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Abstract. We have carried out UBVI and Gunn z CCD
photometry and integrated spectroscopy in the range
AA3700-10 000 A of NGC 6540, which was previously
classified as an open cluster. The observations indicate
that we are dealing with a globular cluster of metalli-
city [Fe/H] =~ —1.0 with an extended blue horizontal branch
but some stars are also present on the red side. We de-
rive a reddening of E(B — V) =0.60 & 0.10 and a distance
d =3.5kpc from the Sun. The cluster giant branch is very
poorly populated like in some Palomar clusters; however it
has a very concentrated nucleus. Bright giants, extended in
the E-W direction, are outside the nucleus. Therefore the
cluster has many characteristics in common with post core
collapse clusters.

A structural analysis by means of stellar isopleths re-
veals that the cluster is elongated in the N-S direction in
the outer parts, whereas the inner contours are progressively
twisted towards E-W.

Key words: globular clusters: individual: NGC 6540 — HR
diagram

1. Introduction

NGC 6540 (a1950 = 18h02m59s’ 61950 = —27046.1; 1=
3.29°, b= —3.31°) is classified in compilations as the open
cluster OCL11, also designated as Cr364 and ESO456-
SC53. Early studies listed in Alter et al. (1970) provide an-
gular sizes from 0.5’ to 1’ and rough distance estimates. No
Colour Magnitude Diagram (CMD) is available in the liter-
ature. An inspection of Sky Survey Schmidt plates reveals
a very compact star cluster, unusual for an open cluster,
which led us to suspect that it might be a globular cluster.
From cross-checking identifications we realized that NGC
6540 is the cluster number 3 in a list of probable globular
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clusters by Djorgovski (1987). He suggested that the clus-
ter has a postcollapse core. We also note that his cluster
number 2 is catalogued as ESO456-SC38.

In the present study we provide deep CCD images with
the ESO 3.55 m NTT and Danish 1.54 m telescopes, as well
as CCD integrated spectra in the range 370010000 A taken
with the 1.52 m telescope. Our analysis confirms its nature
as a globular cluster.

NGC 6540 is embedded in a rich field only 4.66° from
the Galactic center. In Sky Survey plates this field looks like
a smaller version of the Baade window, also surrounded by
zones of strong absorption. The stellar population and depth
of the field are also studied in this paper.

NGC 6540 is very peculiar structurally with a dense
elongated nucleus and two clumps of bright stars which
extend the cluster in the east-west direction. In Sect. 2 the
observations are presented. In Sect. 3 the CMDs are dis-
cussed and the basic cluster and field parameters are de-
rived. In Sect. 4 the spectroscopic results are analysed. We
study the cluster structure in Sect. 5. The conclusions of
this work are summarized in Sect. 6.

2. Observations
2.1. CCD imaging

The observations were carried out in the U BV RI Johnson—
Cousins and Gunn z bands at the Danish 1.54 m telescopes
at the European Southern Observatory (ESO), La Silla,
Chile in June 1990. We used the 512 x 320 pixel RCA
CCD ESO 5 with pixel size 30 um? (0.47” on the sky),
with field size 4’ x 2.5’. We also observed at the NTT with
the coated Thomson CCD ESO 17 of pixel size 19 ym?
(0.15"), with field size 2.5" x 2.5’.

An offset field located at 9’ north of the cluster was also
observed in the same bands as the cluster. The logbook of
the observations is given in Table 1. We show in Fig. 1
a Danish V' frame of the cluster. Notice the compact el-
liptical nucleus. Some bright stars are located along the
E-W direction, giving an extended appearance to the
cluster.
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Table 1. Log-book of the observations

Filter Date uT Exp. time (s)  Seeing
Danish-cluster

174 18.06.90  3h46™ 240 1.2"
1% 18.06.90  3"55™ 60 1.3"
B 18.06.90 3"58™ 120 1.1”
B 18.06.90  4b03™ 240 1.0”
R 18.06.90 4"11™ 15 1.0"”
I 18.06.90 4"14™ 15 1.0”
z 18.06.90 4'23™ 15 1.1”
z 18.06.90 4M27™ 25 1.1”
z 18.06.90  4"30™ 25 1.1”
U 18.06.90  4"40™ 900 1.5"”
B 18.06.90 5"02™ 30 1.5”
Danish-field

