
isfactory. Assuming that polarisation is produced by in-
terstellar dust and that the wavelength Apax at which
the maximum polarisation Ppax occurs depends both on
the optical properties and size distribution of dust grains
(Greenberg 1968; McMillan 1978; Wilking et al. 1980), we
computed Apax and Ppax for 21 stars from Serkowski’s

law (1973):
)

= exp (k 1n2 (Alz\ax

where k = 1.15. The Pyax and Apax values, the relative fit-
ting error, ep / Ppax are included in Table 3. Figure 3 shows
the Serkowski’s law fittings for all the stars observed.

Py
Pl'na,X

3. Data analysis
3.1. Cluster size

To know how much of HM1 has been covered by our pho-
tometry, we used the Digitized Sky Survey plates produced
by the STScl that include the cluster and its surroundings.
After taking a 15’ radius area centred approximately on
star 1, we calibrated the stellar magnitudes inside it and
computed the stellar density down to V' ~ 16 mag. We
then adjusted the counts using a bidimensional Gaussian
to obtain a density profile by means of which we settled
the cluster angular radius at the point where the stellar
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Fig. 3. The Serkowski’s (1973) law fittings for the 21 stars in our sample. Bars indicate the polarisation errors (see Table 3)

Table 2. Mean photometric differences (our data minus other authors)

| AV A(B-V) AWU-B) A(V-R AV-I) N
HM77 | —0.044£0.04 —0.044+0.02 0.03+0.09 - - 18
TAHS82 0.05 £0.12 — — 0.22+£0.08 0.22+0.12 4

density merges into the background level. In this way we
found a cluster radius of 3’, represented by the circle in
Fig. 1, which is of the same order as the one found by
HM77, 4’. Thus, our photometry properly covers the clus-
ter centre and part of its surroundings.

3.1.1. Cluster analysis

The two-colour diagram in Fig. 4 shows that the HM1
stars are affected by a combination of increasing fore-
ground absorption followed by intense differential redden-
ing inside the cluster. Proper motions of six of our stars
(1,2,4,5, 7 and 10) are reported in the Hipparcos/Tycho
Catalogues. Only the WR star LSS 4065 (star 1) has a
parallax measure, but its error is so huge that nothing
relevant concluded.

By means of a star-by-star comparison of the star lo-
cations in all the photometric diagrams (Figs. 4 and 5)
simultaneously, we confirm most of the members stated
in previous works and included several new ones. There
are five stars: 16, (26), (32), 39 and (52), located above
the path of the reddening for an O-type star in Fig. 4 as
if they had U excess. In particular, stars 16 and (26) re-
semble Be-type stars due to their displacement to the red
side of the cluster sequence in the colour-magnitude dia-
grams (Fig. 5). Although stars 20 and 24 were found to
be likely members by HM77 and TAHS82, after our anal-
ysis, star 20 remains a probable member but star 24 be-
comes a definite foreground star in view of its location
in Fig. 4. As was mentioned above, six stars have proper
motions. Although this is clearly too small a number to
derive independent membership assessment, we want to
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Table 3. Polarimetric data and fitting results

Star Py (%) Pg(%) Py (%) Pr(%) Pr(%) Prax(%) €p/ Pmax
0u (°) 05(%) Ov(°) Or(°%) 01(%) Amax(pm) — Ep-v
1 1.83 £0.20 2.02+0.25 1.91+£0.06 2.00+0.03 1.66=+0.04 2.04 +0.07 0.04

184+ 3.1 22.0+£3.5 18.3+£0.9 18.2+0.5 18.2+ 0.6 0.56 £ 0.32 1.84

2 2.81+0.16 291+£0.11 2.11+£0.08 221£0.04 1.75£0.08 2.64 £0.24 0.09
444+1.6 415+1.1 355 £1.1 40.5£0.5 39.1+1.3 0.45£0.48 1.82

3 4.64+0.84 532+£0.48 5.64+0.09 6.11+£0.05 4.87+0.08 6.04 £0.26 0.04
28.4+5.2 38.8 £2.6 39.0£0.5 37.8+£0.2 39.1£0.5 0.59 £ 0.54 1.84

4 1.26 £0.27 1.66 = 0.07 1.71+£0.10 1.81+0.08 1.7240.18 1.84 £0.03 0.02
156.4 £ 6.2 85+1.3 121+ 1.7 9.6 £ 1.3 16.7 £ 3.0 0.61 £0.20 0.38

5 1.69+£0.39 1.46+0.19 0.99+0.35 139+£0.22 0.86+0.34 1.49+0.15 0.10
179.2 +£6.7 12.6 £3.7 171.24+10.0 173.4+4.5 02+11.4 0.45£0.72 0.59

6 4.57+044 4.45£0.10 4.27+£014 426£0.11 3.55£0.17 4.56 +0.10 0.02
174.3 £ 2.8 2.9+0.6 54+0.9 1.7£0.7 39+14 0.52 £0.22 1.83

