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t. We present a 
omprehensive spe
tros
opi
 study of the integrated light of metal-ri
h Gala
ti
 globular
lusters and the stellar population in the Gala
ti
 bulge. We measure line indi
es whi
h are de�ned by the Li
kstandard system and 
ompare index strengths of the 
lusters and Gala
ti
 bulge. Both metal-ri
h globular 
lustersand the bulge are similar in most of the indi
es, ex
ept for the CN index. We �nd a signi�
ant enhan
ement inthe CN=hFei index ratio in metal-ri
h globular 
lusters 
ompared with the Gala
ti
 bulge. The mean iron indexhFei of the two metal-ri
h globular 
lusters NGC 6528 and NGC 6553 is 
omparable with the mean iron index ofthe bulge. Index ratios su
h as Mgb=hFei, Mg2=hFei, Ca4227=hFei, and TiO=hFei, are 
omparable in both stellarpopulation indi
ating similar enhan
ements in individual elements whi
h are tra
ed by the indi
es. From theglobular 
luster data we fully empiri
ally 
alibrate several metalli
ity-sensitive indi
es as a fun
tion of [Fe/H℄ and�nd tightest 
orrelations for the Mg2 index and the 
omposite [MgFe℄ index. We �nd that all indi
es show a similarbehavior with gala
to
entri
 radius, ex
ept for the Balmer series, whi
h show a large s
atter at all radii. However,the s
atter is entirely 
onsistent with the 
luster-to-
luster variations in the horizontal bran
h morphology.Key words. The Galaxy: globular 
lusters, abundan
es,formation { globular 
lusters: general { Stars: abundan
es1. Introdu
tionStars in globular 
lusters are essentially 
oeval and { withvery few ex
eptions { have all the same 
hemi
al 
ompo-sition, with only few elements breaking the rule. As su
h,globular 
lusters are the best approximation to simplestellar populations (SSP), and therefore o�er a virtuallyunique opportunity to relate the integrated spe
trum ofstellar populations to age and 
hemi
al 
omposition, anddo it in a fully empiri
al fashion. Indeed, the 
hemi
al
omposition 
an be determined via high-resolution spe
-tros
opy of 
luster stars, the age via the 
luster turno� lu-minosity, while integrated spe
tros
opy of the 
luster 
analso be obtained without major diÆ
ulties. In this way,Send o�print requests to: puzia�usm.uni-muen
hen.de

empiri
al relations 
an be established between integrated-light line indi
es (e.g. Li
k indi
es as de�ned by Faberet al., 1985) of the 
lusters, on one hand, and their ageand 
hemi
al 
omposition on the other hand (i.e., [Fe/H℄,[�/Fe℄, et
.).These empiri
al relations are useful in two major ap-pli
ations: 1) to dire
tly estimate the age and 
hemi
al
omposition of unresolved stellar populations for whi
h in-tegrated spe
tros
opy is available (e.g. for ellipti
al galax-ies and spiral bulges), and 2) to provide a basi
 
he
k ofpopulation synthesis models.Today we know of about 150 globular 
lusters in theMilky Way (Harris, 1996), and more 
lusters might behidden behind the high-absorption regions of the Gala
ti
disk. Like in the 
ase of many ellipti
al galaxies (e.g.Harris, 2001), the Gala
ti
 globular 
luster system shows abimodal metalli
ity distribution (Freeman & Norris, 1981;Zinn, 1985; Ashman & Zepf, 1998; Harris, 2001) and 
on-
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tros
opy of Bulge Globular Clusters and Fieldssists of two major sub-populations, the metal-ri
h bulgeand the metal-poor halo sub-populations.The metal-ri
h ([Fe=H℄ > �0:8 dex) 
omponent wasinitially referred to as a \disk" globular 
luster system(Zinn, 1985), but it is now 
lear that the metal-ri
h glob-ular 
lusters physi
ally reside inside the bulge and shareits 
hemi
al and kinemati
al properties (Minniti, 1995;Barbuy et al., 1998; Côt�e, 1999). Moreover, the best stud-ied metal-ri
h 
lusters (NGC 6528 and NGC 6553) appearto have virtually the same old age as both the halo 
lustersand the general bulge population (Ortolani et al., 1995a;Feltzing & Gilmore, 2000; Ortolani et al., 2001; Zo

ali etal., 2001, 2002; Feltzing et al., 2002), hen
e providing im-portant 
lues on the formation of the Gala
ti
 bulge andof the whole Milky Way galaxy.Given their relatively high metalli
ity (up to � Z�),the bulge globular 
lusters are espe
ially interesting inthe 
ontext of stellar population studies, as they al-low 
omparisons of their spe
tral indi
es with those ofother spheroids, su
h as ellipti
al galaxies and spiralbulges. However, while Li
k indi
es have been measuredfor a representative sample of metal-poor globular 
lusters(Burstein et al., 1984; Covino et al., 1995; Trager et al.,1998), no su
h indi
es had been measured for the moremetal-ri
h 
lusters of the Gala
ti
 bulge. It is the primaryaim of this paper to present and dis
uss the results ofspe
tros
opi
 observations of a set of metal-ri
h globular
lusters that 
omplement and extend the dataset so faravailable only for metal-poor globulars.Substantial progress has been made in re
ent yearsto gather the 
omplementary data to this empiri
al ap-proa
h: i.e. ages and 
hemi
al 
omposition of the metal-ri
h 
lusters. Con
erning ages, HST/WFPC2 observationsof the 
lusters NGC 6528 and NGC 6553 have been 
rit-i
al to redu
e to a minimum and eventually to eliminatethe 
ontamination of foreground disk stars (see referen
esabove), while HST/NICMOS observations have started toextend these studies to other, more heavily obs
ured 
lus-ters of the bulge (Ortolani et al., 2001).High spe
tral-resolution studies of individual stars inthese 
lusters is still s
anty, but one 
an expe
t rapidprogress as high multiplex spe
trographs be
ome availableat 8{10m 
lass teles
opes. A few stars in NGC 6528 andNGC 6553 have been observed at high spe
tral resolution,but with somewhat dis
repant results. For NGC 6528,Carretta et al. (2001) and Coelho et al. (2001) report re-spe
tively [Fe/H℄= +0:07 and �0:5 dex (the latter value
oming from low-resolution spe
tra). For [M/H℄ the sameauthors derive +0:17 and �0:25 dex, respe
tively. ForNGC 6553 Barbuy et al. (1999) give [Fe/H℄= �0:55 dexand [M/H℄= �0:08 dex, while Cohen et al. (1999) report[Fe/H℄= �0:16 dex, and Origlia et al. (2002) give [Fe/H℄=�0:3 dex, with [�/Fe℄= +0:3 dex. Some �-element en-han
ement has also been found among bulge �eld stars,yet with apparently di�erent element-to-element ratios(M
William & Ri
h, 1994).Hopefully these dis
repan
ies may soon disappear, asmore and better quality high-resolution data are gath-

ered at 8{10m 
lass teles
opes. In summary, the overallmetalli
ity of these two 
lusters (whose 
olor magnitudediagrams are virtually identi
al, Ortolani et al. 1995a) ap-pears to be 
lose to solar, with an �-element enhan
ement[�/Fe℄ ' +0:3 dex.The �-element enhan
ement plays an espe
ially im-portant role in the present study. It is generally inter-preted as the result of most stars having formed rapidly(within less than, say � 1 Gyr), thus having had the timeto in
orporate the �-elements produ
ed predominantly byType II supernovae, but failing to in
orporate most of theiron produ
ed by the longer-living progenitors of TypeIa supernovae. Sin
e quite a long time, an �-element en-han
ement has been suspe
ted for giant ellipti
al galax-ies, inferred from the a 
omparison of Mg and Fe indi
eswith theoreti
al models (Peletier, 1989; Worthey et al.,1992; Davies et al., 1993; Greggio, 1997). This interpreta-tion has far-rea
hing impli
ations for the star formationtimes
ale of these galaxies, with a fast star formation be-ing at varian
e with the slow pro
ess, typi
al of the 
ur-rent hierar
hi
al merging s
enario (Thomas & Kau�mann,1999). However, in prin
iple the apparent �-element en-han
ement may also be an artifa
t of some 
aws in themodels of syntheti
 stellar populations, espe
ially at highmetalli
ity (Maraston et al., 2001). The observations pre-sented in this paper are also meant to provide a datasetagainst whi
h to 
ondu
t a dire
t test of population syn-thesis models, hen
e either ex
luding or straightening the
ase for an �-element enhan
ement in ellipti
al galaxies.This aspe
t is extensively addressed in an a

ompanyingpaper (Maraston et al., 2002).The main goal of this work is the measurement ofthe Li
k indi
es for the metal-ri
h globular 
lusters of thebulge and of the bulge �eld itself. Among others, we mea-sure line indi
es of Fe, Mg, Ca, CN, and the Balmer serieswhi
h are de�ned in the Li
k standard system (Worthey& Ottaviani, 1997; Trager et al., 1998). In x2 we des
ribein detail the observations and our data redu
tion whi
hleads to the analysis and measurement of line indi
es inx3. Index ratios in globular 
lusters and the bulge arepresented in x4. Index-metalli
ity relations are 
alibratedwith the new data in x5 and x6 dis
usses the index varia-tions as a fun
tion of gala
to
entri
 radius. x7 
loses thiswork with the 
on
lusions followed by a summary in x8.2. Observations and Data Redu
tion2.1. ObservationsWe observed 12 Gala
ti
 globular 
lusters, 9 of whi
h arelo
ated 
lose to the Milky-Way bulge (see Fig. 1). Fourglobular 
lusters belong to the halo sub-population witha mean metalli
ity [Fe/H℄� �0:8 dex (Harris, 1996). Theother globular 
lusters with higher mean metalli
ities areasso
iated with the bulge. Our sample in
ludes the well-studied metal-ri
h 
lusters NGC 6553 and NGC 6528,whi
h is lo
ated in Baade's Window. Several relevant 
lus-ter properties are summarized in Table 1. Our 
luster
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opy of Bulge Globular Clusters and Fields 3Table 1. General properties of sample Globular Clusters. If not else mentioned, all data were taken from the 1999 update of theM
Master 
atalog of Milky Way Globular Clusters (Harris, 1996). Rg
 is the globular 
luster distan
e from the Gala
ti
 Center.rh is the half-light radius. E(B�V ) and (m �M)V are the reddening and the distan
e modulus. vrad the helio
entri
 radialvelo
ity. Note, that our radial-velo
ity errors are simple internal errors whi
h result from the �tting of the 
ross-
orrelationpeak. The real external errors are a fa
tor � 3� 4 larger. HBR is the horizontal-bran
h morphology parameter (e.g. Lee et al.,1994).GC Rg
 [kp
℄ [Fe/H℄ rh [ar
min℄ Ea(B�V ) (m�M)V vbrad [km s�1℄ vrad [km s�1℄ HBR
NGC 5927 4.5 �0:37 1.15 0.45 15.81 �130� 12 �107:5 � 1:0 �1:00dNGC 6218 (M12) 4.5 �1:48 2.16 0.40 14.02 �46� 23 �42:2 � 0:5 0:97dNGC 6284 6.9 �1:32 0.78 0.28 16.70 8� 16 27:6 � 1:7 1:00eNGC 6356 7.6 �0:50 0.74 0.28 16.77 35� 12 27:0 � 4:3 �1:00dNGC 6388 4.4 �0:60 0.67 0.40 16.54 58� 10 81:2 � 1:2 �0:70eNGC 6441 3.5 �0:53 0.64 0.44 16.62 �13� 10 16:4 � 1:2 �0:70fNGC 6528 1.3 �0:17 0.43 0.56 16.53 180 � 10 184:9 � 3:8 �1:00dNGC 6553 2.5 �0:34 1.55 0.75 16.05 �25� 16 �6:5� 2:7 �1:00dNGC 6624 1.2 �0:42 0.82 0.28 15.37 27� 12 53:9 � 0:6 �1:00dNGC 6626 (M28) 2.6 �1:45 1.56 0.43 15.12 �15� 15 17:0 � 1:0 0:90dNGC 6637 (M69) 1.6 �0:71 0.83 0.16 15.16 6� 12 39:9 � 2:8 �1:00dNGC 6981 (M72) 12.9 �1:40 0.88 0.05 16.31 �360� 18 �345:1 � 3:7 0:14da taken from Harris (1996)b this work
 horizontal bran
h parameter, (B�R)/(B+V+R), for details see e.g. Lee et al. (1994)d taken from Harris (1996)e taken from Zo

