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ABSTRACT 1

Abstract

This thesis deals with the development of quantitativedlgelection methods and their application to the digital
database of the Hamburg/ESO objective prism survey (HEBizhwcovers the total southern extragalactic sky
in the magnitude range 12 By < 17.5. The aim is a systematic exploitation of the stellar contéthe HES.

A flexible, robust algorithm for detection of stellar abstimp and emission lines in HES spectra was imple-
mented. Equivalent widths for the strongest stellar aligmrines were derived for all 3437 630 spectra (87 %
of the HES) used in this work. Broad band { B, B —V) and narrow band (Stromgren) colours were also
derived directly from HES spectra, with precisionsogf_g = 0.092™; og_v = 0.095"; o, = 0.15™. Together
with continuum parameters derived by principal componaatysis, the above features are used for quantitative
object selection.

For selection of extremely metal-poor halo stars, autarrsdectral classification was employed. Spectro-
scopic follow-up observations of 58 stars showed that theeten in the HES has a more than three times higher
efficiency then the selection in the the so-called HK surnfdeers et al., the up to now largest survey for metal-
poor stars. The effective yield of turnoff stars wjfe/H < —2.0 is 80 %, in the HES, but only 22 % in the HK
survey on average. This is very remarkable consideringabietfiat the spectral resolution of the HES:(OA
at Ca K) is two timesower than in the HK survey~ 5A). In spectroscopic follow-up campaigns of metal-poor
stars carried out so far, 90 metal-poor stars were discdyé&fieare unevolved stars with [Fe/d]—3.0. Since
in the HK survey 37 stars with [Fe/H] —3.0 and 03 < (B—V)g < 0.5 were found, the sample of unevolved,
extremely metal-poor stars was increased noticably.

Again by automatic spectral classification, it was sear¢bellield Horizontal-Branch A-type stars (FHB/A)
in the HES. In a sample of 104 stars for which follow-up obations were obtained, 91 (or 88 %) turned out
to be A-type stars. The HES FHB/A sample contains stars down+ 17.5, so that distances of almost 25 kpc
from the sun can be reached.

Other object types can be selected efficiently by simplerctieln methods. For the selection of carbon stars,
cutoff lines in two-dimensional feature spaces were coegtd to separate stars with either two stroag@two
CN absorption bands from “normal” stars. Application okthrocedure to the spectra present on 329 HES plates
(effective area~ 6400ded) led to the identification of 351 carbon stars. The mean sarénsity detected by
the HES hence is 0.055 degy which is almost a factor three higher than the surface tiefmind by Green et
al. (1994) in their photometric CCD survey. Moreover, thevey of Green et al. is- 1.5™ deeperthan the HES
Mim = 16.5 in the HES,)V}j,; ~ 18.0 for the Green et al. survey). This indicates that photoimearbon star
surveys are highly incomplete.

We started to obtain recent-epoch CCD images for HES cartaor, 9n order to measure their proper
motions (p.m.) by comparison of these images with archilatepmaterial (DSS-1, POSS, USNO-catalog 2.0).
The aim of this project s to increase the sample of dwarf@asgtars (dCs). Up to now, one dC was rediscovered,;
another star is a likely candidate for a dC, but it can not texraut by its p.m. that it is a subgiant. Unfortunately,
the selection probability for high p.m. objects in the HE&duced due to an epoch difference between the direct
plates of the DSS-I, used for object detection, and the HEStsl plates. Simulations show that nevertheless
~ 20 new dCs are expected to be found in the HEs. This woight the dC sample.

The epoch difference problem is also relevant for searchihite dwarfs (WDs) in the HES. A rough
estimation indicates that only in the order of 50 % of all Wi de found in the HES, without employing
special techniques to correct for for their p.m. Howevewas found that even without using such techniques,
we detect a higher surface density of WDs than the PG suryes.iF most likely due to the fact that samples of
DA white dwarfs drawn from UV-excess surveys are incompagthe cool end, if too strict selection criteria are
employed and/or colour measurements are inccurate. InB® Eool DAs with temperatures abowve9 000 K
can readily be identified by their broad Balmer lines.

Further projects aimed at the selection of hot subdwarf® (sdB), magnetic DB white dwarfs, DZ white
dwarfs, and cataclysmic variable stars in the HES.
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Zusammenfassung

Inhalt dieser Dissertation ist die Entwicklung von quaattiten Objektselektionsmethoden und ihre Anwendung
auf die Datenbasis des digitalen Hamburg/ESO Objektinpeis-Surveys (HES), der den gesamten extragalak-
tischen Sudhimmel im Helligkeitsbereich ¥2B; < 17.5 abdeckt. Ziel ist die systematische Ausbeutung des
stellaren Inhalts des HES.

Es wurde ein flexibler und robuster Algorithmus zur Detektimn stellaren Absorptions- und Emission-
slinien entwickelt. DieAquivalentbreiten der starksten stellaren Absorptimiesh wurden fiir alle 3437 630
Spektren, die in dieser Arbeit verwendet wurden (87 % des)HESechnet. Breitband-Farbdu ¢ B, B—V)
und Schmalband-Farben (Stromgm@h wurden mit Genauigkeiten vomy g = 0.092"; og_y = 0.095" und
oc, = 0.15™ direkt von den HES-Spektren abgeleitet. Drei weitere Patamgewonnen durch Hauptkompo-
nentenanalyse, beschreiben den Kontinuumsverlauf der$fieRtren. All diese Merkmale bilden die Basis fir
guantitative Selektionsmethoden.

Bei der Suche nach extrem metallarmen Halosternen wurderatische Spektralklassifikation erfolgreich
eingesetzt. Spektroskopische Nachbeobachtung und Amalger Stichprobe von 58 Sternen zeigte, dass die
Selektion im HES mehr als dreimal effizienter ist als die glRiSelektion im bisher grossten Survey dieser Art,
dem so genannten HK-Survey von Beers et al.: Die Erfolgsraiteler Suche nach Sternen rite/H < —2.0
nahe dem Hauptreihetrnoff betragt im HES 80 %, im HK-Survey hingegen im Mittel nur 22Rtes ist umso
bemerkenswerter, als die spektrale Aufldsung des HES (bén.bbi Ca K) um einen Faktor Biedrigerist als
die des HK-Survey (ca. é). In Nachbeobachtungskampagnen wurden bisher insgedametallarme Sterne
entdeckt; 11 davon sind turnoff-Sterne mit [FeAl}-3.0. Im HK-Survey wurden 37 Sterne mit [Fe/H]—3.0
und 03 < (B—V)p < 0.5 gefunden, so dass die Stichprobe merkbar vergrossediewur

Ebenfalls mit automatischer Klassifikation wurde im HES m&eld-Horizontalast-A-Sternen (FHB/A)
gesucht. Von 104 nachbeobachteten Sternen sind 91 (odey &8€achlich A-Sterne. Die Stichprobe enthalt
Sterne bis z =~ 17.5, so dass Entfernungen von nahezu 25 kpc von der Sonnergmsaden.

Bei anderen Objekttypen reichen einfachere Methoden Ainiezften Objektselektion aus. Kohlenstoff-
sterne wurden mit Hilfe von Trennlinien in zweidimensicaraMerkmalsraumen selektiert, die Sterne mit jew-
eils zwei starken goder zwei CN-Banden von “normalen” Sternen separieren Abi@endung der Selektion
auf die Spektren von 329 HES-Platten (effektive Flach&d®0 deg) fuihrte zur Identifikation von 351 Kohlen-
stoffsternen. Die mittlere Oberflachendichte betragtis6.055 deg?, was fast um einen Faktor 3 hoher ist als
der von Green et al. (1994) gefundene Wert von 0.028egbwohl der photometrische Survey von Green et
al. 1.5 magtiefer ist (Vjjm ~ 16.5 im HES;V}j,, ~ 18.0 bei Green et al.). Dies legt die Vermutung nahe, dass
photometrische Kohlenstoffstern-Surveys hochgradiglistandig sind.

Es wurde damit begonnen, durch Vergleich von neu aufgeneram@CD-Bildern mit Archivdaten (DSS-I,
POSS, USNO-Katalog 2.0) Eigenbewegungen der HES-Kotd#stgrne zu bestimmen, um Zwerg-Kohlen-
stoffsterne (dCs) zu finden. Dabei wurde ein dC wiederehtdem weiterer Stern ist ein guter dC-Kandidat,
jedoch kann anhand der gemessenen Eigenbewegung nicksabkgssen werden, dass es sich um einen Unter-
riesen handelt. Ungliicklicher Weise ist im HES die Setatdivahrscheinlichkeit fiir Sterne mit Eigenbewegung
wegen einer Epochendifferenz zwischen den DirekaufnaltermdSS-I und den Spektralplatten reduziert. Die
Direktaufnahmen des DSS-I werden im HES zur Objektdetekterwendet. Mit Simulationen wurde jedoch
abgeschatzt, dass im HES ca. 20 neue dCs entdeckt werdim sBlies wirde die Zahl der bekannten dCs
verdreifachen

Das Epochendifferenz-Problem tritt auch bei der Suche masiksen Zwergen (WDs) auf. Eine grobe
Abschatzung deutet darauf hin, dass ohne Anwendung $ieeZiechniken zur Kompensation von Eigenbe-
wegungen nur 50% aller WDs im HES gefunden werden kdnnederfarseits kann aber die in vielen UV-
Exzess-Surveys vorhandene Unvollstandigkeit bei killAs — verursacht durch zu strenge Selektionskrite-
rien und/oder ungenaue Farben — im HES umgangen werdentedbrigiten Balmerlinien ab 9000K in HES-
Spektren leicht erkannt werden konnen. Es gibt Hinweisauwfadass im HES trotz 0.g. Unvollstandigkeit
insgesameine hohere WD-Oberflachendichte detektiert wird als Ga$urvey.