7 231+£0.24 2.94+£0.07 292+£0.13 3.17£0.09 3.23£0.19 3.26 £0.09 0.03
10.5£3.0 21.3£0.7 27.6 £1.3 21.8£0.8 249+1.7 0.61 +£0.30 0.39

8 343+0.25 433+0.15 2.60£0.06 2.73+£0.06 2.2240.08 3.07 £0.42 0.14
36.1+2.1 349+1.0 33.5£0.7 37.5+0.6 37.3+1.0 0.47 £0.88 1.85

9 1.84 £0.42 1.47+0.56 1.68£0.61 1.63+0.53 1.64+0.52 1.87 £0.14 0.08
425+£6.5 37.8+10.9 37.0+10.4 379+94 35.1£9.1 0.51 £0.57 1.86

12 588 +£0.35 6.34+£0.25 537+£0.11 5.62£0.06 4.76=£0.08 5.86 £0.27 0.05
13.4+1.7 23.3+£11 21.8 £0.6 21.4+£0.3 22.0£0.5 0.55 £ 0.41 1.77

13 516 £0.27 5.43+0.29 4.87+0.05 5.08=+0.04 4.23+0.06 5.10 £0.15 0.03
342+1.5 36.7+£ 1.5 36.3 £0.3 36.8 £0.2 37.8+0.4 0.58 £ 0.38 1.78

14 1.56 £0.28 1.56 £ 0.09 1.94+0.10 1.99+0.06 1.9240.08 2.01 £0.03 0.02
178.4 £ 5.2 51+1.6 05+14 3.8+0.9 24+11 0.68 £0.22 0.55

15 3.09+£1.53 1.55+0.15 0.43+£0.55 0.44+£0.38 0.74+£0.52 10.05+16.85 1.68
1659+ 14.2 177.3+£2.7 1654+370 181+£244 45.6+20.1 0.12+0.71

16 6.77£0.80 6.44+0.18 4.90+0.06 5.28=+0.06 4.29+0.05 5.28 £0.30 0.06
39.6 £3.4 45.3 £0.8 38.2+£0.3 41.8+0.3 414+£04 0.56 £0.57 2.07

17 0.64 £0.19 1.45+0.12 1.28£0.05 1.35+£0.06 1.07+0.15 1.34 £0.06 0.05
16.8 £ 8.5 10.0 £2.3 13.2+1.0 13.1+1.2 17.1+£3.9 0.61 £0.71 0.55

18 1.46 £0.70 2.76 +£0.72 1.95+0.18 1.944+026 1.63+0.24 2.02+0.11 0.06
4.9=+13.8 244+£74 29.1+£27 421+ 3.8 38.5+4.2 0.54 £ 0.55 1.76

19 2.75£0.70 2.10+1.46 1.35+047 220+041 1.39+0.49 2.18 £0.50 0.23
35673 35.5+20.0 22.3+£10.0 33.9+54 8.4+10.2 0.45 +1.24 1.84

20 4.33£0.28 5.09£0.27 3.94+£0.10 4.27+£0.06 3.49£0.08 4.42 £0.27 0.06
21+1.8 31.5+1.5 27.3+£0.8 30.3+0.4 29.5 £0.7 0.54 +0.51 1.57

21 221+£0.12 2.46+0.11 242+0.05 2.52+£0.05 2.10£0.08 2.54 £0.07 0.03
112+£1.6 109 +£1.3 11.1+£0.6 13.3£0.6 102+1.1 0.57+£0.30 0.59

(29) 2.94£0.58 3.05+0.26 3.13+£0.06 3.21£0.08 2.65£0.10 3.20 £ 0.06 0.02
179.8 £5.7 1783 £2.5 177.9 £ 0.6 0.3+0.7 1785+£1.1 0.58 £0.24 1.43

(44) 3.656£1.04 299+0.43 2.07+£0.17 2.07£0.15 2.06£0.35 2.32+£0.27 0.12
19.2 £8.1 149 +£4.1 171+£23 18.8 £2.0 75+£4.9 0.50 £ 0.98 0.84
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Fig. 4. The two-colour diagram. Symbols are: filled circles for likely members (the WR-stars are shown as open circles); triangles
for probable members; small open squares for non-members; crosses are stars for which no membership could be estimated. The
dashed line represents the Schmidt- Kaler’s (1982) ZAMS, displaced by Egp_v = 1.75 from its normal intrinsic location (solid
line). The arrows show the path of the reddening for O- and late B-type stars

mention that the mean proper motion for the suspected
members 1, 2 and 10 (p1 cosd = —4.4+2.1(s.d.) mas yr—1,
5 = —4.3 £ 2.3(s.d.) mas yr~!) do not contradict the
results based on photometry, while the proper motions of
suspected non—members (4, 5 and 7) differ significantly
from the mean cluster motion.

