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Abstract. Hubble Space Telescope observations in the F555bulge stars (e.g. Minniti 1995). These bulge GCs are there-
and F814W bands are presented of the bulge globular clugtae useful tracers for the study of the bulge itself, especially for
Terzan 1. This highly obscured cluster has the smallest projectiedermining the age of the bulge stellar population, and provide
distance to the Galactic center among all known globulars. tsies about the formation, chemical enrichment, and evolution
colour-magnitude diagram shows ared horizontal branch, whichthe bulge itself (e.g. Barbuy et al. 1998). Some of these GCs
is typical of metal-rich clusters, combined to a very steep rede highly obscured by dust in the galactic disk and/or lie in
giant branch, which instead is typical of metal-poor clustergery crowded regions which makes them prime targets for HST
These features make it similar to the second parameter halo chisservations aimed at constructing accurate colour-magnitude
ter NGC 362. Terzan 1 is therefore another second parametiagrams (CMD).
cluster in the Galactic bulge, and the first one in the bulge com- HST/WFPC2 observations of two metal-rich bulge GCs
bining a steep red giant branch with a red horizontal branch. feamely, NGC 6528 and NGC 6553) have allowed us to demon-
in the case of NGC 362, these features of the colour-magnitigteate that their age must be very close to that of the inner halo
diagram can be accounted for by the cluster bein@ Gyr GC47 Tuc, hence thatthe bulge underwentavery rapid chemical
younger than other clusters with the same metallicity but shoearichment, early in the evolution of the Milky Way (Ortolani et
ing a blue horizontal branch. These findings demonstrate thht1995). Moreover, inthe same study a comparison of the lumi-
second parameter effects are not confined to the Galactic halosity function of these clusters to that of the bulge in Baade’s
but are actually encountered at all galactocentric distances. Wéndow (~ 4° from the galactic center) allowed us to exclude
spite the unusual sequences in the colour-magnitude diagréime, presence of a significant intermediate age population in the
the derivation of reddening and distance is straightforward, abdlge itself.
we obtainedE (B — V) = 2.484+0.1,d = 5.2+0.5 kpc, thus As part of the same project, HST data were also collected
placing Terzan 1 within the bulge. for the highly reddened cluster Terzan 1, which is the globular
cluster with smallest projected distan@.{7) to the Galactic
Key words: stars: Hertzsprung—Russel (HR) and C-M diagrantenter (Terzan 1968; Ortolani et al. 1993a).
— Galaxy: globular clusters: individual: Terzan 1 In the present paper we provide deep HST optical photom-
etry for Terzan 1 which attains the main sequence turnoff. Over
the previous ground based observations (Ortolani et al. 1993a),
the HST CMD shows a much improved definition of the bright
evolutionary sequences, but also reveals puzzling features in-
Of the ~ 150 globular clusters (GC) belonging to the Milkydicative of asecond parameteffect. This effect consists in the
Way,~ 70 lie within~ 4 kpc from the galactic center where thepoor correlation of horizontal branch (HB) morphology with
density of GCs tends to peak. While some of these clusters nmagtallicity, and is widespread among halo clusters. Neverthe-
be in elongated orbits and are now caught near their perigalbess, Lee et al. (1994) found no evidence of a second parameter
ticon, the vast majority of them belong to the Galactic bulge, effect among GCs with galactocentric distance less tha$
they share the kinematical properties and metallicity distributidgpc, and argued this effect to be confined to the outer halo of
- the Galaxy. However, HST observations of two metal-rich clus-
Send offprint requests 18. Barbuy ters belonging to the Galactic bulge (NGC 6388 and NGC 6441)

" Observations obtained at the Space Telescope Science Institjg, e the presence of a substantial blue extension of the HB
with the NASA/ESA Hubble Space Telescope, operated by AURA . '
Inc. under contract to NASA a clear second parameter effect (Rich et al. 1997).

1. Introduction
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Table 1. Metallicity values of Terzan 1 from the literature

[Fe/H] reference method

+0.24 1 integrated IR photometry

-0.71 2 Call T integrated spectroscopy

> 0.0 3 CMDs a
+0.03 4 IR CO bands integrated spectroscopy :
-0.18 5 Call T integrated spectroscopy - i

Referencesl: Zinn & West (1984) based on Malkan’s (1982) infrare(ﬁ
photometry; 2: Armandroff & Zinn (1988); 3: Ortolani et al. (1991
1993a); 4: Origlia et al. (1997); 5: Bica et al. (1998).

