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Abstract. We present deep B and V CCD photometry of thel.65, Zinn and West 198@) In spite of this similarity, the two
intermediate metallicity, high central density galactic globulafusters have quite different Horizontal Branch (HB) morphol-
cluster M 80. More than 10000 stars have been measured, ready; with M 80 closely resembling M 13-like clusters where HB
ing a limiting magnitudel” ~ 23. The color magnitude dia- stars are essentially confined to the blue side of the RR Lyrae in-
gram shows a population of very hot horizontal branch (HB}ability region. Thus M 80 appears a cluster where the “second
stars, stretching down to V magnitudes fainter than those pdrameter” affecting the HB distribution in galactic globular
the turn off stars, to the limiting level of the present photonelusters (GGC) can be investigated.
etry. Using the giant branch as metallicity indicator, we derive Qur interest in this cluster is furtherly increased by the
[Fe/H]= —1.71+0.20. From the location of the HB, we obtainevidence that M80 is one of the densest globular clusters
an apparent distance modulus (mMj= 15.58 +0.12. The R in the Galaxy, with an estimated central density as large as
ratio gives Y#).25+£0.05 and shows a radial trend, with the HBjog (M, /pc?)=5.68 (Djorgovski 1993). Indeed, there are in-
stars in the blue tail more concentrated than the red giant staf@asing evidences for which high central density GGCs appear
We show also evidences that the hot HB stars are “bona fidgrrelated with the occurrence of a peculiar population of very
normal He burning stars. hot HB stars, forming a HB “blue tail” extended to very large
The color-magnitude diagram of M80 has been compargffective temperatures (see e.g. Buonanno et al. 1985, Djor-
with the corresponding diagrams of other clusters with simjovski & Piotto 1993, Fusi Pecci et al. 1993, Castellani 1994,
lar metallicity (within +0.1 dex), and with different metallic- Buonanno et al. 1997). Moreover, a very blue HB morphology
ity. Both comparisons reveal clear differences, which might ker M 80 was already predicted on the basis of high ultraviolet
interpreted as uncertainties in color calibrations of the colasmissions observed with IUE spectra (Caloi et al. 1980, 1984)
magnitude diagrams or might reflect differences in the “globagnd has been recently confirmed by high resolution HST ob-
metallicity of the galactic globular clusters. servations presented by Shara and Drissen (1995). According
to this scenario, M 80 appears an ideal target to investigate the
Key words: globular clusters: individual: NGC 6093 — starsquoted correlation.
evolution — Hertzsprung-Russell (HR) diagram — stars: Popu- |n this paper we present the results of such an investiga-
lation Il — stars: horizontal-branch tion. In the next section, observations and data reduction will be
presented. In Sect. 3 we present the color—-magnitude diagram
(CMD), and discuss all the parameters which can be derived
from it. Sect. 4 will be devoted to the luminosity function and
1. Introduction to a comparison with theoretical models. Population ratios and
population gradients will be presented in Sect. 5 together with
NGC 6093 (M 80) is a bright, moderately metal poor globulag short discussion on the possible origin of the blue HB tail.
cluster in the southern hemisphere for which only old photGect. 6 will deal with a discussion on the CMD morphology.
graphic photometry for the more luminous cluster stars is avaife will show the comparison with a sample of clusters with
able to date (Harris & Racine 1974, hereafter HR74). Howevefmilar metallicities, discussing at the light of present theoreti-
the cluster appears to be an interesting object in many respegi$knowledge the possible origin of some puzzling differences.
As a first point, the estimated metallicity [Fe/H] = -1.68 (ZinrThe discussion will be finally extended to the CMDs of a large
and West 1984) appears very similar to the cluster M 3 ([Fe/H]=
1

note that both clusters will result more metal rich ([Fe/H]=-1.3) in
Send offprint requests 1&. Brocato the metallicity scale by Carretta and Gratton (1997)
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Table 1. For each field and each filter the Table shows the numberTdble 2. For each field the Table shows the threshold adopted in the
frames (N), the exposure timé) @nd the seeing for the best frame. ROMAFOT/search procedure (Thr.) expressed in units of sky Poisson
noise ¢ sxy) and the number of stars detected.

field filter N t seeing

(sec) (arcsec) field Thr.  Ntars
C \% 3 42 1.1 X O sky
C B 3 122 1.1 C(r < 100pix) 150 354
SW V. 3 150 0.9 C(r>100pix) 12 6366
SW B 3 300 11 NW 14 1120
NW \% 3 150 0.9 SW 14 1362
NW B 3 302 1.1 SE 14 1185
NE \% 3 100 0.9 NE 7 548
NE B 1 150 1.2 OFF 7 1328
SE vV 3 150 1.2 EXT 7 727
SE B 1 150 1.2
OFF \% 1 900 1.2
OFF B 1 1200 11 allow a reliable calibration. In order to calibrate our data we
EXT V 1 480 1.1 used a set of 141 stars in common with Saviane & Piotto (1998)
EXT B 1 600 1.0 covering the ranges0.30 < B—V < 1.35and13.5 <V <
17.5. The following relations have been obtained:
sample of GGCs, disclosing unexpected evidences which might B =0+ (0.10£0.01)(b — v) + const.
suggest a possible revision of the present evaluation of the rank-
ing in metallicity of GGCs. V =v+4(0.02£0.01)(b— v) + const.
whereB andV are the magnitude listed by Saviane & Piotto,
2 0Ob . . andb andwv the instrumental ones. The former have been cali-
. Observations and data reduction