We explored the possibility of having a “clean” ver-
sion of the lower main sequence of HM1 using a compar-
ison field (77 x 7') located 15" north of it (Fig. 6a) with
a method already described in Vazquez et al. (1997). As
it would prove useless to repeat it here, we will directly
comment on the result of its application as seen in Fig. 6b,
the HM1 V vs. B — V diagram after the subtraction of
field stars. It is apparent from this figure that too many
stars remain to the left of the main sequence while a few
others are on the right side of the cluster sequence, a loca-
tion usually reserved for pre-main sequence stars (compare
Figs. 6b and 5a). However, these two facts are not reliable
results, since our reference frame for field stars does not
seem to represent the field star population against which
the cluster is projected, as there are fewer field stars in
the comparison frame than in the cluster itself.

Intrinsic colours of stars with unique reddening solu-
tion in Fig. 4 (WR stars excluded) were estimated with
the colour excess relation Ey_p / Ep_y = 0.72 + 0.05
X Ep_y following the procedure explained in Vazquez &
Feinstein (1991a) and assuming their luminosity is class
V. Mean excesses Ep_y = 1.84 £ 0.07(s.d.) and Ey_p =
1.49 4+ 0.07(s.d.) were derived from likely members but, if
we include also probable members with U — B, we obtain
Ep_yv =183 +£0.2(s.d.) and Ey_p = 1.49 + 0.2(s.d.);
in both cases these values are close to Eg_y = 1.85
found by HM77. These mean values were used to correct
the observed colours of probable members. For the two
WR-stars we used (B — V)o = —0.22 from Lundstrom &
Stenholm (1984) to obtain their colour excesses. Intrinsic

B-V

U-B

Fig.5. a) The V vs. B — V diagram. The Schmidt-Kaler’s
(1982) ZAMS, adapted to the distance modulus found in
Sect. 3.4, is shown by a solid line. The two WR and the stars
16 and (26) that may be Be-type stars are indicated. Symbols
as in Fig. 4; b) this is the V vs. U — B diagram. Symbols and
lines as in Fig. 4

UBYV colours and colour excesses of likely and probable
members are listed in Cols. 3-6 in Table 4.