1% 18.06.90 5"13™ 30 1.2"”
1% 18.06.90 5"17™ 600 1.2"
B 18.06.90  5"32™ 1200 1.3"”
B 18.06.90  5"56™ 60 1.3"
I 18.06.90 6"01™ 600 1.2
I 18.06.90 6"15™ 60 1.1”
z 18.06.90 6"19™ 60 1.0"
z 18.06.90 5"24™ 600 1.0”
NTT-cluster

Vv 25.05.90 6"05™ 90 1.0"”
174 25.05.90 6"10™ 70 1.0”
1% 25.05.90 6"25™ 600 1.0”
B 25.05.90  6"55™ 1200 1.25"
B 25.05.90  7"17™ 180 1.25"
B 25.05.90 7"25™ 180 1.25”

The reductions and calibrations were performed at ESO-
Garching with the Midas package. The stellar photometry
was made with the DAOPHOT code in MIDAS environ-
ment. Landolt (1983) standard stars were used for the cal-
ibrations. The observing procedures, reductions and pho-
tometric errors were discussed in detail in Ortolani et al.
(1990, 1992, 1993), where we have analyzed other clusters
as well embedded in dense stellar fields.

Due to the crowding conditions the zero point errors
of the photometry are around =+0.02-0.03. The internal
photometric errors are in the range 0.04-0.07 mag for V' =
15-17 mag, and 0.07-0.09 between V =17-19. The equiv-
alent errors in B —V are around 0.07 at V =16, up to
0.1 at V =18. While the colour errors grows roughly as
expected from independent error combination of the single
bands, they are considerably larger than poissonian noise
errors. It is also interesting to note that the errors in the
less crowded background field are clearly lower, going from
0.03 to 0.06 mag, between V' = 15 and 19. The linearity de-
viations, as deduced from the comparison of the 240 and
60sV exposures are within 2% in the common 4 mag
range.

2.2. CCD spectroscopy

The spectroscopic observations were obtained in July 1989
in the near ultraviolet (near UV) and in May 1990 for the
visible plus near infrared at the 1.52 m ESO telescope with
a Boller & Chivens spectrograph, described as follows:

(a) A front illuminated coated GEC CCD, ESO 14
with 576 x 385 pixels of size 22 yum? and ESO grating
8 (193 Amm~! in first order) with the coverage AA3000—-
5300 A, and a slit of 4” were used, yielding a spectral re-
solution of A\ =~ 16 A. One exposure of 20 min was taken.
The atmospheric cutoff for these near UV spectra occurred
at A ~ 3050 A.

(b) A RCA SID 503 high resolution thinned backside
illuminated CCD ESO 13 with 1024 x 640 pixels of size
15 um? and ESO grating 13 (509 Amm™! in first order),
covering AA3000-10400 A, and a slit of 1.5”, yielding a
resolution of A\~ 18 A. Two exposures of 20 min were
taken. The instrumental response provided a useful range
in the visible and near infrared (3700 < A < 9700 A) for
this configuration.

In all cases, a long slit was set in the E-W direction
scanning a total of 40" in the N-S direction, centered on the
cluster. The slit length projected on the sky is 3.4’ in (a) and
3.1’ in (b). This allowed good sky background subtractions.

The standard stars EG 274 and Feige 110 in (a) and EG
274, LTT 3218 and LTT 7987 in (b) were used for the flux
calibrations. The reductions were carried out at ESO Garch-
ing with the IHAP system. In Sect. 4, we analyse three spa-
tial extractions along the slit: the central 25" corresponding
to the compact nucleus, the western 33" and eastern 15”
adjacent to the nucleus, where clumps of bright stars are
found. We show in Fig. 2 light profiles along the slit for
the near UV (AA3100—4000 A and the visible plus near in-
frared (AM4500-9500 A), where the extracted positions are
indicated. A comparison of these profiles shows that the
nucleus is bluer than the eastern and western regions. We
also extracted a global cluster spectrum encompassing these
three regions.

The near UV spectra of configuration (a) were combined
to the visible plus near infrared ones of configuration (b),
producing the spectra discussed in Sect. 4.