ali et al. (2000)f Due to very similar HB morphologies in CMDs of NGC 6388 and NGC 6441 (see Ri
h et al., 1997), we assume that theHBR parameter is similar for both globular 
lusters and adopt HBR= �0:70 for NGC 6441.sample was sele
ted to maximize the number of high-metalli
ity 
lusters and to ensure a high enough signal{to{noise ratio (S/N) of the resulting spe
tra.Long-slit spe
tra were taken on three nights in July5th to 7th 1999 with the Boller & Chivens Spe
trographof ESO's 1.52 m on La Silla. We used grating #23 with600 grooves per mm yielding a dispersion of 1.89 �A/pixwith a spe
tral range from � 3400 �A to � 7300 �A. Weused the dete
tor CCD #39, a Loral 2048�2048 pix2 
hip,with a pixel size of 15 �m and a s
ale of 0.8200/pix. Itsreadout noise is 5.4 e� and the gain was measured with1.2 e�=ADU. In order to 
he
k the dark 
urrent we alsoobtained dark images whi
h resulted in a negligible av-erage dark 
urrent of 0.0024 e�s�1pix�1. The total slitlength of the spe
trograph 
overs 4.50 on the sky. For thebene�t of light sampling the slit width was �xed at 300,whi
h guarantees an instrumental resolution (� 6:7 �A)whi
h is smaller than the average resolution (>� 8 �A) ofthe Li
k standard system (Worthey et al., 1994; Trager etal., 1998). The mean seeing during the observing 
ampaignvaried between 0.800 and 1.600, resulting in seeing-limitedspe
tra. Consequently, the stellar disks are smeared over1{2 pixel along the spatial axis.To ensure a representative sampling of the underly-ing stellar population we obtained several spe
tra withslightly o�set pointings. In general three long-slit spe
trawere taken for ea
h of our target 
lusters (see Table 2for details). The observing pattern was optimized in time(i.e. in airmass) to obtain one spe
trum of the nu
lear

region and spe
tra of adja
ent �elds by shifting the tele-s
ope a few ar
 se
onds (i.e. � 2 slit widths) to the Northand South. Exposure times were adjusted a

ording tothe surfa
e brightness of ea
h globular 
luster to rea
han statisti
ally se
ure luminosity sampling of the under-lying stellar population. Before and after ea
h blo
k ofs
ien
e exposures, lamp spe
tra were taken for a

uratewavelength 
alibration.In addition to the globular 
luster data, we obtainedlong-slit spe
tra of three stellar �elds near the Gala
ti

enter (see Fig. 1). Two of them are lo
ated in Baade'sWindow. The exposure time for a single bulge spe
trumis 1800 se
onds. Five slightly o�set pointings have beenobserved in ea
h �eld resulting in 15 exposures of 30 min.ea
h.During ea
h night Li
k and 
ux standard stars wereobserved for later index and 
ux 
alibrations. Table 2shows the observing log of all three nights. Figure 1 givesthe positions of all observed globular 
lusters (�lled dots)and bulge �elds (open squares) in the gala
ti
 
oordinatesystem.2.2. Data Redu
tionWe homogeneously applied standard redu
tion te
hniquesto the whole data set using the IRAF1 platform (Tody,1 IRAF is distributed by the National Opti
al AstronomyObservatories, whi
h are operated by the Asso
iation of
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Fig. 1. Distribution of gala
ti
 globular 
lusters as seen in the gala
ti
 
oordinate system. The �lled 
ir
les are the observedsample globular 
lusters while open 
ir
les mark the position of other known Milky Way globular 
lusters. All observed globular
lusters are appropriately labeled. The positions were taken from the Globular Cluster Catalog by Harris (1996). Large squaresshow the positions of our three bulge �elds for whi
h spe
tros
opy is also available. Note that two of the three �elds almostoverlap in the plot.1993). The basi
 data redu
tion was performed for ea
hnight individually. In brief, a masterbias was subtra
tedfrom the s
ien
e images followed by a division by a nor-malized master
at spe
trum whi
h has been 
reated from�ve quarz-lamp exposures. The quality, i.e. the 
atness, ofthe spe
tra along the spatial axis was 
he
ked on the skyspe
tra after 
at�elding. Any gradients along the spatialaxis were found to be smaller than . 5%.Universities for Resear
h in Astronomy, In
., under 
ooper-ative agreement with the National S
ien
e Foundation.
He-Ne-Ar-Fe lines were used to 
alibrate all spe
tra tobetter than 0.13 �A (r.m.s.). Unfortunately, the beam ofthe 
alibration lamp 
overs only the 
entral 3.30 along theslit's spatial axis (perpendi
ular to the dispersion dire
-tion), whi
h allows no pre
ise wavelength 
alibration forthe outer parts 
lose to the edge of the CCD 
hip. Wetried, however, to extrapolate a 2-dim. �-
alibration tothe edges of the long-slit and found a signi�
ant in
reasein the r.m.s. up to an una

eptable 0.7 �A. Hen
e, to avoid
alibration biases we use data only from regions whi
h are
overed by the ar
 lamp beam. Our e�e
tive slit length is
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opy of Bulge Globular Clusters and Fields 5Table 2. Journal of all performed observations.Night Targets Exptime RA(J2000) DEC (J2000) l[o℄ b[o℄5.7.1999 NGC 5927 3�600s 15h 28m 00.5s �50o 40' 22" 326.60 4:86NGC 6388 3�600s 17h 36m 17.0s �44o 44' 06" 345.56 �6:74NGC 6528 3�600s 18h 04m 49.6s �30o 03' 21" 1.14 �4:17NGC 6624 3�600s 18h 23m 40.5s �30o 21' 40" 2.79 �7:91NGC 6981 1�1320s 20h 53m 27.9s �12o 32' 13" 35.16 �32:68Bulge1 5�1800s 18h 03m 12.1s �29o 52' 06" 1.13 3:786.7.1999 NGC 6218 3�1200s 16h 47m 14.5s �01o 56' 52" 15.72 26:31NGC 6441 3�600s 17h 50m 12.9s �37o 03' 04" 353.53 �5:01NGC 6553 3�720s 18h 09m 15.6s �25o 54' 28" 5.25 �3:02NGC 6626 3�600s 18h 24m 32.9s �24o 52' 12" 7.80 �5:58NGC 6981 1�1800s 20h 53m 27.9s �12o 32' 13" 35.16 �32:68Bulge2 5�1800s 18h 05m 21.3s �29o 58' 38" 1.26 4:237.7.1999 NGC 6284 3�600s 17h 04m 28.8s �24o 45' 53" 358.35 9:94NGC 5927 2�600s 15h 28m 00.5s �50o 40' 22" 326.60 4:86NGC 6356 3�900s 17h 23m 35.0s �17o 48' 47" 6.72 10:22NGC 6637 3�900s 18h 31m 23.2s �32o 20' 53" 1.72 �10:27NGC 6981 1�1800s 20h 53m 27.9s �12o 32' 13" 35.16 �32:68Bulge3 5�1800s 17h 58m 38.3s �28o 43' 33" 1.63 2:35therefore 3.30 with a slit width of 300. For ea
h single pixelrow along the dispersion axis an individual wavelength so-lution was found and subsequently applied to ea
h obje
t,bulge, and sky spe
trum. After wavelength 
alibration thesignal along the spatial axis was averaged in �-spa
e, i.e.the 
ux of 3.30 was averaged to obtain the �nal spe
trumof a single pointing.Finally, spe
trophotometri
 standard stars, Feige 56,Feige 110, and Kop� 27 (Stone & Baldwin, 1983; Baldwin& Stone, 1984) were used to 
onvert 
ounts into 
ux units.2.3. Radial velo
itiesAll radial velo
ity measurements were 
arried out afterthe subtra
tion of a ba
kground spe
trum (see Se
t. 3.1)using 
ross-
orrelation with high-S/N template spe
tra oftwo globular 
lusters in M31 (i.e. 158{213 and 225{280,see Hu
hra et al. 1982 for nomen
lature). Both globular
lusters have metalli
ities whi
h mat
h the average metal-li
ity of our globular 
luster sample. We stri
tly followedthe re
ipe of the Fourier 
ross-
orrelation whi
h is imple-mented in the fx
or task of IRAF (see IRAF manual fordetails). Table 1 summarizes the results in
luding the in-ternal un
ertainties of our measurements resulting fromthe �tting of the 
ross-
orrelation peak.Following the rule of thumb, by whi
h 1=10 of the in-strumental resolution (� 6:7 �A) transforms into the radialvelo
ity resolution, we estimate for our spe
tra a resolu-tion of � 40 km s�1. In order to estimate the real un-
ertainty we 
ompare the radial velo
ity measurements ofone globular 
luster (NGC 6981) whi
h was observed inall three nights. We �nd a dispersion in radial velo
ity�v � 17 km s�1 and a maximal deviation of 32.4 km s�1.A 
omparison of measured radial velo
ities of all our Li
k

standard stars with values taken from the literature givesa dispersion of �v � 40 km s�1 whi
h mat
hes the earlierrough estimate. In the 
ase of NGC 6981, the internal er-ror estimate (�

vrad = 18:4 km s�1) underestimates thereal radial velo
ity un
ertainty assumed to be of the orderof � 40 km s�1 by a fa
tor of � 2. Note however, thatdata of lower S/N will produ
e larger radial velo
ity un-
ertainties. Moreover, taking into a

ount the slit widthof 300 the maximum possible radial velo
ity error for a starpositioned at the edge of the slit is � 200 km s�1. For highsurfa
e-brightness 
u
tuations inside the slit, this wouldinevitably result in larger radial velo
ity errors than orig-inally expe
ted from the 
alibration quality. Sin
e we sumup all the 
ux along the slit, we most e�e
tively eliminatethis surfa
e-brightness 
u
tuation e�e
t. In fa
t, after a
he
k of all our single spe
tra, we �nd no ex
eptionallybright star inside the slit aperture, whi
h 
ould produ
e asystemati
 deviation from the mean radial velo
ity.After all, we estimate that our real radial velo
ity un-
ertainties are larger by a fa
tor � 2� 4 than the valuesgiven in Table 1.2.4. Transformation to the Li
k SystemThe Li
k standard system was initially introdu
ed byBurstein et al. (1984) in order to study element abun-dan
es from low-resolution integrated spe
tra of extra-gala
ti
 stellar systems. It has re
ently been updated andre�ned by several authors (Gonz�alez, 1993; Worthey et al.,1994; Worthey & Ottaviani, 1997; Trager et al., 1998).The Li
k system de�nes line indi
es for spe
i�
 atomi
and mole
ular absorption features, su
h as Fe, Mg, Caand CN, CH, TiO, in the opti
al range from � 4100 �Ato � 6100 �A. The de�nitions of a line index are given in
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tros
opy of Bulge Globular Clusters and FieldsAppendix A. We implemented the measuring pro
edurein a software and tested it extensively on original Li
kspe
tra (see App. A for details). This 
ode is used for allfurther measurements.The Li
k system provides two sets of index passbandde�nitions. One set of 21 passband de�nitions was pub-lished in Worthey et al. (1994) to whi
h we will refer asthe old set. A new and re�ned set of passband de�nitions isgiven in Trager et al. (1998) whi
h is supplemented by theBalmer index de�nitions of Worthey & Ottaviani (1997).This new set of 25 indi
es is used throughout the sub-sequent analysis. However, we also provide Li
k indi
esbased on the old passband de�nitions (see Appendix D)whi
h enables a 
onsistent 
omparison with predi
tionsfrom SSP models whi
h make use of �tting fun
tionsbased on the old set of passband de�nitions. Note that in-di
es and model predi
tions whi
h use two di�erent pass-band de�nition sets are prone to systemati
 o�sets. Thispoint will be dis
ussed in the se
ond paper of the series(Maraston et al., 2002).Before measuring indi
es, one has 
arefully to degradespe
tra with higher resolution to adapt to the resolutionof the Li
k system. We stri
tly followed the approa
h ofWorthey & Ottaviani (1997) and degraded our spe
tra tothe wavelength-dependent Li
k resolution (� 11:5 �A at4000 �A, 8.4 �A at 4900 �A, and 9.8 �A at 6000 �A). The ef-fe
tive resolution (FWHM) of our spe
tra has been deter-mined from 
alibration-lamp lines and isolated absorptionfeatures in the obje
t spe
tra. The smoothing of our datais done with a wavelength-dependent Gaussian kernel withthe width�smooth(�) = �FWHM(�)2Li
k � FWHM(�)2data8 ln2 � 12 : (1)We tested the shape of absorption lines in our spe
tra andfound that they are very well represented by a Gaussian.Worthey & Ottaviani tested the shape of the absorptionlines in the Li
k spe
tra and found also no deviation froma Gaussian. Both results justify the use of a Gaussiansmoothing kernel.The smoothing kernel for the bulge stellar �elds isgenerally narrower sin
e one has to a

ount for the non-negligible velo
ity dispersion of bulge �eld stars. A typi
alline-of-sight velo
ity dispersion �LOS � 100 km s�1 wasassumed for the bulge data (e.g. Spaenhauer et al., 1992).We do not 
orre
t for the mean velo
ity dispersion of theglobular 
lusters (�LOS � 10 km s�1 Pryor & Meylan,1993).Another point of 
on
ern for low-S/N spe
tra (S/N.10per resolution element) is the slope of the underlying 
on-tinuum (see Beasley et al., 2000, for detailed dis
ussionof this e�e
t) whi
h in
uen
es the pseudo-
ontinuum esti-mate for broad features and biases the index measurement.However, sin
e all our spe
tra are of high S/N (& 50 perresolution element), we are not a�e
ted by a noisy 
ontin-uum.After taking 
are of the resolution 
orre
tions, one hasto 
orre
t for systemati
, higher-order e�e
ts. These vari-

