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Abstract. Atmospheric parameterd (s, log g andlog 7H¢) 2. Only in NGC 6752 and M 15 have spectroscopic analys
are derived for 42 hot horizontal branch (HB) stars in the glob- verified the presence of stars that could be identified wi
ular cluster NGC 6752. For 19 stars Mgand FdI lines are the subdwarf B stars known in the field of the Milky Wa
detected indicating an iron enrichment by a factor 50 on average (T.g > 20,000 K, log g > 5). In contrast to the cooler
with respect to the cluster abundance whereas the magnesiunblue HB (BHB) stars the gravities of these “extended HB
abundances are consistent with the cluster metallicity. This find- (EHB) stars agree well with the expectations of canonic
ing adds to the growing evidence that radiative levitation plays stellar evolution.
a significantrole in det_erminin_g the physical parameters _of blue Two scenarios have been suggested to account for the |
HB stars. Indeed, we find that iron enrichment can explain part,_ ... i

" ravities of BHB stars:

but not all, of the problem of anomalously low gravities alona
the blue HB. Thus the physical parameters of horizontal branidielium mixing scenario: Abundance anomalies observed i
stars hotter than abouit,500 K in NGC 6752, as derived inthis  red giant branch (RGB) stars in globular clusters (e.g., Kr
paper, are best explained by a combination of helium mixing and 1994, Kraft et al. 1997) may be explained by the dredge-
radiative levitation effects. of nuclearly processed material to the stellar surface. If t
mixing currents extend into the hydrogen-burning shell
Key words: stars: early-type — stars: fundamental parameters — as suggested by current RGB nucleosynthesis models
stars: horizontal-branch — Galaxy: globular clusters: individual: observed Al overabundances — helium can be mixed in
NGC 6752 the stellar envelope. This in turn would increase the |
minosity (and mass loss) along the RGB (Sweigart 199
and thereby create less massive (i.e. bluer) HB stars w.
helium-enriched hydrogen envelopes. The helium enric
1. Introduction ment increases the hydrogen burning rate, leading to hig
luminosities (compared to canonical HB stars of the sa
temperature) and lower gravities. The gravities of stars h
Jer than about 20,000 K are not affected by this mixin
process because these stars have only inert hydrogen sh
diative levitation scenario: Grundahl et al.[(1999) found
a “jump” in the u, u — y colour-magnitude diagrams of
1. Most of the stars analysed above and below any gaps alongl® globular clusters, which can be explained if radiativ
the blue horizontal branch are “bona fide” blue HB stars l€vitation of iron and other heavy elements takes place o
(Tog < 20,000 K), which show significantly lower gravities ~ the temperature range defined by the “low-gravity” BH

than expected from canonical stellar evolution theory. stars. This assumption has been confirmed in the cas
M 13 by the recent high resolution spectroscopy of Behr

The discovery of “gaps” along the blue horizontal branch (HB)
in globular clusters as well as of long extensions towards higher
temperatures has triggered several spectroscopic investigation
(Moehler 1999 and references therein) yielding the foIIowinlg
results: a

Send offprint requests 1. Moehler al. (1999). Grundahl et al. argue that super-solar abundan
* Based on observations collected at the European Southern Obser-Of heavy elements such as iron should lead to change

vatory (ESO N 60.E-145, 61.E-0145, 61.E-0361) model atmospheres which may be capable of explaini

** Hubble Fellow. the disagreement between models and observations over

*** Visiting Scientist, Universities Space Research Association. “critical” temperature rangé1,500 K < Teg < 20,000 K.
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of 5A covering 3350 to 5258. No metal lines could be detected
due to this rather low spectral resolution.