3.2. The reddening law and the interstellar medium
towards HM1

3.2.1. Photometry

The way absorption changes with distance in this zone
is outlined in the interstellar extinction maps constructed
by Neckel & Klare (1980). They suggest a rapidly increas-
ing absorption pattern, reaching up to 2 mag in the first
kiloparsec from the Sun.
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Table 4. Magnitudes and intrinsic colours of members and probable members in HM1
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# Vo (B—=V)o Ep_v (U - B)o Eu_B (V. =1I) Ev_1 My Ev_1/Ep_v Com
1 5.30 -0.20 1.68 —-0.29 2.43 —7.30 1.44 Im *
4 5.44 -0.33 1.82 -1.20 1.57 -0.29 2.57 -7.16 1.41 Im
5 5.53 -0.33 1.83 -1.20 1.66 -0.29 2.61 -7.07 1.42 Im
9 5.30 -0.20 1.84 —-0.29 2.93 —7.30 1.59 Im *
10 6.38 -0.32 1.85 -1.14 1.49 —-0.29 2.33 —6.22 1.26 Im
11 6.68 -0.30 1.77 -1.05 1.43 -0.29 2.61 -5.92 1.47 Im
13 6.89 -0.32 1.78 -1.14 1.52 -0.29 2.59 -5.71 1.46 Im
14 6.68 -0.31 1.84 -1.15 1.50 -0.29 -5.92 Im
16 6.94 —-0.31 1.86 -1.14 1.51 —-0.29 2.31 —5.66 1.24 Im
20 6.32 -0.33 2.07 —-1.20 1.71 —-0.29 3.08 —6.28 1.48 pm
24 7.53 -0.31 1.76 -1.10 1.43 -0.29 2.18 -5.07 1.24 Im
25 8.22 —-0.28 1.57 -0.99 1.25 -0.29 2.30 —4.38 1.47 pm
26 6.53 -0.33 2.09 -1.20 1.72 -0.29 2.60 —6.07 1.25 Im
32 7.53 -0.36 1.86 —-1.31 1.51 —-0.29 2.08 —-5.07 1.12 Im
35 7.98 -0.30 1.79 —1.08 1.45 —-0.29 2.23 —4.62 1.25 Im
37 8.03 -0.31 1.84 -1.11 1.50 -0.29 2.28 —4.57 1.24 Im
47 8.19 -0.29 1.88 -1.05 1.53 -0.29 2.37 —4.41 1.26 Im
52 7.86 -0.33 2.06 —-1.20 1.69 —-0.29 —4.74 Im
54 8.96 -0.26 1.73 —-0.95 1.40 —-0.29 2.56 —3.64 1.48 Im
55 8.33 -0.31 1.93 —-1.14 1.58 —-0.29 2.48 —4.27 1.29 Im
57 7.75 —-0.34 2.12 -1.24 1.75 -0.29 3.06 —4.85 1.44 Im
65 8.09 —-0.34 2.08 -1.24 1.71 -0.29 2.56 —4.51 1.23 Im
67 9.71 —-0.24 1.59 —0.86 1.27 —-0.25 1.90 —2.88 1.19 pm
69 9.28 -0.29 1.73 —1.05 1.40 —-0.29 2.19 —3.32 1.26 Im
70 8.60 -0.31 1.94 —-1.13 1.59 —-0.29 2.84 —4.00 1.46 Im
76 9.11 -0.28 1.83 -1.00 1.48 -0.29 2.64 -3.49 1.44 Im
81 9.29 -0.27 1.80 -0.97 1.46 -0.29 2.66 -3.31 1.48 Im
87 9.28 -0.30 1.81 —1.05 1.47 —-0.29 2.25 —3.32 1.24 Im
95 8.38 -0.33 2.11 —-1.20 1.74 —-0.29 2.72 —4.22 1.29 Im
96 8.39 -0.35 2.11 -1.26 1.74 -0.29 2.58 —4.21 1.23 Im
104 9.50 —0.28 1.79 -1.02 1.45 -0.29 2.27 -3.10 1.27 Im
105 9.25 -0.25 1.87 -0.91 1.52 -0.27 2.40 -3.35 1.28 Im
120 10.02 —0.26 1.72 —-0.95 1.38 —-0.29 2.34 —2.58 1.37 Im
123 9.71 -0.25 1.83 —0.89 1.48 -0.27 2.35 —2.89 1.29 Im
126 9.60 -0.30 1.87 -1.07 1.52 -0.29 2.52 -3.00 1.35 Im
128 9.67 -0.31 1.85 -1.13 1.50 -0.29 2.47 —-2.93 1.34 Im
130 9.86 -0.23 1.80 —0.85 1.45 —0.25 2.34 —2.74 1.30 Im
132 9.55 -0.25 1.89 —-0.91 1.54 —0.28 2.87 —-3.05 1.51 Im
154 10.04 —-0.23 1.83 —0.85 1.49 —0.24 1.82 —2.56 0.99 pm
162 11.10 -0.18 1.53 —0.62 1.22 -0.17 2.12 -1.50 1.39 pm
180 10.20 -0.28 1.84 -1.00 1.50 -0.29 2.37 —2.40 1.29 Im
186 10.79 -0.18 1.67 —0.63 1.34 —0.18 2.16 —-1.81 1.29 pm
193 10.75 -0.03 1.70 —0.83 1.37 —0.02 —-1.85 Im
205 9.95 -0.29 1.96 —1.03 1.60 —-0.29 2.42 —2.65 1.24 Im
207 11.07 -0.17 1.63 -0.61 1.30 -0.17 3.04 -1.53 1.87 pm
213 10.40 -0.17 1.84 1.49 -0.17 2.35 —-2.20 1.28 pm
216 10.42 —-0.23 1.84 —0.80 1.50 —-0.24 2.15 —2.18 1.17 Im
229 10.57 —-0.13 1.84 1.49 -0.11 2.66 —2.03 1.45 pm
244 10.33 -0.20 1.94 —0.67 1.59 -0.19 2.94 —2.27 1.51 pm
247 11.21 —0.20 1.68 —0.69 1.35 -0.20 2.40 -1.39 1.43 pm
252 10.70 -0.21 1.84 1.49 -0.21 2.34 -1.90 1.27 pm
303 11.09 -0.16 1.84 1.49 —-0.15 2.42 —-1.51 1.31 pm
324 11.18 —0.08 1.84 1.49 —0.06 2.38 —1.42 1.29 pm
359 11.33 —-0.04 1.84 1.49 —0.02 2.67 -1.27 1.45 pm
362 11.35 -0.18 1.84 1.49 -0.18 2.67 -1.25 1.45 pm
371 11.38 -0.11 1.84 1.49 -0.09 2.78 -1.22 1.51 pm
384 11.42 —-0.03 1.84 1.49 —0.02 2.31 —1.18 1.26 pm
389 11.45 —-0.09 1.84 1.49 —0.08 2.23 —-1.15 1.21 pm
398 11.48 -0.18 1.84 1.49 -0.17 2.32 -1.12 1.26 pm
405 11.52 —-0.08 1.84 1.49 -0.07 2.51 -1.08 1.36 pm
410 11.54 —-0.12 1.84 1.49 -0.11 2.59 —1.06 1.41 pm
414 11.56 —-0.13 1.84 1.49 —-0.12 2.28 —-1.04 1.24 pm
416 11.56 -0.19 1.84 1.49 —-0.19 2.41 —-1.04 1.31 pm
468 11.78 -0.18 1.84 1.49 -0.18 2.83 —0.82 1.54 pm
470 11.79 -0.10 1.84 1.49 -0.09 2.33 —0.81 1.27 pm
477 11.80 —-0.11 1.84 1.49 —-0.10 2.34 —0.80 1.27 pm
504 11.91 —-0.15 1.84 1.49 -0.14 2.60 —0.69 1.41 pm
506 11.92 —0.18 1.84 1.49 —-0.18 2.47 —0.68 1.34 pm
509 11.93 —0.01 1.84 1.49 0.00 2.51 —0.67 1.37 pm
511 11.94 —-0.00 1.84 1.49 0.01 2.78 —0.66 1.51 pm
512 11.94 -0.17 1.84 1.49 —-0.17 2.28 —0.66 1.24 pm
518 11.95 —-0.00 1.84 1.49 0.01 2.59 —0.65 1.41 pm
519 11.95 -0.12 1.84 1.49 -0.11 2.69 —0.65 1.46 pm
520 11.96 —-0.09 1.84 1.49 -0.07 2.18 —0.64 1.19 pm
537 12.01 -0.16 1.84 1.49 -0.15 2.31 —0.59 1.26 pm