Table 3. Summary of the 
oeÆ
ients � and � for all 1st and2nd-order index 
orre
tions.index � � r.m.s. unitsCN1 �0:0017 �0:0167 0:0251 magCN2 �0:0040 �0:0389 0:0248 magCa4227 �0:2505 �0:0105 0:2582 �AG4300 0:6695 �0:1184 0:4380 �AFe4384 �0:5773 0:0680 0:2933 �ACa4455 �0:1648 0:0249 0:4323 �AFe4531 �0:3499 0:0223 0:1566 �AFe4668 �0:8643 0:0665 0:5917 �AH� 0:0259 0:0018 0:1276 �AFe5015 1:3494 �0:2799 0:3608 �AMg1 0:0176 �0:0165 0:0160 magMg2 0:0106 0:0444 0:0112 magMgb 0:0398 �0:0392 0:1789 �AFe5270 �0:3608 0:0514 0:1735 �AFe5335 �0:0446 �0:0725 0:3067 �AFe5406 �0:0539 �0:0730 0:2054 �AFe5709 �0:5416 0:3493 0:1204 �AFe5782 �0:0610 �0:0116 0:2853 �ANaD 0:3620 �0:0733 0:2304 �ATiO1 0:0102 0:2723 0:0133 magTiO2 �0:0219 0:1747 0:0342 magHÆA �0:1525 �0:0465 1:5633 �AH
A 0:4961 0:0117 0:6288 �AHÆF �0:1127 �0:0639 0:4402 �AH
F �0:0062 �0:0343 0:1480 �Aations are mainly due to imperfe
t smoothing and 
ali-bration of the spe
tra. To 
orre
t the small deviations 12index standard stars from the list of Worthey et al. (1994)have been observed throughout the observing run. Figure2 shows the 
omparison between the Li
k data and ourindex measurements for all passbands. Least-square �tsusing a �-�-
lipping (dashed lines) are used to parameter-ize the deviations from the Li
k system as a fun
tion ofwavelength. The fun
tional form of the �t isEW
al = �+ (1 + �) � EWraw;where EW
al and EWraw are the 
alibrated and raw in-di
es, respe
tively. Table 3 summarizes the individual 
o-eÆ
ients � and �. This 
orre
tion fun
tions are applied toall further measurements. The 
orresponding 
oeÆ
ientsfor index measurements using the old passband de�nitionsare do
umented in Table D.Note, that most passbands require only a small linearo�set, but no o�set as a fun
tion of index strength. Whilethe former is simply due to a small variation in the wave-length 
alibration, the latter is produ
ed by over/under-smoothing of the spe
tra. Absorption lines for whi
h thesmoothing pushes the wings outside narrowly de�ned fea-ture passbands are mostly a�e
ted by this non-linear ef-fe
t. However, for passbands of major interest (su
h asCN, H�, Fe5270, Fe5335, Mgb, and Mg2) the Li
k indi
esare satisfa
torily reprodu
ed by a simple o�set (no tilt) inthe index value (see Fig. 2).
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Fig. 2. Comparison of passband measurements from our spe
tra and original Li
k data for 12 Li
k standard stars. The dottedline shows the one-to-one relation, whereas the dashed line is a least-square �t to the �lled squares. Data, whi
h have beendis
arded from the �t be
ause of too large errors or deviations, are shown as open squares. Bold frames indi
ate some of thewidely used Li
k indi
es whi
h are also analysed in this work.3. Analysis of the Spe
tra3.1. Estimating the ba
kground lightLong-slit spe
tros
opy of extended obje
ts notoriously suf-fers from diÆ
ulties in estimating the 
ontribution of thesky and ba
kground light. Sin
e we observe globular 
lus-ters near the Gala
ti
 Bulge, their spe
tra will be 
on-taminated by an unknown fra
tion of the bulge light, de-pending on the lo
ation on the sky (see Fig. 1). In order toestimate the 
ontribution of the ba
kground, two di�erentapproa
hes have been applied. The �rst approa
h was toestimate the sky and bulge 
ontribution from separatelytaken sky and bulge spe
tra (hereafter \ba
kground mod-eling"). The other te
hnique was to extra
t the total ba
k-

ground spe
trum from low-intensity regions at the edgesof the spatial axis in the obje
t spe
trum itself (hen
e-forth \ba
kground extra
tion"). While the �rst te
hniquesu�ers from the unknown 
hange of the ba
kground spe
-trum between the position of the globular 
lusters and theba
kground �elds, the se
ond one su�ers from lower S/N.However, tests have shown that the \ba
kground extra
-tion" allows a more reliable estimate of the ba
kgroundspe
trum.We 
ompare both ba
kground subtra
tion te
hniquesin Table B. We �nd that the \ba
kground modeling" sys-temati
ally overestimates the ba
kground light 
ontribu-tion as one goes to larger gala
to
entri
 radii. The in-dex di�eren
es in
rease between spe
tra whi
h have been



8 Puzia et al.: Integrated Spe
tros
opy of Bulge Globular Clusters and Fields
leaned using \ba
kground modeling" and \ba
kgroundextra
tion". This is basi
ally due to an overestimationof the ba
kground light from single ba
kground spe
trawhi
h were taken at intermediate gala
to
entri
 radii. We,therefore, drop the \ba
kground modeling" and pro
eedfor all subsequent analyses with the \ba
kground extra
-tion" te
hnique. In summary, the 
ru
ial drawba
k of the\ba
kground modeling" is that it requires a predi
tionof the bulge light fra
tion from separate spe
tra whi
his strongly model-dependent. The bulge light 
ontains
hanging s
ale heights for di�erent stellar populations (seeFrogel, 1988; Wyse et al., 1997, and referen
es therein).The ba
kground light at the 
luster position in
ludes anunknown mix of bulge and disk stellar populations (Frogel,1988; Frogel et al., 1990; Feltzing & Gilmore, 2000), anunknown 
ontribution from the 
entral bar (Unavane &Gilmore, 1998; Unavane et al., 1998), and is subje
t todi�erential reddening on typi
al s
ales of � 9000 (Frogelet al., 1999) whi
h 
ompli
ates the modeling. Clearly,with presently available models (e.g. Kent et al., 1991;Freudenrei
h, 1998) it is impossible to reliably predi
t aspe
trum of the gala
ti
 bulge as a fun
tion of gala
ti

oordinates. The "ba
kground extra
tion" te
hnique nat-urally omits model predi
tions and allows to obtain thetotal ba
kground spe
trum, in
luding sky and bulge light,from the obje
t spe
trum itself.We sele
ted low-luminosity outer se
tions in the slit'sintensity pro�le (see Fig. 3) to derive the ba
kground spe
-trum for ea
h globular 
luster. Only those regions whi
hshow 
at and lo
ally lowest intensities and are lo
atedoutside the half-light radius rh (Trager et al., 1995) aresele
ted. We sum the spe
tra of the ba
kground lightof all available pointings to 
reate one high-S/N ba
k-ground spe
trum for ea
h globular 
luster. All globular
lusters were 
orre
ted using this ba
kground spe
trum.The ba
kground-to-
luster light ratio depends on gala
-ti
 
oordinates, and is <� 0:1 for NGC 6388 and � 1 forNGC 6528. In order to lower this ratio, only regions insiderh are used to 
reate the �nal globular-
luster spe
trum.This restri
tion de
reases the ba
kground-to-
luster ratioby a fa
tor of >� 2. In the 
ase of NGC 6218, NGC 6553,and NGC 6626 the half-light diameter 2rh is larger or
omparable to the spatial dimensions of the slit, so that nodistin
t ba
kground regions 
an be de�ned. For these 
lus-ters we estimate the ba
kground from 
at, low-luminosityparts along the spatial axis inside rh but avoid the 
entralregions (see Fig. 3).3.2. Contamination by Bright Obje
tsTo 
he
k if bright foreground stars inside the slit 
ontami-nate the globular 
luster light, we plot the intensity pro�lealong the slit's spatial axis. The pro�les of ea
h pointingare do
umented in Figure 3. Sin
e we use the light onlyinside one half-light radius (indi
ated by the shaded re-gion) and therefore maximize the 
luster-to-ba
kgroundratio, the probability for a signi�
ant 
ontamination by

Table 4. O�sets and dispersion of the residuals between ourdata and the literature. Dispersions are 1 � s
atter of the resid-uals. index o�set dispersion unitsG4300 0:45 0.70 �AH� 0:27 0.57 �AMg2 0:009 0.014 magMgb �0:01 0.27 �AFe5270 �0:33 0.44 �AFe5335 0:12 0.27 �Abright non-member obje
ts is very low. Even very brightforeground stars will 
ontribute only a small fra
tion tothe total light.However, three of our sample globular 
lusters(NGC 6218, NGC 6553, and NGC 6626) are extended andtheir half-light diameter are just or not entirely 
overedby the slit. The low radial velo
ity resolution of our spe
-tra does not allow to distinguish between globular 
lus-ter stars and �eld stars inside the slit. Gala
ti
 stellar-population models (e.g. Robin et al., 1996) predi
t a maxi-mum 
umulative amount of 4 stars with magnitudes downto V = 19:5 (all stars with V = 18:5 � 19:5 mag) to-wards the Gala
ti
 