3. The CMD analysis
3.1. CMD morphology

We show in Fig. 3a a V vs. (B — V) CMD of NGC 6540
corresponding to the whole field frame. The most striking
features are the cluster brighter sequences: a clear blue
Horizontal Branch (HB) at V = 15.9, (B — V) =~ 0.45 and
a red clump at V = 14.7, (B—V)=~ 1.3 consisting of
a Red Giant Branch (RGB) base and/or a red HB; and
the field features: a disk Main Sequence (MS) intercept-
ing the bulge population evolving sequence at V ~ 18.9,
(B-V)=09 and the bulge red HB at V =158,
(B-V)=1.55.
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512

Fig. 1. Danish V frame of NGC
6540 of size 2.5’ x 4.5'. Axes
are in pixels

‘ S

The cluster sequences are more evident in Fig. 3b, where
stars in a circular extraction of r = 28" are plotted over the
whole frame field.

Comparing this CMD with those of intermediate metal-
licity clusters such as NGC 6752 (Auriére & Ortolani 1989),
NGC 7006 (Sandage & Wildey 1967) and NGC 288 or M5
(King et al. 1988), NGC 6540 shows a poorly populated
giant branch, resembling more to poorly populated Palomar
clusters like Pal 13 (Ortolani et al. 1985). On the other
hand, it is worth noting that structurally NGC 6540 dif-
fers from most Palomar clusters, in the sense that it is very
concentrated (see Sect. 5).

Regarding the HB, it has an extended blue one, similar
to those of NGC 6752, NGC 288 and MS5.

The blue side of the clump of stars at the RGB base con-
tains a few red HB stars. We have estimated the Mironov
parameter B/(B + R) taking into account the field back-
ground contamination as follows: (i) we defined the blue
and red HB zones in the CMDs of NGC 6540 taking the in-
termediate metallicity clusters as reference; (ii) we counted
stars in these zones for a series of cluster circular extrac-
tions and for the outer parts of the frame; (iii) from the ana-

320

lysis of these results we estimate B/(B + R) =0.65+0.15
for the cluster. This indicates that the cluster CMD mor-
phology resembles more that of M5 rather than that of NGC
288 (with B/(B + R) = 0.76 and 0.90 respectively, cf. Zinn
1980).

We have also checked the behaviour of the blue HB
in the U vs. (U — B) diagram. The cluster sequences are
similar to those seen in Fig. 3b for V' vs. (B — V), and we
do not find any unusually bright blue HB candidate.

3.2. Spatial CMD analysis

Since the cluster does not have a uniform appearance, we
explored in detail the spatial distribution and the nature of
the brightest stars.

We show in Fig. 4a, b respectively a very central extrac-
tion corresponding to the compact nucleus (r < 10”), and
a strip of total length 60” E-W and total width 20” N-S,
centered on the nucleus.

The nucleus (Fig. 4a) is dominated by HB and sub-
giant branch (SGB) stars, while bright giants are absent. The
strip shows well defined cluster sequences, in particular the
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Fig. 2. Light profiles from near UV (upper) and
visible plus near IR (lower) spectra. West, cen-
ter and east positions for spectral extractions are
indicated
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giant branch appears. Only two bright stars are saturated
in the VI frames in the strip, one located to the west
and the other to east of the nucleus (Fig. 1), and conse-
quently they do not appear in Fig. 4b. However checking
B and R CMDs we verified that they are probably bright tip
giants. From this analysis we conclude that bright red
giants are dominating the luminosity of the east and west
sides, while the nucleus is clearly bluer. This is confirmed
by the spectra (Sect. 4).

3.3. Reddening and distance

Using the red edge of the blue HB as reference (NGC 288,
NGC 6752, M5 with (B — V) =0.15), and with the ob-
served value of (B — V) =0.85 for NGC 6540, we derive
a reddening of E(B — V)= 0.70 £ 0.10.

Taking the mean colour of the red clump (B - V)=
1.35 and assuming that it is either a red HB or a RGB at
the HB level we made further reddening estimates. With
the higher metallicity cluster 47 Tuc (Hesser et al. 1987)
we get respectively E(B — V) =0.55 and 0.35, whereas
with a more metal poor one like NGC 7006 we obtain
E(B—-V)=0.85 and 0.60. The average value is
EB-V)=0.59+0.11.

The cluster distance derived from an observed HB level
of V' =15.1 and a reddening of E(B — V)= 0.60 (which
fits well also the spectroscopic analysis in Sect. 4) is
3.5+ 0.4kpc from the Sun, corresponding to a true dis-
tance modulus of (m — M) = 12.7 £0.2.

