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1 Dipartimento di Astronomia, Università di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy
2 Dominion Astrophysical Observatory, Herzberg Institute of Astrophysics, National Research Council, 5071 West Saanich Road, Victoria,

BC, Canada
3 Osservatorio Astronomico di Collurania, Via M. Maggini, 64100 Teramo, Italy
4 Osservatorio Astronomico di Roma, Via Frascati 33, Monteporzio Catone, 00040 Roma, Italy

Received 12 April 2000 / Accepted 20 June 2000

Abstract. We present JohnsonUBV , and Kron-CousinsI pho-
tometry for about 60,000 stars in a region of44 × 33 arcmin2

centered on the Galactic globular cluster (GGC) NGC 2808.
The centralr < 100 arcsec region has been mapped also in
the F218W, F439W, and F555W bands with theHST WFPC2
camera. Overall, we cover a field which extends from the center
to about 1.7 tidal radii. Photometric calibration has been se-
cured by more than 1,000 standards, and theHST B andV
photometry has been linked to the groundbased system.

We confirm the anomalously elongated horizontal branch
(HB) with gaps along it, and we show that the gaps are statisti-
cally significant. Most importantly, we find that:

– the extended blue tail of HB (EBT) is present beyond400
arcsec, corresponding to more than nine times the half mass
radiusrh, and extends toV = 21.2 also in these external
regions;

– also the gaps on the EBT are present at least out to 400
arcsec from the cluster center, and possibly beyond that.
The location of the gaps in the HB seems to be the same all
over the cluster.

– there are no significant radial gradients in the distribution
of the stars in the different HB stumps and some marginal
evidence of an increase in the number of red giant branch
(RGB) stars in the cluster core.

The observational facts presented in this paper seem to exclude
the possibility that the EBTs originate from tidal stripping of
the envelope of the RGB stars due to close encounters in high
density environments or to mass transfer in close binaries. Also,
it is not clear whether the presence of EBTs and gaps on them
are the manifestation of the same physical phenomenon.

We have also shown that the jump recently identified in the
HB using Str̈omgren-u photometry is clearly visible also in the
U , U − B plane, atTe ∼ 11, 600 K.

Send offprint requests to: G. Piotto (piotto@pd.astro.it)
? Based on observations made at the European Southern Observa-

tory, La Silla, Chile, and on observations with the NASA/ESAHubble
Space Telescope.

Finally, we present the luminosity function (LF) of the RGB.
The LF clearly shows the presence of the usual RGB bump, but
also a second feature, 1.4 magnitudes brighter inV , that we have
named RGBheap. The RGB heap, visible also in other GGCs,
is a new feature that, because of its position on the RGB, we
have tentatively associated with the recently discovered K giant
variables.
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1. Introduction

After more than three decades of observational and theoretical
efforts, the causes of the star distribution along the horizontal
branch (HB) in Galactic globular clusters (GGC) remain ob-
scure. In general, the HBs tend to become bluer and bluer with
decreasing metallicity. However, there is a large variety of HB
morphologies, and many HBs do not have the color expected for
their metal content. Among these, a special case is represented
by those clusters that have extended-HB blue tails (EBT), indi-
cating that some of the HB stars lost almost all of their envelope
during the red giant branch (RGB) phase or at the helium core
flash (Ferraro et al. 1998; Piotto et al. 1999, and references
therein). In many GGCs there is another peculiarity: a bimodal
or multimodal distribution along the HB (Catelan 1997), which
sometimes results in a gap, i.e., a region clearly underpopulated
in stars. All the EBTs present at least one gap along them (Fer-
raro et al. 1998; Piotto et al. 1999). No clear explanation for the
origin of the gaps is available at present.

Surely, NGC 2808 represents the most extreme known ex-
ample of these anomalous GCs. Since Harris (1974), it is known
that its HB is rather unusual. In fact, it is rich in both red and
blue HB stars, but almost completely lacking in intermediate
color objects. Despite the richness of the total HB population,
Clement & Hazen (1989) found only two RR-Lyrae variables.
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The bimodality of the HB has been confirmed in many subse-
quent color magnitude diagram (CMD) investigations of NGC
2808 (Walker 1999, and references therein, hereafter W99), and
in some other clusters (Catelan et al. 1998) However, only the
deep CMD in theB, V , and UV (F218W) bands — based on
HST WFPC2 data — allowed the discovery of the other anoma-
lies which make NGC 2808 probably a unique case (Sosin et
al. 1997, hereafter S97). S97 showed that the blue HB extends
down to very faint magnitudes, well below the main sequence
(MS) turn-off. Most importantly, the EBT has also two narrow
gaps. S97 could not find any plausible explanation either for
the HB extension or for the multimodal distribution of the HB
stars. As already suggested by Rood et al. (1993), S97 excluded
that these could be due to an age or metallicity dispersion. Also
merging events can be excluded (Catelan 1997; S97). No other
plausible explanations for the observed HB have been found,
yet.

The discovery of the peculiar HB in NGC 2808 is part of a
long termHST program aimed at identifying anomalous stel-
lar populations in the cores of GGCs (Piotto et al. 1999). As
groundbased followup, we are also carrying out a project for
a wide field mapping of the envelopes of the clusters observed
with HST . It has been often suggested that dynamical inter-
actions in dense clusters could modify their stellar populations
(Djorgovski & Piotto 1993; Fusi Pecci et al. 1993). A combi-
nation of the high resolutionHST images in the densest inner
region of a GGC with the wide field frames of the outer parts al-
lows a direct test of this hypothesis. In this respect, the extreme
properties of NGC 2808 offer a unique opportunity. Surely it is
of interest to see whether the HB maintains its morphology also
in the outskirts of the cluster.

In this paper we present wide-field stellar photometry in
UBV I of the entire cluster, extending beyond its tidal radius.
While we were working to this project, a wide fieldBV CMD
diagram of NGC 2808 has also been published by W99. Our
study complements the W99 work, extending the photometry
to stars in outer regions, and to theU andI bands. A list of the
main cluster parameters can be found in Table 1.

2. Observations and reduction

2.1. The data set

NGC 2808 has been observed in theUBV I bands in January
1998 with DFOSC mounted on the 1.54 ESO-Danish telescope
at La Silla. DFOSC was equipped with a 2048× 2048 thinned
LORAL CCD, with a pixel scale of 0.39′′/pixel. An area of
∼ 44 × 33 arcmin2 (Fig. 1) has been mapped inBV with a set
of 9 partially overlapping fields. We took twoB and twoV ex-
posures per field (50, 1800 s inB, and 25, 900 s inV ), plus an
additional 25 s exposure inI for calibration purposes. An addi-
tional 12.9×12.9 arcmin2 field centered on the center of NGC
2808 has been covered with300 + 5 × 1200 s inU , 30 + 900 s
in B, 420 s inV , and 25 s inI. Due to the combined effects of
seeing and charge bleeding, stellar images had a FWHM around
1.5 arcsec in all the images, but the nights were all photometric.
NGC 2808 has also been observed in theV I bands in March

Table 1.The main parameters of NGC 2808: Right Ascension, declina-
tion, Galactic longitude, Galactic latitude, distance from sun, distance
to Galactic Center, distance to Galactic plane, metallicity, reddening,
apparent distance modulus, core, half-mass, tidal, radii, concentration
parameter, logarithm of core relaxation time and at half-mass radius in
log10(years).

