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4 A Deep Survey for Extremely Metal-Poor Halo Stars

4.1 Introduction

A question that has been asked by astronomers for a long iménéther so-called population 111
(Pop. Ill) stars exist. Bond (1981) “roughly” defines thens &ars with [Fe/Hk —3”. Of suchstars,

~ 100 are known today (Beers 1999), but today other definitadrRop. IIl are used. Cayrel (1996)
defines them as stars “with strictly the chemical compasitsdt by the Big Bang”, and Beers (2000

for practical reasons, adds the criterion that such starsldthave “a measurable atmospheric abun-
dance of [Fe/Hk —6". Cayrel (1996) estimates the number of Pop. Il stars etqabto be discovered
within the survey of Beers et al. (1992), when completed,. 8 However, in estimations like this it is
assumed that first generation of stars includes low-mass 3tae mass spectrum of the first generation
of is not known, and actuallgo Pop. Il star has yet been found (Beers 1999). On the othet, e
absence of Pop. Ill stars in current samples of metal-paos $6 hardly significant: Today, only 18
stars of [Fe/Hk —3.5 are known (Beers 1999), of which only 5 have their abundacoafirmed by
high resolution spectroscopy (Beers 2000, priv. comm. discovery of a Pop. Il star would offer
the possibility to study primordial matter, whereas thgiantifiedabsence would put important con-
straints to models of the formation of the first generatiorstafs in our Galaxy, so that either case is
interesting in itself.

The chemical compositions of tleecondgeneration of stars, i.e. extremely metal-poor halo stars
(hereafter shortly referred to as MPHS) of [FeAd}-2.5, provide detailed information on the early
chemical evolution of the Galaxy, and on nucleosynthesithinfirst generation of stars. There is
evidence that the abundance patterns seen in MPHS can ibatetirto individual supernovae of type
Il (e.g., Shigeyama & Tsujimoto 1998; Tsujimoto et al. 2Q00)

MPHS also have cosmological applications. The oldest stargde a lower limit for the age of
the Universe, yielding constraints for the cosmologicabpzeters. How can we find the oldest stars?
Models of Galactic chemical evolution predict that heavynaént abundances, e.g. [Fe/H], are no
good age indicators, because mixing of nucleosynthesidupts of SN Il into the interstellar gas is
very inefficient (see e.g. Beers et al. 20D0This means that at given metallicity, there is likely aykar
scatter of stellar ages, asdmemetal-poor stars can be rather young. However, with inangasne,
the interstellar gas is more and more enriched by the nugiéessis products of SN 1l (and later, SN 1),
so that there is higher chance for young stars to be metakhign to be metal-poor. Conversely, if we
look at very metal-poor stars, we will find more old stars aghtitem than in a sample of metal-rich
stars.

Individual ages of stars can best be measured by two methgdsucleocosmochronology, and
with individual fitting of evolutionary paths. The former isasible for stars showing an r-process
abundance pattern, and having spectra with detectableéufngand optionally, Uranium) lines. Today,
only two such stars are known: HD 115444 and CS 22892-052 é6eival. 1999). Ages can be derived
using the abundance ratios [Th/Eu] and [Th/U]. However,abeuracy achievable with this method,
when includingtheoretical uncertainties, ist4 Gyrs only (Cowan et al. 1999). A higher accuracy
(=2 Gyrs) can be reached by fitting of individual evolutionaacks to accurate stellar parametésg,
logg, [Fe/H] and pi/H] (Bernkopf & Gehren 1999, priv. comm; see also Fuhrman®9)9

If individual ages are obtained for a large sample of MPH$, wtould offer the opportunity to
study the chemical evolution of the Galasdirectly as a function of time. Up to now, one has to use
secondary age indicators, like [Fe/H]. As already arguey@jsuch age indicators are likely not valid
for population II, due to inhomogeneous mixing of the intelfar matter.

~ 100 stars of [Fe/Hk —3.0 might sound like a large sample. However, in practice omenof
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has to select suitable subsamples of objects. For examplen wtudying Lithium abundances, it is
necessary to restrict the sample to a narrow temperatuge ramorder to avoid influences of temper-
ature dependent effects, like depletion; for other stydiae wants to select subsamples by kinematic
properties. Moreover, the fraction of binaries among thetmuetal-poor stars is unclear. Abundance
analysis of single-lined binaries may be complicated, @ndmpossible. Last but not least, angw
guestions are sure to arise from the first-pass 8 m-classtgle follow-ups (see Beers 2@)0which
likely can only be answered by larger samples of extremeltahpoor stars.

For all these reasons, it is desirable to enlarge the surekyme for extremely metal-poor stars
now, which currently can be only accomplished by the HES (for\aexe of ongoing surveys for
metal-poor stars see Beers 20R@ur specific aims are:

(a) Providing aguantitativeanswer to the question of the existence of Pop. Ill. This ssjibe in
the HES, since the survey volume can be enlarged with the Ria&ing the absence of Pop. 11l
stars more significant in case no such object will be founaomrast to the HK survey, in the
HES the selection function of MPHS can be determined by sitiaris, so that we would be
able to quantify the (possible) absence of Pop. Ill stars.

(b) Enlarging the sample of stars with [Fe/H]—3.0.

(c) Finding more stars with r-process abundance patterdglatectable Th lines, like CS 22892-
052, for age determination.

In order to elucidate what the advantages of the HES compaitbe so-called HK survey of Beers
et al. (1992) are, we give a detailed comparison of both ggrirethe next section. An overview can
be found in Tab. 7.