100

Adopting a distance for the Galactic center of 8.0 kpc
(Feast 1987) we derive galactocentric coordinates X ~
4.5kpc, Y =~ 0.2kpc and Z =~ — 0.2 kpc. Thus the cluster
is located very near the Galactic plane, projected close to
the Galactic center, nearly halfway between the Sun and
the center. In fact, the bulge metal rich field population is
strong and the young disk main sequence is relevant in the
CMDs throughout this paper.

3.4. Offset field background

As seen in Fig. 3, the background contamination in the clus-
ter frame is important and can be better studied in the offset
field V vs. (B — V) shown in Fig. 5. We note the absence
of the RGB/red HB and blue HB which characterize the
cluster in Fig. 3. Otherwise the features are similar to those
seen in the bulge and disk populations of Fig. 3. The cen-
ter of the red HB is located at V =~ 17.3, (B — V) = 1.70.
Comparing these values to those derived from Fig. 3 for the
background field in the cluster frame, we conclude that the
offset field is in a more reddened region by AE(B — V) =
0.15 and AV = 0.5. We also note that the metal-rich giant
branch of the bulge population as well as its red HB are
considerably wide, indicating distance depth and/or differ-
ential reddening.

Taking as reference the Baade Window field (Terndrup
1988), an associated E(B — V) = 0.5, and a metal-rich HB
level of My, =1.06 (Buonanno et al. 1989), we deduce
that the bulk of the bulge population in the offset field
frame has E(B — V) = 0.63, and true distance modulus
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Fig. 3. (a) V vs. (B — V) CMD cluster whole frame from Danish
images; (b) same as (a) with stars within r < 30" marked with a
circle

(m — M)y = 14.35, and an average distance of 7.4 kpc. This
value increases to 8.4 kpc if E(B — V) = 0.4 is assumed for
the Baade Window.

We show in Fig. 6 the offset field in V' vs. (V — I). The
curvature of the giant branch tip is very similar to that of
NGC 6528 (Ortolani et al. 1992), indicating that this bulge
population is comparable in metallicity to this cluster, which

piece of evidence indicates that the bulge population has
similar characteristics at this intermediate direction between
the minor and major axes, at an angular distance of 4.7°
from the Galactic center. On the other hand, the RGB cur-
vature for Terzan 1 and its bulge field (Ortolani et al. 1993)
suggests higher metallicity for such more central regions.

4. Spectroscopy

We show in Fig. 7 the observed spectra for the slit
extractions of Sect. 2.2. All spectra are normalized to
F\ =1 at \5870 A; the flux ratio of the western and east-
ern parts relative to the central one are respectively 0.69
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Table 2. Equivalent widths (A) in windows defined in BA86a for spatial extractions
described in Sect. 2.2

Feature Window (A) W (Total) W (Nucleus) W (West) W (East)
Cank 3908-3952 13.7 11.6 17.4 18.2
CanH 3952-3988 12.1 11.1 13.9 14.7
Hé 4082-4124 2.7 2.6 2.4 2.7
CN 41504214 5.1 22 11.7 6.6
G—CH 42844318 7.4 6.1 9.7 8.2
H~y 43184364 6.9 6.5 7.6 73
HG 4846-4884 33 42 2.9 33
Mgi+MgH  5156-5196 54 3.4 6.6 6.7
Nal 5880-5914 4.6 4.0 5.0 4.9
TiO 6156-6386 11.8 5.2 194 12.6
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The total spectrum including the E and W extensions,
fits rather a higher metallicity ([Fe/H]~ —0.7), similar to
that 47 Tuc. Two effects may produce stronger features, rel-
ative to the central part: the presence of tip cool red giants
(Sect. 3.2), and a more pronounced field contamination.

The metallicity value of [Fe/H]~ —1.0 seems to be high
for a cluster containing a blue extended HB (Zinn 1980).
However we note that a blue HB is a characteristic of cen-
tral regions of core collapsed clusters (Fusi Pecci et al.
1993), which together with the fact that NGC 6540 also
contains some stars on the red side (Sect. 3.1) suggests
that the enhancement on the blue side might be related to
the cluster compact structure.

The large equivalent width of Na1 feature (Table 2) is
the sum of the stellar component and the interstellar one.
The intrinsic value for a cluster of [Fe/H]~ —1.0 is W =
1.4 A (BA86b). The interstellar excess is thus AW (Nar) ~
2.9 A. According to Fig. 3 of BA86c, this value is consis-
tent with E(B — V) = 0.60, as derived in Sect. 3.3.