Parameter V alue

R.A.a (J2000) 09h12m02s.6
δa (J2000) −64o51′47′′

laII 282o.192
ba
II −11o.253

Rb
� 9.3 Kpc

Rb
GC 11.0 Kpc

Rb
GP −1.8 Kpc

[Fe/H]c −1.24
Ed

B−V 0.19
(m − M)dV 15.79
rb
c 0′.26

rb
h 0′.76

rb
t 15′.55

cb 1.77
Log(tc)b [year] 8.28
Log(th)b [year] 9.11

a from Djorgovski & Meylan (1993)
b from Harris (http://physun.physics.mcmaster.ca/GC//mwgc.dat;
June 22, 1999 revison)
c from Carretta & Gratton (1997) scale as extended by Cohen et al.
(1999)
d this work (cf. Sect. 4)

Fig. 1. The digital mosaic of the 10∼ 12.9 × 12.9 arcmin2 CCD
images collected at the ESO-Danish telescope. North is up and East
is left.

1995 with EMMI mounted on the ESO-NTT telescope. An
area of∼ 30×36 arcmin2 (Fig. 2) has been covered with a mo-
saic of twelve7.5×7.5 arcmin2 partially overlapping fields. For
each field we obtained one 25 s exposure both inV andI. An
additional field centered at∼ 7 arcmin from the cluster center
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Fig. 2.The digital mosaic of the 13∼ 7.5 × 7.5 arcmin2 CCD images
collected at the ESO-NTT telescope. North is up and East is left.

has been covered with exposures of3 × 600 s inV + 5 × 600 s
in I. The seeing was stable and around 0.9 arcsec (FWHM), but
the night was not photometric. Finally, we also re-reduced the
F439W and F555W WFPC2HST images used by S97 in their
investigation. In this case, the total exposure time was 510 s and
57 s in F439W and F555W bands, respectively. As the PC cam-
era was approximately centered on the center of NGC 2808, the
WFPC2 data allow us to investigate the inner∼ 100 arcsec of
the cluster, while the groundbased mosaics extend to∼ 1.7rt,
wherert is the tidal radius (rt = 15′.6, Table 1).

2.2. Data reduction

All the groundbased images have been pre-processed in the stan-
dard way with IRAF, using the sets of bias and sky flat-field im-
ages collected during the observing nights. The PSFs have been
obtained with the standard routines in DAOPHOT II (Stetson
1987), while we used ALLFRAME (Stetson 1994) on all the
images for the actual PSF-fitting photometry. TheHST data
have been reduced again (after S97). In S97, for the stellar pho-
tometry, they used ALLSTAR (Stetson 1993) and a set of PSFs
derived directly from the single NGC 2808 images. Here, we
used ALLFRAME on a new list obtained from a median image
of all frames (Stetson 1994). The new reduction allowed us to
extend the photometry from theHST data by∼ 1 magnitude
fainter than in S97. This is an important improvement, in par-

ticular for the determination of the faintest limit of the EBT (cf.
Sect. 5).

2.3. Calibration to a standard photometric system

Particular care has been devoted to link the instrumental mag-
nitudes (from both the groundbased andHST data) to a photo-
metric standard system.

2.3.1. Groundbased data

Only the nights at theDanish telescope were photometric.
In order to obtain the transformation equations relating the in-
strumental (ubvi) magnitudes to the standardUBV (Johnson),
I(Kron-Cousins) system, six Landolt (Landolt 1992) fields of
standards have been observed. Specifically: the selected areas
95, 98, and the Rubin 149, PG0918+029, PG1047+003, and
PG1323-086 fields. In each of these, there are other secondary
standard stars by Stetson (2000) which extend the previous Lan-
dolt sequence to 90, 618, 147, 80, 45, and 63 standards, respec-
tively, for each field. Moreover, 34 stars in the field of NGC 2808
from Harris (Harris 1978) and 19 from Walker1 (W99) were
used as additional photometric standards for this calibration.
For all 1096 of these stars aperture photometry was obtained
on all the images after the digital subtraction of neighboring
objects from the frames. Most importantly, these standard stars
cover the color interval:−0.3 < (B − V ) < 2.0. We used
DAOGROW (Stetson 1990) to obtain the aperture growth curve
for every frame and other related codes (by PBS) to determine
the aperture corrections, the transformation coefficients, and the
final calibrated photometry (e.g., Stetson 1993). We used trans-
formation equations of the form

v = V + A0 + A1 ∗ X + A2 ∗ (B − V ),
b = B + B0 + B1 ∗ X + B2 ∗ (B − V ),
i = I + C0 + C1 ∗ X + C2 ∗ (V − I),
u = U + E0 + E1 ∗ X + E2 ∗ (U − B).

Second order color terms were tried and turned out to be negli-
gible in comparison to their uncertainties in all four filters. It is a
reasonable hypothesis that the color-dependent terms imposed
by the telescope, filter, and detector should be reasonably con-
stant over the course of a few nights, so afterA2, B2, andC2 had
been independently determined from each night’s data, we ob-
tained weighted mean values of these parameters and imposed
them as fixed quantities for the definitive calibration; note that
we had only one night of observations inU band. The NGC 2808
images enabled us to define 1690 local standards that met the fol-
lowing conditions: each was well separated from its neighbors
(according to a criterion described in Stetson (1993) Sect. 4.1),
each was observed at least eight times, each had a standard er-
ror of the mean magnitude (averaged over all filters) less than
0.01 mag, each had a mean instrumental magnitude less than
14.5 (again averaged over all filters), each had a mean value

1 Note that we used the correct stars listed in erratum of Walker
(2000).
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of the goodness-of-fit statistic, CHI, less than 2, and each had
a mean value of the image-shape statistics, SHARP, between
−0.5 and+0.5. Once calibrated, this local standard sequence
enables us to place each of the photometric and nonphotometric
observations of NGC 2808 at theDanish telescope on the same
magnitude system with an uncertainty of0.002 magnitudes for
V , 0.003 for B, 0.028 for I and0.001 for U (typical uncertainty
in the relative zero point of one frame as referred to the aver-
age of all frames). In a similar way, theNTT data have been
calibrated to the averageDanish photometric system above de-
fined with an uncertainty of 0.003 magnitudes inV and 0.004
magnitude inI.