HK survey HES
Telescope ggﬂttrl; %%rr?] I?Zlijrrrties” Ssccﬁrrr:gtt 1 m ESO Schmidt
Magnitude range 10 <B <155 140<B< 17
Widened? yes no
Area oot 100 7600C7°
Objective prism a Vi
Dispersion 18&/mm 450A/mm
Spectral resolution  ~ 5A ~ 10A at CaK
Photographic emulsion 103a-O/lla-O lla-J
Filter? interference/Ca H+K  no
Wavelength range 38765< A < 40258  3200A< A < 52004
Candidate selection visual inspection automated

Table 7: Comparison of the HK survey and the HES.

4.2 Comparison of HES and HK survey

The HK survey was started in 1978 by G. Preston and S. Sheabvfntie Carnegie Observatories
of Washington. It is based on objective prism plates takeh thie 60 cm Burrell Schmidt (northern
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hemisphere) and Curtis Schmidt (southern hemispheresctgpes. As in the HES, each photographic
plate covers a hominal area df % 5° of the sky. The name “HK survey” is used because in addition
to a 4 objective prism (leading to a seeing-limited spectral ketgmn of ~ 5A), an interference filter
was mounted on the plate holder to limit the wavelength ayeto~ 150A centered on the Ca H+K
resonance lines, effectively reducing the sky backgrowvellso that long exposures (typically 90
minutes) could be obtained. In 1983 Beers joined the teawh,laer expanded the survey with an
additional 240 plates in the southern and northern hemisghBy 1992, 308 acceptable-quality plates
were obtained (275 of which are unique). Note that due to t@isspectral range of the HK survey,
overlapping spectra are much less of a problem than in the H&E$her extension of the HK survey
area was prevented by the shortage of photographic plates1®@Ba-O and lla-O emulsions. HES
areas in common with the HK survey are shown in Fig. 19.

HK north

HK south

Figure 18: Comparison of HES and HK survey volumes.

The use of alarger telescope, and a 2 times lower resolutitre tHES compared to the HK survey,
results in a limiting magnitude of aboBt= 17.5. However, we restricted the selection of metal-poor
candidate stars in the HES 8N > 10, because it was found that below tBj8N level it is extremely
difficult to select objects by the absence of individual sfadines, i.e., the Ca K line in case of metal-
poor stars. In result, the faintest low-metallicity caradib in the HES sample reaBh- 17, about 15
magnitudes deeper than the HK survey. Spectra of brighttsbfdose to saturation were also excluded
from the search for metal-poor stars, because at high ifiatiin, when the characteristic curve of the
photographic emulsion gets flatter (at the “shoulder”), ¢batrast between continuum and spectral
lines gets weaker, and apparerdly/stars have weak lines. The saturation threshold chosee iHEHS
corresponds t@® ~ 14.0. Taking the common area of both surveys and their magnitadges into
account, the HES can increase the total survey volume foalrpebr stars by a factor of 8 compared
to the HK survey alone (see also Fig. 18).

Candidate selection in the HK survey was done by visual ictspe of the widened objective-prism
spectra with a binocular 20microscope. Each plate was inspected twice, with a timeflagwonth or
more between the two inspections. Candidates were idehtifighe basis of the observed strengths of
their Calines, and grouped into rough categories basedoartteria (e.g., possibly metal-poor, metal-
poor, and extremely metal-poor). Positions of the candilatere noted on the plates, and coordinates
for each candidate were measured later (individually, Withnt machines). In this process, a total of
about 10000 metal-poor candidates was selected (rougHlpfahich have had medium-resolution
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Figure 19: Comparison of HES area (framed) with HK surveyaafots denote all HK
survey candidates in the southern hemisphere.

follow-up spectroscopy obtained to date).

One major advantage of the HES is that the candidate seldstiboneautomatically with quan-
tifiable selection criteria. We will show in Sect. 4.5 that althouljld spectral resolution of the HES is
2x lower than in the HK survey, candidate selection in the HE&iso 3— & more efficient than in
the HK.

4.3 Candidate Selection in the HES

For the present, we have restricted the selection of meiad-ptars in the HES to the color range
0.3 < B—V < 0.5, because we decided to focus at first on main-sequencefftstacs. One of the
most interesting applications for these stars is individige determination based on precise stellar
parameters obtained spectroscopically from high-remoiuhigh S/N observations. However, with a
few adaptions the selection procedures described belowasily also be used for cooler stars.

Candidate selection in the HES has been done by two techmide Ca K index method and via
automatic classification. An alternative, third approactoidetermine stellar parameters directly from
HES spectra by calibrating spectral features against aitepsample.

4.3.1 The CaK Index Method

In the Ca K index method, stars are selected when their Caeddisignificantly weaker than “normal.”
“Normality” is determined by a least squares fit of a 2nd onglglynomial to the Ca K index relative
to the parametex_hpp2. At the time this selection technique was used, it was nothgstr that the
use ofdx_hpp2 instead ofx_hpp2 leads to a more accuralB—V colour estimation.

A first set of candidates found with this techniques has bémerved in spectroscopic follow-up
campaigns at the ESO NTT. In Tab. 24 in Appendix A we list tlegssfound in this effort. Unfortu-
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Figure 20: Examples of HES spectra of metal-poor turnoffsstiiscovered in the HK sur-
vey. In the upper right corner of each plot a blow-up of the G&Hegion is shown, with an
over-plot of the pixel-wise @ noise. Note that the detection of Ca K in the lower spectrum
is not significant. Metal abundances are on the re-calibiridt€ survey scale of Beers et al.
(1999).

nately, due to bad weather, and continued technical prahlénwvas not yet possible to evaluate the
quality of the Ca K index selection method. A setofl0 spectra have been obtained at the McDonald
2.7mand CTIO 4 m telescopes recently by T. Beers, and wilha¢yaed as soon as the data has been
reduced.