enter inside the equivalent of threeslits. This maximum estimate applies only to the Baade'sWindow globular 
lusters NGC 6528 and NGC 6553. Allother �elds have e�e
tively zero probability to be 
on-taminated by foreground stars. Nonetheless, even in theworst-
ase s
enario, if 4 stars of 19th magnitude would fallinside one slit, their fra
tional 
ontribution to the totallight would be <� 1:2 � 10�4. For globular 
lusters at largergala
to
entri
 radii this fra
tion is even lower. Hen
e, wedo not expe
t a large 
ontamination by foreground diskstars.One 
riti
al 
ase is the northern pointing of NGC 6637in whi
h a bright star falls inside the half-light radius (seeupper panel of the NGC 6637 pro�le in Fig. 3). This star
ontributes <� 10% to the total light of the sampled globu-lar 
luster and its radial velo
ity is indistinguishable fromthe one of NGC 6637. An inspe
tion of DSS images showsthat the NGC 6637 �eld 
ontains more su
h bright starswhi
h are 
on
entrated around the globular 
luster 
enterand are therefore likely to be 
luster members. We there-fore assume that the star is a member of NGC 6637 andleave it in the spe
trum.3.3. Comparison with Previous MeasurementsLi
k indi
es2 are available in the literature for a few glob-ular 
lusters in our sample, as we intentionally in
luded2 We point out the work of Bi
a & Alloin (1986) who per-formed a spe
tros
opi
 study of 63 LMC, SMC, Gala
ti
 globu-lar and 
ompa
t open 
lusters. However, the �nal resolution oftheir spe
tra is too low (11 �A) to allow an analysis of standardLi
k indi
es.
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Fig. 3. Intensity pro�les of ea
h pointing for all sample globular 
lusters. The fra
tion of the pro�le whi
h was used to 
reatethe �nal globular 
luster spe
trum is shaded. Ea
h 
luster has at least three pointings whi
h are shifted by a few slit widths tothe north and south. Note that 
lusters with a sampled luminosity less than 104L� and relatively large half-light radii (i.e. seeSe
t. 3.4 and Tab. 1) have strongly 
u
tuating pro�les.
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Fig. 3. { 
ontinued.these 
lusters for 
omparison. The samples of Trager et al. (1998) and Covino et al. (1995) and Cohen et al. (1998)
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Fig. 4. Comparison of index measurements of Trager et al. (1998), marked by squares, Cohen et al. (1998), marked by 
ir
les(without errors for the Cohen et al. data), and Covino et al. (1995), indi
ated by triangles, with our data. Solid lines mark theone-to-one relation and dashed lines the mean o�sets.have, respe
tively, three, six, and four 
lusters in 
om-mon with our data. Note that the indi
es of Covino et al.(1995) and Cohen et al. (1998) were measured with theolder passband de�nitions of Burstein et al. (1984) andare subje
t to potential systemati
 o�sets. Where ne
es-sary we also 
onverted the values of Covino et al. to the
ommonly used �A-s
ale for atomi
 indi
es and kept themagnitude s
ale for mole
ular bands. Table B summarizesall measurements, in
luding our data. Figure 4 shows the
omparison of some indi
es between the previously men-tioned data sets and ours. The mean o�set in the senseEWdata�EWlit: and the dispersion are given in Table 4.Most indi
es agree well with the literature values and haveo�sets smaller than the dispersion.Only the Fe5270 index is 0:75� higher for our data
ompared with the literature. This is likely to be dueto imperfe
t smoothing of the spe
tra in the region of� 5300 �A. Our smoothing kernel is adjusted a

ording tothe Li
k resolution given by the linear relations in Worthey& Ottaviani (1997). This relations are �t to individual lineresolution data whi
h show a signi�
ant in
rease in s
at-ter in the spe
tral range around 5300 �A (see Figure 7 inWorthey & Ottaviani, 1997). Hen
e even if our smoothingis 
orre
tly applied, the initial �tting of the Li
k resolu-tion data by Worthey & Ottaviani might introdu
e biaseswhi
h 
annot be a

ounted for a posteriori. However, theo�set between the literature and our data is redu
ed bythe use of the syntheti
 hFei index whi
h is a 
ombinationof the Fe5270 and Fe5335 index. The hFei index partly
an
els out the individual o�sets of the former two indi
es.

3.4. Estimating the Sampled LuminosityThe spe
trograph slit samples only a fra
tion of the to-tal light of a globular 
luster's stellar population. The lesslight is sampled the higher the 
han
e that a spe
trumis dominated by a few bright stars. In general, globular
luster spe
tra of less than 104L� are prone to be dom-inated by statisti
al 
u
tuations in the number of high-luminosity stars (su
h as RGB and AGB stars, et
.). Fora representative spe
trum it is essential to adequately mapall evolutionary states in a stellar population, su
h thatno large statisti
al 
u
tuations for the short-living phasesare expe
ted. We therefore estimate the total sampled lu-minosity of the underlying stellar population 1) from spe
-trophotometry of the 
ux-
alibrated spe
tra and 2) fromthe integration of globular 
luster surfa
e brightness pro-�les.As a basi
 
ondition of the �rst method we 
on�rmthat all three nights have had photometri
 
onditions us-ing the ESO database for atmospheri
 
onditions at LaSilla3. We use the 
ux at 5500 �A in the 
o-added andba
kground-subtra
ted spe
tra and 
onvert it to an ap-parent magnitude with the relationmV = �2:5 � log(F�)� (19:79� 0:24) (2)where F� is the 
ux in erg 
m�2s�1�A�1. The zero pointwas determined from �ve 
ux-standard spe
tra, whi
hhave been observed in every night. Its un
ertainty is the1� standard deviation of all measurements. After 
orre
t-ing for the distan
e, the absolute magnitudes were de-3 http://www.ls.eso.org/lasilla/dimm/
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opy of Bulge Globular Clusters and Fieldsreddened using the values given in Harris (1996).4 The red-dening values are given in Table 1 along with the distan
emodulus (Harris, 1996). Using the absolute magnitude ofthe 
ombined globular 
luster spe
trum, we 
al
ulate thetotal sampled luminosityLT = BCV � 10�0:4�(mV�(m�M)V �M��3:1�E(B�V )) (3)where M� = 4:82 mag is the absolute solar magnitude inthe V band (Hayes, 1985; Ne
kel, 1986a,b). With the bolo-metri
 
orre
tion BCV (Renzini, 1998; Maraston, 1998)we obtain the total bolometri
 luminosity LT . The totalglobular 
luster luminosity is 
ompared to the sampled
ux and tabulated in Table 5 as Lslit.For the integration of the surfa
e brightness pro�les weuse the data from Trager et al. (1995) who provide the pa-rameters of single-mass, non-rotating, isotropi
 King pro-�les (King, 1966) for all sample globular 
lusters. The in-tegrated total V-band luminosities have been transformedto LT and are in
luded in Table 5 as Lprof . Note that formost globular 
lusters the results from both te
hniquesagree well. However, for some globular 
lusters the integra-tion of the surfa
e brightness pro�le gives systemati
allylarger values. This is due to the fa
t that the pro�les were
al
ulated from the 
ux of all stars in a given radial in-terval whereas the slits sample a small fra
tion of the 
uxat a given radius. Hen
e, the likelihood to sample brightstars whi
h dominate the surfa
e brightness pro�le fallsrapidly with radius. Sin
e bright stars are point sour
esthe slit will most likely sample a smaller total 
ux thanpredi
ted by the surfa
e brightness pro�le. This e�e
t ismost prominent for globular 
lusters with relatively largehalf-light radii and waggly intensity pro�les (
f. Fig. 3).Among the values reported in Table 5, the 
ase ofNGC 6528 is somewhat awkward, as the estimated lu-minosity sampled by the slit is apparently higher than thetotal luminosity of the 
luster, whi
h obviously 
annotbe. This 
luster proje
ts on a very dense bulge �eld, andtherefore the in
onsisten
y probably arises from either anunderestimate of the �eld 
ontribution that we have sub-tra
ted from the 
luster+�eld 
o-added spe
trum, or toan underestimate of the total luminosity of the 
luster asreported in Harris (1996), or from a 
ombination of thesetwo e�e
ts.From the sampled 
ux Lslit we estimate the numberof red giant stars 
ontributing to the total light. Renzini(1998) gives the expe
ted number of stars for ea
h stel-lar evolutionary phase of a � 15 Gyr old, solar-metalli
itysimple stellar population. In general, in this stellar popula-tion the brightest stars whi
h 
ontribute a major fra
tionof the 
ux to the integrated light are found on the redgiant bran
h (RGB) whi
h 
ontributes � 40% (Renzini &4 These reddening values were derived from CMD studiesof individual globular 
luster and are a reliable estimate ofthe e�e
tive reddening, in 
ontrast to 
oarse survey reddeningmaps su
h as the COBE/DIRBE reddening maps by S
hlegelet al. (1998). These maps tend to overestimate the reddeningin high-extin
tion regions.

Fusi Pe

i, 1988) to the total light. The last two 
olumns ofTable 5 give the expe
ted number of RGB and upper RGBstars in the sampled light. Upper RGB stars are de�nedhere as those within 2.5 bolometri
 magnitudes from theRGB tip. The RGB and upper RGB lifetimes are � 6 �108and � 1:5 � 107 years, respe
tively.Due to the small expe
ted number of RGB and upperRGB stars 
ontributing to the spe
tra of NGC 6218 andNGC 6637, both spe
tra are prone to be dominated bya few bright stars. In fa
t, for both 
lusters the intensitypro�les (see Figure 3) show single bright stars. However,the 
ontribution of the brightest single obje
t is <� 10%(see Se
t. 3.2) for all spe
tra. All other spe
tra 
ontainenough RGB stars to be una�e
ted by statisti
al 
u
tua-tions in the number of bright stars.The sampled luminosity of the bulge �elds is more dif-�
ult to estimate. Un
ertain sky subtra
tion (see problemswith \ba
kground modeling" in Se
t. 3.1), and pat
hy ex-tin
tion in 
ombination with the bulge's spatial extensionalong the line of sight make the estimate of the sampledluminosity quite un
ertain. Here we simply give upper andlower limits in
luding all available un
ertainties. The aver-age extin
tion in Baade's Window is hAV i � 1:7 mag andvaries between 1.3 and 2.8 mag (Stanek, 1996). The morere
ent reddening maps of S
hlegel et al. (1998) 
on�rm theprevious measurements and give for our three Bulge �eldsthe extin
tion in the range 1:6 <� AV <� 2:1 mag. We adopta distan
e of 8� 9 kp
 to the Gala
ti
 
enter and use thefaintest and brightest sky spe
trum to estimate the 
ux at5500 �A. The total sampled luminosity LT of the �nal 
o-added Bulge spe
trum is (1:3�2:6)�104L�. Our value is ingood agreement with the sampled luminosity derived fromsurfa
e brightness estimates in Baade's Window and sev-eral �elds at higher gala
ti
 latitudes by Terndrup (1988).A

ording to his V-band surfa
e brightness estimates forBaade's Window and a �eld at the gala
ti
 
oordinatesl = 0:1o and b = �6o, the sampled luminosity in an areaequivalent to all our bulge-�eld pointings in one of thetwo �elds is (2:6 � 0:5) � 104L� and (1:2 � 0:3) � 104L�,respe
tively.4. Index Ratios in Globular Clusters and BulgeFieldsFigure 5 shows two representative spe
tra of a metal-poor(NGC 6626) and a metal-ri
h (NGC 6528) globular 
lus-ter, together with the 
o-added spe
trum from the 15bulge pointings.In the following we fo
us on the 
omparison of indexratios between globular 
lusters and the �eld stellar popu-lation in the Gala
ti
 bulge. We in
lude the data of Trageret al. (1998) who measured Li
k indi
es for metal-poorglobular 
lusters and use our index measurements (due tohigher S/N) whenever a globular 
luster is a member ofboth data sets.All Li
k indi
es are measured on the 
leaned and 
o-added globular-
luster and bulge spe
tra. Statisti
al un-
ertainties are determined in bootstrap tests (see App. A.2
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opy of Bulge Globular Clusters and Fields 13Table 5. Sampled and total luminosities of observed globular 
lusters and bulge. All values have been determined from the
o-added spe
tra of all available pointings. For the 
o-added bulge spe
trum we adopted a mean metalli
ity of [Fe/H℄� �0:33dex (Zo