Note: Star numbers in the first column are from the present work.

Com:

Im = likely member;

Im * = likely member with intrinsic (B — V)¢ colours from Lundstrém & Stenholm (1984);
pm = probable member.
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Fig.6. a) The V vs. B — V diagram of the comparison field
stars; b) The V vs. B—V diagram of Fig. 5a) after subtracting
the field stars

Figure 7 shows the B — V vs. V — I diagram to-
gether with the intrinsic lines for stars of luminosities
V and III from Cousins (1978). In terms of the redden-
ing law (i.e., the ratio of visual to selective absorption,
R = Ay /Ep_v), this figure shows a real star—to—star
variation of R. Cluster members lie between two extreme
R-values: one of them corresponds to the normal excess
relation, Ey_j/Ep_yv = 1.244, R = 3.1 (Dean et al.
1978), and the other to a higher one, Ey_; /Ep_y =
1.47 or R =~ 3.7. Judging by the increasing spread from
V—-I>15and B—V > 1.0 seen in Fig. 7, we do not
rule out that part of the interstellar material in front of
HM1 is also producing anomalous extinction.

The individual Ey _; excesses can be used to compute
the Ey_;/Ep_y ratio in order to analyse the spatial dis-
tribution of R across the cluster. Intrinsic (V' —1I)g colours
of normal stars were obtained with the relation of B — V
and V — I from Cousins (1978). Individual Ey_; and
Ey_;/Ep_y number ratios are listed in Cols. 8 and 10
in Table 4.

The distribution of the R-values is depicted in Fig. 8. It
shows that stars with high R-values tend to lie on the clus-
ter’s southwest side, while normal R-value stars are more
concentrated in the cluster centre. Since the R-value varies
between the two extremes mentioned above we adopted a
mean value R = 3.3 to obtain reddening-free V, magni-
tudes for likely and probable members. The two WR stars
were treated differently (see Sect. 3.4).

3.2.2. Polarimetry

The polarimetric information in Table 3 shows that
stars 5, 8, 15, 19 and (29) have not only large relative
fitting errors, ep/Ppax, but also Apax values smaller than
the average ones for the interstellar medium, 0.545 pm
(Serkowski et al. 1975). An extreme case is the foreground
star 15 that seems to shows anomalous polarisation in the
U and B bands. However, in this case we suspect that a
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companion, star (66), at 6” is distorting our observations.
Since we assume that polarisation is strictly due to the
interstellar medium, if the relative fitting errors are larger
than 0.1, as is the case for stars 8, 15, 19 and (44), intrinsic
polarisation should be suspected. We are aware, however,
that some peculiar stellar envelopes may sometimes repro-
duce a wavelength dependence similar to the interstellar
medium (Orsatti et al. 1998), yielding ep/Ppax < 0.1.

Figure 8 shows the spatial distribution of the polarisa-
tion vectors in the HM1 area. The small panel inside this
figure shows the distribution of the polarisation vectors
from Klare & Neckel (1977) in an area (5° x 5°) centred
in the cluster. The polarisation patterns in both figures
suggest the presence of several dust components produc-
ing different amounts of polarisation. Notice the handful
of cluster members on the cluster south-west side that ap-
pear highly polarised.

Following Whittet & van Breda (1978), the mean R-
value in terms of polarimetry is given by:

R=(5.6%0.3) X Amax.