brated using a set of 12 standard stars from Landolt (1992); the

Observations were carried out during the nights July 15 andcertainty on the calibrated magnitudes quoted by Saviane &
16, 1993, at the ESO 3.58 NTT equipped with EMMI. A se®iotto is 0.03 magnitudes in V and 0.04 magnitudes in (B-V).
of 17 CCD B—frames was secured with the Tektronix TK1024ll the cluster fields are partially overlapping, so the common
(ESO #31) using filter ESO#603 at EMMI blue arm. 13 CCBtars have been used to calibrate to the same instrumental mag-
V—frames were obtained with LORAL2048 detector (ESO #34#jtudes. Unfortunately, the background field do not overlap with
and filter ESO#606 at EMMI red arm. Six fields, partially overany cluster fields. In this case the calibration has been performed
lapping, covering a total area of abd@ x 12 arcmir?, grossly by using, as secondary standards, the stars measured in the clus-
centered on the cluster, were observed in good seeing condititersrames obtained just before and after the exposures on the
(FWHM 0.9-1.2 arcsec). An additional field centered~aB0 background field.
arcmin from the cluster centex(2 tidal radii) was observed in ~ The constants present a dispersion of 0.06 and 0.05 mag in
order to estimate the field star contamination. The details of tBeand V, respectively.
exposures are given in Table 1. Flat-field and bias images were The CMD for all the detected stars with a distance from the
taken at the beginning and at the end of each night to correct étuster center > 100 px (pixel size 0.35 arcsec) is shown in
the detector response to uniform sensitivity. Fig. 1. The data of the present investigation can be usefully com-

Data reduction was performed using the package R@ared withthe photographic data presented by HR74. Lacking a
MAFOT (Buonanno et al. 1979, 1983) for crowded field phdinding chart for stars measured in 1974, we simply selected in
tometry. Standard procedures to determine the PSF, to graup sample the stars in the same region covered by HR74 (100
and to fit the objects were adopted (see Ferraro et al. 1990 faresec< r < 250 arcsec), plotting the corresponding CMDs.
description). For each field the master list was created from theen if the HR74 data are affected by a larger internal photo-
individual frame photometry after interactively checking thosaetric error, one finds that the CMD morphologies for the two
objects for which the goodness of fit estimators assumed anomiataset overlap quite satisfactorily.
lous values. A total number of 10176 single stars was detected The internal accuracy of our CCD measurements has been
and measured in both B and V-bands, once the entire redestimated on the basis of thens frame-to-frame scatter of
tion procedure had been fully performed. The threshold valu® instrumental magnitudes for each individual star, computed
adopted in the search phase were fixed according to the croasd-in Ferraro et al. (1990). The mean internal errors are, ap-
ing conditions and exposure times, on the basis of several tepteximately, < oy >~ 0.007 and< op_y >~ 0.010 for
in order to limit the number of spurious detections. Informatiol2 < V < 18; < oy >~ 0.017 and< og_y >~ 0.025 for
about the threshold values adopted and the number of objedis< V' < 21.5.
detected for each field are shown in Table 2. The final photometric error includes also the error involved

Due to non photometric sky conditions, the observation of the calibration procedure and the uncertainties related to the
photoelectric primary standards outside the M 80 field did ne&rious transformations. We estimate that systematic total errors
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Fig. 1. CMD for all fields, only star with
r > 100 (9822 objects).

up to 0.05 mag i/ and 0.08 mag iB — V' cannot be ruled Table 3. Fiducial points for M 80.

out in our measurements, at least for very blue and/or very red

stars.

Nevertheless, our data and the photographic measuremeMg*SCE*RGB

by HR74 do not show significant zero point differences. In par-
ticular, there is a good agreement in the two color scales: they 13.610
found(B-V), = 0.92as meanred giantbranch (RGB) colorat ;5 g4
the magnitudé’zr = 15.90, while we obtain(B — V') = 0.90 14.400
at the same magnitude level from our CMD (see next section 14.800
for a detailed discussion on the magnitude of the HB and the 15.200
color of the base of the giant branch). 15.600

Forwhat concerns the completeness of our sample, we made 16.000
several tests following the procedure described in Ferraro et al. 16.400
(1990): we randomly added to the original frame a group of stars 16.800
of known magnitude §,44), re-reduced the frame and calcu- 7
lated the ratioF' = N,../N.qq Which represents the degree
of completeness, wherd,... is the number of artificial stars 18.400
retrieved. We performed the tests in four annuli at different dis- ;g g
tances from the cluster center, in order to account for the varying 19 010
crowding conditions. 19.100

As shown by the artificial star experiments, the sample with 19.300
V' < 20 mag is fairly complete (i.eF > 90%) down to 250 pix 19.500

B-V \% B-V
19.700 0.521
13.200 1.680 19.900 0.526
13.310 1.590 20.100 0.531
1.430 20.300 0.548
1.290 20.500 0.555
1.165 21.050 0.613
1.070 21.550 0.677
0.993 22.050 0.762
0.933 22550 0.913
0.893

0.858 HB
0.826 16.147 0.320
200 0.796 16.352 0.220
17.600 0.774 16.569 0.139
18.000 0.755 17.000 0.080
0.730 17.500 0.026
0.700 18.000 0.023
0.635 18.500 0.000
0.589 19.000 -0.023
0.553 19.500 -0.057
0.536 20.000 -0.108

from the cluster center{ 90 arcsec). Therefore, where in the
following we make use of star counts (luminosity function, R
parameter), we refer only to this subsample.