We now provide evidence suggesting that Terzan 1 m
be yet a third example of a second parameter cluster in
Galactic bulge. Its HB consists dominantly of red stars, contre

guent reductions are described. In Sect. 4 the CMDs in the Wi = , — —
ious WFPC2 frames are presented and some cluster parametgrg. wrPC2 W3 500 sec F555W image which contains the cluster
are derived from them. In Sect.5 possible scenarios are djgnter. North is to the upper left corner and East is to the upper right
cussed to account for the anomalous CMD of this cluster, acatner.

finally our concluding remarks are given in Sect. 6.

The two bright blue stars may have diluted the blue spectral
region, reducing the Call triplet equivalent width, and therefore
leading to the lower metallicity value estimated by Armandroff
Terzan 1 is also known as HP2, GCL 69, GCL B1732-302&,Zinn (1988). Malkan’s (1982) integrated infrared photometry,
ES0455-SC23 and has coordinatesgso = 17°3234° and on which Zinn & West (1984) based their estimate, provided the
d1950 ==30°27'00" (1= 357.56, b =0.99). The cluster shows highest metallicity value, and might have been affected by the
a post-core collapse structure (Trager et al. 1995). contamination of light from the M giant.

Origliaetal’s (1997) integrated spectroscopy in theand
sampled at’4 x 6”6 area centered on the cluster, apparently
excluding the bright foreground M giant, while the blue stars
The metallicity is a crucial parameter for the interpretation of trehould have little effect on the infrared measurements. Their
cluster CMD. In Table 1 are reported [Fe/H] values for Terzandbservations indicate a strong CO band, which therefore should
as derived from the literature. All estimates point to a fairly highe representative of the cluster stars.
metallicity, although ranging from the level of 47 Tuc ([Fe/H] The near-IR integrated spectra in Bica et al. (1998) sample
=-0.7) to above solar. It should be noted, however, that no higltarge aread)” x 10”) and should represent as much as pos-
resolution spectroscopy of individual stars is yet available, asible the cluster global properties. The pixels corresponding to
therefore only integrated-light methods have been used. Tthe M giant were excluded from the analyzed spectrum. Their
large spread among values in Table 1 is likely to arise from vagall triplet is stronger than that of Armandroff & Zinn (1988).
ious contamination effects. In fact, within a radiusléf from  Finally, Ortolani et al. (1991, 1993a) argued for a high metal-
the cluster center there is a bright field foreground M giant (Bidigity from the red HB exhibited by the CMD obtained from
et al. 1998) which is clearly seen near the lower left corner ground-based observations.

Fig. 1, and at least two bright disk blue stars (Bica et al. 1993).

Moreover, due to its low galactic latitude the cluster is highl .

reddened and is projected over a field of high stellar densi%',z' Reddening

with stars belonging both the the disk and the bulge. The cdriterature values for the reddening in front of Terzan 1 scatter
taminating stars affect in different ways the results dependinger a rather wide range, and have been derived using a variety of
on the aperture used in the various studies, as well as on thethods (Table 2). Like for the metallicity, this spread is likely
scanning and extraction techniques, and on the spectral regmarise mostly from contamination effects by field stars, which
used in deriving the cluster metallicity. Decontamination froraffect the results in different ways depending on the adopted
the light of stars that are not cluster members is therefore rathethod. In Sect. 4 we shall derive a new value of the reddening
difficult and uncertain. using the HST data themselves.

2. Cluster parameters

2.1. Metallicity
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d W2+W3+W4,
Table 2. Reddening of Terzan 1 given in the literature As explained by these authors, the appropriate calibration for

reddened objects would be to correct the instrumental magni-
. tudes for reddening, to apply the calibration-transformation to
1.50 1 integrated IR photometry the standard Johnson-Cousins system, and finally correct for

E(B-V) reference method

1.52 2 compilation reddening back in the Johnson-Cousins transformed photome-
i:gj j zgir;iit?ggctroscopy try. !—lowever, sincg Terzan 1 reddening ig not well—kpown, we
204 5 compilation decided to apply directly the transformation-calibration to the
1.67 6 CMDs original data. From Holtzman et al. it appears that this proce-
1.80 7 integrated near-IR spectroscopy dure should introduce only marginal deviations in the case of

Referencesi: Malkan (1982); 2: Webbink (1985); 3: Armandroff &the filters qsed in the present study. . .
Zinn (1988); 4: Harris (1996); 5: Peterson 1993; 6: Ortolani et al. According to Trager et al. (1995), the half light radius is

(1993a); 7: Bica et al. (1998). rn = 229", and 20% of the cluster light is within the radius
roo = 81”. The WFPC2 frames therefore sample0% of the
total cluster light. Notice that the concentration of stars evident