If we do not take into account stars with anomalous fit-
tings, we find a mean value Apax = 0.5740.11 pm (close to
Serkowski et al. 1975, value) and R = 3.2 4 0.7(s.d.) that
agrees with the R average adopted from photometry alone.
On the other hand, the assessment of the polarisation ef-
ficiency of the interstellar material when it is produced
by a normal size—particle distribution can be performed
by inspecting the relationship between the polarisation
percentage and the visual absorption, which should not
surpass the upper limit given by Serkowski et al. (1975):

Prnax ~3x R x ngv,

although they found an average Ppa.x = 5.03 x Ep_y in
the Galaxy. The Ppax/Ep—v ratio depends mainly on the
alignment efficiency and the intensity of the magnetic field
but it also depends on the depolarisation produced when
the star-light passes through dust clouds having different
magnetic field orientations.

In Fig. 9 we show the Ppax vs. Ep_y plot (star 15 ex-
cluded) along with the upper limit from Serkowski et al.
(1975). The Ep_y values of foreground stars were esti-
mated assuming they are of late B- or A-types and lu-
minosity class V. The probable colour excess of star 17,
without CCD photometry, was computed from the HM77
data. We distinguish three stellar groups in this figure:
one of them corresponds to members with high polarisa-
tion values, P > 4%, (3, 6, 12, 13, 16 and 20), located
on the south-west side of the cluster (except star 6); the
other is constituted by members in the centre of the clus-
ter having P < 4%, and the third one made up of fore-
ground stars with P < 4%. The typical polarisation ob-
served for foreground stars implies a contribution of 1.5
to 2.6% produced by nearby interstellar material (not far
from this region, Feinstein et al. 2000 found a similar fore-
ground contribution in the cluster Trumpler 27). We no-
tice also that the members at the southwest side of the
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Fig. 8. The spatial distribution of polarisation vectors in the zone of HM1. The 1% polarisation is indicated. Grey filled circles
denote members having anomalous Ev_;/Ep_v ratios. Black filled circles indicate members with normal Ey_;/Ep_v ratios.
Open circles are foreground stars. The small 5° x 5° box shows the distribution of polarisation vectors around HM1, taken from

Klare & Neckel (1977)

cluster, bearing the highest polarisation values, are sur-
rounded (in projection) by foreground stars 4, 7, 17, (29)
and (44). We would like to point out that finding cluster
members with P > 4% that show, on the average, high
Ey_;/Ep_y ratios (R > 3.5) and members with P < 4%
that have normal Ey_;/Ep_y ratios (R = 3.1) is just a
matter of chance and it does not reflect any physical con-
nection between polarisation and absorption. In fact, the
high polarisation values of stars 3, 12, 13, 16 and 20 are
likely to be produced by a nearby small dust cloud instead
of being produced somewhere in the proximity of the clus-
ter itself. For instance, foreground star 7, which is close
to this group, has a polarisation of 3.26% (the highest
among foreground stars), probably due to its location on
the northern edge of this cloud where it is partially covered
by the cloud. The cloud only becomes apparent through

its polarimetric effects, as no hints of increasing absorp-
tion for stars 3, 12, 13, 16 and 20 relative to other members
is evident in Figs. 4 and 9. Indeed, Fig. 9 confirms that
whatever the polarisation state of cluster members, the
reddening across HM1 remains approximately the same
(from 1.6 to 2.0). Probably, another small nearby cloud is
also covering star 6, north of the HM1 centre.

3.3. Distance and age

Figure 10 shows the Schmidt-Kaler’s (1982) ZAMS fitted
to a distance modulus of Vy — My = 12.6 + 0.2 (error by
inspection). The early ZAMS fittings (HM77 or TAHS2)
were performed using a few stars distributed along the
vertical part of the main sequence, which makes their es-
timates uncertain; now, however, we have the advantage
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Symbols as in Fig. 4

that our photometry is two magnitudes lower than in
any earlier investigation. Had the distance modulus been
obtained with the six stars with spectroscopy and the
Schmidt-Kaler’s relation of spectral types and absolute
magnitudes instead, we would have found distinct values
according to the luminosity class adopted ranging from
Vo— My =11.7+£04 (LC V) to Vp — My =129+05
(LC I). Since the magnitude spread in this last procedure
introduces severe uncertainties in the distance modulus
(large deviations can be produced by binarity or stellar
duplicity), we adopt Vp — My = 12.6, from the ZAMS su-
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Fig. 11. The colour difference method for stars 1, 2, 3 and 6

perposition, that corresponds to a distance d = 3.3 kpc.
Although our distance is larger than the one found by
HM77 (2.9 kpce), it still is in the range from 2.9 to 3.9 kpc
determined by TAH82, confirming that HM1 belongs to
the internal spiral arm-II, beyond the Sagittarius arm.