3. The color-magnitude diagram

i) H=burning CMD sequence# the rangel9.0 < V <
23.0 mag we selected stars with > 300 pix from the clus-
ter center (to reduce the number of spurious blended objects),
binned the data in magnitude (0.5, 0.2 mag bins, for the main

931

Table 3 presents the values adopted as fiducial points for Heguence (MS) and the TO/subgiant branch, respectively) and,

CMD of M 80 obtained as follows:

for each bin, calculated the mean V and the mode of the (B-V)
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histogram (0.02 mag bins); farl.2 < V' < 19.0 mag, we used Table 4. Metallicity from RGB parameters: relations and derived val-
the same method but dealing with data with- 100 pix and ues for M 80.
V-bins of 0.4 mag. For the upper part of the RGB(14.2 mag) _ .
the 3 brighter fiducial points were determined by eye estimaticﬁ.e lation gem‘rf neces Derived [Fe/H]
if) HB. We used data from the whole sample; in the range (B = Vo
16.75 < V' < 20.50 mag we binned by 0.5 mag in V (0.1 magy 3
in color), taking the mean V, B-V for each bin. 3.84
The TO appears rather well defined in shape, together witlss
the subgiant (SG) and the initial portion of the red giant branch.85
The same figure shows that the expectation about the HB popu-
lation is fully confirmed by the present observations: below the AVig
already known blue HB there is a well defined population of _
very hot HB stars stretching down to V-magnitudes fainter than¥-924AVi.a +0.913  Zinn & West 1984 —1.77+0.14
those of TO stars. Recalling that the decrease in V-magnitud OIAVLs + 1.30 Costar & Smith 1988 —1.63 £ 0.15

. . . . 2 —0.65A 2 Gratton & Ortolani 1989—1. .
is mainly the consequence of bolometric correction, this is an 65AV1.4 +0.28 raton rtolani 1989-1.61 £ 0.10

0, —5.00  Zinn&West1984 —2.08 +0.43
0,9 —4.63 Gratton 1987 —2.02£0.38
0,9 —5.19 Costar & Smith 1988 —2.01 + 0.47

(B -
(B -
(B —
(B —V)o,g — 3.76 Gratton & Ortolani 1989—1.82 £+ 0.28

SSSS

evidence of the large temperatures reached by these HB stars. g

Quantitative evaluation based on theoretical models for hot HB

stars (Castellani et al. 1995) and Kurucz (1992) atmosphere 465 + 0.62 Ferraro etal. 1991 —1.68 -+ 0.64
models indicates that the bottom of the cluster “blue tail” (here=0.295 + 0.01 Gratton & Ortolani 1989—1.44 4 0.41

after BT) should be populated by stars as hdbad, ~ 4.40,
that is by stars where the He core is surroundgabH rich
envelope with mass of the order of just0.01 M. i) Vi p. Due to the reduced number of RR Lyrae variables

According to a well established scenario, the location ¢fnly six stars), the measurement of the ZAHB level is rather
the RGB can be first used to derive and/or to test informatigifficult in this cluster. Moreover, because of the blue HB mor-
about the cluster metallicity, since the RGB becomes bluer apldology, these variables are probably evolved HB stars and do
steeper as the metallicity decreases. Several evaluations ofrtbrepresent the ZAHB level correctly. In order to defifes,
cluster metallicity are already available in the literature. Zinwe have overplotted, on the horizontal branch of M 80, the HB
(1985) gives for M 80 a value [Fe/H} —1.68. Suntzeff et al. oftwo other clusters: M5 (Carney etal. 1991) and M 15 (Durrell
(1991) adopt a value of -1.64 based on the system of Zinn&Harris 1993). These clusters have sufficiently populated HBs
West (1984). [Fe/H}= —1.55 is derived by Bica & Pastoriza both in the blue side and in the instability strip; Fig. 2 shows the
(1983) from DDO photometry, while Brodie & Hanes (1986)wo superimpositions. Note that these clusters have either higher
give [Fe/H]= —1.57 from a low-resolution spectrophotometriqM 5) or lower (M 15) metallicities than M 80, but this does not
study. The mean value from the above metallicity determinaffect our determination of the HB luminosity. Following this
tions is [Fe/H]= —1.61 4-0.06 (rmserror); taking into account procedure we gdt; p = 16.20+0.10in both cases. This value
the typical~ 0.2 dex uncertainty on the metallicity scales (Zinns slightly fainter tharV’zpr = 15.89 andVgr = 15.90 given,
and West 1984), we have [Fe/H}#.6 £+ 0.2. respectively, by Wehlau et al. (1990) and HR74 from the mean

“Photometric” estimates of the cluster metallicity camagnitude of RR Lyrae stars in M 80, confirming the probable
be derived from several RGB-based parameters calibragxdstence of evolutionary effects in these variables.
in terms of [Fe/H]. In the following we will make use of The color of the RGB aV’ = 16.2is (B — V), = 0.85 +
the parameter$B — V), , (Sandage & Smith 1966)\V; 4 0.05, where the error includes the uncertainty on the HB level,
(Sandage & Wallerstein 1960) and (Hartwick 1968). to which we have to add an uncertainty-0f0.08 mag due to
However, in order to evaluate a correct value for thegke photometric errorcf. Sect. 2 The true RGB color is then
parameters one needs information on both the intersteli@ — V'), , = 0.68 & 0.10 where the uncertainty includes also
reddening E(B — V) and the zero age horizontal brancihe error onE(B — V).

(ZAHB) luminosity level at the temperature of the RR Lyrae Insertingthis value inthe relations listed in Table 4 we obtain
gap:Vy . These two quantities have been estimated as follovike corresponding values for [Fe/H] showed in column 3 of the
same Table: a weighted mean gives [Fe/H} £94 + 0.13.

i) E(B — V). HR74 determined a color excess for TheV magnitude ofthe RGBdB — V) =14+ E(B —
M80 of 0.16 £ 0.03 from the comparison of their CMD V) is V4 4 = 13.3+0.1; the error due to the uncertainty in the
with the mean lines of M13. Racine (1973) found a valueddening has a negligible effect, compared to-the.1 mag
of 0.17 based on the cluster's integrated spectral typecertainty in defining the RGB ridge line. Therefafey; 4 =
More recently, using the same method, Reed et al. (19880 + 0.15: the relations in Table 4 lead to the metallicity
obtained a value of 0.18. In the following we will adopt/alues listed in column 3, and a weighted mean gives [Fe/H] =
E(B—V) =0.17 + 0.03 and comment on the possible effect-1.65 & 0.09.
of the uncertainties in the reddening on other derived quantities. Finally, we can use the parametgr= 2.5/A(B — V)3 5,

whereA(B — V), 5 is the difference betwediB — V') , and the
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A(B - V) = 4+0.13 andAV = +0.35,
| ‘ L A(B — V) = +0.06. The dotted line rep-