4.3.2 Automatic Spectral Classification

For automatic classification of metal-poor stars, we useamirg sample consisting of 45 classes
defined by the following grid points:

Tet = 5800K 6400K 6800K
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logg = 22,3.8,46
[FelH = -09,-15-21 -2.7,-3.3

The learning sample has again been constructed by conyentiel spectra to simulated objective-
prism spectra, as described in Sect. 3.1.

A set 11 of features was selected as a basis for searchingethedmbination: the strengths of
CaK, measured by the absorption line fit algorithm, and byhdax method; the sum of the equivalent
widths of H3, Hy and H; the Stromgren coefficier, two continuum principal components, and the
half-power pointsx_hppl andx_hpp2. Half power points themselves instead of distances to the
cutoff values have to be used since the latter cannot bendieied for simulated spectra. Apart from
these “standard features” we carried out a principal corapbanalysis of a set of 165 000 simulated
spectra, and used the first 3 principal components, acecmufdar 90.5 % of the variance in the set of
simulated spectra, as additional features (see Fig. 2héoEigenvectors).

By evaluating all 21 — 1 = 2047 possible feature combinations at e&N step by the “leaving
one out” method, we identified the feature combinationsifeatb the lowest nhumber of misclassi-
fications (see Tab. 8). In order to explore the classificatiocuracy, we used Bayes’ rule instead of
the minimum cost rule for classification, and assumed equat probabilitiesP(Q;) for each class,
because otherwise the estimation of the classificationracgwvould be distorted.

S/N

Feature 30 25 20 15 10 5
al13934egw 1 1 1 1 1 1
CaKi ndex 1 1 1 1 00
ckl conmp_1 0O 0 1 0 0O
ckl conp_2 0O 1 0 0 0 O
bal nrsum 1 1 1 1 01
x_hppl 1 1 1 0 0O
x_hpp2 11 1 1 1 1
skl conp_1 1 1 1 1 11
skl conmp_2 1 1 1 1 11
skl conp_3 1 1 1 1 11
strcl 0O 0 0 1 0 O

N= 8 8 9 8 5 6

Table 8: Best feature combinations for Bayes classificaifanetal-poor stars in the colour
range 3 < B—-V < 0.5.

The formal classification errors determined arg, < 160K, 0jogg < 0.34 deX0jeey < 0.71; for
S/N > 15, i.e. for 23 of the HES spectra, the errors arg, < 65K, 0jggg < 0.06 deX0je.y < 0.68.
That is, the error estimates fdggz and logy are not to be believed-irst of all, our grid of model
atmospheres is not dense enough to detect such low erroreoMw, such accuracies are not even
achievable with high-resolution, higy/N spectra. Apart from the grid being too wide, we suspect that
there is a systematic difference between our learning (@st)l s$ample, and sets of real spectra.

Considerable effort has been invested in making the simailabjective prism spectra as realistic
as possible, and we can exclude with high confidence thatffieesthce is due to the simulated spectra
themselvesThe most reasonable explanation for our too optimistiorezstimate is the following. The
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Figure 21: First four Eigenvectors of a sample of 165 000 &ted objective prism spectra
for metal-poor stars. The first Eigenvector models the Balliines, andB —V; the latter

is accomplished by changing the continuum slope. The seEayehvector influences the
Balmer discontinuity, the Balmer lines, and Ca H+K. In thedhCa H+K can be seen even
more prominently. The G-band of CHXt= 43004 can also be seen. The forth Eigenvector
mainly accounts for small shifts in the wavelength zero fmin
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spectra in our learning and test samples have stellar péeesrizlonging to discrete grig whereas in
reality, the stellar parameters are distributaehtinously A spectrum with stellar parameters between
two grid points is misclassified at least with errors coroegping to (at least) half of the grid point
distance, which i&Te = 100 K,Alogg = 0.4 dex, and\[Fe/H] = 0.15 dex (for [Fe/H]< —0.9). How-

ever, spectra between grid poirts not existin our test samples, so that we underestimate the mean
errors.

The only ways out of this trap are: (a) testing the classificatvith sets of real spectra, having a
continuous parameter distribution; or (b), making the goskudo-continuous”, i.e., so fine that there
is no noticeable difference between the spectra belongirtgyd neighboring grid points. The latter
is rather resource demanding, since the number of grid painthree-dimensional parameter space
raises to the third power; that is, halving the grid pointatise in each dimension lets the number of
grid points grow by a factor of(2n— 1) /n)3.

As test sample with continuous stellar parameter disiobutve tried to use 262 stars from the
HK survey present on HES plates, with available [Fe/H] eatennot saturated in the HES, and in the
range covered by our model spectra grid, i.8.9 B—V < 0.5. Unfortunately,Te and logg are not
directly determined in the HK survey, so that only our [Fe#sd}limations could be tested. However,
it turned out that only 4 of the 262 objects havean < 0.99; that is, almost all spectra have been
rejected from classification. This has likely again to balaited to a too narrow model spectra grid.

In conclusion, the above considerations indicate that oigkr f model spectra is not pseudo-
continuous inTe and logy. This partly is very good news, since it means that thierm noticeable
difference between the spectra of two neighboring grid tgoithat is, we can likely classify the HES
spectra with an accuracy better thep, ~ 200 K, andojogg ~ 0.8 dex, at least at high/N.

4.3.3 The Feature Calibration Approach

We investigated how precisk¢, logg and [Fe/H] can be determined from HES spectra directly, by
calibrating HES features against a learning sample of sitadlobjective prism spectra. If this is pos-
sible with an acceptable accuracy, an alternative way ettiap candidates for extremely metal-poor
stars would be offered.