Weitere Projekte hatten die Suche nach heissen Subdwd@s ¢8B), magnetischen weissen Zwergen vom
Typ DB, DZ weissen Zwergen und kataklysmischen Verandeein zum Inhalt.
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1 Introduction

The Hamburg/ESO survey (HES; Wisotzki et al. 1996; Reimerg/i&otzki 1997; Wisotzki et al.
2000) is an objective-prism survey primarily targetingghti B; > 17.5) quasars. However, it was
recognized right from the beginning (Reimers 1990) thatséing-limited spectral resolution of the
HES (~ 15A at Hy) makes it possible to detect the strongest stellar absortir emission) features,
so that thestellar content of the HES can be exploited systematically as well.

Below | give an overview of other ongoing or recently comgtetvide-angle surveys in the optical
which aim at least partly at finding stars at high galactiitude, and hence compete with the HES. In
the sections of this thesis dealing with specific object $ypgive more detailed comparisons of some
of these surveys with the HES, and discuss their strengtthsvaaknesses.

The HK survey is a spectroscopic survey based on “narrow-band” objeptfiiaen plates, with a spec-
tral range centered on Ca H+K (hence the name). It was caativ searching field horizontal
branch (FHB) and metal-poor stars at hight galactic laéitud the northern and southern hemi-
sphere (Beers et al. 199R Since the selection criterion for these stars was a wealbsent
Ca K line, also many hot subdwarfs were discovered (Beerk £082a). The faint limit of the
HK survey isB ~ 15.5.

The Montreal-Cambridge-Tololo survey (MCT) covers 6750degat b < —30° in the southern
hemisphere withJ andB plates taken with the 0.6 m Curtis Schmidt telescope (Derieas.
1986; Lamontagne et al. 2000). It aims at providing a conagist of blue U —B < —0.6) stellar
objects down tdB ~ 16.5.

The Edinburgh-Cape survey (EC) is a photometric survey targeting UV-excelss{ B < —0.4) ob-
jects in the southern hemisphere (Stobie et al. 1997; Kiiikest al. 1997). It was originally
planned to cover 10000 ded at |b| > 30° andd < 0°. However, it was recently decided that
some of the more northern fields wilbt be done (O’Donoghue 1999, priv. comm.). The EC
goes deeper than the MCT survey; i.e., dowBte 18. However, follow-up spectroscopy and
photometry is obtained for objects Bf< 16.5 only.

The Hamburg Quasar Survey (HQS) is another digital, Hamburg-based objective prism suritey.
was carried out in the northern hemisphere, using the Hagrbahmidt telescope on Calar Alto
(Spain). The HQS covers 11 000 dem high galactic latitudes (Hagen et al. 1995). It is deeper
than the HESE > 185), but has a~ 3x lower spectral resolution. Apart from many quasars,
its main targets, also a lot of interesting stars have beenddn the course of quasar candidate
follow-up observations (e.g., Jordan et al. 1998; Dobrayekal. 1998; Reimers et al. 1999).
There are attempts under way to calibrate the HQS plates acorgately than it is currently the
case, and select white dwarfs with quantitative criteriar(téier 1999, priv. comm.). However,
stellar work is much more difficult than in the HES, becaustheflower spectral resolution, and
less homogenous plate material.

The APM C star survey is an extension of the APMhigh-redshift quasar survey, aiming at a cov-
erage of the total high-latitude skjb{ > 30°) in the northern and southern hemisphere (Totten
& Irwin 1998). Cool carbon stars are selected iBja— R colour-magnitude diagram. Limiting
magnitudes ar8 ~ 20 andR~ 17.

The Sloan Digital Sky Survey (SDSS)see e.g. Gunn & Knapp 1993) is a de®p 20) CCD sur-
vey in the northern hemisphere. It is planned to covet0000 at high galactic latitudes with

1The acronym ‘APM' refers to the Automatic Plate Measuringjlfey in Cambridge, UK.
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photometry in five broad band filters. It uses the filter systégh'i’Z which is especially de-
signed for the detection of high redshift quasars and gedaxivhich are the primary targets.
Simulations (Lenz et al. 1998) and first tests with real ditar§on & Szkody 1998) indicate
that some stellar applications are feasible, too; e.gcteteof carbon stars, FHB/A stars, or
CVs. However, Margon & Szkody (1998) show that a discrimoraiof metal-poor stars from
the locus of normal stars ot possible in SDSS two-colour diagrams; on the other handz Len
et al. (1998) have developed refined methods that increasaétallicity separation for G-type
stars. Metallicity separationithin samples of stars at [Fe/H] —2.0 becomes difficult especially
for photometric surveys, since the change of broad-bamulcelwith metallicity, caused by re-
duced line blocking in atmospheres of metal-poor stargyasgs at low metallicities. Hence, we
can be curious about how efficient the SDSS can select metalgtars in practice.

In Sect. 2 | give a detailed description of the HES, includitaga reduction and plate calibration
procedures. Sect. 3 deals with automatic spectral claeific one of the main selection techniques
used for the exploitation of the stellar content of the HE® rémaining sections, with exception of
Sect. 9, in which | give my conclusions, describe stelladiappons of the HES. Finally, in Appendices
A—C | list stars discovered in the course of projects carogdwithin my thesis work, and not listed in
the sections describing the projects itself.
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2 The Hamburg/ESO survey

2.1 Description of Plate Material

The HES is based on llla-J plates taken with the ESO Schniafidepe and its®4prism (Wisotzki et

al. 1996, 2000). It covers the magnitude rang®X2B; = 17.5. The magnitude limit depends on plate
guality. Note that the value given for the faint limit is thenapleteness limit for quasar search, which
we define to be the average amplitude of the pixel-wise noitkeé B; band > 5¢0 above the diffuse
plate background, where is the background noise. Thietection limitof the HES isB; ~ 18. For
stellar applications, the survey magnitude range depemdseoobject type searched for. In our search
for metal-poor stars, we only use spectra below a satur#ti@shold (which roughly corresponds to
B; > 14.0), and spectra witls/N > 10. However, for most object types we adopt tleerbagnitude
limit.

The atmospheric cutoff at the blue end and the sharp sétysitivtoff of the Illa-J emulsion (“red
edge”) result in a wavelength range of 320& A < 53004 (see Fig. 4). The spectral resolution of the
HES is primarily seeing-limited, and typically ZB6FWHM at Hy. For plates taken during good seeing
conditions, the pixel spacings chosen in the digitizatiomcpss results in an under-sampling, so that
in these cases the spectral resolution is also limited bgahepling.

The definition of the HES survey area makes use of the meanleteity> and average column
density of neutral hydrogen,iNfor each ESO/SERC field. In Oth order, the HES area is definedl by
fields which fulfill all of the following conditions:

+25°> &6 >-7%®
Y < 100 stargded
Ny < 107 em=2.

Ny has been taken from Dickey & Lockman (1990). The above cmmditcorrespond roughly to
galactic latitudegb| > 30deg. A few fields have been added in order to have a “smoatkiég border.

In result, the survey area consists of 380 fields. Objeqingn plates have been taken for all of these,
and the plates have been digitized and reduced at Hambuerem@rte? As one plate covers approx-
imately 5x 5deg on the sky, the nominal survey area is 9506 degthe total southern extragalactic
sky.

Of the 380 HES plates, 54 have been excluded from explaitatfdhe stellar content as of now.
This has several reasons. First of all, at the time of pragahie plate data for processing with candidate
selection algorithms;- 40 plates had not been digitized. Other plates have beendeatbecause files
were corrupted due to defect storage media (these platHsavé to be re-reduced, or — in a few cases
— even re-scanned), or because some of the data (e.g. des;rippmes or content of table columns,
etc.) was inconsistent with the rest of the data. Theretbre work is restricted to 329 plates only.

2.2 Data Reduction

An overview of the HES data flow is given in Fig. 2.

2 This sentence represents 11 years of work! The followinglsewere involved (in alphabetical order): V. Beckmann,
M. Brachmann, N. Christlieb, D. Groote, H. Hagen, M. Ikonam®. Kohler, D. Kuhl, B. Kuhlbrodt, A. Miller, G. Pizzaro
O. Pizzaro, D. Reimers, H.E. Schuster, C. Vanelle, L. Widotz
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Figure 1: Definition of “official” HES area (framed) and numef fields in which the
exploitation of the stellar content of the HES is currentiyried out. For orientation, the
position of the southern galactic pole is marked with(fower left corner of field 475).

2.2.1 Plate Digitization

All HES plates have been digitized at Hamburger Sternwasilegua PDS 1010G microdensitometer
(Hagen 1987). As the Hamburg PDS is too small for the largex(28 cm) ESO plates, they have been
scanned in four quadrants. The scan is performed with anZ&Ium aperture and 20m step width,
yielding 7500x 7500 pixels per plate quarter. The plate scale of the HE®piat675 mnm 1, so that
the centers of two pixels are separated B$5L The dispersion direction is declination, and incregsin
wavelength corresponds to increasing declination.

It takes about 16 hours to scan one plate. The raw data ammuné80 MB per field. It is saved
temporarily on magneto-optical discs (MOs) for data reidmgtand after that archived on CD-ROMs.
The data reduction was carried out on a dedicated PC with dufei33 MHz processor, 96 MB
RAM and Linux as operating system. The relevant periphe®-ROM drive and writer, MO drive) is
attached directly to this PC, and8 GB of harddisk space is visible for it. The reduction of dirand
spectral plate data of one field takes 6—8 hours.

2.2.2 Reduction of Direct Plate Data

For the automated reduction of the objective-prism plata da@itizeddirect plates of theDigitized
Sky Survey (DSS-1) are used (for an illustration see Fig. 3).

After background subtraction and object detection on thectliplates, an astrometric transfor-
mation between direct and objective-prism plates is coethuthis yields an input catalog of object
positions on the objective-prism plates for the extractibthe spectra, and the zero point for wave-
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Figure 2: Overview of HES data flow.
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Figure 3: Direct plate scan of thgigitized Sky Surveyand corresponding HES plate scan.
The wing-shaped object in middle height and slightly to ¢ ih the direct scan is a pair
of interacting galaxies with a Seyfert 1 nucleus (HE 032842tz = 0.058.

length calibration.