-0.2 0.0 0.2 resents the ZAHB level.

color of the RGB point which is 2.8 mag brighter than the HB. rely on the assumed reddening and that increasing the reddening
Therefore,S = (2.5 +0.15)/(0.5 £ 0.07) = 5 + 1, where the would increase the estimated metallicity. In this respect, it might
errors include both the uncertainty in locating the two points doe of some interest to note that the [Fe/H] value derived from
the ridge lines, and the photometric errors. A weighted meantb& S index, which does not depend on the cluster reddening, is

the values listed in Table 4 finally gives [Fe/H}=.51+£0.17. very close to the mean value derived from the literature. In any

| h th dditional determinati czflse, a weighted mean of the three metallicity determinations
n summary, we have now three additional determina |on30@ es [Fe/H] =—1.71 + 0.20.

[Fe/H]. We must point out that the first two photometric metho
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Fig. 3. Observed luminosity function (filled
circles) for the stars withr > 250 pix not

belonging to the NE field and lying within
+30p_v from the cluster ridge line, de-

0.0 [ ] . . -~
L | contaminated for the field stars contribution.

i —— £=0.0002, DM=15.63 1 The vertical error bars represent the Pois-
05 ----- Z=0.0006, DM=15.53 |1 son standard deviation, the horizontal ones

account of the uncertainty in th€y 5 de-
termination ¢0.10 mag). Theoretical LF,
gy ] from Degl'Innocenti et al. (1996), are com-
16.0 17.0 18.0 19.0 20.0 puted for the specified ages and metallicities,
\V; shifted by the labeled DM.

However, even regarding the quoted error a8atevel, Caputo (1997), theoretical results from Castellani et al. (1991:
one has to notice that the quoted metallicity determination@CP) can be combined with Kurucz (1992) atmosphere models
far from being very satisfactory, since it leaves room for the derive the ZAHB luminosity
cluster being regarded either as a very metal poor (Z=0.0002)
or a moderately metal rich (Z=0.0006) object. My =1.45+0.211og Z

By relying on the above estimates one can proceed tovaich gives, for the assumed metallicityf, = 0.74 £ 0.05.
comparison with current evolutionary theories. According tdowever, recentimprovements in the input physics (see Salaris,
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Degl'Innocenti & Weiss 1997) already disclosed that CCP prob- s
ably underestimated the HB luminosity By, ~ 0.1. With (a)
such a correction, from the observed magnitude of the HB, > L
one finally derives a cluster apparent distance modulus (ng
M)y = 15.56 & 0.15. g
Apart from the theoretical route, we could obtain a distance * |
modulus estimate using other empirical or semi—empirical cal-
ibrations of theMy (ZAHB) vs. [Fe/H] relation. Column 1
of Table 5 summarizes the different values of the absolute
magnitude of the ZAHB using the most recent calibrations of 40
the relation. The corresponding distance modulus (and uncer-
tainties) are in column 3 (and 4, respectively) of Table 5. é
mean of the different distance moduli in Table 5 gives: (m- 5o L
M)y = 15.58 £+ 0.12, very similar to the value obtained above
from the theoretical HB magnitude. Assuming E(B-V)=0.17, 10
and A,=3E(B-V) we get an absolute distance modulus: (m- [ — 5 — ‘ ‘ ‘

M)0:1507:|:016 13.0 14.0 15.0 16.0 17.0
\%

—~
O
N

. . . Fig. 4a and b.Cumulative &) and differential ) luminosity function
4. The luminosity function for all the stars detected brighter than 17.5 mag.

Making reference to this (m-M)value and bearing in mind the
above evaluation of the cluster distance modulus one can furtm@;}gmp = Viump — Vip and studied its dependence on the
compare the observed sample of RGB stars with the theoretigister metallicity. The authors replaced [Fe/H] with the param-
prescriptions. eters(Z) (cf. their definition), which was useful in order to make

In the upper panel of Fig. 3 the RGB luminosity functionhe comparison with the theoretical models. From the previous
(LF) is compared with the theoretical LF for the two labelediscussion, for M 80 we havgvggmp = —025+0.11. M80
choices of the metallicity and for a cluster age t=14 Gyr (t=1éhares the general trend of the present sample of clusters (cf.
Gyr in the lower panel). The observed LF is obtained selectiggviane et al. 1998 for an updated discussion on this subject).
stars withr > 250 pix, not belonging to the NE field (because
of the lower exposure time of the NE V—frame) and lying withi
+30p_y from the cluster ridge line. The LF is also correcte
for the field stars contamination by using the CMD obtained #nother useful application of the star counts in the different evo-
the external region, located 30 arcmin from the cluster center.lutionary phases is the calculation of the population ratios. In
Theoretical LFs (Degl'Innocenti et al. 1997) are normalized garticular, here we can use the R-ratio (i.e the ratio of the number
the total number of stars on the RGB  18.5 mag). The last of the HB stars to the number of the RGs with bolometric mag-
two points {/ > 20 mag) of the observed LF in Fig. 3 are clearlyitudes brigther than the HB magnitudéd:= Ngp/Nrcp)
below the theoretical LF, this could be due to the assumed INdFoposed by Iben (1968) to derive the amount of the original
but it is very likely due to the incompleteness of the sample la¢lium in M 80. Table 6 presents the number of stars in the two
these fainter magnitudesf( Sect. 2 branches Ny and Nr¢ g, together withR values for three