In the first step of our investigation we carried out a par@amstudy to investigate which stellar
features a suitable for our purpose. In the study we usedsedgnid of model spectra, defined by the
following grid points:

Ter = 5600200)6800K
logg = 2.2(0.8)4.6
[Fe/lH = -0.3,-0.9,—1.5(0.3)—3.6
Each of the model spectra has been converted to 500 objgutam spectra, involving randomized
spectral sensitivity curves, and smoothed with a Gaussiafilgpof 45um FWHM, corresponding to

an average seeing profile width in the HES. Hj#8l of the simulated objective prism spectra has been
decreased t8/N = 30 by adding Gaussian noise.

Effective Temperature Indicators Possible indicators fofes arex__hpp2, the sum of the equiva-
lent widths of H3, Hy and Hb, determined with the feature detection algorithm desdribeSect. 3.2.1,
and the first spectral principal component (SEK), conp_ 1.

X_hpp2 andskl conp_1 are very goodlg indicators: From Fig. 22 one can estimate that at
S/N = 30, Tert can be determined with an accuracy of in the ordet-200 K with them. The Balmer
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Figure 22: Investigation of possible effective tempemitudicators in HES spectra.
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line sum is a slightly worse indicator, leading to an accyrat ~ 400 K. However,x_hpp2 and
skl conp_1 show a strong dependence on [Fe/H], whereas the Balmenliméssalmost completely
independent of metallicity.

Gravity Indicators ~ Stromgrerc; is a possible gravity indicator, since it measures the gtheof the
Balmer jump. The 2nd SPC might also be suitable, since thesponding Eigenvector seems to be
responsible for modelling the Balmer jump. However, it tdrout thatc, is by far a better gravity
indicator (see Fig. 23). Both features show a strong tentyeraependence.
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Figure 23: Investigation of possible gravity indicatordHES spectra.

Metallicity Indicators  The Ca K line is the most usefull metallicity indicator, besa the Ca K line
is by far the strongest metal line seen in cool stars. Ca Htisuitable, since it is blended witheHWe
measure the strengths of Ca K in HES spectra with two methiW(dhk:a line fitting algorithm (yielding
the featureal | 3934eqw), and with an index@aKi ndex). The 3rd SPC contributes to modelling
the Ca H+K lines, so it was investigated as well.

As is displayed in Fig. 24, the 3rd SPC shows only a weak depwredon [Fe/H]al | 3934eqw
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Figure 24: Investigation of possible metallicity indicegan HES spectra.
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andCaKi ndex are both suitable. However, investigation of lovN spectra revealed that the former
is less robust against noise.

Within the set of 165 000 simulated spectra available foh&it\ step, we averaged the values of
the features under consideration over all 500 simulatdtspéaving the same spectral parameless
logg, [Fe/H]. To these data points, the following models wereditvith a least squares fit:

Tef = ai+az-sklconp_1+az-CaKi ndex +a4-skl conp_12+as-CaKi ndex?  (16)
Tef = ai+az-bal msum+az-bal msunt (17)
logg = aj+ap-ci+az-bal msum+ay-c2+as-bal msunt (18)
[Fe/H] = aj+az-CaKi ndex +az-skl conp_1+a4-CaKi ndex?+as-skl conmp_12  (19)
[Fe/H] = aj+ay-CaKi ndex +as-bal msum+a4-CaKi ndex?+as-bal msunt. (20)

We found that the models (16), (19) lead to slightly bettsules than their alternatives (17), (19),
so that we usekl conp_1 andCakKi ndex for determiningTes and [Fe/H]. The fit coefficients vary
slightly with S/N; thus for each spectrum the appropriate set of coefficieamddbe used.

We tested the accuracy of our method by applying it to 6 set$686f000 spectra, &/N =
5,10,15,20,25,30. Because the parameters of our models have been derivesiyy these spectra
indirectly, it is anticipated that wanderestimateéhe errors in this investigation. The results are shown
in Fig. 25. ForS/N > 15, the uncertainties aer,, < 130K, Ojpgg < 0.48 dex andjeey < 0.47. The
errors increase sharply 8N < 10, which reinforces our decision to exclude such spectm fihe
search for metal-poor stars.

As an independent test sample we used 460 stars from the WEyspresent on HES plates, with
available [Fe/H] estimate, not saturated in the HES, andéBt—V range covered by our model
atmospheres, i.e.29< B—V < 0.70. The metallicities were scaled to the HES abundance ssalg
Eq. (24). The standard deviation of the measurements Wirecthe HES spectra from the moderate
resolution spectroscopy results i89dex. This is B8 dex, or by a factor 1.81, higher than expected
for the relatively bright stars from the HK survey used as$ ¢bgects: The averag®/N of that sample
is ~ 25, which led tao; = 0.47 in the sample of simulated spectra. The lower accuracys likely
due to the discontinuity effect discussed above.

There is also evidence for a systematic deviation betweernwb sets of [Fe/H] measurements:
The mean difference between-i$.28 dex; i.e., the [Fe/H] estimates directly from HES speatetoo
low. Moreover, there is a systematic trend of the [Fe/H] diéwns with [Fe/H] itself; i.e., a too low
[Fe/H] is assigned to spectra of “metal-rich” objects, and@high [Fe/H] to spectra of metal-poor
objects (see Fig. 26). The former results in contaminatfonetal-poor star samples selected with this
method, and the latter in incompleteness. This method & ¢tpected to be of restricted usefulness
for the selection of metal-poor stars.