3. Atmospheric parameters
3.1. Fit procedure and model atmospheres

To derive effective temperatures, surface gravities and helium
abundances we fitted the observed Balmer ling$dH;, (ex-
cluding H. because of possible blending problems withthé Ca

H line) and the helium lines (He4026, 4388, 4471, 49232)

with stellar model atmospheres. We corrected the spectra for
radial velocity shifts, derived from the positions of the Balmer

normalized flux
FY

phet el ‘?% -, 1 andhelium lines and normalized the spectra by eye.
4480 4500 4520 4540 4560 4580 We computed model atmospheres using ATLAS9 (Kurucz
AA] [1991) and used Lemke’s version of the LIN ogram (de-

Fig. 1. The iron and magnesium lines as seen in the spectra of Soveloped originally by Holweger, Steffen, and Steenbock at Kiel

e - . o

of the stars in NGC 6752. The solid line marks a model spectrum r@plversny) to Com_pute a grid of theoretl_cal spectra _Wh'Ch In-

which we used a solar metallicity model stratification but adjusted Glude the Balmer lines Hto H,; and Hel lines. The grid cov-

metals to [M/H] =—1.5 for the spectrum synthesis except iron. Thered the range 7,000 K Tes < 35,000 K, 2.5< log g < 5.0,

iron abundance was then adjusted to the noted values to reproduce0 < log = < —1.0, at a metallicity of [M/H] =—1.5.

the marked F&I lines. The dashed line marks a model spectrum for To establish the best fit we used the routines developed by

which we used the cluster metal abundance for all metals. EffectBergeron et al[{1992) and Saffer et Al. (1994), which employ a

temperature and surface gravity for both models are those plotteditest. The fit program normalizes model speeindobserved

Fig. 2, upper and central panel, respectively. The temperatures of §¢actra using the same points for the continuum definition. The

stars range from 12,000 K (B3348) to 16,000 K (B1152). Obviouspagyits are plotted in Figl 2 (upper panel). The errors are esti-

iron is strongly enriched whereas magnesium is consistent with the\io 4 10 be about 10% g and 0.15 dex ifog ¢ (cf. Moehler

mean cluster abundance. et al.[1997). Representative error bars are shown irLFig. 2. To

increase our data sample we reanalysed the NTT spectra de-

NGC 6752 is an ideal test case for these scenarios, sincgcitibed and analysed by Moehler et al. (1997). For a detailed

is a very close globular cluster with a long blue HB extending tomparison see Moehler et al. (1999a).

rather hot EHB stars. While previous data already cover the faint

end of the EHB, we now obtained new spectra for 32 starsin a@% Iron abundances

above the sparsely populated region between the BHB and the

EHB stars. In thid_etter, we present atmospheric parameterfdue to the spectral resolution and the weakness of the few ob-

derived for a total of 42 BHB and EHB stars and discuss tiserved lines a detailed abundance analysis (such as that of Behr

constraints they may pose on the scenarios described abovet al., 1999) is beyond the scope of this paper. Nevertheless we

can estimate the iron abundance in the stars by fitting tHé Fe

lines marked in Fid.J1. A first check indicated that the iron abun-

dance was about solar whereas the magnesium abundance was

We selected our targets from the photographic photometry@®se to the mean cluster abundance.

Buonanno et al[ (1986) to cover the range ¥4B <15.5. 19 Asironis very important for the temperature stratification of

stars were observed with the ESO 1.52m telescope (61.E-01st8|lar atmospheres we tried to take the increased iron abundance

July 22—25, 1998) and the Boller & Chivens spectrograph ugto account: We used ATLASO to calculate a solar metallicity

ing CCD # 39 and grating # 33 (6&/mm). This combination atmosphere. The emergent spectrum was then computed from

covered the 3308 — 5300A region at a spectral resolution ofthe solar metallicity model stratification by reducing the abun-

2.6 A. The data reduction will be described in Moehler et aflances of all metals M (except iron) to the cluster abundances

(19994a). Prompted by the suggestion of Grundahl et al. (1994BYl/H] = —1.5). It was not possible to compute an emergent

that radiative levitation of heavy metals may enrich the atmgpectrum that was fully consistent with this iron-enriched com-

spheres of BHB stars, we searched for metal absorption linep@sition, since the ATLAS9 code requires a scaled solar compo-

these spectra. Indeed we foundIF@bsorption lines in almost sition. We next repeated the fit to derifigr, log g, andlog “

all spectra (for examples see Hig. 1). with these enriched model atmospheres. The results are plotted
13 stars were observed as backup targets at the NTT durifdrig.2 (central panel).

observing runs dedicated to other programs (60.E-0145, 61.E-

0361). The observations and their reduction are described i For a description see