2.3.2.HST calibration

Calibration of theHST data of S97 — even updated with the
most recent Charge Transfert Efficiency correction by Wiggs et
al. (1997) — shows a strong disagreement (cf. Fig. 7) with our
and previous W99 photometry, being almost 0.1 mag bluer in
(B − V ) than the ground-based results. Therefore, to obtain a
calibration as homogeneus as possible between the two samples,
the HST data have been calibrated by comparing the magni-
tudes of a number of convenient common stars to theDanish
ground-based data producing a linear transformation between
HST data andDanish data. These comparison stars had to
satisfy the following criteria: each had at least a radial distance
of 59 arcsec from the estimated position of the center of the
cluster, each had aDanish magnitude brighter than 18.00 in
B, each had a ground-based error less than 0.20 inB, and each
had anHST error less than 0.05 inBHST . Among these ak-
σ clipping procedure were followed to choose the best mean
magnitude difference based on 164 stars inB and 115 inV .

After this procedure, theB andV magnitudes for theHST
data were linked to the groundbasedDanish system previously
defined with an uncertainty of 0.003 magnitudes in both the two
bands.

3. The Color Magnitude Diagrams

The CMDs derived from the photometry of about 60,000 stars
discussed in the previous section are presented in Figs. 3−6.
This is the most complete photometry of the NGC 2808 stellar
population published so far. It complements the CMDs pre-
sented by S97 and W99 both by extending the radial coverage
to the tidal radius (and beyond) and by adding theU and I
photometry. TheV vs. (B − V ) CMDs are presented in Fig. 3
(groundbased data), and Fig. 4 (HST data). The larger CMD
in Fig. 3 shows the stars with100 < r < 400 arcsec, while the
CMD in the inset shows all the 30,000 stars with100 < r < rt
arcsec and a photometric error< 0.05. Note how the CMD of
Fig. 4 goes∼ 1 magnitude fainter than in S97, enabling us to
cover the entire HB even in the very inner regions (r ≤ 100
arcsec). The groundbased and theHST data have similar lim-
iting magnitudes atV ∼ 22. Fig. 5 shows the CMD in theV vs.
(U − B) plane (Danish data only), while Fig. 6 shows theV
vs. (V − I) diagram (from the combination of theDanish and

Fig. 3.TheV vs. (B−V ) CMD from theDanish data. The main figure
shows the 14,100 stars with100 < r < 400 arcsec and photometric
error< 0.05; the CMD in the figure inset corresponds to the 30,000
stars with100 < r < rt arcsec and the same selection. The two arrows
show the location of the two gaps in the HB EBT (see text).

Fig. 4. TheV vs. (B − V ) CMD from theHST WFPC2 data of the
inner core of NGC 2808 (r ≤ 100 arcsec). Only the 35,000 stars with
a photometric error less than 0.15 are plotted.

NTT data). The two diagrams of Fig. 6 refer to the same annuli
defined in Fig. 3. The CMDs of Figs. 3−6 clearly show both
the extended HB tails and the gaps along the HB. As indicated
by the arrows, the gaps are still present in the outer fields (cf.
discussion in Sect. 5). Also the blue straggler (BS) sequence is
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Fig. 5.TheV vs. (U −B) CMD for 6,000 stars from theDanish data
with error< 0.03. We have covered only one 800×800 arcsec2 field
in theU -band.

Fig. 6. As in Fig. 3, but in theV vs. (V − I) plane. In the large figure
12,000 stars are showed; 17,700 in the inset.

clearly defined. The BS sequence seems to be more extended
in magnitude in the inner field (Fig. 4) than in the outer fields
(Fig. 3). In the groundbased data there is a strong contamination
by field stars, as expected from the low galactic latitude of NGC
2808 (Table 1). As discussed by W99, there is also some dif-
ferential reddening in the direction of this cluster: in Figs. 3−6,
and in the following, we did not apply any differential reddening
correction.

Walker 1999

Ferraro et al. 1990
Sosin et al. 1997

This Work

Rosenberg et al. 2000

This Work

Fig. 7. In theupper panelthe fiducial points from the CMDs of Fig. 3
(full lines) are compared with the fiducial points from theV vs. (B−V )
CMDs of S97 (dotted lines), W99 (dashed lines) and F90 (long dashed
lines). In thebottom panelthe comparison, on theV vs.V −I plane, of
the fiducial from Fig. 6 (full lines) and Rosenberg et al. (2000) (dotted
lines).

3.1. Comparison with previous work

The peculiar HB of NGC 2808 has called the attention of many
investigators in the past. The most complete CCDV vs. (B−V )
CMDs have been published by Ferraro et al. (1990)(F90), S97,
W99. The hand drawn fiducial lines (on the original data) for
the CMDs of S97, W99, and Fig. 3, and the fiducials given by
F90 are compared in Fig. 7 (upper panel). We must note that the
broadening of the sequences due to the differential reddening
makes the task of determining the fiducial lines quite difficult.
An uncertainty of the order of at least±0.02 magnitudes must
be associated with the fiducial points discussed below. First of
all, we note a general agreement with the photometry of W99
from the MS to the RGB tip. A shift by 0.02 magnitudes (most
likely due to differential reddening) would make the two fidu-
cial lines overlap, except only for the brightest part of the RGB
and the faint part of the HB, where it is quite hard to get ac-
curate fiducials because of the small number of stars. In any
case, a small color term error at these extreme colors cannot be
excluded. In this regard, we note that while the color coverage
of the standards used by W99 was−0.2 <(B − V )< 1.5, our
calibration is based on a much larger number of standards with
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Fig. 8. [Fe/H] vs.MI for different distance moduli and reddenings. In the lower part of the three panels there is the histogram of the distribution
in [Fe/H]. The labels in each panel show the adopted reddening and distance, and the resulting mean metallicity. The Gaussian computed with
the obtained mean andσ is overplotted to each histogram.

−0.3 <(B−V )< 1.6 (cf. Sect. 3.1). As expected from the gen-
eral agreement with W99, Fig. 7 confirms that the photometries
of S97 and F90 are affected by both scale and zero point errors
(cf. W99 for more details). As already discussed in the previous
section, in view of the problems in calibrating theHST data of
S97, in the present paper we have linked theHST magnitudes
directly to the more robust groundbased system. Fig. 7 (lower
panel) compares the fiducial lines of Fig. 6 with the CMD from
Rosenberg et al. (2000). There is a general agreement between
the two sets of photometry, with a possible small (0.01 ÷ 0.02
magnitudes) zero point difference in color, which is likely due
to differential reddening.

4. Reddening, distance, metallicity

As discussed in W99, the reddening of NGC 2808 is very un-
certain. Surely, some of the discrepancies among the different
values in the literature are due to the effects of the differential
reddening. Also on the value of differential reddening there is
no general agreement. We have estimated the differential red-
dening in the region from the cluster center tor = 400 arcsec
by comparing the dispersion of the RGB for13 < V < 14 and
the dispersion due to the photometric errors calculated using the
artificial star tests. The resulting differential reddening is 0.02
magnitudes.