4.3.4 Visual Inspection

The final step of the selection is visual inspection of thewmnattically selected spectra at the computer
screen. This step is done fall selections described above. Visual inspection is necg$saidentifi-
cation of plate artifacts (e.g. scratches or emulsion flaag) for rejection of obviously misclassified
spectra, i.e. spectra which clearly show a Ca K line. Misifastions like that happen due to equiv-
alent width measurement errors. The remaining candidatedigded into three classes according to
the appearance of the Ca K line region: “class a” candid&tes slearly no line; in spectra of “class b”
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candidates it is unclear if they have a line, and “class ctlidatesdo show a Ca K line, but however,
a weak one. Typically, only 10 % of the candidates belongds<h or b, 40 % belong to class ¢, 25%
are misclassifications, and further 25 % are disturbed spect

4.4 Spectroscopic Follow-up techniques

As we have seen in Sect. 4.3, stellar parameters can be diénive HES spectra (and objective prism

spectra in general) only with limited accuracy. Therefdtee HES, and all other objective prism

surveys, can only provideandidateidentifications. Because one does not want to spend sigmifica
amounts of large telescope time for obtaining high-resmi,ithigh-S/N spectra of uninteresting stars,

spectroscopic follow-up observations of such candidaésstt be done with great care.

4.4.1 The CaK-index and ACF Methods

For candidate low-metallicity stars in the HK survey, mexlitesolution (1-2) spectroscopy and
broadbandV photometry are used to obtain metallicity estimates usimggeparate techniques. The
first technique relies on the assumption that the strengtiheifCa K line tracks the overall stellar
[Fe/H], an assumption which is particularly good for staithyfe/H] < —1.5. The second is based
on an Auto-Correlation Function (ACF, originally descidbby Ratnatunga & Freeman 1989) of a
stellar spectrum. The ACF method is particularly good farswith [Fe/H]> —1.5, where the Ca K
line begins to saturate with increasing metal abundancersBet al. (1999) discuss this calibration,
and demonstrate, based on comparisons with some 550 starextérnal high-resolution abundance
estimates, that these approaches used in combinatiorajgaltiance determinations with small scatter
(on the order of 0.15-0.20 dex) over the entire range ofastelbundances we expect to find in the
Galaxy (4.0 < [Fe/H] < 0.0).

4.4.2 The “Allin One Shot"-Technique

Due to limited telescope time available for follow-up oh&dions, it would be desirable to obtain es-
timates of stellar parameters, e.g., [Fe/l}, and logy, purely spectroscopicallyithout the need
for additional photometry. The first approach attemptedh it HES follow-up made use of compar-
isons with synthetic spectra. However, our experience haisthe choice to employ the Mg | b lines
as gravity indicators leads to a number of difficulties. Faaraple, satisfactory results required high
S/N (> 50) spectra, which are very time consuming to obtain for #ietér stars. Furthermore, at
[Fe/H]< —2.5 and turnoff temperatures, Mg | b is so weak that it is not ilegago gravity anymore.
Finally, the comparison of follow-up spectra with syntbetpectra has to be done manually at the
computer screen, which is a time sink as well.

As an alternative, the “all in one shot’-technique desatibelow was developed. It is fast, since
for each star a single spectrum wBiN ~ 30 at Ca K is all that is required, and data analysis can be
done fully automatically.

Following the idea of Norris & Freeman (1979), we obtainoBigirenubv directly from the slit
spectra by multiplication with filter response curves anédnation over the appropriate wavelength
range (see Fig. 27). Spectrophotometry of each candidat#amed by using a wide slif{3x seeing
disc) rotated to the parallactic angle, to avoid atmosphait losses. When using EMMI at the 3.5m
ESO NTT, the spectral coverage required for obtaining rigni@n ¢, coefficients from the spectra
(32008 < A < 4900A) limits the maximum possible dispersion t82 per pixel (grating #4), since
in the blue arm of EMMI a 1k CCD is the only available choice eTpixel size is 037, so that at
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seeing< 1”2, a spectral resolution of 6 A results. Exposure times for obtaini®yN > 30 at Ca K
are 5min for stars oB < 17.0. In the case where stars exhibit a very weak Ca K line, agyrézed
from online-reduced spectra, an additional, longer, exposvith narrow (£0) slit is obtained. The
average total exposure time per object is typically 10 mihictv makes it possible to observe30
metal-poor candidates per night.

The spectra are shifted into the rest frame by cross-ctioelavith a model spectrum of similar
stellar parameters, and applying the appropriate radlatitg correction. Note that the radial veloci-
ties derived are not useful measurements in themselvex, #iB precise position of the object in the
(wide) slit is not known. Therefore, zero-point offsets iawglength can occur.

Three features are used for determination of the stellaarpeters [Fe/H],Te, and logy: the
Stromgren coefficient;, the Hd index HP2, and the Ca K index KP (for a definition see Beers.et al
1999). The internal accuracy achieved for spectrophotaenet is o, = 0.022 mag, which compares
favorably with errors from photoelectrically measuredices.

Stellar parameters are derived by using the following segoftions:

Tet = ain+age-Cc+ay3-HP2 (21)
Iogg = ap1+agy-C+ap3-HP2 (22)
[FE/H] = ag1+azy-HP2+as3-KP (23)

The coefficientss;; have been determined from least squares fits to the densefgmddel spectra
already described above, i.e.

Ter = 56002006800K
logg = 2.2(0.8)4.6
[Fe/lH = -0.3,-0.9,—1.5(0.3) —3.6.

Using equations (21)—(23), it was possible to reproducestbiédar parameters of the model spec-
trum grid with the following accuracy:

or, = 24K
Ofer = 0.16.