ali et al., 2002).
luster F�(�5500�A)a MbV M
V BCdV Leprof Lfslit LgGC LslitLGC NhRGB N iuRGBNGC 5927 (3:6� 0:2) � 10�13 �5:88 �7:80 1.57 1:7 � 104 (3:0� 0:8) � 104 1:8 � 105 0.171 359 9NGC 6218 (2:0� 0:1) � 10�13 �2:65 �7:32 1.29 4:0 � 103 (1:3� 0:3) � 103 9:3 � 104 0.014 15 0NGC 6284 (3:7� 0:1) � 10�13 �6:27 �7:87 1.32 1:9 � 104 (3:6� 0:9) � 104 1:6 � 105 0.230 435 11NGC 6356 (6:4� 0:1) � 10�13 �6:94 �8:52 1.51 4:8 � 104 (7:6� 1:8) � 104 3:3 � 105 0.233 913 23NGC 6388 (2:8� 0:1) � 10�12 �8:68 �9:82 1.47 1:6 � 105 (3:7� 1:0) � 105 1:1 � 106 0.351 4430 111NGC 6441 (2:0� 0:1) � 10�12 �8:52 �9:47 1.49 1:3 � 105 (3:2� 0:9) � 105 7:8 � 105 0.417 3894 97NGC 6528 (4:9� 0:2) � 10�13 �7:28 �6:93 1.66 2:3 � 104 (1:1� 0:3) � 105 8:3 � 104 1.376j 1376 34NGC 6553 (2:0� 0:1) � 10�13 �6:41 �7:99 1.59 1:5 � 104 (4:9� 1:4) � 104 2:1 � 105 0.234 593 15NGC 6624 (8:0� 0:7) � 10�13 �5:78 �7:50 1.54 1:8 � 104 (2:7� 0:8) � 104 1:3 � 105 0.205 322 8NGC 6626 (5:6� 0:1) � 10�13 �5:61 �8:33 1.30 1:4 � 104 (1:9� 0:5) � 104 2:4 � 105 0.082 231 6NGC 6637 (8:0� 1:4) � 10�14 �2:70 �7:52 1.43 1:5 � 104 (1:5� 0:6) � 103 1:2 � 105 0.012 17 0NGC 6981 (1:2� 0:1) � 10�13 �3:95 �7:04 1.31 7:7 � 103 (4:2� 1:3) � 103 7:3 � 104 0.058 50 1Bulge (4:0� 0:3) � 10�13 �5:14 . . . 1.59 . . . (1:5� 0:7) � 104 . . . . . . 180 5a sampled 
ux at 5500 �A in erg 
m�2s�1�A�1b absolute magnitude of the sampled light
 absolute globular 
luster magnitude (Harris, 1996)d V-band bolometri
 
orre
tion for a 12 Gyr old stellar population 
al
ulated for the a

ording 
luster metalli
ity (see Table 1).The values were taken from Maraston (1998, 2002).e sampled bolometri
 luminosity LT in L� from the integration of King surfa
e brightness pro�les of Trager et al. (1995)f sampled bolometri
 luminosity LT in L� 
al
ulated from the total light sampled by all slit pointingsg globular 
luster's total bolometri
 luminosity LT in L�h expe
ted number of RGB stars 
ontributing to the sampled luminosityi expe
ted number of upper RGB stars (�MBol � 2:5 mag down from the tip of the RGB) 
ontributing to the sampledluminosityj see Se
tion 3.4for details). We additionally determine the statisti
al slit-to-slit variations between the di�erent pointings for ea
hglobular 
luster and estimate the maximum systemati
error due to the un
ertainty in radial velo
ity. All line in-di
es and their statisti
al and systemati
 un
ertainties aredo
umented in Table C.It is worth to mention that the slit-to-slit 
u
tuationsof index values, whi
h are 
al
ulated from di�erent point-ings (3 and 5 for globular 
lusters and 15 for the bulge),are generally larger than the Poisson noise of the 
o-addedspe
tra. Su
h variations are expe
ted from Poisson 
u
-tuations in the number of bright stars inside the slit andthe sampled luminosities of the single spe
tra 
orrelatewell with the slit-to-slit index variations for ea
h globular
luster. More pointings are required to solidify this 
orre-lation and to sear
h for other e�e
ts su
h as radial index
hanges.4.1. The �-element Sensitive Indi
es vs. hFei�-parti
le 
apture elements with even atomi
 numbers (C,O, Mg, Si, Ca, et
.) are predominantly produ
ed in typeII supernovae (Tsujimoto et al., 1995; Woosley & Weaver,1995; Thomas et al., 1998). The progenitors of SNe II aremassive stars, whi
h explode and pollute the interstellar

medium after their short lifetime of some 107 years. Theeje
ta of SNe II have a mean [�/Fe℄� 0:4 dex. On the otherhand, type Ia supernovae eje
t mainly iron-peak elements([�/Fe℄� �0:3 dex) � 1 Gyr after the formation of theirprogenitor stars. Stellar populations whi
h have been 
re-ated on short times
ales are likely to show [�/Fe℄ enhan
e-ment. The [�/Fe℄ ratio is therefore potentially a strongdis
riminator of star-formation histories. Alternative ex-planations, however, in
lude a 
hanging IMF slope and/ora 
hanging binary fra
tion.Su
h enhan
ements have already been suspe
ted andobserved in the stellar populations in giant ellipti
al galax-ies (Worthey et al., 1992), the Gala
ti
 bulge (M
William& Ri
h, 1994), and for disk and halo stars in the MilkyWay (Edvardsson et al., 1993; Fuhrmann, 1998). A de-tailed dis
ussion of the [�/Fe℄ ratio in our sample glob-ular 
lusters and their assistan
e to parameterize simplestellar population models for varying [�/Fe℄ ratios will bepresented in the se
ond paper of this series (Maraston etal., 2002).To sear
h for any trends in the index(�)/index(Fe) ra-tio in the globular 
luster population and the bulge we plotsupposedly �-element sensitive indi
es against the meaniron index hFei. Figure 6 shows some representative in-dex measurements for globular 
lusters and bulge �elds.
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Fig. 5. Representative spe
tra of two globular 
lusters, i.e. NGC 6626 and NGC 6528, and the Gala
ti
 bulge. The two 
lustersrepresent the limits of the metalli
ity range whi
h is 
overed by our sample. NGC 6626 has a mean metalli
ity [Fe/H℄= �1:45dex. NGC 6528, on the other hand, has a mean metalli
ity [Fe/H℄= �0:17 dex (Harris, 1996). Note the similarity between thebulge and the NGC 6528 spe
trum. Important Li
k-index passbands are indi
ated at the bottom of the panel.Generally, all the 
orrelations between �-sensitive indi
esand the mean iron index are relatively tight. For our sam-ple globular 
lusters a Spearman rank test yields valuesbetween 0.87 and 0.97 (1 indi
ates perfe
t 
orrelation, �1anti-
orrelation) for the indi
es CN1, TiO2, Ca4227, Mgb,Mg2. The CN1 and TiO2 indi
es show the tightest 
orre-lation with hFei, followed by Mg2 and Ca4227. All 
orrela-tions are linear (no higher-order terms are ne
essary) andhold to very high metalli
ities of the order of the meanbulge metalli
ity (�lled star in Figure 6). The three mostmetal-ri
h globular 
lusters in our sample, i.e. NGC 5927,NGC 6528, and NGC 6553, have roughly the same meaniron index as the stellar populations in the Gala
ti
 bulgeindi
ating similar [Fe/H℄. This was also found in re
entphotometri
 CMD studies of the two latter globular 
lus-ters and the bulge (Ortolani et al., 1995b; Zo

ali et al.,2002). Ranking by the hFei and Mg indi
es, whi
h are

among the best metalli
ity indi
ators in the Li
k sampleof indi
es (see Se
t. 5), the most metal-ri
h globular 
lus-ter in our sample is NGC 6553, followed by NGC 6528 andNGC 5927.The 
omparison of some �-sensitive indi
es of glob-ular 
lusters and the bulge requires some further words.The Ca4227, Mgb, and Mg2 index of the bulge light isin good agreement with the sequen
e formed by globular
lusters. All deviations from this sequen
e are of the or-der of <� 1� a

ording to the slit-to-slit variations. Oneex
eption is the CN index whi
h is signi�
antly higher inmetal-ri
h globular 
lusters than in the bulge. We dis
ussthis important point in Se
tion 4.2. In general, our datashow that the ratio of �-sensitive to iron-sensitive indi
esis 
omparable in metal-ri
h globular 
lusters and in thestellar population of the Gala
ti
 bulge.
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Fig. 6. Li
k-index ratios for Mg2, Mgb, NaD, H� versus the mean iron index hFei = (Fe5270 + Fe5335)=2. Filled dots showthe index measurements of our sample globular 
lusters, whilst open 
ir
les show the data of Trager et al. (1998). A solidstar indi
ates the index values derived from the 
o-added spe
trum of the Gala
ti
 bulge. Solid error bars show bootstraperrors whi
h represent the total un
ertainty due to the intrinsi
 noise of the 
o-added spe
tra. Statisti
al slit-to-slit 
u
tuationsbetween di�erent pointings are shown as dotted error bars. Systemati
 radial velo
ity errors are not plotted, but given in TableC. For 
larity reasons no error bars are plotted for the Trager et al. sample whi
h are generally an order of magnitude largerthan the intrinsi
 noise of our spe
tra. The mean errors of the Trager et al. data are 0.3 �A for the hFei index, 0.01 mag for Mg2,and 0.3 �A for Mgb, NaD, and H�.Likely super-solar [�/Fe℄ ratios in globular 
lusters andthe bulge were shown in numerous high-resolution spe
-tros
opy studies. From a study of 11 giants in Baade'swindow M
William & Ri
h (1994) report an average[Mg/Fe℄� 0:3 dex, while Barbuy et al. (1999) and Carrettaet al. (2001) �nd similar [Mg/Fe℄ ratios in two red gi- ants in NGC 6553 and in four red horizontal bran
hstars in NGC 6528. Similarly, M
William & Ri
h �nd[Ca/Fe℄� 0:2 dex, whi
h is re
e
ted by the former obser-vations in globular 
lusters. Although the studied numberof stars is still very low, the �rst high-resolution spe
-tros
opy results point to a similar super-solar �-element
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Fig. 6. { 
ontinued: G4300, CN1, TiO2, and Ca4227 versus hFei. The mean errors of the Trager et al. data are 0.3 �A for thehFei index, and 0.4 �A, 0.03 mag, 0.01 mag, and 0.4 �A for the G4300, CN1, TiO2, and Ca4227 index, respe
tively.abundan
e in both Milky Way globular 
lusters and thebulge whi
h is supported by our data.4.2. CN vs. hFeiThe CN index measures the strength of the CN absorp-tion band at 4150 �A. The Li
k system de�nes two CNindi
es, CN1 and CN2 whi
h di�er slightly in their 
on-tinuum passband de�nitions. The measurements for bothindi
es give very similar results, but we prefer the CN1
index due to its smaller 
alibration biases (see Fig. 2) andrefer in the following to CN1 as the CN index.Like for most other indi
es, the CN index of globular
lusters 
orrelates very tightly with the hFei index, fol-lowing a linear relation (see Figure 6). A Spearman ranktest yields 0.97 as a 
orrelation 
oeÆ
ient. The apparentgap at CN � 0 mag is a result of the bimodal distributionof metalli
ity in our 
luster sample, and similar gaps arere
ognizable in all other index vs. hFei diagrams.Quite striking is the 
omparison of the bulge value ofthe CN index with that of globular 
lusters at the same
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antly o�set to a lower value by � 0:05 mag, 
orrespond-ing to at least a 2� e�e
t. This is also evident from Figure5, showing that the CN feature is indeed mu
h stronger inthe 
luster NGC 6528 than in the bulge spe
trum. We alsonote that the CN index of NGC 6528 and NGC 6553 is asstrong as in the most metal-ri
h 
lusters in M31 studiedby Burstein et al. (1984).It is well known that globular 
luster stars often ex-hibit so-
alled CN anomalies, with stars in a 
luster be-longing either to a CN-strong or a CN-weak group (seeKraft 1994 for an extended review). Among the variouspossibilities to a

ount for these anomalies, a

retion ofAGB eje
ta during the early phases of the 
luster evolu-tion appears now the most likely explanation (Kraft, 1994;Ventura et al., 2001), as originally proposed by D'Antonaet al. (1983) and Renzini (1983). In this s
enario, some� 30�106 years after 
luster formation (
orresponding tothe lifetime of � 8M� stars) the last Type II supernovaeexplode and AGB stars begin to appear in the 
luster.Then the low-velo
ity AGB wind and super-wind materi-als may a

umulate inside the potential well of the 
luster,and are highly enri
hed in 
arbon and/or nitrogen fromthe 
ombined e�e
t of the third dredge-up and envelope-burning pro
esses (Renzini & Voli, 1981). Conditions arethen established for the low-mass stars (now still surviv-ing in globular 
lusters) having a 
han
e to a

rete 
ar-bon and/or nitrogen-enri
hed material, thus preparing the
onditions for the CN anomalies we observe in today 
lus-ters. One of the arguments in favor of the a

retion s
e-nario is that �eld stars do not share the CN anomaliesof their 
luster 
ounterparts (Kraft et al., 1982). Indeed,
ontrary to the 
ase of 
lusters, in the �eld no lo
alized,high-density a