Although this procedure is appropriate for the primary égsgpf the HES, i.e. quasars, it is prob-
lematic for objects which have a large proper motion. Thisd® was learned in the course of a search
for dwarf carbon stars (see Sect. 5). The feature detediimmitoms failed for G77-61, a dwarf carbon
star withpg = 07184yr 1, s = —0/745yr ! (Deutsch 1994). Since the epoch differedtebetween
the HES plate and the relevant DSS | plate-i40 years (a typical value), the proper motion results in
—5.6 and 14 pixel offsets in dispersion direction and perpendicutethe dispersion direction, respec-
tively. Therefore, too low gband index values have been measured. Proper motions dkpeygion
direction (i.e., declination) can at least partly be recedeby using special techniques, e.g. shifting
templates through the spectrum. Howevepif At is large, the spectrum of the object is not found on
the HES plate, and only sky background is extracted.

Overlapping spectra (hereafter shortly called overlapspéso detected with the help of the direct
data: For each spectrum to be extracted, it is looked forctdbja the dispersion direction on the direct
plate. If there is one, the automatic procedure marks theegponding spectrum, so that it can later
be excluded from further processing, if this is desin¢ds desired for stellar work, since the feature
detection and automatic classification algorithms woulccgafused otherwise, and a lot of “garbage”
would enter the candidate samples. The elimination of aperteduces the HES area from a nominal
9500 ded to an effective area of 7500 ded. The overlap rate is strongly dependend on galactic
lattitude b and varies between 10 % and 50 % within the survey area. 20 %bagexrage overlap rate
for the total survey.
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2.2.3 Photometry

Photometric calibration of HES plates is performed by calibg the direct plates with individual
photometric sequences, and after that calibrating thetrsppgadates with these magnitudes (Kohler
1991; Vanelle 1996). The overall accuracy including zermperror is less thant0.2 mag inB;.
Photometric sequences are available for all of the 383 HER®ql and the calibration has been carried
out for all 329 plates on which stellar work is done so far.

The B; band is formally defined by the spectral sensitivity curvetlef Kodak Illa-J emulsion
multiplied with the filter curve of a Schott GG395 filté&; can be converted B using the formula

B=B;+0.28- (B—V), 1)

which is valid for main-sequence stars in the colour rar@el < (B—V) < 1.6 (Hewett et al. 1995).

2.2.4 Extraction of Objective-Prism Spectra

Extraction of the objective-prism spectra is done by optipracedures, maximizing/N. Accord-
ing to their appearance on the direct plates, and brightoed3ES plates, three types of objects are
extracted in different ways:

st ars The spectra of point-like sources are extracted by fittinggsean profiles to the 2—-3 pixels
with the highest density values in each column perpendidolahe dispersion direction. The
width of the profile is held fixed at a value which is determirggdbally for each plate. The
maximum of the fitted profile curve is taken as extraction alu

ext Spectra of sources which appear extended on the direcs@ateextracted in a similar manner
as point-like sources, but the width of the spectral profileat held fixed during the fitting pro-
cedure, and more pixels are used for the fit. Note ¢xdt-sources are not necessarily galaxies.
For example, if point-like sources are located in diffrantspikes of very bright objects or when
two objects are located very close to each other, so thatteyap on the direct plates, they are
classified as extended.

bri ght Spectra of objects close to saturation are extractedumymingthe density values in each
column perpendicular to the dispersion direction. Thisilitesn an extension of the dynamic
range of the objective-prism plates by 2—3 magnitudes.

Each extracted, one-dimensional spectrum consists of B@lsp20 pixels redward of the red edge
are included, and 280 pixels blueward (towairtseasingscan lengthx). Pixel values are densitid>
above diffuse plate background (bgr) in arbitrary unitdezhtounts. The relation between counts and
photographic densitieBpnoto IS

D [countsH- Dpgr[counts]

Dphoto = 800 (2)

The HES spectra are stored as MIDAS frames, in which each epvesents one spectrum. Each
frame is accompanied by a MIDAS table, in which addition&bimation for each spectrum is stored
row-wise, e.g. object position on the sky, magnitude, ahdegafor spectral features (see Section 3.2).

The mean number of overlap-free spectra VN > 5 is ~ 10000 per plate, so that the data
base of the HES (including the 54 plates not yet preparedtéiias work) consists of 4 million
usable digital spectra. The number of spectra present @2helates used in this work (effective area
~ 6400 ded is 3437 630.
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2.2.5 Wavelength Calibration

A global dispersion relation for all HES plates has beenrdateed by Ikonomou (1995), using A-type
stars. In HES spectra of these stars the Balmer lines atupastH; are resolved (see Fig. 4), so that
a dispersion relation can be computed by comparingdbesitions (scan length jmm) of these lines,
determined by template matching, with the known wavelengiihe wavelength calibration zero point
is specified by the astrometric transformation betweerctiplates and spectral plates. The relation
betweerh[A] andx[um] is given by the following expression:

1 1
X = —2953588+ 8.218377 10'°- 2+ 7.675455 10 - 3)

The wavelength calibration is accurate £d0um. This corresponds te-13A at Hy and +5A at
A = 3500A.

2.2.6 Estimation of the Amplitude of Pixel-Wise Noise

The amplitude of pixel-wise noise as a function of dengitys determined plate-wise using A-type
stars (see also Christlieb 1995). A straight line fit is daméhe spectral region betweer3knd Hy
(see Fig. 4). The scatter around the fit is purely due to neigege in A-type stars the spectral region
under consideration is free of absorption lines at the sple@solution of the HES.

THHTTT‘TTTT‘TTTT‘ T T T T ‘ T T =

1800
1600
1400
1200

1000

Density

800

600

400

TTITTT T T T T T T T TT T T T T TTTTTTTT

200

111111‘1111‘1111‘1 1 1 1 x 1 1 J

5000 4500 4000 3500
Wavelength [4]

Figure 4: Measurement of noise in absorption line free spexagion of A-type stars. Note
that we plot HES objective prism spectra such that wavelengtedecreasingowards the
right, because the scan lengtis increasingin this direction. The sharp drop of the spectra
at the red end is due to the Illa-J emulsion sensitivity duabf- 54004,

We measure the amplitude of the scatter for all A-type stegsgnt on each HES plate (typically
~ 50 per plate), and compute the mean density in the fit regibis yiields data point§D, noise, to
which a 2nd order polynomial is fitted, i.e.

noise= ag+a; - D+ a,- D (4)

We use a robust fit algorithm minimizing the sum of absoluteiat®ns, and the following set of
boundary conditions:
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ap > 0. The noise aD = 0 is the noise of the plate background, which is alwzya.
ap > 0. SinceD > 0, and the noise increases monotonically vidthe, must be positive (or zero).

a; > 0. From the previous boundary condition follows that the polyiial has a minimum &, =
—ay/(2ap). Using again the argument that the noise increases mowathynwith D, it follows
thatDmin < 0. Sinceay > 0, a; must be> 0.

An example for a such a fit is shown in Fig. 5.

Noise coef. from autoclass A stars f147/p2073
300 [ [ T T T ' T T T ' T T T ' T T T ' T ]
[ a0 = 24.73 (old: 23.79) ]
[ al = 0.00E+00 (old: 0.00E+00) ]
R50 = 42 — 1.06E-05 (old: 1.45E-05) .

[ Error in y = 3.26 ]

200 [ 80 spectra used

Noise

150 —

100 —

50

0 1000 2000 3000 4000
Mean Density

Figure 5: Fitting of a 2nd order polynomial to data poifB, noise, for estimation of
pixel-wise noise as a function of density. The plate badligdonoise is marked witht'.

It is always higher than expected from the noise parabolazifice the optimal spectrum
extraction algorithms result in a bias towards lower noise.

For simulations of spectra (see Sect. 3.1) it is very imptimknow theform of the distribution of
noise. We investigated this by using 50 spectra of A-typesgtam 8 plates with high sky background
(D > 1500), and 60 spectra from 7 plates with low background:(700) — see Tab. 1. These spectra
were chosen by hand from the sample of automatically selesttype stars, in order to ensure that
misclassified spectra, and spectra for which the fit of theiconm between B and Hy by a straight
line is not fully adequate, do not confuse the results. 5 efdhginal set of 115 spectra have been
excluded in the manual selection process.

The deviations from the continuum fits were collected forheggectrum, shifted to a median of
0, and divided by the average of the absolute values of therugpd lower 50 % quartile, so that a
comparison of the noise distributions measured in diffespectra (with different noise amplitude) is
possible. The result is that the distribution of pixel-wisgse is almost perfectly Gaussian, indepen-
dently of plate background (see Fig. 6).

An approximate relation between averégy@ in the B; band and3; magnitudes has been derived
by using 507 spectra from many different plates. Overlagp@pectra undetected by the automatic
overlap recognition algorithm, and spectra from plateswitusually high sky background have been
excluded from the fit by iterative@clipping. The resulting relation is

S
B; = 16.8— 0.086 (—) : (5)
N/,
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Plate Field bgr bgrnoise Ngspc

10882 540 1645 315 6
11535 823 1728  34.7 9
11552 826 1925  39.4 6
11576 827 1790  36.4 8
11578 825 1541  31.9 2
11579 759 1836  38.3 2
11588 605 1608  32.6 6
12024 195 1555  33.8 11
10144 155 559  18.1 11
10846 539 644 183 6
10847 757 688  18.3 9
10849 422 583 175 12
11621 154 673  19.7 7
11622 300 665  19.4 7
11623 199 494 175 8

Table 1: HES plates used for the investigation of the distidim of pixel-wise noise.