Note that these arimternal errors fornoise-freespectra. Unfortunately, due to lack of an independent
test sample, it is not yet possible to estimatertred accuracy of this approach. However, experience
with spectrum synthesis has shown that at the spectralutesolused in the HES follow-up, errors
in logg and [Fe/H] are typically twice as high as the numbers abond,arors inTe; are typically

< 200K.

4.4.3 Neuronal Network Techniques

At the University of Texas in Austin, a group around T. von p#pis currently exploring the use
of Artifical Neuronal Networks (ANNSs) for determination alelar parameter3q«, logg and [Fe/H]
from moderate resolution spectra, taken with a narrowsiitthat radial velocities could be obtained
simultaneously (see Qu et al. 1998; Snider et al. 2000).

However, looking closely to Snider et al. (2000) reveald tha classification accuracy claimed,
i.e.01,; = 3% (corresponding to 135-189 Kjjogg = 0.41 dex ande,y = 0.22 dex, is doubtful. This



4 A DEEP SURVEY FOR EXTREMELY METAL-POOR HALO STARS

50

T T [ T T T T [ T T T T [ T T T T ]

- Stroemgren cl .

5 L _

k= 0.1 -

St — —

o L _

2 - i

-+ — =
(]

< 005F .

~ - _:;' -

- u v b .

0 _| I 1 | 1 I 1 1 ] 1 1 1 E | I 1 I re | ]

3500 4000 4500 5000

(LA LA LN B B B D B B B B B B

- H 6 index (HPR) -

w 012 F WM N

[ - "_ N 1

2 o1 o ]

- | P -

(] .

< L _

S~ - .

0.08 — _

_| o b b b e b by |_

3950 4000 4050 4100 4150

[T T T T T T T T T T T T T T T T I

- Ca K index (KP -

» 012 - -. LAY

3 - r’..-‘ N -

: \ -

Z 01 -

ey - _
[

< _

S~ .

0.08 _

I I I I ] I I I ] I I I ]

3900 3950 4000

wavelength [A]

Figure 27: Determination of;, HP2, and KP from photometric, moderate resolutien (
5,&) spectra obtained with EMMI attached to the 3.5m ESO NTTsHzal lines in the
lower two panels indicate continuum and line passbands fasetle computation of HP2
and KP, respectively.



4 A DEEP SURVEY FOR EXTREMELY METAL-POOR HALO STARS 51

is due to the following reasons. In thdigz—logg diagram (also known as “Kiel diagram”), subgiants
(SG) and horizontal branch (HB) stars seem to be missingHige@8). One can see a few points above
the main sequence, but one would expect them to be locatddmber, and there should be more of
them, especially close to the turnoff. It is expected thatatare very few HB stars abowe6000 K,
because of the RR Lyrae gap, but one expects a lot mearelB stars to be present. This means that
either HB stars and SGs have baealudedrom the learning and test samples, or there is something
wrong with the gravity determination.

In the first case, Snider et al. (2000) would underestimatetior of their method in [Fe/H], since
there is a degeneracy between high gravity, low metallstiys and low gravity, high metallicity stars.
That is, at the same temperature, a star with e.g. [Fe/HR.0 and logg = 2.0 has a Ca K line (used
as metallicity indicator) as weak as a [FeAH]-3.0 and logg = 4.8 star would have.

The accuracy of the loggdetermination would be also underestimated as comparetéb life”
(that is, as compared to a sample which occupies the Kietaliagliagram as indicated above), if HB
stars and SGs would have been excluded. By just saying that star afle < 5000 K has logy = 2.5,
and every star a7 > 5000 K has log) = 4.5, one would arrive at an average error for ¢gpghich is
probably not far away from.@1 dex, since the numerous dwarfs, having an almost “flattidigion
in the Kiel diagram, dominate the average error.

If HB stars and subgiants hametbeen excluded, and there is an error in the gravity detetinma
one can not trust neither the claimed pgccuracy, nor the [Fe/H] accuracy; the latter being the case
again because of the confusion between between high grémitymetallicity stars and low gravity,
high metallicity stars.
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Figure 28: HRD of training and test set of Snider et al. (2Q@ir Fig. 2).

A drawback common to all ANN approaches is also that it is \diffycult, if possible at all, to
understandiowthe classification results were obtained. In case of themi@tation of stellar parame-
ters from moderate resolution spectra, it would be very@siing to know how the ANN of Snider et
al. (2000) carries out the classification in fpgand to learn about the physical reasons behind this. In
this way, also any “fake” indicators used in the classifmafprocess, like e.g. effective temperature as
gravity indicator, as described above, could be identified.
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4.5 Effective Yields

As emphasized pointed out by Beers (200@he effective yieldEY) of a detection method is one of
the most important properties of a survey for metal-poaissaY is defined as follows:

EYX — NstarsWith [Fe/"ﬂ < X.

Nstars, observed

When EYs for different surveys are compared, it is cruciahtike sure that the comparison is done
on the same abundance scale. In case of the HK survey and tBeitHias found that metallicities
derived from the first-pass analysis of the HES follow-upcsmescopy are- 0.5 dexhigheron average,
than obtained from the Beers et al. (1999) re-calibratidratTs,

[Fe/lH,x = [Fe/Hygs— 0.5. (24)

This offset of the scales is primarily due to the differembperature scales adopted in the two methods.
In the HK survey, effective temperatures are (implicithgrided fromBV photometry, whereas in the
HES, Balmer lines are used. The abundance scale previomglipoged in the HK survey, e.g. in Beers
et al. (1992), is known to be aadditional 0.2 dex lower for the lowest metallicity stars (see Beers et
al. 200@).
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Figure 29: Comparison of HES and HK survey abundance sdates. bars are @ dex for
the HK survey values, and®dex for HES values.