The overall morphology would suggest that the upper liméinnuli at different distances from the cluster center and for the
of the adopted metallicity range should be preferred to accoticdbmplete” sample (stars with > 250 pix). The HB luminos-
for the star distribution around the subgiant branch (i.e. arouitgllevel of the RGB was fixed taking into account a differential
V' ~ 19). Comparison between the upper and lower panel of thelometric correction between HB and RGB stars of 0.15 mag.
figure shows that, under the above quoted assumptions, mdle uncertainties shown in the Table take into account only the
els for an age of 14 Gyr better reproduce the observed LF. Rsisson noise and neglect the errors coming from the uncer-
shown in Fig. 4, the LF also allows to locate the position of thainty in the determination dfz; 5 which produces a variation
RGB luminosity bump marking the encounter of the H burningf £0.1 in R.
shell with the interior chemical discontinuity. As shown by Fusi The “complete” sample gives a value Bf= 1.32 4 0.30
Pecci et al. (1990), the bump is better revealed by the chaimgfull agreement with the value obtained by Buonanno et al.
ing slope of the cumulative luminosity function produced by th@994) for M3 (R = 1.35 £ 0.20) and, more generally, with
variation in the core mass-luminosity relation for the RGB struthose presented by Buzzoni et al. (1983) for a sample of 15
tures. The bottom panel of Fig. 4 shows that the bump can dlasters. However, the quoted authors adopt as HB level the
recognized in the usual differential luminosity function too. Wmean magnitude of stars in the RR Lyrae gap, while we use the
find Viymp = 15.95 £ 0.05. The position of the bump in M 80 lower envelope of the HB. Following the Buzzoni’s approach we
can now be compared with the results obtained for the otheould have a slightly higher value of By 5 mean = 1.40 £
globular clusters: Fusi Pecci et al. (1990) defined the parameigd0 for the “complete” sample.

%. Population ratios and radial gradients
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Table 5. Distance from different calibrations of the magnitude of the ZAHB.

My  AMy  (m-M)  A(m-M) author method

0.43 0.06 15.77 0.12 Sandage 1993 Period Shift

0.66 0.07 15.54 0.12 Buonanno etal. 1989 MS Fit

0.64 0.04 15.56 0.11 this paper Theoretical

0.75 0.03 15.45 0.10 Carney 1992 Subdwarfs

0.61 0.04 15.59 0.11 Fernley 1994 Baade—Wesselink

Table 6. Number of HB and RGB stars\w 5, Nre5), value of R for the specified annulus. The Table also shows the number of HB stars in
the blue tail Vs ), the number of stars brighter than blue tail stdv¥s:{; ), and the ratio®2 and R3 (see text).

r (pix) Nup Nras R Nrup Npus R Rs3
100 = 250 112 107 1.05 £ 0.20 76 36 0.71+0.15 0.474+0.13
250 = 500 80 41 1.95 +0.50 36 44 0.87+0.30 1.22+0.39
> 500 18 33 0.54 4+ 0.20 15 3 0.454+0.20 0.20£0.17
> 250 98 74 1.32 £0.30 51 47 0.69+0.20 0.914+0.26

Adopting the calibration of Buzzoni et al. for the R-Y re-Piotto 1993 for very similar results in other high concentration
lation and the valu&R g g meqn from the “complete” sample, globular clusters like M 15, M 30, and NGC 6397).
we haveY = 0.23 £ 0.04; by using a more recent calibration
(Bono et al. 1995), which involves the ZAHB level approach, The same Table 6 presents the valuesitodefined as the
we have (for Z=0.0005) = 0.25 & 0.05, both in agreement ratio Ngrrp/Nrup, Where Ngyp = Nuyp — Nrup is the
with the generally accepted value of Y=0.23. Note that theBegmber of stars in the blue taiV’(> 17). Again, the values of
determinations of Y must be considered as lower limits: odts for the two outer annuli reveal that the number of BT stars
counts are incomplete at the limiting magnitude and we cafcreases toward the cluster center. This appears a significant
not exclude that the blue HB tail continues beyond the limit #€sult, since those stars are fainter and more affected by incom-
our photometry. The problem of the field contamination on tHd€teness, more severe in the inner regions, than the brighter
blue HB tail has been investigated. Even if no conclusive resulg$l horizontal branch (RHB) stars. A similar occurrence was
can be derived, we suggest that the blue tail stars belong tof¢nd also in NGC1904 (Ferraro et al. 1992a). For a more sig-
cluster. First, by examining the field stars contribution in th@ificant Comparison of the radial distribution of the stars in the
region, as observed in a field locatec~aB0 arcmin from the different evolutionary phases, we have calculated the cumula-
center of the cluster, we found that no contamination is expecté distribution. As shown in Fig. 5 the radial trend of the

for V < 20. Second, some indication can be derived by usirld 123 ratios are due to an increase in the number of the HB
stellar population counts. stars toward the cluster center (note that we have used only

stars withr > 250piz, i.e.r > 87 arcsec), and not to a dimise
In this sense, even if affected by a large error, our deta&f RGB stars. In particular, if we keep the division in RHB
mination of R allows to add further indication that the stars ifi/ < 17) and blue horizontal branch (BHB)T1 < V' < 20),
the blue tail should be indeed genuine HB members. In faatKolmogorov—Smirnov test shows that the BHB stars are sig-
considering for example as “HB” only that part of the horinificantly more concentrated (at 99.8% probability level) than
zontal branch whose morphology is in common with that dfie SGB stars (defined as stars within 3 sigma from the fiducial
M3 (V < 17), we would have an amount of HB stars asub—giant branch and witth < V' < 17); the RHB stars are
given in column 5 of Table 6Xrg ) and a consequent valuemore concentrated, but this last result is less significant (Fig. 5,
R= Nrup/Nrep = 0.69 +0.20 (i.e. Y ~ 0.10) which can upper panels). The BHB stars are more concentrated (at the
hardly be accepted. Of course this method could be biaseddayne significance level) even if we limit the BHB sample to
any “non-evolutionary” phenomena acting in the way of modit7 < V' < 19 orto 17 < V' < 18: not only the result is sig-
fying the ratios between stars in different evolutionary phasesificant, but we can exclude it is an artifact due to the inclusion
of spurious detections, as it could happen extending the counts
For the innermost sampleé({0 < r < 250 pix) we derive to the limit of the photometry. Neither the incompleteness can
a smaller value of R, which is probably due to incompletexplain the radial trends shown in the upper panels of Fig. 5. On

ness of our photometry in a more crowded region of the clugre other side, the RGB stars have exactly the same distribution
ter. Nevertheless, the analysis of the outer (complete) anmudithe SGB stars (Fig. 5, lower panel).