Low background (60 spectra) High background (50 spectra)
T | TTT | TTT | TTT | TTT | TTT | TTT | T T | TTT | TTT | TTT | TTT | TTT | TTT | T]
- - 500 =
600 I - C 7‘ .
B 73 1 400 F / % =
2 - - C ]
o 400 % — 300 E % ]
0 L i n =
3 L | C ]
3 - 1 200 F =
= R0 E : E
- i 100 = =
0 0 :___4’4 %Lﬂ_:

e lvv o booa bov b by b g Lo Colova v bv v bov o b by 13
-6 -4 -2 O 2 4 6 -6 -4 -2 O 2 4 6
AD AD

Figure 6: Distribution of pixel-wise noise in absorptiondifree regions of 60 spectra of A-
type stars from 7 plates with low sky background (left paretid 50 spectra from 8 plates
with high background (right panel).

It has a o error of Q46™. The large scatter is due to the fact tBgtfor a givenS/N can vary dramat-
ically with plate background, and seeing. However, the psepof the above relation is just to have a
rough orientation of th&; magnitude corresponding to a giveyiN.

2.3 Candidate Selection

In the HES, the selection of candidates for any type of objectarried out in two steps. In the first
step, candidates are selected automatically by applymgelour criteria, by automatic classification
(see Sect. 3; see also Christlieb et al. 1997, 4998or other techniques. These candidates have to be
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Figure 7:B; as a function of average pixel-wi&N in the B; band. Open squares denote
spectra that have been excluded from the fit by iteratweslgping.

inspected manually to identify spectra which have beemewosly selected due to presence of plate
artifacts (e.g. scratches, dust, emulsion flaws, ghosty, 8toreover, a few overlaps escape detection
by the automatic procedure, so that these spectra have #jdmted by hand. For these purposes, the
programscr eenspc has been written. It displays the candidate spectra one dyam the relevant
regions of the direct plate and spectral plate scans upamestdsee Fig. 8). With the help of the
information being displayed on the screen, it is also péss$doreproduce why the given spectrum has
been automatically selected.
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3 Automatic Spectral Classification

The main goal of automatic classification in the HES is to iifigobjects of a certain class in its large
data base. More formally, the problem can be stated as fslldive HES data base of digital spectra
can be represented by feature vec#rsonsisting of a set of continuous valugsi.e.

X=(X1,..-,Xd),

whered is the number of features used. In Sect. 3.2 we describe hatwrées are derived from HES
spectra. We want to construcdacision rulewhich allows to assign a spectrum with feature vegtor
to one of then. classeXd;, j = 1...nc, defined in the specific classification context. That is, watwa
to carry out ssupervisectlassification, as opposed tim supervisedlassification, where the aim is to
group objects into classewt defined before the classification process.

For supervised classificationl@arning samples always needed. For our purposes, we define a
learning sample to be a setmf objects for which the feature vectors are known,

{2} = (Rlﬂ"'vxnls)a

and for which thereal classes are known. The real classes can be defined e.g. lpirgrauset of
objects according to their stellar parameters (&g, logg, [Fe/H]), or by assigning classes to a set of
spectra by comparison with reference objects. With the bkfplearning sample, information on the
class-conditional probability densities

p(x|Q))

can be gainedp(X|Q;)dX is the probability to observe a feature vector in the raxigexX+ X in the
classQ;. Experience has shown that in most HES applications it iscgpjate to modep(X|Q;) by
multivariate normal distributions, i.e.,

p(xIy) {Se-mzie-n, ©

1
=—————exp
(2m9/2, /5]

where] denotes class numbgy, the mean feature vector of cla@g, andZ; the covariance matrix of
classQ;.

In many applications of automatic spectral classificatiothe HES, it is not possible to generate a
large enough learning sample froeal spectra present on HES plates. This is because usuallyrgfed ta
objects are very rare. Therefore, we have developed methagserateartificial learning samples by
simulations, using either model spectra, or slit specthe fAext section is devoted to a description of
the procedures involved.

3.1 Simulation of Objective-Prism Spectra

The conversion of model spectra, or slit spectra, to objeqirism spectra consists of 5 steps:
(1) Rebinning to the non-equidistant pixel size accordmthe global dispersion relation (Eq. 3)
(2) Multiplication with the HES spectral sensitivity cueg

(3) Smoothing with a Gaussian filter, for simulation of theiag profile

(4) Adding of pixel-wise, normally distributed noise
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(5) Random shift of the simulated spectrum according to ther elistribution of the wavelength
calibration zero point£10um).

Step (4) ensures that objects of any brightness can be saduthe average brightness corresponding
to a givenS/N can be derived from Eq. (5).

3.1.1 HES Spectral Sensitivity Curves

Spectral sensitivity curves (SSCs) for HES plates have Hetarmined by comparison of white dwarf
model spectra, rebinned to the wavelength dependent pbeA of the objective-prism spectra, with
objective-prism spectra of DA white dwarfs on HES plates.rétiimplementation of such a procedure
was done by von Laar (1995). The DA model spectra were fitteslitt@pectra of each of the white
dwarfs under comparison. We do not use the slit spectrattjires reference, because slit losses would
produce erroneous results.

By comparing SSCs for plates from different plate batcha#) different sky background, and
generated with objects spanning a wide brightness randéb@ow the saturation threshold), we in-
vestigated the possible systematic influence of these ciesistics on the shape of the SSCs. The
parameters of the 12 objects used in this investigationpéatd parameters, are listed in Tab. 2.

Name B; Plate bgr Batch  Tex [K] log g

HE 0004-5403 16.2 12076 1123 1D4 18206800 826+0.06
HE 0059-5701 16.4 12052 1026 1D4 3048600 808-+0.06
HE 0252-3501 16.0 11420 1039 1D4 1740600 735+0.05
HE 0358-5127 15.4 10844 765 113 2416300 810+0.05
HE 0409-5154 16.1 10844 765 113 2756300 800+ 0.06
HE 0412-4744 16.5 10844 765 1I3 1936B00 808+ 0.06
HE 0418-5326 16.1 10939 649 113  2796@00 800+ 0.05
HE 1049-1552 14.2 9091 752 1C8 202BbQ00 863+0.04
HE 1058-1258 14.8 9091 752 1C8 247bQ00 884+0.04
HE 1058-1334 16.6 9091 752 1C8 1598800 800+ 0.07
HE 1017-1618 15.8 8402 1363 1K6 2866300 830+ 0.06
HE 1017-1352 14.4 8402 1363 1K6 3350@00 825+0.05

Table 2: Sample of DA white dwarfs used for determinationpeciral sensitivity curves.
bgr is the diffuse background (in counts) averaged over fouemaarters.

By comparing the shapes of the 12 resulting SSCs, we fournidhéee isno systematic influence
of object brightness, plate batch and sky background on ®&@es The plate material of the HES is
astonishingly homogenous as compared to other surveyshe.gther Hamburg based objective prism
survey, the HQS Hagen et al. (1995). Howeveslight variation of SSC shape is present (see Fig. 9),
which hence must be attributed to another parameter. Siigthie blue part of the SSCs that varies, it
is very likely that the time span between hypersensitipagind development of the plate is responsible
for the shape variations.

We grouped the 12 SSCsinto 4 SSC classes of similar shap&ase®), and averaged them within

these classes. When converting model spectra or slit spctibjective prism spectra, we use an SSC
created by averaging the 4 averaged SSCs with randomlynaskigeights.
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Figure 9: Averaged spectral sensitivity curves.
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Name B Plate bgr Batch

HE 0004-5403 16.2 12076 1123 1D4
HE 1017-1618 15.8 8402 1363 1K6
HE 1017-1352 14.4 8402 1363 1K6

HE 1049-1552 14.2 9091 752 1C8
HE 1058-1258 14.8 9091 752 1C8

HE 0252-3501 16.0 11420 1039 1D4
HE 0358-5127 15.4 10844 765 1I3
HE 0409-5154 16.1 10844 765 1I3
HE 0412-4744 16.5 10844 765 1I3

HE 0059-5701 16.4 12052 1026 1D4
HE 1058-1334 16.6 9091 752 1C8

AP BRIWWWWINN|FPPEPPEPH®

Table 3: Averaging of spectral sensitivity curves of simghape.

3.1.2 Adding Noise

We add artificial, normally distributed noise to the congdrspectra, in order to simulate objective-
prism spectra of any brightness. We parameterizeStine of a spectrum by the meg®/N in the B
band,

Di

(%), a2
N/ g, ni;ao+a1Di+a2Di2’

using the noise model described in Sect. 2.2.6. Since tlse w@pends on the densidyit is important

to take care of the density variation throughout the spettitve thus scale the simulated spectra with
a scaling factoc such that the desired me&aN in B; is achieved, when the appropriate amount of
pixel-wise Gaussian noise is added. We use the typical woisfficients

ag = 184 (7)
a = 0.604-1072 (8)
a = 0.719-107°. (9)

The mear5/N of the scaled spectrum is:

(S) _1 n C'Di
N/ new ni;aO—Fal'C'Di-i-az-CZ-Diz’

For the determination af we re-arrange this equation to:

12 c-Dj S
- : 2—(—) =0 (11)
n&Gap+ag-c-Dj+ay-c?- D N/ new

Eqg. (11) can be solved iteratively with the Newton-Raphsathmd. The iteration rule is:

(10)

(M) _ om) _ (12)

where f(c) is the left hand side of Eq. (11). A comparison of simulatedcs@ with real spectra is
shown in Fig. 10.
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Figure 10: HES spectra of objects of different type (leftucoh) in comparison with sim-
ulated objective-prism spectra (right column). The unitdhe ordinates are densities in

arbitrary units.
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Since a lowefS/N results in a larger scatter of feature valuewithin each class, the parameters of
the class-conditional probabilities Eq. (6) are determiiimelependently for artificial learning samples
of differentS/N. We use the followindgs/N grid:

S
<N> =5,10,15,20, 25, 30. (13)
By

Each spectrum is then classified by using the learning sawitiiexaS/N which is closest to th&/N of
the spectrum; e.g. a spectrum W8N = 18 is classified by using the learning sample v@{iN = 20.

3.2 Feature Detection

It is critical for automatic classification to have a setrefiable features at hand. The total set of
available features should contain as much information @bibjects to be classified as possible.