In Sect. 4.1, we will adopt a new and original method to get
the reddening of NGC 2808, following the analysis of the RGB
morphology in theV vs. (V − I) plane presented in Saviane &
Rosenberg (1999) and Saviane et al. (2000). In the following,
we will make use of a CMD obtained from the stars in an annu-
lus centered on the cluster center and covering a radial interval
30 < r < 200 arcsec. The reddening that we will obtain must
be considered as the average reddening within this annulus. As
discussed below, for a proper use of the method described by
Saviane et al. (2000) (hereafter S00) for the reddening esti-
mate, we will have to assume a metallicity for NGC 2808. To
be consistent with S00, we will adopt the metallicities given by

Rutledge et al. (1997)(RHS97), i.e. [Fe/H]=−1.24 ± 0.03 on
the Carretta & Gratton (1997)(CG) scale, as extended by Cohen
et al. (1999), and [Fe/H]= −1.36 ±0.05 on the Zinn & West
(1984)(ZW) scale.

4.1. Reddening and distance from the RGB stars

In S00 we used our photometricV, I database of GGCs (Rosen-
berg et al. 2000) to define a grid of fiducial RGBs, which was
then used to find a monoparametric description of the red giant
branches. The adopted fitting function isMI = a+b ·(V −I)+
c/[(V −I)−d], whereMI and(V −I) are the absolute magni-
tude and dereddened color and each coefficient is a second-order
polynomial in [Fe/H], i.e.a = k1 [Fe/H]2 + k2 [Fe/H] + k3,
etc. (the coefficients are listed in Table 5 of S00). The calcula-
tions were repeated for two distance scales and two metallicity
scales (CG and ZW). The formula can now be inverted in order
to express [Fe/H] in terms ofMI and(V − I). Trivial algebra
yields:

A[Fe/H]2 + B[Fe/H] + C = 0,

where:

A = k4(V − I)2 + (k1 − k4k10)(V − I) − k1k10
B = k5(V − I)2 + (k2 − k2k10 − k5k10)(V − I)
C = k6(V − I)2 + (k3 − k6k10 − MI)(V − I)+

+k10(MI − k3).

Solving the quadratic equation, one finds

[Fe/H] = (−B +
√

∆)/2A. (1)

Where, as usually,∆ = B2 − 4 A C. The other root of the equa-
tion has no physical meaning. In this way, it is straightforward
to calculated the metallicity for any RGB star, provided that
the distance modulus and reddening are known. Once the cor-
rect combination of reddening and distance modulus are used,
in the [Fe/H] vsMI plane (Fig. 8), one expects a vertical dis-
tribution, centered on the mean cluster metallicity, with a dis-
persion which is related to the actual color dispersion in the
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Fig. 9.The|tgα| parameter (see text) is plotted as a function of the reddening and distance modulus as a 3d surface (left panel), and contour map
(right panel). The best reddening is well defined by a valley of minimum values of|tgα|, centered atEB−V ∼0.185. Resolution of computed
matrix is 0.001 and 0.005 in color and distance modulus, respectively. Theinclined heavy lineson the contour map of theright panelconnect
the points of the reddening-distance grid corresponding to a mean metallicity (as calculated from Eq. (1))[Fe/H] = −1.24 ± 0.03. The almost
vertical heavy linesshow the 1 standard deviation from the minimum value of|tgα|. The “+” marks the distance modulus and reddening used
to produce theright panel in Fig. 8.

original CMD. Theleft panelof Fig. 8 shows the [Fe/H] vsMI

diagram obtained from Eq. (1), based on an apparent distance
modulus(m − M)V = 15.56 and a reddeningEB−V = 0.23
from the updated on-line catalog of Harris (June 1999 revi-
sion). It is evident that the RGB is not vertical. The situation
improves using theEB−V = 0.20 proposed by W99 (Fig. 8,
central panel), but still we need to search for a better combina-
tion of parameters by exploring a possible range of reddenings
and distance moduli. In order to have a quantitative measure
of the best reddening and distance modulus, we used the slope
of the linear fit of RGB stars,|tgα| = ∆[Fe/H]/∆MI, in the
absolute magnitude-metallicity plane. The dispersionσ[Fe/H]
in [Fe/H] around the mean value, in the same plane, was also
used; this parameter yields a result consistent with that ob-
tained from|tgα|, though with a lower “resolution”. The values
of |tgα| were computed for a discrete range of(m − M)V

andEB−V (with steps of 0.001 in color and 0.005 in distance
modulus). TheEV −I values were obtained using the relation
EV −I = 1.28 EB−V (Dean et al., 1978). We started our calcu-
lations on the CG metallicity scale, and adopting the Carretta et
al. (1999) distance scale (S00). On this distance scale, the HB
luminosity - metallicity relation isMHB

V = 0.18 [Fe/H]+0.90.
The value of|tgα| as a function of the reddening and distance
modulus is plotted in Fig. 9 as a 3d surface (left panel), and
contour map (right panel). Clearly, the best reddening is well
defined by a valley of minimum values of|tgα|, centered at
EB−V ∼0.185. In order to constrain also the distance modu-
lus, we need to assume a metallicity. In Fig. 9 (right panel),

the inclined heavy linesconnect the points of the reddening-
distance grid corresponding to a mean metallicity (as calculated
from Eq. (1)) [Fe/H]=−1.24 (central line)±0.03 (the two lat-
eral lines). The almostvertical heavy linesshow the 1 standard
deviation from the minimum value of|tgα|, and can be used
to quantify the uncertainty on the reddening. Fig. 9 shows that
there is only a small allowed region for(m−M)V andEB−V ,
in order to have the mean metallicity from Eq. (1) consistent
with the adopted [Fe/H] value. In conclusion, a self consistent
set of distance, reddening and metallicity values is obtained only
adoptingEB−V = 0.19 ± 0.01, (m − M)V = 15.74 ± 0.10,
(internal errors) and assuming the RHS97 metallicity on the
CG scale. The error on the apparent distance modulus was ob-
tained as 1/2 the permitted range in Fig. 9 (right panel). The
correspondingMI vs. [Fe/H] diagram is shown in Fig. 8 (right
panel). The procedure was repeated for the ZW metallicity
scale, obtaining a slightly lowerEB−V = 0.18 ± 0.01, and
(m − M)V = 15.60 ± 0.10 (internal errors), still consistent
with the previous determination within the errors.