Moehler et al.[(1999b). Those spectra have a spectral resolutittp://a400.sternwarte.uni-erlangencdai26/linfit/linfor.htm|

2. Observational data
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Fig.2. Temperatures and gravities of the programme stars in
NGC 6752.upper paneldetermined from models with cluster metalFig. 3. The iron and helium abundances for the stars observed wi
licity ([M/H] = —1.5),central paneladopting a solar metallicity model ESO 1.52m telescope. Iron was not detected in the coolest star
stratification ((M/H] = 0) and spectrum synthesis with solar iron aburis plotted as an upper limit. The trend to lower helium abundanc
dance but cluster abundances for all other metals M ([M/HI]5) for higher temperatures agrees with the findings of Behr et al. (199
lower panel adopting a super—solar metallicity model stratificatiofron is obviously enhanced to roughly solar abundances. The m
([M/H] = 4+0.5) and iron abundance ([Fe/H}H=0.5) but cluster abun- iron abundance as derived from our spectra ([Fe/H]G=13) and the
dances ([M/H] =—1.5) for all other metals in the spectrum synthesigluster abundance ([Fe/H] =1.54) are marked. The asterisk mark
For more details see text. Also plotted are the zero-age HB (ZAHB)e results of Glaspey et al. (1989) for the hotter of their two BHB sta
and terminal-age HB (TAHB, i.e., central helium exhaustion) from thig NGC 6752

Sweigart (1999) tracks for metallicity [M/H] = -1.56. The dashed and

solid lines correspond to tracks with and without mixing, respectively.

A Xmix measures the difference in hydrogen abundanbetween the ¢ at Okms! — the iron abundances plotted in Fiiy. 3 are th

envelope i = Xenv) and the innermost point reached by the mixing, o |imits. The mean iron abundance turns out to be [Fe/
ourrents & = Xeny — AXuix) n the red giant precursors and is thus, +0.1 dex (for 18 stars hotter than about 11,500 K) and 1.6
an indicator for the amount of helium mixed into the envelope of tr}e h. ler than 11.500 K. Alth ’ hth = b
red giant. Representative error bars are plotted or the one star cooler than ’5, - Although the iron abu
dance for the hotter BHB stars is about a factor of 50 larg
than the cluster abundance, it is smaller by a factor of 3 than

For each star observed at the ESO 1.52m telescope we | %lHe of [Fe/H] =+0.5 estimated by Grundahl et dl. {1999) a

computed an “iron-enriched” model spectrum wifth, log ¢ €ing necessary to explain the @trgrenu-jump observed in

as derived from the fits of the Balmer and helium lines with th&

“enriched” model atmospheres (cf. Hig. 2, central panel) an? Our results are in good_agreementwith the findings of Be
log e = —2_ The fit of the iron lines was started with a sos al. [1999) for BHB stars in M 13 and Glaspey et/al. (1989) f

,H . . ~two BHB starsinNGC 6752. Again in agreement with Behr et
lar iron abundance and the iron abundance was varied-til g:m) we see a decrease in helium abundance with increa.
r

_acgleved d"f‘ﬁm'F"m“m- As the rar(]j_lart]“_/e IIeV|t§tg)_n n EEB rs]ta mperature, whereas the iron abundance stays roughly cons
is due to diffusion processes (which is also indicated by the he-. ihe observed temperature range.

lium deficiency found in these stars) the atmospheres have to
be very stable. We therefore kept the microturbulent velocity

u — y colour-magnitude diagrams.
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3.3. Influence of iron enrichment 3. When the hot HB stars are analysed using model atmo-
spheres with an appropriately high iron abundance, the size
of the gravity anomaly with respect to canonical HB models
is significantly reduced. Whether the remaining differences
between observations and canonical theory can be attributed

From Fig[2 itis clear that the use of enriched model atmospheres
moves most stars closer to the zero-age horizontal branch
(ZAHB). The three stars between 10,000 K and 12,000 K, how-
ever, fallbelowthe canomcgl ZAHE.’ when fitted W.'th. enrlcheq to levitation effects on elements other than iron remains to be
model atmospheres. This is plausible as the radiative levitation investigated by detailed modeling of the diffusion processes
is supposed to start around 11,500 K (Grundahl &1al]1999) and in the stellar atmospheres. With presently available models,
the cooler stars therefore should have metal-poor atmospheresthe derived gravities for HB stars hotter than11,500 K