A wide range of spectral features is automatically detefrtmd the digitized objective-prism spec-
tra during the data reduction process (see Tab. 4): stdisorption and emission lines, continuum
shape, Calcium-break, bisecting points of spectral dgdsitribution, G and CN band indices, and a
CaK line index.

Name Description Detection method

al 1 5160eqw W, of Mg 1 b triplett/TiOA 5168 Iterative fit procedure

al | 4861leqw W, of HB Iterative fit procedure

al | 4388eqw W, of Fel A 4383+85 Iterative fit procedure

al 1 4340egw W, of Hy Iterative fit procedure

al 1 4300egw W, of G-Band Iterative fit procedure

al 1 4261leqw W, of Cri A4254 + 75 + Fa 4260 + 72 Iterative fit procedure

al | 4227eqw W, of Cal A 4227 Iterative fit procedure

al 1 4102eqgw W, of Ho Iterative fit procedure

al 1 3969eqw W, of CaH+ H Iterative fit procedure

al 1 3934egw W, of CaK Iterative fit procedure

kl comp_-1 1. continuum shape coefficient PCA

kl conmp_2 2. continuum shape coefficient PCA

kl conp_3 3. continuum shape coefficient PCA

kl conp_4 4. continuum shape coefficient PCA

CaBr eak_sn S/N Calcium-break Template matching

CaBr eak_cont Contrast of Calcium-break to continuum Template matching

CaKi ndex Strength of Ca K Ratio of average pixel values
C2i dx1 Strength of G A5165 Ratio of average pixel values
C2i dx2 Strength of GA4737 Ratio of average pixel values
CNi dx2 Strength of CN\4216 Ratio of average pixel values
CNi dx3 Strength of CN\A 3883 Ratio of average pixel values
dx_hppl Half power point distance 1 Summing of pixel values
dx_hpp2 Half power point distance 2 Summing of pixel values

Table 4: Automatically detected spectral features in th&6&HE
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3.2.1 Detection of Stellar Lines

We implemented a flexible, robust algorithm which allows ¢ébedt stellar absorption and/or emission
lines in HES spectra. The algorithm is iterative, consgstifithe following steps:

(1) Determination of continuum by filtering with a wide medliiter and narrow Gaussian filter.

(2) Improvement of determination of the wavelength catibrazero point by fitting of 3 sets stellar
lines. The sets contain the strongest stellar absorptias Iof early type, solar type, and late
type stars, respectively. The individual lines depths, trdzero point offset of wavelength
calibration are fitted simultaneously. Thedative positions of the stellar lines are held fixed, and
the linewidthsis held fixed at the value of the seeing profile widths, whiclm&asured during
spectral extraction. The set of lines giving the strongéegtad, i.e. largest average equivalent
widths, is selected, and the wavelength calibration zenat pletermined with that fit is adopted.

(3) Improvement of continuum determination:

(a) Fitting ofall stellar lines detectable in HES spectra
(b) Removal of fitted lines from the original spectrum

(c) Computation of improved continuum by filtering the lireduced spectrum again with a
wide median filter and narrow Gaussian filter

(c) Start with (3a), ifn,, < 3; otherwise compute rectified spectrum with final continuum

(4) Fitting of all stellar lines in the rectified spectrum by@sians.

For each spectral line it can be chosen whether it is to be®etén absorption or emission. The output
of the fit algorithm are equivalent width, FWHM ar8IN of the lines, and shift of the wavelength
calibration zero point. Any spectral lines not yet consédiecan easily be included by just adding its
wavelength to the list of lines to be fitted.

3.2.2 PCA of Continua

We perform a Principal Component Analysis (PCA; see e.g. tdjir & Heck 1987) of the continua
determined in the iterative line detection procedure, oteoto parameterize the continuum shape of
HES spectra. Wisotzki (1991) used PCA in the HES also for gjusalection.

It was found that for the continua of a learning sample of 6pdcta classified by hand, and
occupying the classes A5-K9, three principal componentewat for almost 98 % of the variance in
the learning sample. It was possible to fit the continua obalnall of the learning sample spectra with
X?/v < 2.0. Four objects needed 5 or more components. Their specteaimgpected again and it was
found that they have an unusual continuum shape, probablyulse they are binaries. These spectra
have thus been excluded from the learning sample.

3.2.3 Broad Band Colours

For many stellar applications it is helpful to hade— B and B —V colours at hand. Therefore, we
established colour calibrations using so-called “half powoints” (hpp; see Wisotzki et al. 2000).
These are bisecting points of a part of the spectrum. Defirgtof the hpps can be found in Tab. 5, and
an illustration in Fig. 12. hpps are equivalent to broad bemidurs, but have the advantage of being
more robust against noise.hppl andx _hpp2 are well correlated withd — B andB —V, respectively.



3 AUTOMATIC SPECTRAL CLASSIFICATION

24

02 —r—r——r—"7+—"—" 7" — " .

Eigenvector 1 Var. fraction = 88%

0.1

Density

-0.1

-02

0.2

T I T T T T I T T T T I T T T T I T T
Eigenvector 2 Var. fraction = 9%

0.1

Density

-0.1

-0.2

0.2|||||||||||| T T T T I T T

Eigenvector 3 Var. fraction = 1%

0.1

Density

-0.1

-0.2

5000 4500 4000 3500
Wavelength [4]

Figure 11: First three principal components of the contiolié54 learning sample spectra.

Name A range correlated with
x_hppl 3240A <\ < 4840A U-B
x_hpp2 3890A < A < 53604 B—V

Table 5: Definitions of spectral half power points (hpp) usethe HES.
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A more precise colour calibration can be achieved whenmlistsdx to a cutoff line in a colour-
magnitude diagram (see Fig. 13) is used insteaxl whlues for the bisecting point, because plate-to-
plate variations of the spectral sensitivity curves arepensated in this way. The cutoff line separates
the bulk of “normal” stars from UV-excess objects (or obgeatith unusually lonB —V in case of
dx_hpp2). The cutoff is determined by a break finding algorithm.

2500

2000

1500

half-power point hppl [um]

1000 ||

14 15 16 17
Internal magnitude

Figure 13: Cutoff-line for bisecting point_hppl on one HES plate.

Because the blue end of the HES spectra is sensitive to corgom by overlaps, special care must
be taken to exclude such spectra from the calibratiodxahppl. This has been done by applying
stricter overlap selection criteria. In addition, an it ko-clipping with kK = 3 has been employed
to exclude overlaps unrecognized by the automatic deteddid of the 623 spectra in the original data
set have been clipped out, so that the calibration usesrapefcd73 objects. The resulting fit is shown
in Fig. 14.
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Figure 14: Calibration ofix_hpp1 using a combined sample of 573 objects from the EC
and HK surveys present on HES plates.

A potential problem for thd8 —V calibration is that th& band is not fully covered by the HES
wavelength range. Therefore, the calibration for very rejgas is inaccurate, or even impossible. As
calibrators for red objects, 36 carbon stars have been feredhich BV photometry was obtained by
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the author at the ESO 2.2 m telescope in April 1999. Carbas sighB—V > 2.5 have been excluded
from the fit. ForB—V < 1.0, 778 stars from the HK survey of Beers et al. (1992), 354 FRd@ather
A-type stars of Wilhelm et al. (1999), and 272 objects from tiorthern galactic cap fields of the EC
survey (Kilkenny et al. 1997) present on HES plates have beed. Linear fits in three colour regions
have been done separately, in order to evaluate the scatapandently, and check consistency. Then,
a combined fit to all 1256 unigue objects was done (see Fig. 15)
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Figure 15: Calibration ofix _hpp2 by separate fits in different colour regions (upper panel),
and by combined fit to 1256 objects (lower panel).

The results of the fits are summarized in Tab. 6. Note that@esiit contains objects from a large
fraction of the 329 stellar HES plates, and — with the exoeptf the redB —V fit — a wide range of
object types, e.g. metal-poor stars, solar metallicityriet @-type stars, field horizontal branch A-type
stars, “normal” A-type stars, DA white dwarfs, DB white dfigrsdB stars, AGN. The achieved accu-
racies aresy_g = 0.092", andog_y = 0.095" for the B—V fit using all calibration objects together.
The accuracy iB—V for red 8—V = 1) and blue B—V < 0.3) objects is a factor of- 2 worse
(o0 =0.15"and 012™, respectively) than for intermediaB—V objects ¢ = 0.074"M).



3 AUTOMATIC SPECTRAL CLASSIFICATION 28

Colour &g a a valid range Ntars 0 [mag]
B-V 079 253.10° 334.10°% —600< dx_hpp2 < —300 37 015
B-V 031 —-200-10°% 1.74-10% —300< dx_hpp2<0 817 0074
B-V 031 —-306-10° 4.35.10° 0 < dx_hpp2 < 400 405 012
B—V 030 —-224.10°2% 962-107 —600<dx_hpp2 <400 1259 (095
U-B -019 —-167-10° +276-107 —800< dx_hppl <+800 573 0092

Table 6: Broad band colour calibration fits.

3.2.4 Narrow Band Colours

We obtain Stromgren coefficients = (u—b) — (v— b) directly from HES spectra by averaging the
density in the Stromgreavbbands, and computing internal coefficieofges from that.cy s has been
calibrated using a total of 79 stars, which are not saturatéte HES, from three different sources. 22
metal-poor stars have been taken from Schuster et al. (1836})ars from Beers (2000, priv. comm.),
of which 2 have been rejected as outliers (see Fig. 16), afbtléubdwarfs from an updated version
of the catalog of Kilkenny et al. (1988) (Heber 2000, priviron.). The Jo error of the calibration is
0.15™. ¢; can be used as a gravity indicator, since it measures thegsitref the Balmer discontinuity.
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Figure 16: Calibration of Stromgresy measured in HES spectra. The 2 filled circles mark
objects excluded from the fit.