4.2. Comparison with NGC 1851

An independent check on the reddening and distance obtained
above was carried out by comparing the CMDs of NGC 2808
and NGC 1851. For NGC 1851, we used the CMD of Rosen-
berg et al. (2000), whose photometry is consistent with the
present work, as shown in Fig. 7 (lower panel). Moreover, ac-
cording to RHS97, the two clusters have the same metallic-
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Fig. 10. The fiducial points from the CMD of Fig. 6 (full lines) are
compared with the CMD of NGC 1851 from Rosenberg et al. (2000).
A shift of 0.18 magnitudes in (V − I) and of 0.11 magnitudes inV has
been applied.

ity within 0.08 dex (CG scale), with NGC 1851 more metal
rich than NGC 2808, and both clusters have a bimodal HB.
NGC 1851 has a low, fairly well determined reddeningEB−V

= 0.02 (Saviane et al. 1998). The NGC 2808 fiducials (solid
lines) and the CMD of NGC 1851 (open squares) are overplot-
ted in Fig. 10. The best match is obtained by applying a shift
of ∆V = 0.11 in magnitude, and∆(V − I) = 0.18 in color
to the NGC 1851 diagram. The corresponding shift in(B − V )
would be∆EB−V = 0.18/1.28 = 0.14 ± 0.02, which implies
EB−V (NGC 2808) = 0.16 ± 0.03. This value being consis-
tent with the previous determination. To be consistent with the
distance modulus determined in the previous section, we have
to adopt the same distance scale, i.e. the scale of Carretta et al.
(1999), based on the relation

MV = 0.18[Fe/H] + 0.90

for the absolute magnitude of the ZAHB. Adopting [Fe/H]=
−1.14 for NGC 1851 we haveM1851

V,ZAHB = 0.69. Walker
(1998) findsV 1851

ZAHB = 16.20, while Zoccali et al. (1999) give
V 1851

ZAHB = 16.33. Adopting aV 1851
ZAHB = 16.27 for NGC 1851,

we have an apparent distance modulus(m−M)1851V = 15.58 for
this cluster. On the other side, NGC 1851 is 0.1 dex more metal
rich than NGC 2808, and therefore it has a 0.02 magnitudes
fainter HB. In summary, we have(m−M)2808V = (m−M)1851V

+ ∆MV (ZAHB) + ∆V = 15.58+0.02+0.11 = 15.71±0.20,
where the error accounts for all the error sources. A similar
approach to estimate the reddening of NGC 2808 has been fol-
lowed by W99, who used as template RGB or HB sequences the
CMDs of three well-studied clusters (NGC 6362, NGC 1851,
and NGC 6229) having similar metallicities. His best final value

0 0.5 1 1.5
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0 0.5 1 1.5

B-V

Fig. 11.The(V, B − V ) CMD (left panel) and the(U − B, B − V )
two color diagram for theDanish stars (right panel) between 100
and 400 arcsec and with a photometric error less than 0.05 magnitudes
in (B − V ) color. The same symbols have been used in the left and
right panels in order to make easier to identify the different evolving
sequences in the two-color diagram.

for the reddening isEB−V = 0.20 ± 0.02, but he also no-
tices that the shape of the RGB would suggest a slightly lower
reddening and higher metallicity. We now have been able to
show that the RGB morphology does suggest a lower reddening
(EB−V = 0.18÷0.19, depending on the metallicity scale), still
compatible with the spectroscopic value of [Fe/H].

4.3. Comparison with theoretical models

The comparison between theoretical predictions and multiband
photometric data collected for NGC 2808 allows us to supply
independent estimates of both reddening and distance modu-
lus. A similar approach has been used also by S97 who present
a detailed comparison between ZAHB models (Dorman et al.
1993) andHST observations. However, their main conclusions
concerning the reddening and the distance modulus were ham-
pered by the problems already mentioned in the zero-point of the
photometric calibration and in the transformation of theoretical
predictions into the observational plane.

First, we will start with the classical two-color diagram(U−
B, B−V ) of Fig. 11, to constrain the cluster reddening, since it
does not depend on the distance modulus. In particular, we will
focus our attention on the HB stars, because their distribution
in this plane is strongly affected by reddening (Fig. 11).

Fig. 12 shows the comparison in the(U − B, B − V ) plane
between the Danish sample and the theoretical prescriptions
about the ZAHB locus for Z=0.001 and an initial helium con-
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Fig. 12. Comparison between the observed HB stars (open squares
for blue, anddots for red clump) and the models by Cassisi et al.
(1999) in the(U − B, B − V ) plane. Only stars between 100 and 400
arcsec with a photometric error less than 0.03 either in(B − V ) and
(U − B) magnitudes are plotted. The best fit is obtained assuming an
EB−V = 0.19.

tent equal to Y=0.23 (Cassisi et al. 1999). The ZAHB models
correspond to a RGB progenitor with mass equal to0.8M�,
whose He core mass at the He ignition and surface He abun-
dance after the first dredge up, are equal to0.5018M� and
YHB = 0.243, respectively. The minimum stellar mass plotted
in Fig. 12 is equal to0.5022M�; with an effective temperature
≈ 35, 000 K lower than the one corresponding to the He Main
Sequence.

Bolometric magnitudes and effective temperatures were
transformed into the observational plane by adopting the bolo-
metric corrections and the color-temperature relations provided
by Castelli et al. (1997a; 1997b). By adopting the extinc-
tion curve by Cardelli et al. (1989), we obtain a plausible fit
(Fig. 12) between theory and observations only by assuming
EB−V = 0.19 ± 0.03 (solid line).

Once the reddening value is secured, we can estimate the
distance modulus of NGC 2808 by comparing the theoretical
ZAHB and the observed HB stars in the(V, B − V ) CMD.
Fig. 13 shows that the models fit both the blue and red HB stars
if we assume a distance modulus equal to15.85 ± 0.1 (fitting
errors only). Both the reddening value and the distance modulus
we derived by comparing theory and observations are, within
current uncertainties, in fair agreement with the independent
estimates we obtained in the previous sections.

As a consequence, in the following we will adopt a redden-
ing value ofEB−V = 0.19 ± 0.01 ± 0.02 (to take into account
the differential reddening), and an apparentV distance modulus

Fig. 13.Comparison between the observed HB (symbols as in Fig. 12)
and the models by Cassisi et al. (1999) in the(V, B−V ) plane. Stars are
selected as in previous figure. By adopting a reddeningEB−V = 0.19
(cf. Fig. 12), the best fitting apparent distance modulus is (m−M )V =
15.85.

(m − M)V = 15.79 ± 0.07 (internal error)±0.08 (due to the
differential reddening).

5. The Horizontal Branch morphology

We have already discussed how the HB peculiarities possibly
make NGC 2808 a unique test case for understanding the for-
mation and evolution of the HB stars. In this section, we will
make use of our large sample to better define the stellar dis-
tribution along the HB and the spatial distribution of HB stars
characterized by different effective tempertatures.

All the CMDs of Figs. 3−6 clearly show the EBT. In gen-
eral, as a consequence of the photometric errors, the EBT tends
to become more and more dispersed toward fainter magnitudes,
though some intrinsic dispersion (at a level of∼ 0.02 magni-
tudes (after the subtraction of the contribution by the photomet-
ric error and the differential reddening)) cannot be excluded.
By using our evolutionary models for He-burning structures we
have verified that the spread present in Fig. 13, is mainly due to
evolutionary effects.

Both the CMD for the inner 100 arcsec (Fig. 4) and those
for the outer regions (e.g. Fig. 3) show that the EBT extends to
V =21.2, confirming the results of W99. The EBT extends by
more than one magnitude inU − B when moving from low
to high-temperatures. The HB presents two well-defined gaps
along the blue tail, and even though a sizable fraction of HB
stars lie on both the red and blue side of the instability strip,
the region in between is poorly populated, and indeed only two
RR Lyrae have been currently identified (Clement & Hazen
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Fig. 14.Comparison between the observed HB (filled circlesfor blue
anddotsfor red clump) stars and the models by Cassisi et al. (1999)
in the(U, U − B) plane. Note that the jump discovered by Grundhal
et al. (1999) in the Str̈omgrenu band is also visible in the JohnsonU
band atU − B ≈ −0.11 (indicated by the arrow). According to our
HB models the jump is located atTe ∼ 11, 600.