Thus far, only nine stars have been analyzed wibkh follow-up techniques (see Fig. 29), and
there is especially a paucity of comparison objectgatH|, -5 < —2.5. However, the derived trend is
consistent for all data points. Only turnoff stars have hesed in the comparison; therefore, it can not
be excluded that the abundance difference is less (or eves) m@nounced for cooler stars.

For this discussion, we restrict our EY comparison to turaetars in the color range®< B—V <
0.5, and carry out the comparison after an offset &fdex has been subtracted from the HES metal-
licities.

In order to explore what thiighest possibl&Y in the HES is, we observed a sample of 56 HES
metal-poor candidates with EMMI at the ESO NTT. The starsagetected by automatic classification,
by using a set of 8 spectral features. These were selectedrul; hecause at that time the search for
the best feature combinations was not yet completed.
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Survey/selection method E¥o EY_55
HK survey/withoutB —V pre-selection 11% 4%

HK survey/withB —V pre-selection 32% 11%
HES/automatic classification 80 % 27 %

Table 9: Comparison of effective yields (EY) of metal-poomiboff stars of the HK survey
and the HES. [Fe/H] is on the re-calibrated HK survey scalBasrs et al. (1999).

The automatic classification programs were fed only withlzsetiof all spectra present on each
HES plate. As already mentioned, only spectra V@#thl > 10 andB 2> 14 are considered. Moreover,
spectra outside of the range30< B—V < 0.5 are excluded, whei8—V is known to+0.1 mag from
the calibration ok _hpp2.

Below we summarize the selection criteria for metal-poarssin the HES for the selection by au-
tomatic classification. Pre-selection of spectra to whidgiomatic classification procedures are applied
is done by criteria (1)—(3); (4) and (5) use the results obaatic classification, and (6) is a rejection
criterion corresponding to ) test at a & level.

(1) 0.3<B-V <05

(2) (S/N)pes> 10<= B <165

(3) Photographic densitp below saturation threshold
(4) logg> 3.8

(5) [FeH < -27

(6) a.i. < 0.99.

Only candidates assigned classes a or b in the visual ingpdtive been observed. EY of stars
at [Fe/H] < —2.0 for this sample is 80 % (see Tab. 9)! This has to be compartdd Mi% or 32 %
in the HK survey, depending on whether a pre-selection basd®l—V color has been made or not,
respectively.

4.6 Discussion and Conclusions

Selection of metal-poor candidates at the main-sequemgeftin the HES by automatic classification
is ~ 3x/~ 7x more efficient as compared to visual inspection in the HK synwith/without pre-
selection byBV photometry. This is very remarkable considering the faat the spectral resolution
of the HES is X lower than in the HK survey. Reasons for the higher efficiency agdatger spectral
coverage of the HES, better quality of the HES spectra, aadatliomated, quantitative selection,
which is presumably more precise than the selection by epeeder, we have intentionally observed
class a and b candidates only, because we wanted to explatdivemaximum possiblefficiency is.
Simulations we have carried out indicate that, in exchangea high EY of truly metal-poor stars, one
has to sacrifice completeness of the candidate sample ondéeadd 50 %. Thus, the EY of a selection
aimed at compiling @ompletesample of metal-poor stars by means of including class cidates,
and also candidates from complementary selection metleogstfe feature calibration method), will
be proportionately lower.
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It is possible to derive rough stellar parameters for statiseé range 5200 K Teg < 6800K directly
from HES spectra by either automatic classification, or glérated feature approach. Experiments
are carried out to do the same for digitized HK survey spedtyausing ANNs (Rhee et al. 1999).
However, since only a small spectral range is covered by sivey, so that much less information,
and in particular no colour information, is included in thagpectra, it is even more challenging to do
this in the HK survey.

The follow-up technique used in the HK survey results in deteations of [Fe/H] precise to
+0.2 dex; the accuracy of the HES technigue remains to be eealuihe advantage of the “all in one
shot”-technique used in the HES is that no photometry is egdéad addition to moderate resolution
spectra. However, a drawback is that no useful radial visdsctan be measured from spectra obtained
with the wide slit, since the object position within the s#itnot precisely known, so that unknown
zero-point offsets in wavelength occur.

In follow-up campaigns carried out so far, 90 metal-poorssteere discovered; 11 are unevolved
stars at [Fe/H]x < —3.0 (see Tab. 24 in Appendix A). In the HK survey, 37 stars with/H x <
—3.0,and 03 < (B—V)p < 0.5 were found (Beers 2000, priv. comm.). We thus increaseduh&er
of unevolved, extremely metal-poor stars already notigeab
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When compiling target lists for high-resolution obserwati, combining stars from different sur-
veys, it is important to take into account their differentattance scales. An offset ofSddex has to
be subtracted from [Fe/H] estimates obtained from the HH8Weup, when they are compared with
[Fe/H] values derived from the HK survey.

Since the limiting magnitude for metal-poor stars in the HES 17.0, and “saturated” objects are
excluded from the selection procedure, the HES providesilgnfdinter candidates, in the magnitude
range 140 < B < 17.0, whereas the HK survey is able to provide bright candidatédse range 1D <
B < 15.5.

The HES is~ 1.5 mag deeper than the HK survey. Therefore, the former carase the total sur-
vey volume for metal-poor stars by a factor of 8, taking into@int common areas and the magnitude
ranges of both surveys. We estimate that the total numbetars at [Fe/H}ik < —3.0 known today,
~ 100, can be increased t0400 by the HES, provided that follow-up observations can litained
for all candidates. Extension of the procedures descrilbegdefor the inclusion of cooler stars, and
complementation of the selection by automatic classificatvith alternative procedures such as the
Ca K index method, could easily increase the number of stits[ire/H].x < —3.0 to even higher
numbers.