Adopting a reddening value of E(B — V) =10.60 and a
normal reddening law, the spectra were dereddened, and the
resulting ones for the east, west, center and total extractions
are shown in Fig. 8a,b. The east and west parts resemble
late type giants as expected, and the central one is that of
a globular cluster deficient in red giants, as can be verified
in Fig. 8b where populous globular cluster templates of
[Fe/H] =~ —1.0 (G3) and —0.5 (G2) are plotted (Bica 1988).
The near UV part of the template spectra are¢ from Bica
et al. (1993). Figure 8b shows that the total spectrum of
NGC 6540 is also deficient in red light.

Another remark about the spectra concerns the Balmer
lines: their presence in Fig. 8, also indicated in Table 2,
confirms the occurrence of a blue HB in NGC 6540.

5. Structural properties

An NTT V image (Fig. 9a) indicates that we are deal-
ing with a very concentrated cluster, typical of candi-
date for post core collapse (Djorgovski & King 1986). An
E-W profile extraction through the nucleus indicates a clus-
ter core of FWHM =~ 10” in the B image; the same value is
also obtained from the spectroscopic profiles in Fig. 2. We
find for NGC 6540 effects detected in post core collapse
clusters (Fusi Pecci et al. 1993) namely a colour gradient
with a bluer nucleus, a demise of giants in the center, and
an extended blue HB.

We also carried out a surface stellar density analysis. In
order to eliminate the bias caused by the few superimposed
bright stars on the structure, we have applied the following
procedure:

(i) Daophot in Midas environment was used to extract
all measurable stars, (ii) the magnitude table was replaced
by a single value, (iii) number density contours were cre-
ated. The results are shown in Fig. 9b. The luminosity ex-
cess in the E-W direction disappears, and it is revealed
that the outer contours of the globular cluster are elongated

a 3 T ‘ T T T T T T T T
" NGC6540 i

F»\/ Fsgrox + C

F)\/ F5B70A + C

4000

6000
M)
Fig. 8. Reddening corrected spectra: (a) East, west and central

extractions; (b) Total extraction and template spectra for globular
clusters at [Fe/H]~ —1.0 (G3) and =~ — 0.5 (G2)

8000

in the N-S direction. The outer contour indicates a clus-
ter size of approximately 65” x 95”. Furthermore there ap-
pears to be a progressive contour twisting for the innermost
regions, retrieving the nuclear elongated structure orienta-
tion, already visible in the original frame.

The cluster elongation in the V' image might be due to
an intrinsic structural property and/or distortions caused by
irregular dust distribution, since the reddening is high and
differential reddening appears to be important in the area
(Sects. 3.3 and 3.4). A comparison of cluster images in the
near ultraviolet and near infrared (respectively the U and
Gunn z frames) sheds light on this question. The U image
reveals a patchy dust distribution with a gradient in the
N-S direction (the absorption decreases southwards). In the
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Fig. 9. (a) NTT V image with dimensions 2.5’ x 2.5’; (b) same as (a) treated for isopleths (Sect. 5)
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z image the cluster distribution is much smoother because
of the reduced absorption effects. Nevertheless the cluster
N-S elongation in the V' frame persists in the z one, sug-
gesting that it is intrinsic to the cluster structure. The twist-
ing effect appears to be present also in z.

6. Conclusions

NGC 6540 is not an open cluster as previously catalogued.
It is a globular cluster of [Fe/H]~ —1.0 with an extended
blue horizontal branch, but contains some red horizontal
branch stars as well. The cluster is projected on a dense
stellar field 4.7° from the Galactic center, with properties
similar to those of the Baade Window.

The cluster reddening is F(B — V) = 0.60 and the dis-
tance from the Sun is d =~ 3.5 kpc.

The nucleus has FWHM= 10", and stellar isopleths
show that the cluster outer parts are elongated in the N-S
direction, and progressively twisting inwards. These effects
appear to be intrinsic to the cluster structure rather than
being caused by differential reddening. '

Some characteristics of this cluster, such as the defi-
ciency of red giants in the center, an extended blue hori-
zontal branch, and the concentrated nucleus, are in common
with post collapse clusters.

The cluster complex appearance at first glance might
suggest a superposition of an open cluster and a globular
cluster, but no compelling evidence for this was found in
the CMD analysis. On the other hand, the possibility of a
merger of two old clusters cannot be ruled out, owing to
the distortion effects on the isopleths.
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