umulation of AGB eje
ta 
ould take pla
e,and low-mass stars would have not mu
h 
han
e to a
-
rete AGB pro
essed materials. In the 
ase of the bulge,its mu
h higher velo
ity dispersion (� 100 km s�1) 
om-pared to that of 
lusters (few km s�1) would make a

re-tion even less likely. In 
on
lusion, we regard the lower CNindex of the bulge relative to metal-ri
h globular 
lustersas 
onsistent with { and a
tually supporting { the a

re-tion s
enario already widely entertained for the origin ofCN anomalies in globular-
luster stars.4.3. H� vs. hFeiFigure 6 shows a plot of H� vs. hFei. The Spearman rank
oeÆ
ient for the globular 
luster sequen
e is �0:52 indi-
ating a mild anti-
orrelation. At high hFei, the H� indexof globular 
lusters is slightly stronger than that of thebulge �eld. However, the values are 
onsistent with ea
hother within � 1�, with the large slit-to-slit variations ex-hibited by the bulge spe
tra being a result of the lowerluminosity sampling due to the lower surfa
e brightnessin Baade's Window 
ompared to globular 
lusters.The two 
lusters NGC 6441 and NGC 6388 show some-what stronger H� 
ompared to 
lusters with similar hFei

index. This o�set is probably 
aused by the 
onspi
u-ous blue extension of the HB of these two 
lusters, a sofar unique manifestation of the \se
ond parameter" ef-fe
t among the metal-ri
h population of bulge globular
lusters (Ri
h et al., 1997). Contrary to NGC 6441 andNGC 6388, the other globular 
lusters with 
omparablehFei indi
es (i.e. NGC 5927, NGC 6356, NGC 6624, andNGC 6637) have without ex
eption purely red horizontalbran
hes (HBR= �1:0).Also the two most metal-ri
h 
lusters in our sample,NGC 6553 and NGC 6528, appear to have a somewhatstronger H� 
ompared to a linear extrapolation of thetrend from lower values of the hFei index. In this 
ase,however, the relatively strong H� 
annot be as
ribed tothe HB morphology, sin
e the HB of these two 
lusters ispurely red (Ortolani et al., 1995a; Zo

ali et al., 2001). Inprin
iple, a younger age would produ
e a higher H� in-dex, but opti
al and near-infrared HST 
olor-magnitudediagrams of these two 
lusters indi
ate they are virtually
oeval with halo 
lusters (Ortolani et al., 1995a, 2001;Zo

ali et al., 2001; Feltzing et al., 2002). So, we are leftwithout an obvious interpretation of the relatively strongH� feature in the spe
tra of these 
lusters. Perhaps thee�e
t is just due to inse
ure sampling, i.e., to statisti
al
u
tuations in the stars sampled by the slit in either the
luster or in the adja
ent bulge �eld used in the ba
k-ground subtra
tion. Another reason for the o�set mightbe the in
reasing dominan
e of metalli
 lines inside theH� feature passband whi
h 
ould arti�
ially in
rease theindex value.4.4. Other Indi
es vs. hFeiNaD { The 
orrelation 
oeÆ
ient for this index pair is0.94. Globular 
lusters and bulge 
ompare well within theerrors. Both stellar populations follow, within their un
er-tainties, the same trend. A 
lear ex
eption from this 
or-relation is NGC 6553, whi
h shows a signi�
antly lowerNaD index for its relatively high hFei than the sequen
eof all other globular 
lusters. The reason for this o�set isun
lear.G4300 { The G4300 index predominantly tra
es the
arbon abundan
e in the G band. For giants, its sensitivityto oxygen is about 1=3 of that to 
arbon (Tripi

o & Bell,1995). The metal-ri
h globular 
lusters fall in the sameregion as the bulge data. In 
ombination with the CN in-dex whi
h mainly tra
es the CN mole
ule abundan
e, thisimplies that the o�set between bulge and globular 
lustersin the CN vs. hFei plot is most likely due to an o�set inthe nitrogen abundan
e between bulge and 
lusters.TiO { The TiO abundan
e is measured by the TiO1and TiO2 indi
es. Both indi
es do not di�er in their 
or-relation with the mean iron index (Spearman rank 
oeÆ-
ient 0.96), but we use TiO2 be
ause of its better 
alibra-tion. In Figure 6 we plot TiO2 vs. hFei whi
h shows thestrongest indi
es for NGC 6553 and NGC 6528, followedby NGC 5927 and the bulge.
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tros
opy of Bulge Globular Clusters and FieldsThe absorption in the TiO band sensitively dependson Te� whi
h is very low for very metal-ri
h RGB stars.While the strongest TiO bands are observed in metal-ri
hM-type giants almost no absorption is seen in metal-ri
hK-type RGB stars. As Te� de
reases towards the RGBtip, a large in
rease in the TiO-band absorption o

urswhi
h drives the observed bending of the upper RGB in
olor-magnitude diagrams, in parti
ular those whi
h useV-band magnitudes (Carretta & Bragaglia, 1998; Savianeet al., 2000). In fa
t, the most metal-ri
h globular 
lustersin the Milky Way, e.g. NGC 6553 and NGC 6528, show thestrongest bending of the RGBs (e.g. Ortolani et al., 1991;Cohen & Sleeper, 1995). Figure 6 shows that the slit-to-slit s
atter is extremely large for the metal-ri
h data. Thisis likely re
e
ting the sparsely populated upper RGB. Inother words, for metal-ri
h stellar populations the TiO in-dex is prone to be dominated by single bright stars whi
hin
rease the slit-to-slit s
atter due to statisti
ally less sig-ni�
ant sampling (see also the high slit-to-slit s
atter ofNGC 6218 due to its small luminosity sampling). AnotherTi-sensitive index in the Li
k system is Fe4531 (Gorgaset al., 1993). It shows similar behaviour as a fun
tion ofhFei.5. Index-Metalli
ity RelationsWe use the mean [Fe/H℄ values from the 1999 update ofthe M
Master 
atalog (Harris, 1996) to 
reate paraboli
relations between line indi
es and the globular 
lustermetalli
ity as expressed by [Fe/H℄, based on the Zinn-West s
ale5 (Zinn & West, 1984). Together with theglobular 
luster data of Trager et al. (1998) the sample
omprises 21 Gala
ti
 globular 
luster with metalli
ities�2:29 �[Fe/H℄� �0:17. Figure 7 shows six indi
es as afun
tion of [Fe/H℄ most of whi
h show tight 
orrelations.Least-square �tting of se
ond-order polynomials[Fe=H℄ = a+ b � (EW) + 
 � (EW)2 (4)EW = d+ e � [Fe=H℄ + f � [Fe=H℄2 (5)where EW is the index equivalent width in Li
k units,allows a simple parameterization of these sequen
es as in-dex vs. [Fe/H℄ and vi
e versa. The obtained 
oeÆ
ientsare summarized in Table 6. Higher-order terms improvethe �ts only marginally and are therefore unne
essary.These empiri
al relations represent metalli
ity 
ali-brations of Li
k indi
es with the widest range in [Fe/H℄ever obtained. Note that the best metalli
ity indi
atorsin Table 6 are the [MgFe℄ and Mg2 indi
es both with ar.m.s. of 0.15 dex. Leaving out globular 
lusters with poorluminosity sampling and relatively un
ertain ba
kgroundsubtra
tion (i.e. NGC 6218, NGC 6553, NGC 6626, andNGC 6637) 
hanges the 
oeÆ
ients only little within theirerror limits. In parti
ular, the high-metalli
ity part of allrelations is not driven by the metal-ri
h globular 
lusterNGC 6553.5 Note that to derive [Z/H℄ from [Fe/H℄, the [�/Fe℄ of theglobular 
lusters needs to be a

ounted for.

We point out that all relations 
ould be equally well�t by �rst-order polynomials if the metal-ri
h 
lusters areex
luded. Consequently, su
h linear relations would over-estimate the metalli
ity for a given index value at highmetalli
ities (ex
ept for H� whi
h would underestimate[Fe/H℄; however, H� is anyway not a good metalli
ity indi-
ator). This 
learly emphasizes the 
aution one has to ex-er
ise when deriving mean metalli
ities from SSP modelswhi
h have been extrapolated to higher metalli
ities. The
urrent sample enables a natural extension of the metal-li
ity range for whi
h Li
k indi
es 
an now be 
alibrated.In the se
ond paper of the series (Maraston et al., 2002)we 
ompare the data with the predi
tions of SSP models.We also point out that the �tting of the CN index im-proves when CN> 0 and CN< 0 data are �t separately by�rst-order polynomials. The lines are indi
ated in Figure7. Their fun
tional forms areCN = (0:14� 0:03) + (0:17� 0:06) � [Fe=H℄ : CN > 0CN = (�0:04� 0:02) + (0:03� 0:01) � [Fe=H℄ : CN < 0with redu
ed �2 of 0.025 and 0.023. The inverse relationsare[Fe=H℄ = (�0:69� 0:09) + (3:54� 1:18) � EW : CN > 0[Fe=H℄ = (�0:86� 0:32) + (8:10� 3:86) � EW : CN < 0with a r.m.s. of 0.115 and 0.380. The 
hange in the slopeo

urs at [Fe/H℄� �1:0 dex and is signi�
ant in both pa-rameterizations. The metalli
ity sensitivity in the metal-poor part is around six times smaller than in the metal-ri
h part. Only the in
lusion of metal-ri
h bulge globular
lusters allows the sampling of the transition region be-tween the shallow and the steep sequen
e of the CN vs.[Fe/H℄ relation.6. Gala
to
entri
 Index VariationsIn Figure 8 we plot some Li
k indi
es as a fun
tion ofgala
to
entri
 radiusRGC. To in
rease the range in radius,we again merge our sample with the data for metal-poorhalo globular 
luster of Trager et al. (1998). The gala
-to
entri
 radius was taken from the 1999 update of theM
Master 
atalog of Milky Way globular 
lusters (Harris,1996). Our 
ompilation in
ludes now both bulge and haloglobular 
lusters and spans a range � 1� 40 kp
 in gala
-to
entri
 distan
e.All metal indi
es show a gradually de
lining indexstrength as a fun
tion of RGC. The inner globular 
lus-ters show a strong de
rease in ea
h index out to � 10kp
. The sequen
e 
ontinues at apparently 
onstant lowvalues out to large radii. Furthermore, some indi
es (CN,Mgb, and hFei) show a di
hotomy between the bulge andthe halo globular 
luster system. While the Mgb and hFeiindi
es 
learly re
e
t the bimodality in the metalli
ity dis-tribution of Milky Way globular 
lusters, the striking bi-modality in the CN index is more diÆ
ult to understand.In the 
ontext of Se
tion 4.2 this may well be explained
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ients of the index vs. [Fe/H℄ relations. The r.m.s. (p�2=n) is given in the units of the parameterization (in dexin equation 4 and in �A or mag in equation 5).index a b 
 r.m.s. d e f r.m.s.Mg2 �2:46� 0:10 16:24 � 1:81 �29:88 � 6:52 0.151 0:29� 0:01 0:22 � 0:02 0:05� 0:01 0.016Mgb �2:53� 0:14 1:11 � 0:16 �0:14 � 0:04 0.182 4:46� 0:19 3:51 � 0:35 0:79� 0:14 0.254hFei �2:83� 0:21 1:91 � 0:36 �0:35 � 0:13 0.199 2:68� 0:12 1:85 � 0:23 0:39� 0:09 0.167[MgFe℄ �2:76� 0:14 1:59 � 0:20 �0:26 � 0:06 0.150 3:45� 0:13 2:55 � 0:24 0:55� 0:10 0.173H� �1:99� 2:26 2:09 � 2:24 �0:78 � 0:54 0.384 1:55� 0:20 �0:33 � 0:37 0:08� 0:15 0.271CN1 �0:83� 0:11 6:84 � 0:86 �17:12 � 13:47 0.314 0:16� 0:02 0:26 � 0:04 0:06� 0:02 0.032by evolutionary di�eren
es between metal-ri
h bulge andmetal-poor halo globular 
lusters.The behavior of H� di�ers from that of the other in-di
es. There is no 
lear sequen
e of a de
reasing indexas a fun
tion of RGC, as for the metal-sensitive indi
es.Instead we measure a mean H� index with 2:1�0:5 �A. Thestrength of the Balmer series is a fun
tion of Te� . In oldstellar populations, relatively hot stars, whi
h 
ontributesigni�
antly to the Balmer-line strength of the integratedlight, are found at the main sequen
e turn-o� and on thehorizontal bran
h. The temperature of the turn-o� is afun
tion of age and metalli
ity while the temperature ofthe horizontal bran
h is primarily a fun
tion of metalli
ityand, with ex
eptions, of the so-
alled \se
ond parameter".In the following we fo
us on the 
orrelation of the hor-izontal bran
h morphology on the H� index. We use thehorizontal bran
h ratio HBR from the M
Master 
ata-log (HBR = (B�R)/(B+V+R): B and R are the numberof stars bluewards and redwards of the instability strip;V is the number of variable stars inside the instabilitystrip) to parameterize the horizontal bran
h morphology.Figure 9 shows that the HBR parameter vs. RGC followsa similar trend as H� vs. RGC in Figure 8. This supportsthe idea that the 
hange in H� (as a fun
tion of RGC)is mainly driven by the 
hange of the horizontal bran
hmorphology as one goes to more distant halo globular 
lus-ters with lower metalli
ities. Indeed, the lower panel inFigure 9 shows that HBR is 
orrelated with the H� index(Spearman rank 
oeÆ
ient 0.77). The fun
tional form ofthis 
orrelation isHBR = (�3:71� 0:41) + (1:75� 0:19) �H� (6)with an r.m.s. of 0.39 whi
h is marginally larger than themean measurement error (0.36). That is, the s
atter found
an be fully explained by observational un
ertainties. Notethat a