4.7 Outlook
4.7.1 Moderate-Resolution Spectroscopic Follow-Up

The bottleneck in searching extremely metal-poor starsjeetroscopic follow-up observations, be-
cause even in objective prism surveys with relatively higkectral resolution, like the HK survey,
or the HES, it becomes difficult to detect the strongest nletal i.e. Ca K, at [Fe/H]x < —2.0.
Therefore, one is basically “blind” below this metalligiiye., one can not distinguish between e.g. a
[Fe/H]uk = —2.5 star and a star of [Fe/Hfk < —3.0. Unfortunately, the low metallicity tail of the
halo metallicity distribution function (MDF) peaks aroufiee/H]qx = —2.2 (see Fig. 30), so that one
has to “fight” against stars of moderately low metal abundanben searching for extremely metal-
poor stars. From Tab. 1 in Beers (1999) it can be seen thatikiteés possible to exclude all stars of
[Fe/H]uk > —2.0 from the candidate sample, which is already quite chailhengone has to observe
~ 10 stars for finding a star of [Fe/H} < —3.0, and for each star of [Fe/H} < —3.5, one has to
observe~ 60 stars.

For these reasons, it is impossible to make a considerablgrgss in finding extremely metal-
poor stars by using the capacities of a single observatiaeyHSO. Therefore, we have established a
number of international collaborations by which we gainesstto non-ESO telescopes. The telescopes
involved are listed below.

ESO Telescopes Due to continued technical problems with EMMI, we will use@$C2 attached to
the 3.6 m telescope in the future only. Now that we were abpedge that our selection methods work,
we received for the first time as many nights as we have reeglese. 5 nights per semester. Since
our program was proposed as long term project, we expecthatill continue to receive a similar
amount of observing time over the next years. ExperienceealNT T has shown that it is possible to
observe~ 30 candidates per night in average weather conditions.efdrey, we expect to get spectra
of up to~ 300 candidates per year at ESO.
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UK Schmidt/6dF The multi-object spectrograph 6dF (Watson 1998), mountétleaUK Schmidt
telescope, is scheduled to come into operation in Novemb@®d.2Vith 6dF it is possible to observe
up to 150 targets in a field of view of & 6°. At the spectral resolution required for metal-poor star
follow-up, objects down t® ~ 16.5 can be observed. This would lead to two sets »vfldh exposures
per night. AtB > 16.5, the surface density of metal-poor stars from the HES andtitiey combined

is ~ 30 per 6dF field (the remaining fibers could be filled with otH&S targets, e.g. candidate FHB/A
stars, and candidate white dwarfs). It is thus possible sente~ 60 metal-poor candidates per night,
which is twice as much as is possible with single slit spetinpy at a 4 m class telescope. In collabo-
ration with M. Bessell (ANU), we will submit a first proposal summer 2000. Should it be possible
to get~ 2 weeks of observing time per year, about 800 candidatesgagrcpuld be observed.

2.3m MSSSO Telescope Again in collaboration with M. Bessell, and J. Norris (ANUewvill ask
for observing time at the 2.3 m MSSSO telescope in the perigguat—October 2000. At that time, 6dF
will not yet be in operation. It is probably neither recomrded, nor promising to continue submitting
proposals for the 2.3 rafter 6dF is available, so that we will use this telescope only tnaly. Two
nights in May have already been granted to us.

CTIO/KPNO 4m The author is Co-1 of a “NOAO Survey Program” aiming at follayw of metal-
poor candidates from the HK survey and the HES. In that prapes asked for 10 nights per year at
the CTIO 4 m, and additional 5 nights per year at the KPNO 4 rar aperiod of 5 years. Should the
proposal be accepted, we would be able to observe some 50@driess per year.

CFHT Inacollaboration with D. VandenBerg (University of Viciay Canada) we have access to the
CFHT. A first proposal asking for 5 nights in December 200(bigLd to be submitted.

Taking into account a time loss ef 1/3 of due to bad weather or technical problems, we estimate
that~ 3500 HES candidates will be observed within the next 3 yedngh should at least double the
number of stars of [Fe/Hk < —3.0.

4.7.2 High-Resolution Spectroscopy

VLT/UVES A first proposal asking for observing time in period 65 (Ap@ictober 2000) has been
rejected A refined proposal will be submitted in the next period.

Two HES metal-poor stars have already been observed with WTZ in the course of UVES
science verification. These stars are HE 132308 and HE 13532735. The spectra hawe= 45000,
andS/N > 50 per pixel throughout the whole spectral range coveredtiwis A = 5940-975. An
additionalS/N > 50 spectrum in the range= 4090-5310 has been taken for HE 1352735. These
spectra are currently being reduced and will be analyzed.soo

Subaru/HDS The instrument group of the High Dispersion SpectrograpB$H scheduled to be
mounted at the Subaru telescope in February 2000~h48 nights of test observing time available
to them. We (and other people, working in other fields of a&inoy) were asked to submit proposals
for observations of HES metal-poor stars using this time eWect to receive first data by mid-2000.
These observations are seen as start of a long-term calirofrom both sides.
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Keck/HIRES J. Cohen from the California Institute of Technology haseasdo the Keck telescope
and is interested in collaborating on high-resolution sppscopy of HES metal-poor stars with HIRES.
A first proposal for 4 nights in the period August—Septemt@#®has been submitted.
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