3.3 Decision Rules

A central issue in automatic classification is the consitbanadf a decision rule which is optimal for the
given classification problem. In the HES, we use two decisides: The Bayes rule, and a minimum
cost rule.
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3.3.1 Bayes' Rule

Classification with Bayes’ rule minimizes the total numbemisclassifications, if thérue distribution
of class-conditional probabilitieg(X|Q;) is used (Hand 1981; Anderson 1984). Using Bayes’ theorem,

Lo P(Qi)p(X|Q)
PR = Sh@)pwa)”
Vi

posterior probabilitieg(Q;|X) can be calculated. A spectrum of unknown class, with givextufe
vectorX, can then be classified using Bayes’ rule:

Bayes' rule: Assign a spectrum with feature veckoio the class with the highest posterior probability
P(Qi[X).

3.3.2 Minimum Cost Rule

In most of the classification problems arising in the HES ilésired to compile a sample of objects
of a specific class, or a specifetof classes. In these cases, Bayes’ rule is not appropriatause
we do not want to minimize the total number of misclassifaradi but the misclassifications between
the desired class(es) of objects, and the remaining claSsppose we have three classes, A-, F-, and
G-type stars, and we want to compile a complete sample ofpa-sgars. Then only misclassifications
between A-type stars and F- and G-type stars (and vice varsa)f interest. More specifically, mis-
classifications of A-type stars to F- and G-type stars (legdd incompleteness) are least desirable
when a complete sample shall be compiled, and erroneousifidaton of F- and G-type stars as A-
type stars (resulting in sample contamination) can be aedegt a moderate rate. Misclassifications
between F- and G-type stars can be totally ignored, bechegarnget object type is not involved.

Classification aims like this can be realized by using a mimmtost rule. Cost factorrsgy, with
0<rmk<1; h=1,...,n;; k=1,...,n. (14)

allow to assignrelative weightsto individual types of misclassifications. The cost faatgy is the
relative weight of a misclassification from cla@g to classQy.

Suppose we have an object of unknown class, with featurenv@ciVe ask how large the cost is if
it belongs to clas€;,, and would be assigned to clalg, h # k. The cosC_k(X) is:

Chﬁk(X) = rhkP(QhR)
P(Qn) P(R|Qn)

3 P(2) p(XY)
anpn(X)
zap®

= Thk

In the last step we have used the abbreviatiB(@n) = a, and p(X|Qn) = pn(X). We do not know

to which of the possible class€k,, h=1,...,n., the object actually belongs. Therefore, we estimate
the expected co€k(X) for assigning an object with feature vectto the clas€)x by computing the
following sum of costs:

C(X®) = ich—m(i’)

hak
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m

ahIOh
15
hz pai 1a.p. (13)

ha£k
Now we can formulate the minimum cost rule, which minimizes total cost (Hand 1981).

Minimum Cost Rule: Assign an object with feature vectdtto the clas€Qy with the lowest expected
cost G(X).

If the cost factors have been chosen such that

Mk = Onk,

the minimum cost rule classification is identical to classifion according to Bayes’ rule. In this case
the cost for assigning the clag€gk to a spectrum with feature vect®iis the probability that the object
belongs to one of the other classeg k. This follows immediately from Eq. (15). Hk # Ok, the total
number of misclassifications ot minimized, so that the quality of a minimum cost rule classatiion
has to be evaluated by other criteria.

3.3.3 Rejection Rule

Non-mathematically speaking, Bayes’ rule assigns thesalath the highestelative resemblance to
each spectrum to be classified. However, it is ignorant obthepluteresemblance: A spectrum with
feature vectoX may be assigned to a class witlry lowposterior probabilityp(Q;|X), if p(Q;|X) is
even lower for all other classes. This means that a classsigresl toall spectra, even to “garbage
spectra” which have been disturbed, for instance, by phifaets. Therefore, it is useful to make use
of a rejection criterion.

Reject rule: Reject an object from classification to cla@s if a.i.(Q;;X) > B.

The parametdB is a threshold to be chosen, and the paraneeteis theatypicality indexsuggested
by Aitchison et al. (1977),

a.i.(Qi,X) = r{g;%(y_ni)zi—l(x_ni)/}’

wherel (& x) is the incomplete gamma function addhe number of features used for classification.
Use of the above rejection criterion is identical to perfimgna x? test of the null hypothesilg that

an object with feature vectot belongs to clas€); at significance level + 3, against the alternative
hypothesisH; that it doesbelong to clas®2;. We reject the null hypothesis, if its significance level is
low, i.e., if it is very unlikely that a feature vectoX is observed for clas®;, given the multivariate
normal distributions (6) are theue distributions of the class-conditional probabilitip&|Q;).

3.4 Evaluation of Classification Rules

Classification rules can be evaluated by the number of eggauisclassifications (in case of Bayes'’
rule), or by the total expected cost (in case of the minimurst cale). The three most important
methods to estimate these numbers are (Deichsel & Tramp&&b):

(1) Re-substitution
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(2) “Hould out” method

(3) “Leaving one out” method.

Re-substitution means that one uses the learning samplasltest sample. The drawback of this
method is that onenderestimatethe number of expected misclassifications, because afwdatisin
rule derived with the help of a finite learning sample is alsvagapted to the individual composition
of the learning sample. Therefore, the estimation of theeetga number of misclassification is biased
(Deichsel & Trampisch 1985).

An improvement in this respect is gained when the “hold outmod is used. Here one randomly
divides the learning sample disjunctly into a new, sma#ariing sample, and a test sample. Since the
learning sample and test sample are completely indepeiéms case, an unbiased estimate of the
expected error rates is possible (Deichsel & Trampisch 1388vever, the drawback is that one needs
a large enough learning sample. When modeling the clasditcmral probabilities with multivariate
normal distributions, the learning sample size has to lgelanough to ensure a robust estimation of
the parameters of the distributions. When using non-parammaethods, the situation is even worse,
because thehapeof the distribution has to be determined, too, so that aultti degrees of freedom
are present.

The problem of learning sample size can be circumvented ing tise “leaving one out” method.
Suppose we have a learning sample of sige We exclude object from the learning sample, and
construct the classification rule using thg — 1 remaining objects. Objedtis then classified with
this classification rule. This procedure is repeaigdimes, so that each object of the learning sample
is excluded once, and used as test sample. By adding up thieensirof misclassifications obtained
in each step, one gets an unbiased estimate of the expecbedate (Deichsel & Trampisch 1985).
The only drawback of this method is that it consumes a lot ngoreputing time than the previously
mentioned methods, singg; classification rules have to constructed. However, the cdimg time
increases onlinearily with learning sample sizes, so that the usage of the “leaving one out” method
was feasible for all HES learning samples used so far (trgesarlearning sample used had =
165000).

3.5 Choosing a Feature Combination

It is necessary to select a subset of the available feataresth classification problem, and e&7iN
step, because of several reasons.

(1) Blended lines, e.g. #+Ca H, can confuse the classification.

(2) Itis advantageous to exclude redundant features frenseh of features used for classification,
since the usage of less features results in more stableagstirof the parameters of the multi-
variate normal distributions Eq. (6).

(3) The optimal feature set can vary wiBIN. For instance, at lovg/N it can be useful to only
use continuum shape parameters and colours for classificdtecause no stellar lines can be
detected reliably anymore.

The best method for finding the optimal feature combinati®mnoi evaluateall 29 — 1 possible
combinations of thal available features, since this is the only waypimve that the combination
found is really the best one. However, since the computimg tiaises exponentially with the number
of features, the complete search is only feasible for a dichinumber of features. On a Linux PC
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with 333 MHz Pentium Il processor the complete search in tufeaspace ofl = 11, evaluated with
“leaving one out” on a learning sample of 22 500 objects,saktmout one day. Since the search has to
be done for all 65/N steps individuallyd = 11 is about the feasibility limit.

In practice it is usually possible to select a subset ef 11 features from the 23 available features
listed in Tab. 4 by astrophysical considerations alone., Blgen it is desired to select metal-poor stars,
one can restrict the initial feature set to those featurat dhepossiblyuseful as indicators fofe,
logg, and [Fe/H], and one can safely ignore e.g. Carbon banddadit is also possible to reduce
the dimensionality of the feature space dyriori combining redundant features, e.g. the equivalent
widths of the Balmer lines to sumof equivalent widths.

3.6 Choosing Cost Factors

The cost factors were adjusted by using a special tool, wdiglays the confusion matrix, estimated
with the “leaving one out” method on the learning sample,eteling on the choice of three sets of
cost factors:

t 20: Cost factor for misclassification of an object of ttagget class (') to (‘2’) one of theother
classes ).

02t . Cost factor for contamination of the target class.

020: Cost factor for misclassification between other classes.

Since sample completeness and contamination are interdepk in practice only theelative value
t 20/02t has to be adjusted. A screen-dump of the cost factor toolkiaistin Fig. 17.
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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.



4 A DEEP SURVEY FOR EXTREMELY METAL-POOR HALO STARS 44

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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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
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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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Figure 30: Metallicity distribution function of stars indlzolor range B < B—V < 0.5 from
the HK survey (upper panel), and of a sample of 56 stars seldgt automatic classification
in the HES. Note the prominent lack of high metallicity ([R¢/> —1.5) stars in the HES
sample compared to the HK survey sample.

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



4 A DEEP SURVEY FOR EXTREMELY METAL-POOR HALO STARS 55

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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5 A Large, Flux-Limited Sample of Carbon Stars

5.1 Introduction

Since carbon can reach the surface of an isolated star ofdyeivolutionary states, it has long been
assumed that all carbon stars giants Due to their high luminosity it is possible to detect them at
large distances: Brewer et al. (1996) have identified C staes in the local group galaxy M31. As
members of our own Galaxy, they are useful as tracers foritieatics of the halo (e.g., Mould et
al. 1985; Morrison et al. 2000), and as “test particles” faighing the Galactic potential well. For
these purposes, faint high galactic latitude carbon (FHit&%s have been searched by objective prism
surveys (e.g., Sanduleak & Pesch 1988; MacAlpine & LewisB)@nd in the CCD survey of Green et
al. (1994).