ording to this relation the H� index 
an vary by� 1 �A when 
hanging the horizontal bran
h morphologyfrom an entirely red to an entirely blue horizontal bran
h(see also de Freitas Pa
he
o & Barbuy, 1995). This be-haviour is also predi
ted by previous stellar populationmodels (e.g. Lee et al., 2000; Maraston & Thomas, 2000).Figure 9 implies that the 
hange of H� is mainly drivenby the horizontal bran
h morphology whi
h itself is in
u-en
ed by the mean globular 
luster metalli
ity. However,we know of globular 
luster pairs { so-
alled \se
ond pa-rameter" pairs {, su
h as the metal-poor halo globular


lusters NGC 288 and NGC 362 ([Fe/H℄� �1:2, Catelanet al. 2001) and the metal-ri
h bulge 
lusters NGC 6388and NGC 6624 ([Fe/H℄� �0:5, Ri
h et al. 1997; Zo

aliet al. 2000), with very similar metalli
ities and di�erenthorizontal bran
h morphologies. In fa
t, NGC 6388 (andNGC 6441, another metal-ri
h 
luster in our sample alsofeaturing a blue horizontal bran
h) shows a stronger H�index than other sample globular 
lusters at similar metal-li
ities (see Se
tion 4.3). Clearly, metalli
ity 
annot be theonly parameter whi
h governs the horizontal bran
h mor-phology. In the 
ontext of the \se
ond-parameter e�e
t"other global and non-global 
luster properties (Freeman &Norris, 1981) impinging on the horizontal bran
h morphol-ogy have been dis
ussed of whi
h the 
luster age and/orseveral other stru
tural and dynami
al 
luster propertiesare suspe
ted to be the best 
andidates (e.g. Fusi Pe

i etal., 1993; Ri
h et al., 1997). Our sample does not 
ontainenough \se
ond parameter" pairs to study the systemati
e�e
ts these \se
ond parameters" might have on H�, su
has the 
orrelation of the residuals of the HBR-H� relationas a fun
tion of globular 
luster age or internal kinemati
s.A larger data set would help to solve this issue.7. Con
lusionsFor the �rst time the 
omplete set of Li
k indi
es havebeen measured for a sample of metal-ri
h globular 
lus-ters belonging to the Gala
ti
 bulge. In 
ombination withdata for metal-poor globular 
lusters this data set has al-lowed us to establish an empiri
al 
alibration of the Li
kindi
es of old stellar populations from very low metalli
i-ties all the way to near solar metalli
ity. On the one hand,these empiri
al relations 
an be dire
tly used to get ageand 
hemi
al 
omposition information for the stellar pop-ulations of unresolved galaxies. On the other hand, they
an be used to submit to most stringent tests of popula-tion synthesis models, an aspe
t whi
h is the subje
t ofan a

ompanying paper (Maraston et al., 2002).The 
omparison of the Li
k indi
es for the Gala
ti
bulge with those of globular 
lusters shows that the bulgeand the most metal-ri
h globular 
lusters have quite sim-ilar stellar populations, with the slightly deviating valuesof some of the bulge indi
es being the likely result of themetalli
ity distribution of bulge stars, whi
h extends downto [Fe/H℄' �1:0 (M
William & Ri
h, 1994; Zo

ali et al.,2002). Within the un
ertainties, both the metal-ri
h 
lus-
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Fig. 7. Line indi
es as a fun
tion of mean globular 
luster metalli
ity. Our sample globular 
lusters are shown as �lled 
ir
leswhile the open 
ir
les denote the globular 
luster data of Trager et al. (1998).ters and the bulge appear to have also the same indexratios, in parti
ular those sensitive to [�/Fe℄. This impliessimilar enhan
ements for individual �-elements in 
lus-ters as in the �eld. Existing spe
tros
opi
 determinationsof the �-element enhan
ement in 
lusters and bulge �eldstars are still s
anty, but extensive high-resolution spe
-tros
opy at 8{10m 
lass teles
opes will soon provide datafor a fully empiri
al 
alibration of the Li
k indi
es at the[�/Fe℄ values of the bulge and bulge globular 
lusters.
Some other line index ratios, su
h as CN=hFei, show
lear ex
eptions. In these 
ases the bulge indi
es are de�-nitely below the values for the metal-ri
h 
lusters. Severalpossibilities have been dis
ussed for the me
hanism re-sponsible for the CN index o�set between the bulge andthe 
lusters, the environmental-pollution being a
tive in
lusters (but not in the �eld) appearing as the most likelyexplanation. In this s
enario, globular 
luster stars wouldhave experien
ed a

retion of materials lost by 
luster
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Fig. 8. Various line indi
es as a fun
tion of gala
to
entri
 radius RGC. Filled dots show our sample globular 
lusters. Theirerror bars are split into the Poisson error (solid error bars whi
h are very small) and slit-to-slit variations (dashed error bars)Open 
ir
les mark the globular 
lusters from Trager et al. (1998).AGB stars, early in the history of the 
lusters (i.e., when
lusters were � 108 � 109 years old).8. Summary1. We present for the �rst time the full set of Li
k in-di
es for a sample of metal-ri
h globular 
lusters inthe Gala
ti
 bulge.
2. The Mg2 and hFei indi
es of the most metal-ri
h glob-ular 
lusters (NGC 5927, NGC 6528, and NGC 6553)are similar to those of the bulge, indi
ating that 
lusterand bulge �elds have a similar [Fe/H℄ ratio.3. The CN index is 
learly stronger in metal-ri
h globu-lar 
lusters, 
ompared to the stellar population in theGala
ti
 bulge.
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Fig. 9. Horizontal bran
h morphology in terms of the HBRparameter as a fun
tion of gala
to
entri
 radius RGC (upperpanel) and H� (lower panel). Filled and open 
ir
les show ourglobular 
luster data and the data of Trager et al. (1998), re-spe
tively.4. All the metalli
ity-sensitive indi
es are tightly 
orre-lated with the hFei index (Spearman rank 
oeÆ
ient� 0:87).5. We provide empiri
al 
alibrations of several indi
esversus [Fe/H℄ in the range �2:29 �[Fe/H℄� �0:17. We�nd that the Mg2 and the [MgFe℄ index are the bestmetalli
ity indi
ators with a r.m.s. of 0.15 dex.6. The H� index shows a large s
atter as a fun
tion ofgala
to
entri
 distan
e whi
h 
an be explained by the
hanging horizontal bran
h morphology.7. All other indi
es de
rease with gala
to
entri
 radiusand have 
onstant low values beyond the radius of� 10kp
.

A
knowledgements. We a
knowledge the use of the Li
k stan-dard star database whi
h is maintained by Guy Worthey.THP gratefully a
knowledges the support of the German Deut-s
he Fors
hungsgemeins
haft, DFG under the proje
t numberBe 1091/10{1. We would like to thank the anonymous refereefor a 
areful and 
onstru
tive report.Referen
esAshman, K. M. & Zepf, S. E. 1998, Globular 
luster sys-tems, Cambridge University Press, 1998Baldwin J. A., & Stone R. P. S. 1984, MNRAS 206, 241Barbuy, B., Bi
a, E., & Ortolani, S. 1998, A&A, 333, 117Barbuy, B., Renzini, A., Ortolani, S., Bi
a, E., &Guarnieri, M. D. 1999, A&A, 341, 539Beasley M. A., Sharples R. M., Bridges T. J., Hanes D. A.,Zepf S. E., Ashman K. M. & Geisler D. 2000, MNRAS,318, 1249Bi
a, E. & Alloin, D. 1986, A&A, 162, 21Burstein, D., Faber, S. M., Gaskell, C. M., & Krumm, N.1984, ApJ, 287, 586Carretta, E. & Bragaglia, A. 1998, A&A, 329, 937Carretta, E., Cohen, J. G., Gratton, R. G., & Behr, B. B.2001, AJ, 122, 1469Catelan, M., Bellazzini, M., Landsman, W. B., Ferraro,F. R., Fusi Pe

i, F., & Galleti, S. 2001, AJ, 122, 3171Coelho, P., Barbuy, B., Perrin, M.-N., Idiart, T., S
hiavon,R. P., Ortolani, S., & Bi
a, E. 2001, A&A, 376, 136Cohen, J. G. & Sleeper, C. 1995, AJ, 109, 242Cohen, J. G., Blakeslee, J. P., & Ryzhov, A. 1998, ApJ,496, 808Cohen, J. G., Gratton, R. G., Behr, B. B., & Carretta, E.1999, ApJ, 523, 739Côt�e, P. 1999, AJ, 118, 406.Covino, S., Galletti, S., & Pasinetti, L. E. 1995, A&A, 303,79D'Antona, F., Gratton, R., & ChieÆ, A. 1983, Memoriedella So
ieta Astronomi
a Italiana, 54, 173Davies, R. L., Sadler, E. M., & Peletier, R. F. 1993,MNRAS, 262, 650Edvardsson, B., Andersen, J., Gustafsson, B., Lambert,D. L., Nissen, P. E., & Tomkin, J. 1993, A&A, 275,101.Faber, S. M., Friel, E. D., Burstein, D., & Gaskell, C. M.1985, ApJS, 57, 711Feltzing, S. & Gilmore, G. 2000, A&A, 355, 949Feltzing, S., Johnson, R. A., & de Cordova, A. 2002, A&A,385, 67Freeman, K. C. & Norris, J. 1981, ARA&A, 19, 319de Freitas Pa
he
o, J. A. & Barbuy, B. 1995, A&A, 302,718Freudenrei
h, H. T. 1998, ApJ, 492, 495Frogel, J. A. 1988, ARA&A, 26, 51Frogel, J. A., Terndrup, D. M., Blan
o, V. M., &Whitford,A. E. 1990, ApJ, 353, 494Frogel, J. A., Tiede, G. P., & Ku
hinski, L. E. 1999, AJ,117, 2296Fuhrmann, K. 1998, A&A, 338, 161