1989). Interestingly enough, the three gaps are also present in
both in the inner and outer regions, showing that they are not
confined to the inner core. This empirical evidence is worth
being investigated in more detail, because it could be crucial to
finding out the origin of these features.

5.1. The HBU -jump

In the previous section, we have already presented a compari-
son between the observed HB and the models by Cassisi et al.
(1999) in the(U − B, B − V ) and(V, B − V ) planes for an
independent reddening and distance determination. Note that
theoretical predictions properly account for the ZAHB distri-
bution of both cool and hot HB stars (see Fig. 12 and Fig. 13).
On the basis of accurate Strömgren photometric data, Grundahl
et al. (1998) and Grundahl et al. (1999) found that all GGCs
with a sizable fraction of hot HB stars present a well-defined
jump in theu band among blue HB stars. In particular, they suc-
ceeded in demonstrating that in the(u, u − y) plane HB stars
characterized by effective temperatures ranging from 11,500 to
20,000 K are brighter and/or hotter than canonical HB models.
This effect was explained as an increase in the abundance of
elements heavier than carbon and nitrogen caused by radiation
levitation. The overall scenario was soundly confirmed by high-
resolution spectroscopic measurements (Behr et al. 2000a; Behr
et al. 2000b). Owing to the good accuracy of our ground based
photometric data and the large sample of HB stars we decided
to test whether a similar effect is also present in the canonical
(U, U −B) plane. Fig. 14 shows quite clearly the appearance of
aU -jump among HB stars hotter thanU − B = −0.11 ± 0.03,
thus suggesting that this effect can also be detected in the ca-

Fig. 15. Histogram for the 497 stars on the EBT with17 < V < 21
and a photometric error< 0.05. These stars have been extracted from
the CMDs of Fig. 4 (r < 100 arcsec) and Fig. 3 (100 < r < 1040
arcsec). The two arrows indicate the position of gaps labelled with G1
and G2 (see text). The bin size is 0.15 magnitudes inV .

nonicalU band. This finding is not surprising, since a detailed
check of Fig. 7 in Grundahl et al. (1999) shows that the emer-
gent flux in theU and in theu bands are quite similar for
11, 500 ≤ Te ≤ 20, 000 K. If we assume that the jump takes
place atU −B = −0.11±0.03 the HB stars start to be affected
by radiation levitation at effective temperatures of the order of
11, 600 ± 350 K, in very good agreement with the results by
Grundahl et al. (1999). This also confirms the spectroscopic re-
sults by Behr et al. (2000a, and reference therein) suggesting
that the bulk of the HB stars hotter than 10,000 K present strong
heavy element enhancements. Even though color-temperature
transformations are still affected by systematic uncertainties in
the short wavelength region, this finding brings out the evidence
that the effects of radiation levitation and elemental diffusion in
blue HB stars can also be investigated in theU band.

5.2. Statistical significance of the gaps

As discussed in Catelan et al. (1998), assessing the statistical
significance of the gaps along the EBTs is not a trivial task. Fol-
lowing the discussion in Piotto et al. (1999), taking advantage
of the fact that the EBT runs almost parallel to theV -magnitude
axes, we have constructed a histogram of the EBT star distribu-
tion in V -magnitude. Fig. 15 shows this histogram for the 497
stars on the EBT with17 < V < 21 and a photometric error<
0.05. These stars have been extracted from the CMDs of Fig. 4
(r < 100 arcsec) and Fig. 3 (100 < r < 1040 arcsec). Confirm-
ing the visual impression from the CMDs, Fig. 15 shows a gap
atV ∼ 18.5 (hereafter G1) and a second one (G2) atV ∼ 20.0.
From a comparison with the models (Fig. 13), G1 is located
on the HB in a position corresponding to aTe ∼ 15, 900 K,
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while G2 is atTe ∼ 25, 400 K. The corresponding masses are
0.57M� and 0.52M� respectively. Judging from the error bars
(Poisson errors) of the histogram, we can confirm the results of
S97 on the significance of these gaps. We can also follow a
different approach (Catelan et al. 1998). In the simplest hypoth-
esis, assuming a uniform distribution inV of the stars along
the EBT, we can calculate the probabilityPg of having a gap
at a given position. Using Eq. (2) of Catelan et al. (1998), we
find: Pg=3 × 10−5 for G1 andPg=4 × 10−6 for G2. This is
the probability of having a gap exactly at the position of G1
and G2 from a uniform distribution. Indeed, we are interested
to see what is the probability to have a gap on the EBT, not a
gap at a given position on the EBT. Using Eq. (4) in Catelan et
al. (1998) we have that the probabilityPr of finding a gap at any
position on the HB of Fig. 15 is stillPr = 3 × 10−3 for G1 and
Pr = 3 × 10−4 for G2.

In conclusion, if the distribution inV of the stars along the
EBT is uniform, the probability of finding even only one of the
gaps G1 and G2 is negligible. This would imply that these gaps
must be real in some physical sense, and not a statistical fluc-
tuation. However, we do not know if the null hypothesis of a
uniform distribution is correct. Indeed, looking at the distribu-
tion of the stars in Fig. 15, and in the other GGCs with EBTs
(Fig. 9 in Piotto et al. 1999, see also Catelan et al. 1998), it
seems that the stellar distribution might be not uniform at all.
Still, the fact that all the clusters with an EBT show gaps along
it, and that some of these gaps seem to be located at very similar
positions (either in temperature or mass) on the HBs of different
clusters (Piotto et al. 1999), might be suggestive of a genuine
physical mechanism for producing gaps. A physical origin is
furtherly strenghtened by the empirical results by Behr et al.
(2000a) and Behr et al. (2000b), who find a discontinuity both
in the rotational velocity and in the abundance ratios of the stars
at the level of the gap in the EBT of M13. Though there have
been many attempts to explain the observed gaps (Catelan et al.
1998; Caloi 1999; D’Cruz et al. 1996; Rood et al. 1998; Soker
1998), we still lack a coherent and quantitative model which
accounts for their origin.

5.3. Radial distribution of the HB stars

Fig. 16 shows theV vs. (B − V ) CMDs of NGC 2808 in six
different radial bins. The contamination by field stars becomes
rather strong in the outer fields, as expected from the location of
the cluster in the Galaxy. According to Trager et al. (1993), the
tidal radius of NGC 2808 isrt = 15′.6. Therefore, we expect
all the stars in the bottom right panel of Fig. 16 to be field stars.
The most interesting facts shown by Fig. 16 are that:

1. the EBT is present surely beyond400 arcsec, correspond-
ing to more than nine times the half mass radiusrh, and it
extends toV = 21.2 also in these external regions;

2. also the gaps on the EBT are present at least out to 400
arcsec from the cluster center, and possibly beyond it;

3. the locations of the gaps in the CMD seem to be the same
all over the cluster.