3. Observations and reductions in Fig. 1 corresponds to just the cluster core.

Terzan 1 was observed with HST/WFPC2 on 1994 February

25, through the F555W (V) and F814W (l) filters. The clus4. Terzan 1: the cluster Colour-Magnitude diagram
ter center was placed near the corner of the W3 chip (seeand luminosity function

Fig. 1) and the telescope was kept in the same position dh!r—
ing all the exposures. Two 500 s exposures were taken throug

the F555W filter, followed by a 30 s exposure in the same firigs. 2 shows th& vs.(V — I') CMDs for the individual WFPC

ter. Two 60s exposures and one 5s exposure were obtainbips, as well as the combined diagram from all three chips. Al

through F814W filter. The average images have been redu€dDs show essentially the same features. However, Figs. 2b
with DAOPHOT I, and calibrated using the synthetic equatiored 2c contain a relatively higher proportion of field stars as

given by Holtzman et al. (1995), as in their Table 10, becausempared to Fig. 2a, since W2 and W4 are offset relative to the
the empirical equations do not cover dur— I colour range. cluster center.

. The Colour-Magnitude diagram
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In Figs. 3 thel vs.(V — I) CMDs are given for the sameis in good agreement with the value expected from interstellar
sequence of chips given in Figs. 2. reddening alone in the WFPC2 system, which is 2.5.

4.2. The horizontal branch 4.3. The red giant branch

As shown in Figs. 2 and 3, the cluster has a populous, very fBlde previous ground-based CMD (Ortolani et al. 1993a)
HB located at ;g = 21.4+0.1, and };5 = 17.74-0.1. This HB reached the RGB and the HB to the limiting magnitlite: 22.
morphology is typical of high-metallicity clusters such as e.ghe HST CMD goes- 3 magnitudes deeper, and the turnoff
NGC 6553 and NGC 6528 (Ortolani et al. 1995). The red HB reached near the limit. Figs. 2 show a fairly steep RGB, re-
is elongated and tilted, mostly due to differential reddening asmbling that of the metal poor globular clusters such as M30
indicated by being nearly parallel to the reddening line shovan NGC 6752 ([Fe/H] = -2.13 and -1.54 respectively, Zinn &
in the various CMDs. The differential reddening is more prdAlest 1984) (e.g. Rosino et al. 1997). The steepness of the
nounced in Fig. 2b (W2) showind(V — I) ~ 1.0, from the RGB is especially evident in Fig. 4b, with the central extrac-
extent of the red HB and the width of the RGB. tion (r < 10”) virtually eliminating the foreground/background
Itis important to establish whether the HB tilt is entirely dueontamination.
to differential reddening, or whether there is an intrinsic contri- This steep RGB is at odd with the red HB of the cluster. In
bution to the tilt. For example, Sweigart & Catelan (1998) welféig. 5 we overlap to the cluster CMD (from W3 with< 40")
able to produce tilted red HBs resulting from differential heliurthe mean locus of the metal-rich cluster NGC 6553 (Ortolani
enrichment due to mixing during the red giant branch (RGE} al. 1995, Guarnieri et al. 1998), and that of globular cluster
phase. In a central extraction & 10”) shown in Fig. 4b the NGC 362 ([Fe/H] = -1.27, Zinn & West 1984; [Fe/H] = -1.16,
HB tilt remains, suggesting that part of the tilt may be intrinsi¢jarris 1996), a well knowsecond parametetuster (e.g., Bolte
or alternatively to very small-scale differential reddening. WE989). The mean locus line of NGC 362 was obtained from
performed several tests with small extraction to check this poiRtosenberg et al. (1999). This comparison shows that the main
The comparison of individual8square boxes shows that differfeatures of Terzan 1 (SGB, HB, GB), even if Terzan 1 appears
ential absorptions up tdy = 0.2 mag are still present also ata bit more extreme case of a second parameter effect, with a
this scale. The observedtilt ofthe HBV/A(V —I) = 2.0+0.2 somewhat steeper GB and a slightly redder HB.
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4.4, The population of the main branches Table 3. Star Counts in the W3 Field
and the Helium abundance zone RGB _ red HB _ disk MS
Star counts in the W3 frame were carried out in order to cheClunts in I :
the radial distribution of the main CMD sequences, to verifyhole frame 152 233 102
cluster membership and field contamination, and to compuiester center  82(81) 131(90) 12
the ratios between different evolutionary phases. In Table 3 fame edge 6 10 10

show the counts for total field, a square containing the clustéwte: Values in parentheses are corrected — see text

center with (X, Y < 300 pixels) and another square of equal

area at the opposite edge of the field (500, Y < 800 pixels).