Puzia et al.: Integrated Spe
tros
opy of Bulge Globular Clusters and Fields 23Fusi Pe

i, F., Ferraro, F. R., Bellazzini, M., Djorgovski,S., Piotto, G., & Buonanno, R. 1993, AJ, 105, 1145Gonz�alez, J. J. 1993, Ph.D. Thesis, 172Gorgas, J., Faber, S. M., Burstein, D., Gonzalez, J. J.,Courteau, S., & Prosser, C. 1993, ApJS, 86, 153Greggio, L. 1997, MNRAS, 285, 151Grundahl, F., Briley, M. M., Nissen, P. E., & Feltzing, S.2002, A&A, 385, L14Harris, W.E. 1996, AJ, 112, 1487, for the 1999 update seehttp://physun.physi
s.m
master.
a/~harris/mwg
.datHarris, W.E. 2001, in Star Clusters, ed. L. Labhardt & B.Binggeli (Springer-Verlag, Berlin), p. 22Hayes, D. S. 1985, IAU Symp. 111: Calibration ofFundamental Stellar Quantities, 111, 225Hu
hra, J., Stau�er, J., & van Speybroe
k, L. 1982, ApJL,259, L57Kent, S. M., Dame, T. M., & Fazio, G. 1991, ApJ, 378,131King, I. R. 1966, AJ, 71, 64.Kraft, R. P. 1994, PASP, 106, 553Kraft, R. P., Suntze�, N. B., Langer, G. E., Trefzger, C. F.,Friel, E., Stone, R. P. S., & Carbon, D. F. 1982, PASP,94, 55Lee, Y., Demarque, P., & Zinn, R. 1994, ApJ, 423, 248Lee, H., Yoon, S., & Lee, Y. 2000, AJ, 120, 998Maraston, C. 1998, MNRAS, 300, 872Maraston, C. 2002, in preparationMaraston, C. & Thomas, D. 2000, ApJ, 541, 126Maraston, C., Greggio, L., & Thomas, D. 2001, Ap&SS,276, 893Maraston, C., et al. 2002, A&A, submittedM
William, A. & Ri
h, R. M. 1994, ApJS, 91, 749Minniti, D. 1995, AJ, 109, 1663Ne
kel, H. 1986, A&A, 159, 175Ne
kel, H. 1986, A&A, 167, 97Origlia, L., Ri
h, R. M., & Castro, S. 2002, AJ, 123, 1559Ortolani, S., Barbuy, B., & Bi
a, E. 1991, A&A, 249, L31Ortolani, S., Renzini, A., Gilmozzi, R., Mar
oni, G.,Barbuy, B., Bi
a, E., & Ri
h, R. M. 1995b, Nature, 377,701Ortolani, S., Bi
a, E., & Barbuy, B. 1995a, A&A, 296, 680Ortolani, S., Barbuy, B., Bi
a, E., Renzini, A., Zo

ali,M., Ri
h, R. M., & Cassisi, S. 2001, A&A, 376, 878Peletier, R. 1989, PhD Thesis, Rijksuniv. GroningenPryor, C. & Meylan, G. 1993, ASP Conf. Ser. 50: Stru
tureand Dynami
s of Globular Clusters, 357Renzini, A. 1983, Memorie della So
ieta Astronomi
aItaliana, 54, 335Renzini, A. 1998, AJ, 115, 2459Renzini, A. & Voli, M. 1981, A&A, 94, 175Renzini, A. & Fusi Pe

i, F. 1988, ARAA, 26, 199Ri
h, R. M. et al. 1997, ApJL, 484, L25Robin, A. C., Haywood, M., Cr�ez�e, M., Ojha, D. K., &Bienaym�e, O. 1996, A&A, 305, 125Robinson, L. B. & Wampler, E. J. 1972, PASP, 84, 161Saviane, I., Rosenberg, A., Piotto, G., & Apari
io, A.2000, A&A, 355, 966

S
hlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ,500, 525Spaenhauer, A., Jones, B. F., & Whitford, A. E. 1992, AJ,103, 297Stanek, K. Z. 1996, ApJL, 460, L37Stone R. P. S., & Baldwin J. A. 1983, MNRAS, 204, 347Terndrup, D. M. 1988, AJ, 96, 884Thomas, D., Greggio, L., & Bender, R. 1998, MNRAS,302, 537Thomas, D. & Kau�mann, G. 1999, ASP Conf. Ser. 192:Spe
trophotometri
 Dating of Stars and Galaxies, 261Tody D., 1993, "IRAF in the Nineties" in Astronomi
alData Analysis Software and Systems II, A.S.P.Conferen
e Ser., Vol 52, eds. R.J. Hanis
h, R.J.V.Brissenden, & J. Barnes, 173.Trager, S. C., King, I. R., & Djorgovski, S. 1995, AJ, 109,218Trager, S. C., Worthey, G., Faber, S. M., Burstein, D., &Gonzalez, J. J. 1998, ApJS, 116, 1Tripi

o, M. J. & Bell, R. A. 1995, AJ, 110, 3035Tsujimoto, T., Nomoto, K., Yoshii, Y., Hashimoto, M.,Yanagida, S., & Thielemann, F. -. 1995, MNRAS, 277,945Unavane, M. & Gilmore, G. 1998, MNRAS, 295, 145Unavane, M., Gilmore, G., Ep
htein, N., Simon, G.,Tiphene, D., & de Batz, B. 1998, MNRAS, 295, 119Ventura, P., D'Antona, F., Mazzitelli, I., & Gratton, R.2001, ApJL, 550, L65Worthey, G., Faber, S. M., & Gonzalez, J. J. 1992, ApJ,398, 69.Worthey, G., Faber, S. M., Gonzalez, J. J., & Burstein, D.1994, ApJS, 94, 687Worthey, G., & Ottaviani D.L. 1997, ApJS, 111, 377Woosley, S. E. & Weaver, T. A. 1995, ApJS, 101, 181Wyse, R. F. G. & Gilmore, G. 1993, ASP Conf. Ser. 48:The Globular Cluster-Galaxy Conne
tion, 727Wyse, R. F. G., Gilmore, G., & Franx, M. 1997, ARA&A,35, 637Zinn, R. 1985, ApJ, 293, 424Zinn, R. & West, M. J. 1984, ApJS, 55, 45Zo

ali, M., Cassisi, S., Bono, G., Piotto, G., Ri
h, R. M.,& Djorgovski, S. G. 2000, ApJ, 538, 289Zo

ali, M., Renzini, A., Ortolani, S., Bi
a, E., & Barbuy,B. 2001, AJ, 121, 2638Zo

ali, M. et al. 2002, A&A, in preparationAppendix A: Des
ription and Performan
e Testsof the Index-Measuring RoutineThe Li
k/IDS standard system is brie
y des
ribed inSe
tion 2.4. The passband de�nitions of line indi
es andthe index measuring pres
riptions were implemented ina 
ode6, whi
h performs a full statisti
al error treatment(see Se
t. A.2 for details). In summary, a line index is de-�ned as the missing/additional 
ux between the spe
trum6 The 
ode (GONZO) is available upon request fromT.H. Puzia (puzia�usm.uni-muen
hen.de).



24 Puzia et al.: Integrated Spe
tros
opy of Bulge Globular Clusters and Fieldsand a pseudo-
ontinuum whi
h is de�ned by two 
ontin-uum passbands on either side of the feature passband.Trager et al. (1998) de�nes a line index asEWo = Z �max�min �1� Fl(�)F
(�)� d�; (A.1)where Fl(�) and F
(�) is the 
ux of the feature pass-band and the pseudo-
ontinuum, respe
tively. However,Gonz�alez (1993) gives another de�nition of a line indexEWt =  1� R �max�min Fl(�) d�R �max�min F
(�) d�! ���: (A.2)While the former is an integral of the 
ux ratio the latteris the ratio of the 
ux integrals. We refer to the former asthe observer's de�nition (EWo) and to the latter as thetheorist's de�nition (EWt). For high-S/N spe
tra the dif-feren
e between the two de�nitions is negligible. EWt isa more global de�nition and is, therefore, more robust forlow-S/N spe
tra. However, sin
e most literature uses theobserver's de�nition, all the measurements whi
h are givenin this paper are EWo (Eq. A.1). To 
he
k for systemati
o�sets and/or di�erent error patterns, our 
ode performesindex measurements with both de�nitions. Without ex-
eption, we �nd no systemati
 o�set between the mea-surements and a value-to-value s
atter of less than 0.1%.In parti
ular, this 
auses no problems between theoreti
alpredi
tions from SSP models, whi
h synthesise line indi
esusing the EWt de�nition, and measurements.A.1. A

ura
y TestsThe whole measurement pro
edure was tested on orig-inal Li
k spe
tra available from the database of GuyWorthey7. Applying our 
ode to 6 original Li
k spe
tra(HYA VB 112/sdr310007, HYA VB 111/sdr310010, HYAVB 103 (R)/sdr310017, HYA VB 103 (R+L)/sdr310019,HYA VB 95/sdr320230, and HR 7429/sdr370421) and
omparing the results of 150 line index measurements (us-ing the EWo de�nition, see above) with the original dataprovided by Guy Worthey, we �nd ex
ellent agreement be-tween the Li
k datasets and ours. After transformation ofmole
ular-band indi
es, whi
h are usually given in magni-tudes, to a uniform �A-s
ale, we determine an average s
at-ter of 0.0034 �A, whi
h is most likely due to the di�erenttreatment of sub-pixels at the edges of passbands. The av-erage systemati
 zero o�set between the two datasets wasfound 0:0037 � 2 � 10�5 �A. Figure A.1 shows a 
ompari-son between measurements performed by Worthey and usbased on the same data. Sin
e the o�set between the twodatasets is of the order of the s
atter of all index values, wedo not 
onsider any 
orre
tion for all measurements per-formed in this work. Moreover, the o�set is signi�
antlysmaller than the errors whi
h result from Poisson noise ofthe spe
tra themselves.7 The latest passband de�nitions and FITS �les of orig-inal Li
k 
alibration spe
tra have been obtained fromhttp://astro.wsu.edu/worthey/html/index.table.html

Fig.A.1. Comparison of index measurements of Worthey andfrom our 
ode. The upper panel shows the dire
t 
omparisonbetween our and the Worthey data. Ea
h single point gives themeasurement for one star in one single passband. Residualsare plotted in the lower panel. The measurements of pass-bands whi
h are de�ned in magnitudes have been previouslytransformed to the �A-s
ale. From the lower panel we determinethe average statisti
al s
atter with 0.0034 �A and a zero o�set0:0037 � 2 � 10�5 �A.A.2. Error EstimationThe main purpose of implementing a new 
ode for indexmeasurements, was the need for a robust error estimateof the indi
es. Sin
e we deal with CCD data, as opposedto the Li
k spe
tra, whi
h are digitized images of a phos-phor s
reen, we 
an determine the 
ontribution of the 
uxPoisson noise of ea
h spe
trum to the total error bud-get. Note that due to the s
anning of a spe
trum o� aphosphor s
reen the photo-tube su�ers from the 
orrela-tion of photon-noise errors over a wide wavelength range.Moreover, the photo-tube in
reases the noise due to sta-tisti
al 
u
tuations in the ampli�
ation pro
ess (Robinson& Wampler, 1972). The data used in this work is entirelyfree from these e�e
ts.Sin
e we need to subtra
t ba
kground spe
tra from ours
ien
e spe
tra it is ne
essary to estimate the 
ontributionof errors introdu
ed by the subtra
tion and any radial ve-lo
ity un
ertainties to the total error budget. Both ba
k-ground and s
ien
e spe
tra are in
luded in the estimationof the total index un
ertainty. Radial velo
ity errors are
onsidered as systemati
 errors and are not in
luded inthe statisti
al error budget, but listed in the paper.The 
ode determines the total line-index un
ertaintyin 100 Monte Carlo simulations. Ea
h simulation 
reatesa new obje
t and ba
kground spe
trum by adding noisea

ording to the Poisson statisti
s taking into a

ount the
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tor noise. Line indi
es are measured on ea
h noise-added spe
trum. Sin
e a Monte Carlo test naturally takesinto a

ount all possible error 
orrelations in the line-indexmeasurement pro
ess (su
h as the 
orrelation of errors inthe ba
kground passbands with the errors in the featurepassband), the s
atter in all simulated line indi
es is thebest estimate for their total un
ertainty. We therefore usethe 1{� standard deviation of all Monte-Carlo line-indexmeasurements as the best guess for the �nal index un
er-tainty.The variations due to un
ertain radial velo
ities aregiven separately. They are 
al
ulated as the deviation ofthe initial line index by 
hanging the radial velo
ity withinits error limits.Appendix B: Comparison with the LiteratureData table is available upon request from T.H. Puzia.Appendix C: Line-Index Measurements using NewPassband De�nitionsTable C summarises all our Li
k index measurementswhi
h were 
omputed with the new set of index pass-band de�nitions from Trager et al. (1998) and Worthey& Ottaviani (1997).Data tables are available upon request from T.H. Puzia.Appendix D: Line-Index Measurements using OldPassband De�nitionsTable D summarises all our Li
k index measurementswhi
h were 
omputed with the old set of index passbandde�nitions from Worthey et al. (1994).Data tables are available upon request from T.H. Puzia.