We have also checked the relative number of HB stars as a func-
tion of the radius. The HB stars have been divided into 4 groups
(cf. Fig. 16): red clump (all the HB stars redder than the RR
Lyrae instability strip); EBT1 (the HB stars bluer than the RR
Lyrae instability strip, but brighter than the first gap G1); EBT2
(the HB stars within the two gaps); EBT3 (the HB stars fainter
than the gap G2). The relative numbers of these stars (corrected
for completeness) out to 400 arcsec are shown in Fig. 17. Over-
all, there is no statistically significant radial gradient. This is the
most important observational evidence.

It must be noted that D’Cruz et al. (2000) and Whitney et al.
(1998) found an absence of radial gradients in the distribution
of the EBT stars inω Cen, though in that case the investigation
was extended only out to 0.3 tidal radii. We want to furtherly
comment on two of the panels of Fig. 17. First of all, thebottom
panelshows that the faintest (hottest) HB stars (group EBT3)
seems to be less numerous in the outer bin (r > 100 arcsec).
However, the small number of stars and the uncertainty on the
completeness correction make this difference very marginal (at 2
sigma level). Second, the upper panel seems to show a marginal
trend of the RGB2 stars (a decreasing of RGB stars with respect
to the EBT1 ones, moving outwards, up to∼ 100 arcsec), which
is opposite to what has been found in the post core collapse3

clusters M30 by Piotto et al. (1988), as recently confirmed also
by Howell et al. (2000), and M15 by Stetson (1994). However,
a possible population gradient like in the upper panel of Fig. 17
could explain the much more significant color gradient found
by Sohn et al. (1998) in NGC 2808, which goes in a sense
of a redder center. Despite the fact that none of the gradients in
Fig. 17 is statistically significant, they might still be real in some
physical sense. Indeed, as throughly discussed by Djorgovski &
Piotto (1993) the color and population gradient issue in GGCs
is always hampered by small number statistics and errors in the
completeness corrections. What can make them significant is the
occurence of similar gradients in a number of clusters. Before
drawing any conclusion, we need to extend this investigation to
other clusters with EBTs.

It has been suggested, and supported with observational evi-
dences, that the HB blue tails and the EBTs might be of dynam-
ical origin. For example, Fusi Pecci et al. (1993) have found
a correlation between the HB elongation and cluster central
densities. Tidal stripping of the envelopes of the stars evolv-
ing along the RGB during close encounters in a high density
environment can be a possibility (Djorgovski & Piotto 1993).
Orbital angular momentum transfer to a RGB envelope in a close
flyby which can favour enhanced mass loss or even deep mixing
(Sweigart 1997) is another possibility. The difficulties in deal-
ing with these hydrodynamical phenomena has prevented till
now a modeling of the proposed mechanisms. Still, it is some-
how surprising to see that EBT stars can be found in NGC 2808
at r > 9rh (middle bottom panel of Fig. 16), where the stellar
densities are extremely low. Of course, we cannot completely

2 We consider RGB stars brighter than HB red clump, assumed
V 2808

clump = 16.3.
3 Note, however, that NGC 2808 is a normal King model cluster.
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Fig. 16.V vs. (B −V ) CMDs in 6 radial bins. The CMDs in theupper
panelscome from theHST data. The CMD in thelower right panel
extends from the tidal radiusrt to about1.7rt. The EBT is present
in all the five internal bins (r < rt), and in all cases it extends down
to V = 21.2. Also the gaps seems to be present everywhere inside
the cluster, and at the same location on the HB. Theupper rightpanel
shows also the location of the three subgroups in which we have divided
the EBT for the calculation of the radial gradients (see text).
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Fig. 17.Radial trend of the ratio of the RGB and HB stars (corrected for
completeness). Though no statistically significant gradient is visible,
we note the possible decrease of RGB stars out to 100 arcsec (upper
panel), and the passible lack of the hottest HB stars in the outer bin
(bottom panel).

exclude the possibility that the EBT stars have very elongated
orbits, which bring them very close to the cluster center. How-
ever, the hypothesis of an high anisotropy for the GC stellar
orbits is still to be proved. Another possibility is that the same
mechanism responsible for the envelope stripping can cause a
kick off from the cluster core of some of the involved stars. In
any case, the absence of any clear gradient in the radial distri-
bution of the EBT stars can again be a major obstacle for this
mechanism. Alternatively, since most of the close encounters
will take place within the dense core of the cluster, one could
expect the EBT stars to be more centrally concentrated than the
red HB stars. This is not confirmed by Fig. 17, with a possi-
ble exception of the extreme EBT3 stars, but only forr > 100
arcsec, i.e.r > 2.2 rh. Of course, it is possible that dynamical
relaxation causes the encounter products to quickly diffuse out,
smoothing their radial distribution. However, we find EBT stars
well beyond the half mass radius, while already the half mass
relaxation time (th = 1.3 × 109 yr, Table 1) is sensibly longer
than the evolutionary time on the HB (108 yr). The absence of
gradients exclude also the possibility that EBT stars are formed
from tidal stripping in close binaries (Bailyn & Pinsonneault
1995), as, also in this case, we would expect to see more EBT
stars in the cluster core, where the more massive binaries would
concentrate, than in the outer envelope.

In conclusion, we still lack an explanation of the EBT in
NGC 2808, and other clusters. The observational facts presented
in this paper seem to make rather unlikely a possible dynami-
cal origin of the phenomenon. And it is not clear whether the
presence of EBTs and gaps on them are the manifestation of the
same physical phenomenon.

6. The luminosity function

As clearly shown by Fig. 16, the contamination by field stars
obviously becomes stronger and stronger for increasingr: the
inner CMDs from theHST data are virtually not affected by
this problem, which becomes severe forr > 100 arcsec. In
order to obtain a LF from the groundbased data, we need to
statistically subtract the field stars. As our coverage of NGC
2808 extends far beyond the tidal radius, in principle this is
not a problem, though we must not forget that the presence of
the differential reddening will limit the accuracy of any attempt
to statistically subtract field stars. The subtraction of the field
objects has been performed on theHST CMD, and on the
Danish V vs. (B − V ) CMD in the region100 < r < 400
arcsec. Forr > 400, the small number of cluster stars and the
large number of field objects makes the data of no use for the LF.
For theHST data, the number of subtracted stars is negligible
(we subtracted 74 stars out of 35,000 objects).

The results of the field subtraction on theDanish data are
illustrated in Fig. 18. The original CMD is plotted in theupper-
left panel. Theupper-right panelshows the template field star
CMD, which refers to an area located on the North-West side
of the cluster, atr > 1.13 rt, and of the same size as the area
covered by the stars in theupper-left panel. In the cluster CMD,
for each field star we removed the star closest in magnitude



L.R. Bedin et al.: The anomalous Galactic globular cluster NGC 2808 171

and color. The resulting field-subtracted cluster CMD, and the
CMD with the subtracted stars only are shown in the twobottom
panels.