The features were selected in thes. (V' — I) diagram. The

CMD boxes containing the various sequences were definedst@'s. The resulting ratio R’ = HB/(RGB+AGB) = 1.11 implies

follows: (i) the RGB above the red HB:< 17.5; 3.7< (V —I)  a helium abundanc¥ ~ 0.23 (Buzzoni et al. 1983).

< 4.5; (i) the HB: 17.4> T > 18.0; 3.6< (V — I) < 4.1; and Note that the superior quality of the HST data and resulting

(iii) a control region containing the disk main sequence (MSEMD allows us to correct some misinterpretation of the CMD of

I<19.6;(V—-1I)<2.09. Terzan 1 derived from our previous ground based observations
Note that the counts in the disk MS scales with the area, @¥tolani et al. 1993a). The main advantage of the new HST

expected from a uniform field distribution, while there is a cledlata is that they allow to obtain accurate photometry down to the

concentration of the RGB and the red HB towards the clustegnter of the cluster, where field contamination is much smaller

center, showing that the vast majority of the stars in these féhan in the area explored from the ground. Fig. 3¢ in Ortolani et

tures belong to the cluster. We also took into account a correct@n(1993a) showed only the RGB stars brighter tharil7, with

for the RGB stars included within the red HB box. The correcteih apparent clump of stars At= 15.95 that we interpreted as

counts for the cluster center area are indicated in parenthesdféHB clump. The HST data (Fig. 4d) show instead that the HB

Table 3. The RGB correction for field contamination is neglielump is at/ = 17.7, which also reveals very clearly the steep

gible, but that for the RGB contamination of the red HB box iBGB that could not be identified on the ground-based CMD

fairly large (31 stars), while the field correction amounts to 1due to the incorrect placement of the HB and to the extensive

contamination by bulge field RGB stars.
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Therefore, the key advantage of the present data is that the
HST high resolution permits to reach deeper magnitudes inthe | .
central area. The difference is not due to the higher photometriczo
accuracy per se, as can be checked by a comparison of Fig. 3ain
Ortolani et al. (1993a) with Fig. 3d of the present paper. These
figures correspond to 12 arcrdiand 6.7 arcmif respectively,
and show that the width of the giant branch brighter than the =~ | - ..:
HB is quite the same in both cases, because it is dominated by | *"." "
field contamination and differential reddening rather than by the |
photometric accuracy. 24 |-

o B

4.5. Reddening and distance -

||||||||-||\||.||||||||||||

The correct procedure to obtain tiB — V') and theAy 262.5 3 3.5 4 4.5 5

is to use the coefficients provided by Holtzman et al. (1995) V-1

for the WFPC2 instead of the Dean et al. (1978) values whigly 5. w3 v vs. (V-I) diagram for an extraction of 40" where
were derived for standard Johnson-Cousins passbands. Thigdan loci of NGC 6553 (dash-dotted line) and NGC 362 (solid line)
a consequence of the different width, effective wavelength aa superimposed.

shape between the WFPC2 and Johnson-Cousins system which

cannot be accounted for by the colour transformation. In princi-

ple this calculation should be done on the original instrumental

magnitudes, but, as we already mentioned in Sect. 3, the colggfained. Despite the fact that the two templates have different

term transformations from F555W magnitudes to thdéand  morphologies and metallicities, the reddening and distances are

and from F814W to the band are so small that the numericajery similar in the two derivations. Let us note that the distance

difference in the reddening calculations is practically negligiblgarived by Ortolani et al. (1993a) for Terzan 1 was considerably

being of the order of a few hundredths of a magnitude. Howevgfgser to the Sun, because the HB was placed too bright, due

for a high reddening, the correct choice of the reddening lawtisthe lower photometric accuracy caused by crowding in those

crucial. In particular, in our case, it must take into account tré%”y ground-based observations.

systematically bluer passbands of the WFPC2 system. Using Adopting a mean distance of 5.2 kpc for Terzan 1, and as-

throughout the paper the ratib(V — I)/E(B — V) = 1.19  gyming the distance of the Galaxy centefiaf = 8.0 kpc (Reid

(Holtzman et al. 1995,) one obtaif¥ B — V') = 2.28, close to 1993), the Galactocentric coordinates of Terzan Tare —2.8

the highest value listed in Table 2. AssugiR = Ay/E(V-1) = (X <O refersto our side of the GalaxyJ,= —0.4andZ = 0.1

2.51 recommended for HST filters, we obtaly = 6.78. kpc. With a galactocentric distance-of2.8 kpc Terzan 1 is thus
We first calculate the cluster reddening differentially withycated well inside the bulge. In this regard see also the recently

respect to the metal-rich template NGC 6553. By superimposiggrived spatial distribution of the bulge globular clusters in Bar-

the red HB of the two clusters one g&t$l" —I') = 1.75+0.08 buy et al. (1998).

between Terzan 1 and NGC 6553. Adoptifigl” — 1) = 0.95 It must be pointed out, however, that the distance is very

for NGC 6553 (Guarnieri et al. 1998), one obtalié” —I) = dependent on the choice of the selective-to-total absorption R.