To determine the age of HM1, we superposed the clus-
ter sequence to the isochrones from Schaller et al. (1992)
evolutionary models computed with solar metallicity, mass
loss and overshooting. The best isochrone fitting that cor-
responds to an age of 24 Myr is shown in Fig. 10. With
such an age, there is no chance that star 35 is a cluster
member because it is 30-40 Myr old, judging from the
closest isochorone. TAH82 assumed it is a red super-giant
cluster, probably an early product of a non-coeval star for-
mation process. However, this assertion is not confirmed
by our photometry since neither clues of age spread among
massive stars nor the presence of faint stars lying well
above the cluster main sequence are observed in our dia-
grams (however, this last statement reveals our inability
to adequately subtract field stars instead of confirming a
definite lack of contraction-phase stars). Notwithstanding,
star 35 shows strong colour anomalies (its U — B colour
is too blue when compared to its B — V = 2.59 and
V — I =3.47), a fact deserving further observations.

3.4. Some especial stars in HM1

From Lundstrém & Stenholm (1984) we know that the
two WN7-type stars 1 (LSS 4065) and 3 (LSS 4064) are
conspicuous cluster members that have different absolute
magnitudes despite their similar spectral types. Later on,
both stars were classified as WN7+(abs?) (see Crowther
et al. 1995) and very recently LSS 4065 was re-classified
WNS8-A (Walborn & Fitzpatrick 2000). This star, with
a polarisation value comparable to the foreground stars,
is placed in the centre of HM1; LSS 4064, on the con-
trary, is placed in the south-west and shows the highest
polarisation (6.04%) found in our survey. On the basis of
a normal absorption law, TAH82 pointed out these two
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Table 5. The luminosity and initial mass functions

My log M N log N

-8,-7 1.98, 1.80 4 0.60

7,6 1.80, 1.62 3 0.48

—6,-5 1.62, 1.43 6 0.78

5.4 1.43,1.26 10 1.00

~4-3  1.26, 1.08 10 1.00

-3,-2 1.08, 0.90 12 1.08

-2,-1 0.90, 0.72 18 1.26

-1,0 0.72, 0.54 12 1.08
My = -1 v = 0.12 +0.02
My = -3 v = 0.13 £0.04
My =-1 T = 0.67 £0.10
My =-3 T = 0.73 £0.21

WR-type stars show infrared excess caused by free—free
emission in their winds when compared to model fluxes.
In particular, TAH82 suggest that LSS 4064 has a de-
pression in its spectral energy distribution shortwards of
Av (see their Fig. 4) suggesting, in adition, that a bet-
ter agreement with the 40000 K Kurucz’s (1979) model
would be achieved for LSS 4064 if a colour excess Ep_y =
1.99 is adopted instead of 1.87. However, firstly, the colour
excess adopted by TAHS2 is correct (the intrinsic colour
(B—=V)p for a WNT7-type star is —0.22 from Lundstréom &
Stenholm 1984) and, secondly, we have found that the red-
dening law is anomalous in the location of LSS 4064. So,
the probable near IR excess may have another explana-
tion: Fig. 11 shows the colour—difference method applied
to the two Of and the two WR stars combining our UBVRI
and JHKL data from TAH82 along with the van der Hulst
curve # 15 and intrinsic colour from Johnson (1968). This
figure shows that only star 3 (LSS 4064) shows clear hints
of having infrared excess and that, in view of our findings
of Sect. 3.3, it is very probably produced by the intra-
cluster material and not in its own wind, as suggested by
TAHS2.

We computed the reddening-free magnitudes of these
two WR stars using the R-values according to their loca-
tions, obtaining the same absolute magnitude My = —7.3.
Although they compare fairly well with the absolute mag-
nitude of the WR-star WNT7-+abs, HD 93162 (Crowther
et al. 1995), —7.2, they still are a bit far from the aver-
age given in Table 10 of Crowther et al. (1995), My =
—6.7, and of the average given by Lundstrém & Stenholm
(1984), —6.5. However, Vacca & Torres-Dodgen (1990)
found absolute magnitudes of —7.3 for stars LSS 4064 and
—6.7 for LSS 4065 though assuming that HM1 is located at
a distance of 2800 pc and that the R-value in the cluster
remains not only invariable but also normal.

Star 2 (LSS 4067), an O4If+ (Walborn & Fitzpatrick
2000) and star 6, an O5f, show high values for their
Ey_;/Ep_y ratios as well. Their P,y values are low
for star 2 (it has a companion, star (14), at 1.3” with
V =12.77) and high in the case of star 6.
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4. The cluster luminosity function and the initial
mass function