(see also Figl3 where the coolest analysed star shows no eVi'are best fit by non-canonical HB models which in,clude deep
dence of iron enrichment). We repeated the experiment by in-

creasing the iron abundance to [Fe/Hg:5 (see Fid2 lower "9 of helium on the RGB (Sweigart 1999).

panel), which did not change the resulting valuesTgr and  acknowledgementsie thank the staff of the ESO La Silla observatory
log g significantly. for their support during our observations. S.M. acknowledges financial
Since HB stars at these temperatures spend most of theisport from the DARA under grant 50 OR 96029-ZA. M.C. was sup-
lifetime close to the ZAHB, one would expect the majority oported by NASA through Hubble Fellowship grant HF—01105.01-98A
the stars to scatter (within the observational error limits) arous@arded by the Space Telescope Science Institute, which is operated
the ZAHB line in thelog T.g, log g—diagram. However, this by the Association of Universities for Research in Astronomy, Inc., for
is not the case for the canonical ZAHB (solid lines in Fig. ASA under gontract NAS 5-26555. We are grateful to the referee, Dr.
even with the use of iron-enriched model atmospheres (cenffal<raft. for his speedy report and valuable remarks.
and lower panels in Figl 2). The scatter instead seems more
consistent with the ZAHB for moderate helium mixing (dashe®eferences
lines in FigL2). Thus the physical parameter§ of HB stars hOtEéhr B.B.,Cohen J.G., McCarthy J.K., Djorgovski S.G., 1999, ApJ
than~ 11,500 K in NGC 6752, as derived in this paper, are . .
. o . . L (Letters) 517, in press (June 1stissue)
be;t e_XplamEd by a combination of helium mixing and r"“C“at'\ﬁjonanno R., Caloi V., Castellani V., Corsi C., Fusi Pecci F., Gratton
levitation effects. R., 1986, A&AS 66, 79
Bergeron P., Saffer R.A., Liebert J., 1992, ApJ 394, 228
Glaspey J.W., Michaud G., Moffat A.F.J., Demers S., 1989, ApJ 339,
926
Our conclusions can be summarized as follows: Grundahl F., Catelan M., Landsman W.B., Stetson P.B., Andersen M.,

) _ 1999, ApJ in pres&stro-ph/9903120)
1. We have obtained new optical spectra of 32 hot HB statgft R.P., 1994, PASP 106, 553

in NGC 6752 with 11,000 k< Teg< 25,000. When these Kraft R.P., Sneden C., Smith G.H., Shetrone M.D., Langer G.E., Pila-

spectra (together with older spectra of hotter stars) are anal- chowski C.A., 1997, AJ 113,279

ysed using model atmospheres with the cluster metallicifyrucz R.L., 1991, private communication

([Fe/H]=—1.5), they show the same “low-gravity” anomalyMoehler S., 1999, RvMA 12, in pregastro-ph/9812147)

with respect to canonical HB models, that has been obseryégehler S., Heber U., Rupprecht G., 1997, A&A 319, 109

in several other clusters (Moehler 1999). Moehler S.,_ Sweigart AV Catelan M., Landsman W.B., Heber U.,
2. For 18 stars witfl,g¢ > 11,500 K, we estimate a mean iror‘l\/I0 19993, in preparation

bund fIFe/ 0.1 wh . . ehler S., Landsman W., Dorman B., 1999b, in preparation
abundance of [Fe/H} +0.1, whereas magnesiumis CONSISgytfer R.A., Bergeron P., Koester D., Liebert J., 1994, ApJ 432, 351

tent with the cluster metallicity. The hot HB stars in NGCgyeigart A.v., 1999, Helium Mixing in Globular Cluster Stars. In:
6752 thus show an abundance pattern similar to that ob- phjjip A.G.D., Liebert J., Saffer R.A. (eds.), The Third Conference
served in M 13 (Behr et &l. 1999), which presumably arises on Faint Blue Stars. Cambridge University Press, Cambridge, p. 3
from radiative levitation of iron (Grundahl et al. 1999). (astro-ph/9708164)

4. Conclusions
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