2.70 for Terzan 1. The red HB level in Terzan 1 is ati¥=  |f we assume, for example, E(V-)/E(B-V) = 1.33 (Dean et al.

21.4+0.1. Adopting an absolute magnitudeyM= 0.94 for a 1978) and A//E(B-V) = 3.1, we obtain 6.5 kpc.

metal-rich cluster (Guarnieri et al. 1998), and witky & 6.78

the absolute distance modulus(ie — M), = 13.68 & 0.15, o _

which leads to a distance from the Sdip = 5.4 + 0.5 kpc for  4-6- The luminosity function

Terzan 1. Fig. 6 shows the/-band luminosity function of Terzan 1 de-

Alternatively, on the other extreme, one can assume the veiyed from W2 camera in an attempt to compromise between
metal poor cluster M30 as atemplate. Matching to each other the crowding and the contamination from the field, compared
steep RGBs of the two clusters, we obtail” — 1) = 2.95+ it that obtained from NGC 362 (Rosenberg et al. 1999). Only
0.08 between Terzan 1 and M30. Adoptidf B — V') = 0.03  the stars closer than 35rom the Terzan 1 center have been
for M30 (Harris 1996), we geft (V' —I) = 2.99, which converts  included. The luminosity function of NGC 362 has been nor-
into E(B — V) = 2.48 for Terzan 1, and corresponds t&'/A  malized to Terzan 1 scaling to the same number of stars in the
7.43. horizontal branch. It has been also shifted in magnitude in order

With Vyg = 21.4 for Terzan 1, and adopting an absoluig overlap the two HBs. From the comparison the good agree-
magnitude M, = 0.45 (Buonanno et al. 1989) for M30, thement between the two luminosity functions is evident from the
absolute distance modulus(is. — M), = 13.52+0.15, which  HB along the SGB, until the turnoff region. In NGC 362 the
leads to a distance from the St = 5.05+0.5 kpc for Terzan  tyrnoff is located at about 3.1 mag. below the HB, which corre-
1. Using instead NGC 362 as a template intermediate valuesgﬁgnds to about = 21 in Fig. 6 (which is scaled to Terzan 1).
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Rich et al. (1997) discovered two second parameter clusters
in the Galactic bulge, NGC 6441 and NGC 6388. They are
both metal rich clusters with a composite HB, with both red
and blue stars. Terzan 1 represents the opposite case of a
second parameter effect, i.e., a fairly metal-poor cluster with an
almost purely red HB, a case also similar to the globular cluster
No. 1 in the Fornax dwarf spheroidal (Smith et al. 1998),
which however appears to have withirl Gyr the same age
ofthe other three clusters with blue HBs (Buonanno et al. 1998).
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al. 1999), which should allow one to have a more direct estimate ApJ 484, '-25_ i o
of its metallicity and radial velocities of individual stars. Rosr(]eqriltl;;;g A., Piotto G., Saviane |., Aparicio A., 1999, AZAS sub-
\ Ggo?’”ecgrg'lgg ﬁ;ggg’ Iogfx%gbiogi;slgsg) reaso”'rt‘ﬁ’ fcl)-{os_ino L., Ortolani S., Barbuy B., Bica E., 1997, MNRAS 289, 745
’ : yryounger thansg,i, £ 0. Rich R.M., Neill J.D., 1998, AJ 115, 2369
cluster such as NGC 288 which has nearly the same me'[a"'@\)&eigart AV, Catelan M., 1998, ApJ 501, L63
butan extended, very blue HB. As such, Terzan 1 appears to h@@an A., 1968, C. R. Acad. Sci. Paris 267, 1245
second parameter cluster physically located within the Galactigger S.C., King I.R., Djorgovski S., 1995, AJ 109, 218
bulge. Since its tangential velocity is not known, itis at this stag®ebbink R.F., 1985, In: Goodman J., Hut P. (eds.) Dynamics of Star
impossible to say whether Terzan 1 is a genuine bulge cluster, Clusters. IAU Symp. 113, Reidel, Dordrecht, p. 541
or a halo cluster that happens to be crossing through the bufyje R., West M.J., 1984, ApJS 55, 45
at this particular epoch.
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