The luminosity function, LF, is a powerful tool to compare
the distribution of massive stars in relation to less massive
ones. Special care must be taken as the different evolution-
ary status of the stars present in a given sample can lead
to wrong results. This is not the case in an open cluster.
The LF shows the additional advantage that it is inde-
pendent of the evolutionary model or theory used (Burki
1977). In order to build this function, it is assumed that
such function may be considered a power law expressed as
follows:

log N(My) < v x My,

where 7, the slope of the fitting, is a quantity to be deter-
mined from our data. We list in Table 5 the star counts
by My magnitude bins of size AMy = 1 mag. The most
evolved members, the two WR stars, were included in the
brightest bin while the faintest one was ignored because
of its obvious incompleteness. The counts were fitted by
means of an unweighted least squares method throughout
two luminosity ranges, —8 < My < —lor -8 < My < —3
to estimate the influence of incompleteness among faint
stars. The « values obtained from the respective fittings
are quite flat, ~0.12, in relation to other regions in our
galaxy and the Magellanic Clouds: Vallenari et al. (1993)
found v = 0.3 in the range —2.5 < My < +1 in the
young association NGC 1948 in the LMC; Perry & Hill
(1992) found v = 0.3 in the range —7 < My < —4
in the association Scorpius OB1 and NGC 6231; Baume
et al. (1999) found v ~ 0.2 in NGC 6231 in the range
—7.5 < My < 1.5. The slope of the luminosity function
in HM1 is, indeed, flat because, apart from multiplicity
and binarity effects or incompleteness due to the strong
absorption, even if we raise the lower limit up to —4, the
slope v remains unchangeable.

The initial mass function, IMF, on the other hand,
gives the number dN of stars of mass M in the mass bin
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M £+ dM/2, found in an open cluster at the moment of
its formation. This function can be well represented by a
power law (see, e.g., Scalo 1986):

dN x M™% x d(log M).

When dealing with galactic field stars, the slope of the
IMF, z, has a typical value of 1.35 as found by Salpeter
(1955). However, when dealing with open clusters, strong
variations of x have been reported by Conti (1992) and
Massey et al. (1995). In our case, to compute the  value in
HM1 we used the mass-luminosity relation given by Scalo
(1986) to transform the LF into the IMF. It assigns a mean
mass to each luminosity bin. The stellar mass values and
the corresponding counts, d/V, listed in Table 5, were fitted
with a least squares method. The result of the fittings
yields extremely flat IMF slopes of = 0.6 —0.7. Anyway,
if fitting errors are allowed, the slope value can still fit
into the range 1.0 < z < 1.3 of typical slopes found in our
galaxy according to Conti (1992). In terms of similarity
with other objects of this type, the IMF of HM1 massive
stars is indeed steep but not unusual: Massey et al. (1995)
found IMF slopes ranging from 0.7 to 2 for 11 open clusters
of our galaxy in the dominion of massive stars. Other flat
slopes in open clusters are also reported in, for example,
the works of Sagar et al. (1986) or Will et al. (1995).

5. Conclusions

Our observations indicate that the extinction law in the
HM1 region is anomalous and takes place in the intraclus-
ter material. It is also possible that part of the interstellar
material just in front of HM1 contributes to this fact. We
also noticed that the properties of the interstellar material
in this zone strongly change in a very reduced portion of
the sky. At only 2’ southwest of the cluster centre where
the polarisation of the stars is similar to the foreground
polarisation, we found stars with the highest polarisation
values that, in turn, show high R-values. However, at the
same time, no extra absorption across the cluster surface
is evident from our diagrams. So, to find stars with high
polarisation and anomalous extinction law sharing a same
location does not imply a physical relationship at all. This
assumption is favoured by the polarisation maps of Klare
& Neckel (1977) that reveal that nearby small dust clouds
produce high polarisation values across the area that sur-
rounds HM1.

It still has to be explained why highly reddened stars
(Ay > 6), as seen in the cluster centre, have, however, a
polarisation comparable to foreground stars. It is prob-
able that, when looking at the cluster centre, the star
light passes through clouds with different orientations of
their magnetic fields undergoing a depolarisation process.
We have already found a situation of this type in other
young cluster in this zone, Trumpler 27 (Feinstein et al.
2000) as well. There are examples of this: the average
Prax/Ep_vy ratio is in the order of 5 (Serkowski et al.
1975) but there are zones in our galaxy with smaller val-
ues e.g. Cygnus OB2 (Pyax = 1.7 X Ep_y, McMillan &
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Tapia 1977) or R Coronae Australis (Ppax = 2 X Ep_v,
Vrba et al. 1981), where the polarisation and reddening
can be produced by more than one source. Unfortunately,
there is no available spectroscopy of foreground stars close
to the cluster front to study the material between the sun
and the cluster and subtract its contribution to the total
polarisation shown by cluster stars.

We obtained a better distance estimation as we were
able to reach stars 2 mag fainter than in any previous
work: the cluster is at a distance d = 3.3 kpc, beyond the
Sagittarius spiral arm. HM1 is 2-4 Myr old, an age that
agrees with the presence of two WN7-8 stars and several
O and Of stars, but excludes the possibility that star 35
is a red super-giant member. Our data show that it is a
foreground star. Further, both WR stars have the same
absolute magnitude, —7.3, and only LSS 4064 shows hints
of infrared excess that can be attributed to the intracluster
material.
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