However, there was one exception known for a long time. Trigoetric parallax measurements
for the carbon star G77-61 showed that this star, haMig= +9.6 (Dahn et al. 1977), lies close to
the main sequence. Another dwarf carbon star (dC), KA 2, wa®dered in the 1980s by Ratnatunga
(1983) in the course of an objective prism survey, and wasgmrd@o be a dwarf by its high proper
motion (p.m.). In the early 1990s, a real “inflation” of dC atiseries took place: Green et al. (1991,
1992) discovered 4 further dCs, again due to their high p.arr& et al. (1993) list another 3 possible
dCs, but however, the p.m. measurement of only one of thenalsgnificance> 3c. Heber et al.
(1993) reported that PG 0824+289, a hot DA white dwarf, isdioable-line spectroscopic binary with
a dC companion of absolute magnitude very similar to G77MA+ +10). Another DA/dC compos-
ite system, CBS 311, was discovered by Liebert et al. (1994ygon et al. (1999) recently reported
the discovery of one certain, and one likely dC in the comimigsg data of the Sloan Digitized Sky
Survey (SDSS).

From its radial velocity variation, G77-61 is known to be adiy; Dearborn et al. (1986) report a
period of 245 days. This means that three dCs (the other ting &G 0824+289 and CBS 311) out
of ~ 10 dCs aréknownto be members of binary systems. Therefore, the most relasoagplanation
of the prominent carbon bands in these dwarf spectra is massfér from a companion during the
companion’s second ascent of the giant branch. The enh&a@adn abundance and the wide range
of Carbon isotope ratios observed in 6 dCs by Green & Margé84)lLsupport this scenario.

With about 10 dC stars now known from an incomplete hodgepafgsurveys and serendipity,
the conclusion seems inescapable that many more C giamt€tHavarfs are presently known only by
virtue of the much greater luminosities of the former cl&esm a p.m. survey of 39 FHLC stars, Green
et al. (1992) concluded that the local space density of dGisglnly surpasses that of all other types of
C stars combined. They found 5 stars (or 13 %) out of their $atobe dwarfs. Assuminigly = +10
for dwarfs, an average ®fly = +1 for all other C stars, and assuming that the sample is fiaitdd,
this would mean that the space density of dCsi87 000 times higher than the space density of all
other C stars! This conclusion eonservativesince disk dCs may remain in the FHLC star sample,
with p.m.s below the detection threshold. Thus, contratpéoformerly prevailing paradigm, dwarf C
stars are likely to be the numerically dominant type of carbt@r in the Galaxy.

The discovery of so many dCs, and the remarkable similafitheir spectra to those of C giants
means that care must be taken to distinguish dwarfs frontgiarFHLC star samples intended for
dynamics (Green et al. 1992). As innocent bystanders in & tnassfer binary (MTB) system, dC'’s
spectroscopic and orbital properties provide valuablsifescords of the history and evolution of an
extinct population of AGB stars. Even using conservativest@ints on the shape of the initial mass
function and binary fractions in the disk and spheroid, we Egpect mass transfer to have occurred
in a large number of such systems (de Kool & Green 1995). Therityaof these low mass, post MTB
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stars could be M dwarfs, in which the evidence for past massster may be subtle, or even unde-
tectable. In dCs, the spectroscopic signature of extemsags transfer is glaringly obvious. However,
not all dCs have detectable p.m.s, so other luminosit@dcs indicators are needed. Comparison of
high resolution optical spectra to model atmospheres nsigditn promising, but most dCs have> 15,
and thus spectroscopy of sufficient resolution for lumityosstimates is difficult. Green et al. (1992)
have shown that high p.m. FHLC stars may exhibit distincth#K colors appropriate to late-type
dwarfs, suggesting infrared colors as a possible luminasdicator. However, the sample of known
dCs is still too small to draw any definitive conclusions.

Larger samples of all types of FHLC stars are thus of intergisints as tracers of outer halo
dynamics and structure (as can be seen in Fig. 31, C starsdigiitnces of up te- 30 kpc can be
found in the HES), and dC stars in particular to improve outdieg understanding of their evolution,
and to investigate possible luminosity indicators othantp.m. We are therefore undertaking a two-
part investigation. We select C stars in the HES with autethagelection techniques, to compile a
large, uniformly selected, and flux-limited sample of FHLi@rs. We complement this sample with
recent epoch CCD astrometry, to measure p.m.s for as maagtslgs possible, and thereby separate
the dCs from C giants.
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Figure 31: Magnitude and distance distribution of 86 HE®aearstars without significant
p.m.V has been derived from the HES spectrum, using Eq. 1 for ceiovebetweerB;
andB, and theB—V calibration ofdx_hpp2 for red stars given in Tab. 6. Rough distances
have been derived by assumikty = —1.0.

5.2 Carbon Star Selection

Carbon stars can be identified in the HES with high confidenitieowt follow-up slit spectroscopy,
based on their strong &nd CN bands. A representative collection of HES spectrasiifs is shown
in Fig. 37. Most importantly, C stars can be distinguishexhfiother late type stars, e.g. M or S stars,
even if only weak C bands are present in their spectra (se8gjg

Moreover, C stars can be distinguished reliably from whitads of type DQ (hereafter shortly
referred to as DQs), since the latter usually have a much blugtinuum (see Fig. 37). The average
U — B of HES C stars isv 0.9, more than 90 % havwd — B > 0.5, and there isi0 C star ofU — B <
0 in the HES sample. McCook & Sion (1999) list 49 DQs, of whidh ltave an availabl®&J — B
measurement. The averae— B of those is—0.58, i.e.,~ 1.5™ away from the average — B of
the HES C star sample. However, 4 objects (i.e., 13 % of thebgfcts with availabldJ — B) have
U-B>0.0.
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Figure 32: Comparison of HES spectra of the C star HE 15240, exhibiting a weak C
band only, with two M stars. The abscissa is density in abjtunits.

With a rough estimate of the surface density we can quangifydsv many “red” U —B > 0.0) DQs
the HES C star sample is expected to be contaminated. Fiaflt ofe have to take into account that the
ratio of northern hemisphere to southern hemisphere DQshalanced in McCook & Sion (1999),
as much as thtotal catalog is. This is because the southern hemisphere soddream surveyed less
extensively for white dwarfs. Assuming that the northermtsphere sample of DQs is complete, we
derive a surface density of 9 DQs brighter thar= 16.5 in 20000 deg, i.e. 45- 10~* deg 2. Hence,
the surface density @ — B > 0.0 DQs is 59-10~° deg 2, and we expect.@5 DQs to be present on
all 380 HES plates (effective area 7 700 8ledrven if we assume that the sample of DQs known so far
is by a factor of 2 incomplete, we statistically expect ldsmnt1 DQ to be present in the final HES C
star sample.

We select carbon star candidates in the HES by two methodarl#on band index method (Sect.
5.2.1), and template matching (Sect. 5.2.2). We inspecawtmatically selected spectra individu-
ally to identify any remaining plate artifacts, to rejecetfew overlapping spectra that have not been
recognized by the automatic overlap detection procede §s9), and to verify their C star nature.

5.2.1 C Band Index Method

In the carbon band index method, we select stars when the 8i&aim the relevant wavelength range
is > 5 per pixel and both of the £bandsAA5165, 4737, or both of the CN banda 4216, 3883
are stronger than a selection threshold. Band strengthmeasured by means of line indices — ratios
of the mean photographic densities in the carbon molectdsoration features and the continuum
bandpasses shown in Fig. 33, and listed in Tab. 10. The upaif of indices prevents confusion
with plate artifacts, e.g., scratches. It is very unlikdlgtttwo such artifacts are present at the positions
of two molecular bands. Selection boxes in tH€, A 5165 versusl (C, A4737) and| (CNA4216
versusl (CN A 3883 planes have been chosen well-separated from the densedbtusrmal” stars
(see Fig. 34).
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I
5000 4500 4000 3500
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Figure 33: HES objective prism spectrum of the R-type cagianCGCS 2954 (Stephenson
1989), illustrating the positions of continuum (black) dvahd (grey) bandpasses defining
the G (high boxes) and CN (flat boxes) line indices. The abscisskeiisity in arbitrary
units.
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Figure 34: Selection of carbon stars in thg; A5165 versusl (C, A4737) plane. Band
strengths are measured by line indices in arbitrary units: all spectra on a randomly
chosen HES plate[T" — test sample of known FHLC stars present on HES plates (@ee T
12), dashed box — selection region. Spectra in which onmighigh G, band index value
has been measured suffer either from an overlapping spectiufrom a plate artifact. The
selection in thd (CN A4216 versusl (CN A 3883 plane is done analogously. The two test
sample objects outside the selection box are CGCS 525 and5G&80. They are selected
by CN band indices (see Tab. 12).
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Use for band index
C, 5165 G 4737 CN4216 CN 3883

5190-5240A  cont

5060-515A  flux

4800-4970R  cont cont

46204730 flux

4460—-456Q0 cont

4210-4270A cont
4130-418R flux
3830-389QA flux
3610-374R cont

Passband

Table 10: Wavelengths of C band passbands used for computftband indices.

5.2.2 Template Matching

In the HES, some care must be taken when objects with p.ml. lshaelected. This is because the
input catalog for extraction of objective prism spectraéngrated by using the Digitized Sky Survey
| (DSS I). Therefore, large proper motions and/or large bpdifferences between HES and DSS |
plates (13.5 years on average, see Fig. 35) may result irdetattion of objects in the HES (i -
Atyes.pssi= 4", i.e.,> 3 pixels), and/or an offset of the wavelength calibratiorozaoint, resulting

in wrong C band measurements. Therefore, we use a templathingaalgorithm (see e.g. Castleman
1979, for the concept of template matching), which compissfar offsets in dispersion direction by
shiftingthe templates through each spectrum.

As is shown in Fig. 36, p.m.s of a typical halo objeetu>=<w>= 0km/s; <v>~ 200 km/s)
result mainly in offsets along declination (i.e., parattethe HES dispersion direction), and only small
offsets in R.A.