(250 < r < 500 pix andr > 500 pix) shows the occurrence of

a radial gradient in the parameter R, from which one could infer A similar result has been found in NGC 1851 (Saviane et al.
that, moving toward the cluster center, an excess of HB std/%98), though at a lower significance level, and also NGC 1904
and/or a depletion of RGB stars takes place (see Djorgovskiskows the same effect.



E. Brocato et al.: CCD photometry of M 80 and the ranking of the C-M diagrams of galactic globulars 937

r T T T ‘ T T ‘ ‘ ‘ ] L T T T ‘ ‘ ‘ ]
1t P =0.187 e 1 —P =0002 e
o8l S - 0.8 - 7 -
L // : : //J :
gosf 1 zosk 7 :
> - s 1 - e ]
- “u/ — - -
0.4 — e — 04— 7 —
3 A RHB - o S BHB :
L ; i L i
L 9 _ L s i
o2 L _ _ . SGB N o2 i/ - SGB N
C ] Civ ]
Lo il L i

O £ L | L L | L L | L L | L O u/ L L | L L | L L | L

400 600 800 1000 400 600 800
r r

B I I i r I I I ]
1 =P = 0.052 I p— 1 P = 0.924 e
r T ] C e 1
0.8 — ST — 0.8 — T —
L D - | L i i
L - - L oo 4
L “; J | L ‘,ﬁ"ﬂ' |
= 0.6 - JJVJJ N 0.6 - :y:/‘f ]
S ] C 7 ]
0.4 — J — 0.4 — 7 —
A BHB } C RGB i
L I i L i i
02 f _ _ . RHB ] 02 F “)/ _ _ . SGB ]
C 1 -/ ]

o L& L | | T A B N B SR B

400 600 800 200 400 600 800 1000 1200

r r

Fig. 5. The cumulative distributions of several star samples are compared with the template SGB stars (see text for the definition). The upper
panels show that both BHB and, to a lower extent, RHB stars are more concentrated than SGB stars. The probability that BHB and SGB stars
are taken from the same distribution is only 0.2 %. This is confirmed by the lower left panel, which shows that the BHB stars are also more
concentrated than the red HB counterpart. Conversely, the lower right panel demonstrates that the RGB stars and SGB stars share the same
radial distribution.

Undoubtedly, the most interesting feature in the CMD dheir envelope, and, at the same time, gained enough energy to
Fig. 1 is the prominent blue tail of the HB. Extended blue tailse ejected from the core to the outer envelope. This mechanism
have been found in many other galactic GCs, and their nateald qualitatively explain the gradients in the BHB stars (the
and, overall, their origin is not well understood, yet (Sosin @robability of gaining energy is lower for the higher energy cor-
al. 1997). As shown above, whatever the BHB stars are, th@gponding to larger orbits). If this is the case, we would expect
must be the natural descendant of the RGB stars, if we excldeanomalously high R ratio. The fact that the R ratio 'seems’
anomalous helium content for M 80. However, while the RGBormal can be explained by the fact that we do not count all
stars have the same distribution of the other fainter stars poghe BHB stars, as the blue tail extends beyond the limit of our
lating M 80, the BHB stars are significantly more concentratgghotometry. This attempt of explanation cannot be more than a
towards the inner parts of the cluster. simple speculation till we will be able to map the entire cluster
fromthe inner core to the outer envelope to better track the stellar

d nltrlr?i halrd ticr)nlntfe\r/;i)r\(/avt ::“S ﬁ?}S(terl;/atrlT?nal eV|drenceti, f:lom thﬁstribution. Calculation of the cross section for encounters able
ynamical point ot view. it cannot be mass segregation, as, iy strip part of the envelope and to leave the star with a higher
terpreting the BHB stars as normal He burning stars, they myst

. . ergy would be most valuable. Whatever the interpretation of
o oo e e el s, ese feaires suggest e occurence f ocl
effective far from the cluster core. One possibility is'that som od|f|c§1t|ons m_the stellgr populations of the cluster in agree-

. S ent with what is found in other dense and post-core-collapse
of these blue tail HB stars are just stars that, due to some close
encounters in the inner high density cores, have lost most of
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globulars (see e.g. Djorgovski & Piotto 1993, Djorgovskieta 2~ T T T T T T T

1991, Castellani 1994, Fusi Pecci et al. 1993). i i
- ———— M80

o e o o 0 o o M3
6. Comparison with other clusters. 14 o©ooooo M3
ittt NGC 7492

As largely debated in recent literature, the direct comparis
of the CMDs of clusters with similar metallicity is the safes
way to deal with many fundamental problems, e.g. possible ¢
differences among clusters with similar metallicity.