The LF has been obtained from the field-subtracted CMD,
excluding the contribution of the blue stragglers, HB, and AGB
stars. A detailed discussion of the LF in a large sample of globu-
lar cluster, including NGC 2808, from the tip of the RGB to a few
magnitudes below the TO, and a comparison with the models,
has been presented in Zoccali & Piotto (2000). Here we focus
our attention on the brightest part of the LF (Fig. 19,left panel).
In particular, we note that on both theHST andDanish LFs
there are two features: the well defined RGB bump, atV ∼ 16.3,
and at∼ 1.4 magnitudes brighter a second bump (that we will
call heaphereafter), at V∼14.9. The heap is more clearly visi-
ble in theHST data, where the contamination by field stars is
negligible.

The bump is a well known feature, due to the hydrogen
burning shell approaching the composition discontinuity left
by the deepest penetration of the convective envelope. Bump
properties are thoroughly discussed in Zoccali et al. (1999) and
Zoccali & Piotto (2000). On the basis of the differential LF it
is not possible to assess whether the heap is a real feature or
more simply a statistical fluctuation. Indeed, also at magnitudes
fainter than the bump the LF presents other secondary peaks.

In order to shed more light on this problem, in Fig. 19 we
show also the cumulative logarithmic LF (middle panel), since
a local increase in the number of stars causes a change in its
slope. The two slopes which fit the integral LF at magnitudes
fainter/brighter thanV ≈ 14.9 further support the evidence that
there is a real feature. Note that the heap is also present in the LF
in theB band, atB ≈ 16.2. We are not aware of any previous
detection of this heap. However, an indication of the presence
of the heap is also present in the data by W99.

The physical nature of the heap can not be firmly constrained
on the basis of the present data alone. This notwithstanding, in
the following we supply some hints which can help to disclose
the physical mechanisms which might cause it. First of all, we
exclude the interpretation that heap is a consequence of the
contamination by field stars, since it is located in a region of the
CMD which is marginally affected by this problem (cf. small
box in theupper-left panelof Fig. 18). Similarly, it cannot be
due to contamination by AGB stars, since, at this magnitude,
AGB and RGB stars are well separated, and also because the
expected ratio between AGB and RGB stars at Z=0.001 is of
the order of0.15 − 0.20.

The heap could be explained by assuming that it is the after-
math of a deep-mixing episode which somehow causes a tem-
porary delay in the advancement of the H-shell. Even though
this phenomenon has been suggested for explaining peculiar
metallicity overabundances in several cluster RGB stars (Grat-
ton et al. 2000) and some intrinsic features of the extreme HB
stars (Sweigart 1997; Sweigart & Catelan 1998) the physical
mechanisms which trigger its appearance are still questioned
and widely debated in the current literature (Grundahl et al.
1999, and references therein). However, taking into account the
number of stars in the heap region (in theHST data, where the

Fig. 18. The upper-left panelshows the original CMD from the
Danish data with100 < r < 400. The upper-right panelshows
the template field star CMD, which refers to an area located on the
North-West side of the cluster, atr > 1.13 rt, and of the same size
of the area covered by the stars in theupper-left panel. The field star
subtracted CMD is in thebottom-left panel. The bottom-right panel
shows the CMD of the subtracted stars. The small box in theupper
right and in thelower left panels shows the region of the heap (see
text).

contamination by field stars is negligible), if we assume as work-
ing hypothesis that the heap is caused by a deep mixing episode,
then its occurrence would imply an increase in the evolutionary
time during this phase of the order of 25% when compared with
the canonical one.

As a consequence, we decided to test whether the heap is a
unique feature of NGC 2808 or is present in other GGCs. We
selected 47 Tuc, since for this cluster we can use a homogeneous
set ofHST data reduced by the same software, and find heap at
the same position above the bump (∆V ∼ 1.4), and it is located,
within the uncertainties, in the same region of the 47 Tuc RGB
in which Edmonds & Gilliland (1996), on the basis ofHST
time series data, discovered for the first time K giant variables
(KGVs) in a GGC. In fact, the clumping of KGVs they found
is located atMV ∼ −0.9, which is in remarkable agreement
with the heap absolute magnitude, i.e.MV ∼ −1.0. The same
outcome applies to theB − V color, and indeed the bulk of
KGVs in 47 Tuc are located atB − V colors ranging from
1.1 to 1.2 (see Fig. 1 in Edmonds & Gilliland), which are quite
similar to the color range covered by the heap. Unfortunately,
our data do not allow us to identify any variability, since KGVs
are characterized by low luminosity amplitudes, and by short
periods (Edmonds et al., 1999).

It is also worth noting that the heap stars, as the KGVs, are
not centrally concentrated, and indeed the heap appears both in
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Fig. 19. Differential (left panel) and cumulative (central panel) LF, of the RGB of NGC 2808. There are two features: the well known RGB
bump and a newly discoveredheap(see the text).Right panelis an enlargement ofleft panel, with a different bin size, around the heap.

theDanish and in theHST sample. If the hypothesis of a link
between the heap and the KGVs is confirmed by detailed time
series multiband photometric data, it could have a fundamen-
tal impact on our understanding of the physical nature of these
intriguing objects. In fact, the appearance of the heap seems to
suggest that KGVs spend a substantial portion of the pulsation
cycle when they are cooler. Note that the change in the effec-
tive temperature to explain this effect should be approximately
100–150 K at the typical colors of heap stars. Moreover and even
more importantly, if the heap is caused by KGVs, the results on
NGC 2808 show that the physical mechanisms which trigger
the pulsation destabilization in these objects are also present at
intermediate metallicities. Finally, we mention that radial veloc-
ity variations have been detected and measured in several field,
intermediate-mass K giant stars (Hatzes & Cochran (1999), and
references therein). These objects often present mixed-mode
behavior with periods ranging from a fraction of day (β Ophi-
uchi, Hatzes & Cochran (1994a)) to few days (α Bootis, Hatzes
& Cochran (1994b)) or hundreds days (π Herculis, Hatzes &
Cochran (1999)) and radial velocity amplitudes ranging from
few tens ofm s−1 to hundreds ofm s−1. This behavior was
soundly confirmed by Buzasi et al. (2000) who detected and
measured multimode oscillations inα Ursae Majoris with a
fundamental period of 6.35 days and an infrared luminosity
amplitude of 390µmag.

The lack of a comprehensive pulsation scenario which ac-
counts for the empirical behavior of these objects, and of firm
constraints on the occurrence of an instability strip prompts for
new theoretical and empirical investigations. In this context, it is
noteworthy that in a recent investigation based on both Hippar-
cos and OGLE data, Koen & Laney (2000) found evidence that
pulsation in very high overtones seems to be the most plausible
mechanism to explain the luminosity variation in field M giant
stars with periods shorter than 10 days.
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