In this respect let us first address a methodological warnir
As a matter of fact, in the literature, many discussions on t
argument are based on the evaluation of selected values, like
turn-off luminosity or the HB luminosity level. However, one
knows that similar parameters do depend on difficult evaluatic
and sometimes on subjective estimates, thus containing mor
less relevant errors. On the other hand, the observational CI
is the only real experimental data set one is dealing with. |
substantiate this warning, let us only recall one evidence: t PP R N A= R R B
group of very metal poor galactic globulars has been descrit  —95 0 0.5 By ! 1.5
as having indistinguishable CMDs (see e.g. Richer, Fahlman
& Vandenberg 1988, Vandenberg, Bolte & Stetson 1990). kig. 6. Comparison of the fiducial lines of M80, M3, M 13, and NGC
spite of such a direct evidence, there are compilations scattefé#2-
in the literature (see. e.g. Chaboyer & Kim 1995) for which
these clusters should have a spread in the differences betweeh?
the HB and TO luminosity, and thus different ages. According
to such an evidence and in order to avoid unnecessary (and14
dangerous) approximations, the analysis presented below will
be always based on the comparison of the original CMDs, even
if in this paper we will be forced to use ridge lines for the sake
of typographical clarity.

According to theoretical predictions, in old clusters with
similar heavy elements abundances MS, RGB and HB should
have the same color-magnitude location, with TO location 1<
marking differences in age, if any. In the case of M 80, the natu-
ral candidates for such a comparison are NGC 1904, NGC 527214
(M 3), NGC 5897, NGC 6205 (M 13), NGC 6218 (M12), and
NGC 7492, clusters which have the same [Fe/H] wittit 1
dex.

16 —

18 —

« NGC 1904

18
o NGC 5897

« NGC 1904

Fig. 6 displays a comparison of the CMD of M80 with 1o _NGC 5897
the CMDs for some of these clusters, i.e. M3 (Ferraro et al.
1997), M 13 (Paltrinieri et al. 1997), NGC 7492 (Buonanno L Ll ‘
et al. 1987). They show a reasonable good agreement at least 1 1.5 2

as far as the location of the luminous RGB and HB stars is (B—V)

concerned. On the other hand, Fig. 7 shows the comparisoneof7 c ) the fiducial I £ M 80 with M12. NGC 1904
th MDs for another t of clusters: M thi N N g. /. Comparison orthe fiducial lines o wi s ,
19602(Fe?raoroa:etoal 6195962;)) (l:\/lulsze(éroc;[g (et aSI pfgge))l N(GE.?O' NGC 5897. The fiducial lines have been normalized at the TO
5897 (Ferraro et al. 1992b). Even a quick inspection of Fig. ,pper panetind at the HB-TDlpwer pane).

discloses serious problems. Assuming a common magnitude for

their HBs, the overlap of the their RGBs produces a discrepancy | ot ys try to discuss a little bit in detail the possible origin

in the blue HB distribution (upper panel). On the other hand, 0Bg this discrepancy. Many causes can be responsible for the

finds that all the HBs can be nicely overlapped, provided thajgected differences, e.g. calibration errors, age, and metallicity
significant difference in the RGBs is accepted, with M12 bra”?fi‘l‘ferences. In the following we will analyse some of them:

appearing sensitively redder than that of M 80 (lower panel). In

Fig. 8 we show a direct comparison of our M 80 CMD with the e calibration errors

fiducial sequence of M12, i.e the two clusters which represent The most natural explanation for such an occurrence is that
the extremes in the previous comparison. something was wrong in the color calibration, either in our orin
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the data taken from the literature. The errors in the photometric
calibration might produce a spread in the relative position of the L
different branches in the CMD, though a spread of 0.1 magni-
tudes in a range of 0.6-0.9 magnitudes in (B-V) would imply

an error of> 100% in the slopes of the calibration curves from

the instrumental to the standard magnitudes, quite unlikely in
the CCD era but not unusual if photometric sequences based orl 8
photographic data have been used as ‘calibrators’.

In this respect the case of M 3 is emblematic: the new pho- 0
tometric calibration recently published by Ferraro et al. 1997,
based on Landolt (1992) standard stars has been found to show
large systematic differences (at a level-of).1 mag) with re-
spect to the previous photometry by Buonanno et al. (1994)
based on the original calibration by Sandage (1970). The same! 6
result has been found in M 13 by Paltrinieri et al. (1997). In
the latter paper the authors emphasize that the photometry cald 8
ibrated on photographic sequences may be affected by strong
color terms. In some cases (as in M 13) the color differences20
have been found to be strongly dependent on the magnitude,
with effects on the morphology of the main branches in the
CMD. As a matter of fact, there is no large sample of observa-
tionally (same telescope, filters, calibrations, adopted standafgl 8. Comparison of the fiducial lines of M12 with the observed
stars etc) homogeneous CMDs representing the galactic gloBtwD of M 80. Two different normalizations are shown in the two
lar cluster system. This may play a role in comparing CMDs pfinels. None gives a satisfactory overlap.
different clusters.
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e age differences e metallicity differences

We already mentioned that clusters with similar metallici- Fig. 9 shows the theoretical prediction for the CMDs for
ties should have similar CMD locations for all the evolutionarshe given labeled age but for a cluster metallicity spanning the
phases, but the TO. To enter into details, such clusters are gfige Z= 0.0001-0.001. As an important point, one finds that,
pected with nearly identical MSs and the RGBs only slightlyhereas the RGB and —to a less extent — the MS depend on the
moving toward the red as the cluster age increases. Quantiteetallicity, the HB-TD appears independent of such a parame-
tively, one finds that at the luminosity of the HB the RGB beter. This is the consequence of the small dependence of the HB
comes redder by aboi( 3 —V') ~ 0.01 when passing from 12 juminosity on metallicity and of the evidence ttthe HB-TD
to 16 Gyr, with a further reduced dependence on age for largera temperature indicator, marking the effective temperature
ages. where bolometric corrections start sensitively affecting the V

Bearing in mind such a theoretical scenario, by playing withagnitudeOn the basis of theoretical evaluations presented by
cluster reddenings and distance moduli one can produce a r8ano et al. (1995) one can add the further evidence that both
tive location of the TO regions in the two clusters as expectedfife HB-TD and the RGB are fairly independent of the assumed
M12is older (by about 2-3 Gyr) than M 80. However, Fig. 8 (upamount of original He.
per panel) shows that under these assumptions the HB locationsAs a whole, one derives the theoretical evidence that the HB-
disagree in a way not supported by any theoretical predictiofD is the only observational parameter whose CMD location is

One can perform a much more reasonable comparisondxpected on theoretical ground to remain reasonably fixed when
observing that the turn down of the HB luminosity at the largesarying cluster ages and/or metallicities and/or the amount of
temperatures (HB-TD) should be largely unaffected both by thee original He. That is, the HB-TD appears an useful observa-
cluster age and by the cluster metallicity. For what concertisnal parameter to reasonably compare the CMD of different
the first statement, we note that the age affects the ZAHB sdusters. According to such an evidence, one concludes that the
quences of a given chemical composition through variation inore meaningful comparison between M 80 and M12 should
the mass of the He coré/.) at the He ignition. From Sweigart be just the one already reported in the lower panel of Fig. 8. By
& Gross (1976) results one obtains for ZAHB models in theomparing the relative location in that figure with the theoret-
RR Lyrae region (but the dependence Bn is negligible): ical predictions given in Fig. 9, one finds that the differences
dlog Lz app/dM,. ~ 3.4. Furthermore, from Straniero & Chi- between the two clusters are just the ones expected if M12 is
effi (1991) one derives a variation &M, ~ 0.002M in the more metal rich than M 80. As an important point, Fig. 8 shows
core mass at the He flash for models of given [Fe/H]=-1.7 pas$isat in this case both clusters do not show a clear difference in
ing from an age of 12 Gyr to 16 Gyr. This means that only @ge, differences in the turn-off distributions being expected as
variation of Alog Lz 4y ~ 0.007 is expected in this case. a consequence of the difference in metallicity.
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Fig. 9. H-burning isochrones as in the previous figure but for a fixed a 0 0.5 1 15
of 16 Gyr and for various values of the metallicity (lines). Theoretici B-V
ZAHBs for three choices of the metallicity from Castellani et al. 1991

(symbols). Fig. 10. The fiducial line of NGC 1904 used as reference;lthig s is
also shown.

In the following we will adopt the metallicity scale defined
by Zinn (Zinn & West 1984, Zinn 1985), though a new scale
has been recently proposed by Carretta & Gratton (1997). Th@ues of global metallicity[(// H]) reflecting different abun-
scale has been obtained from direct measurements af'the dances of thex elements present in different clusters.

lines in high resolution spectra of a sample of giants in each The behavior discussed above, prompted us to compare the
cluster. In general the Carretta & Gratton (1997) scale assigngiDs of M12 and M 80 with other Galactic halo clusters. We
higher metallicity ¢~ 0.2 dex) with respect to Zinn scale, butselected a sample of intermediate-low metallicity clusters for
the relation between the two scales is not linear (see Carrgitaich the list with magnitudes and positions were available
& Gratton 1997 for a discussion). Another important point thag electronic form. The references of the selected data base is
deserves attention in defining the metallicity of a cluster is thigted in the caption of Fig. 11. To provide a quantitative de-
abundance ofthe so-callegelements (O, Ne, Mg, Si, S, Ca). Asscription, we have approached the problem as follows. We have
stated by Renzini (1977), the location of the RGB in the CMD §evised a new parameteii{; ) to measure the distance (in
mainly driven by the abundance of the low-ionization potentigblor) between the HB-TD and the RGB: we fixed the HB-TD
elements (mainly Mg, Si and Fe). Moreover, as noted more thgh(B — V'), = 0 and measured the RGB color at 0.5 mag-
10yearsago by Geisler (1984), the obser@e 1) colorofthe nitudes brighter than the HB-TD level. As the position of the
RGBs of the GGCs correlates better with/ g+ Si+ Fe) /H]  HB turn down is fixed, Wy just shows the displacement of
than with [Fe/H] (cf. also Salaris & Cassisi 1996). So the the RGB as a function of the metal content. Fig. 10 show the
elements abundance plays a fundamental role in this play. parameteiV; 5 for the mean ridge line of NGC 1904 (Ferraro

It is now generally accepted thatelements are overabun-et al. 1992a) which has been used for reference.

dant with respect to iron in GGCs (e.g. Gratton 1987); on the Fig. 11 showdVy 5 as a function of the metallicity for the
other hand, direct measures of thielement abundances haveg|ected sample of clusters. The trend with the metallicity is

been obtained, up to now, only for an admittedly small samplg,ar and in the direction expected from the theoretical mod-
of GGCs (see Table 2 by Carney 1996 and Table 1 by Salgljs Thedashed lineshows the expected value By from
& Cassisi 1996). Salaris, Chieffi and Straniero (1993) have i8ranjero and Chieffi (1991) models. The general trend of the

vestigated the influence of theelements on the evolution Ofpoints is the one expected from the models, though we note
low mass stars and concluded thagnhanced ishocrones are, |5rqe dispersion, which is particularly evident at intermedi-

mimicked by standard scaled solar isochrones of correspondijg metallicity (-1.85 <[Fe/H]<

o . —1.50), slightly larger than
global metallicity[M / H] given by:

expected on the basis of the measurement errors. This disper-

[M/H] = [Fe/H] + Log(0.638f + 0.362) sion can be interpreted simply as a spread in the valigg
“ due to measurement and calibration errors, or in terms of a real
wheref, is the enhancement factor. (physical) dispersion. As suggested above, the abundances of

In this scenario the detected differences shown in Fig.a7elements can play an important role in increasing the disper-
could derive from similar abundances in [Fe/H], but differerstion in Fig. 10, for this reason the direct determination of the
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‘ ‘ ‘ ‘ this will be the case, this will of course open a series of related

questions about the history of the galactic halo.
0.9
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