We have generated 7 carbon star templates by using a wide oéegrbon star types (see Fig. 37).
For these spectra a (pseudo-)continuum is determined bjamélering, and subsequent smoothing
with a narrow Gaussian filter. These templates are shiftethénrange—20... + 20 pixels in sub-
pixel steps along the dispersion direction of (again cantin divided) HES spectra. The shift range
corresponds te-27".

For each shift step, realized by template offsets, the template scaling factes computed by
means of a least squares fit, i.e.,

2_nj
2

s are the pixels of the spectrum, atidhe template pixelsy; is the pixel-wise noise. The sum runs
over alln pixels for which the shifted template is defined. The amghktof the pixel-wise noise as a
function of densityD is determined plate-wise using an absorption line freetsgle®egion of A-type
stars (Sect. 2.2.6; see also Christlieb 1995). Minimizirexf sums for each shift step yields template
scaling factors;,

Gt 2 )
(8 26it-j)” C(J;,ZI )" L i, (25)

N St
i=1"o?

q=""F (26)
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Figure 35: Histograms of epoch differenatsbetween HES plates and DSS | plates used
for spectral reductionAt is 2.7 yr less on average for the 104 HES plates of north Galactic
fields. The total average for all 329 plates is5ly.

We adopt the template scaling factgy, which has the lowest? probability P(XJ-Z|VJ-). That is, we
look for the offset at which the template “matches besj’is the number of degrees of freedom, i.e.
Vj = I’]j —1.

Cutoff template scaling factog,, are determined plate-wise, and for each template, by cangput
average template scaling fact@sand standard deviatiors. We use a 6 cutoff, i.e.

A spectrum is selected as C star candidate, if the templalesngdactor forat least ongemplate is
above the cutoff. Note that template matching is not camigidfor HES spectra above the saturation
threshold, because we do not have an estimation of pixed-masse for these.

5.3 Testing the Automatic Selection

We tested the automatic selection extensively, and by wannethods. In Sect. 5.3.1, we investigate
the selection probability as a function pfAt for both selection algorithms. In Sect. 5.3.2 we derive
the plate-wise selection probability for halo dCs on HESgdaThe results of tests with “real” objects
are given in Sect. 5.3.3, and in Sect. 5.3.4 we investigatasdtection efficiency.
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Figure 36: Simulation of p.m. directions.

5.3.1 Dependence of Selection Probability opsAt

As a test sample for our investigation of the dependenceeo$diection probability opsAt, we used

a sample of 78 C stars from HES 44 plateghout significant p.m. (as measured in the follow-up
campaign '99 April at the ESO 2.2 m; see Sect. 5.5), belowrattun threshold, i.e. object classes
st ars andext . These were shifted in 1 pixe1"35) steps through the range700um < x <
+700um, corresponding te-47/25 < psAt < 47/25. At each shift step, both selection algorithms
have been applied.

The result is displayed in Fig. 38. The combined relatived@n rate of both selection methods
is > 50 % for—4"5 < psAt < 2''5. At largerpst, the selection rate is nonzero only for the selection by
template matching, with exception of two regions with veighhjpsAt| (where it is unlikely to find a
star in reality). The peak selection rate for template matsraroundusAt = 0, is hardly above 50 %,
and is~ 30 % at largetfpsAt|. Since the test sample has originally been selected by tren@ index
method, the peak selection rate for this method obviobakto be 100 %.

5.3.2 Decrease of Selection Probability for Halo dCs

In order to estimate how many dCs are expected to be missed Buovey due to the epoch difference
problem, we carried out a simulation study in which the plaige selection function for halo dCs was
determined. The simulation is similar to that described iadgh et al. (1992). We let some dwarfs “fly
through space” with halo kinematics, as given by Norris @)98&or the solar neighborhood, he gives

Viot = 37+ 10km/s<=<v>= —187km/s (28)
and he determined the velocity ellipsoid to be

o, = 131+6km/s (29)
oy, = 106+6km/s (30)
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Figure 37: Objective prism spectra of seven C stars usedrgddees. The spectra of KA 2

and CLS 31 have been derived from slit spectra using the guves described in Sect.

3.1 on p. 17ff. For comparison, the spectrum of a DQ white @iwéh Te = 6500 K and
C/He = 1078 is shown in the lower right panel. That star has- B = —0.6.
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Figure 38: C star selection function in dependence of sitadl@roper motiony, - At, for
template C band index method (solid line), and template hiragc(dotted line). Selection
by template matching has a higher effectivity in the rang8§’ < At < —2" and & <
HaAt < 40".

Oy = 85+6km/s (31)

In each simulation we constructed 100 random velocity vedta v, w), with components following
Gaussian distributions according to the above parameters,

u N(  Okm/s131km/g
v | = N(—-187km/s106km/g |. (32)
W N(  Okm/s 85km/g

N(u, o) denotes a Gaussian distribution with parameiecs These velocity vectors were each applied
to stars placed at distancdsomputed from the apparexitmagnitude distribution of a sample of 86
HES C stars without significant p.m. (see Fig. 31), and assuii, = +10 for dwarf carbon stars.
This yields 86 100= 8600 simulated stars.

We now define a coordinate system which is aligned Witlv,w), i.e., x points away from the
Galactic centely into the direction of Galactic rotation, argerpendicular to the Galactic plane. The
vectorr pointing from the Sun to a star with galactic coordindtds at distancel is then:

X —sinb
r=|y |=d-[ cosbsinl |]. (33)
z sinb

After the timeAt, the star with velocity vectofu,v,w) can be found at positior{, which is

X —sinb u
=Yy | =d-| cosbsinl | +At-| v |. (34)
z sinb w

Using the inverse transformations

d = 7+ )+ @) (35)
b = arcsin§ (36)
I” = arcsin y (37)

d’'cosb’
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we can compute the galactic coordinated’ of the star after the timAt. Convertingl, b andl’, b/
into a, d anda’, &' then yields proper motiong,, Us for each of the 8 600 simulated stars. As starting
coordinated, b we take the plate centers of each HES plates, andtftiie epoch difference between
DSS | and HES platﬂtHES_Dssp

Finally, we select the subsample of the 8 600 stars withAthes.pss i< 4”, and determine, by
multiplication with the selection probability in dependenof usAt, the fraction of stars which would
be detected in the HE&d selected by either of the two carbon star selection methbus.result is
shown in Fig. 39, and summarized in Tab. 11.

Tmatch C bands
Selection rate 36.1% 21.4%
Dwarf proof rate 96.5% 61.5%

Table 11: Average halo dC selection rates relative to zamo,mnd fraction of provable
dwarfs for 329 HES plates.

Another number of interest is the rate of halo dCs which wepraof to be dwarfs from their p.m
(we shortly call this ratelwarf proof rate d.p.r). We can proof a star to have a luminosity > My max
if its transverse velocityyanswould be larger than the Galactic escape velogity otherwise, i.e. if

M
Virans M= Myv.max

m.>———=—-10" . 38
pm>4.74-1Opc i (38)

For dCs we usdly max = 8, and we assumesc= 400 km/s. As can be seen in Fig. 39, the d.p.r. is of
course much higher for C stars selected by template matdbhémguse with this method stars of higher
p.m. can be selected.

Note that for halo dCs in the HES, there is no problem of gletectionfor dCs that can be proven
to be dwarfs by their transverse velocity, since it follonafi Eq. 38 and the criteria described above
that aV = 16.5 star must have a p.m- 0.17'/yr to be proven to be a dwarf. In Sect. 5.5 we will
show that the typical @ uncertainty of the p.m. measurement method we employedi€12’ /yr for
baselines of- 45 yrs. So even if only archival images with a 10 years epoffardnce were available
for comparison with our CCD images, resulting in @ @ncertainty of~ 0.054’ /yr, we could easily
detect proper motions 0.17" /yr.

From the results shown in Tab. 11 and Fig. 38 we can deriveection factorsc for the dwarf
fractions (in %) we detect in our samples. We define:

_ fraGea
fraCmeasured

Let Np/Ng be the real ratio of dwarfs to giants, afig, fg the detection fraction of dwarfs and giants,
respectively. Then it can be easily computed that

Np fG
pA. D) + =)
c= el (39)

According to Green et al. (1992),
Np 0.13
— = ""-015
Ng 0.87
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For the C band index method, we have

f(37C band 1.00

focpand  0.214-0.615 760
and for template matching f 050
fSI::z: ~ 03610965 %
so that we obtain
Cc bana= 6.7, (40)
and
Cimatch = 1.4 (41)

That is, within the C band index selected sample, the dwadtifsn will be 6.7 times lower than it
really is, and in the template matching selected samplerhestiower.

Even more interestingly, we will be able to derive the logadce density for halo dC#}2°, by
applying the correction factor ¢ pang b maren t0 OUr flux-limited sample of dCs.

5.3.3 Tests with Known C Stars

We also compiled a test sample of known dwarf and giant C ptaxsent on HES plates (see Tab. 12).
We took all three dCs in the southern hemisphere listed bydeby(1994), i.e. LHS 1075, G77-61,
and KA 2. The (possible) dCs of (Warren et al. 1993), haBjg> 20, unfortunately are by far too
faint to be detectable on HES plates. Cross-identificatiith thie C star lists of Slettebak et al. (1969),
Stephenson (1989), Bothun et al. (1991), and Totten & Ind898), yielded 22 stars. Another 6 spectra
were produced from slit spectra with the procedures desdtiito Sect. 3.1.

In our test,all 22 stars not known as dwarfs have been selected either bystneng G bands,
or their CN bands, with the band index method. The simulapedtsa were alsall selected either by
C, band indices, or CN indices. For these spectra it was noilgeds carry out template matching,
because they are noise-free. 13 of the 14 remaining staow Isalturation threshold and not known as
dwarfs have been selected by template matching. Thisdracimuch higher than expected from our
simulations (50 %). This is probably due to the fact that est sample is biased towards red objects,
with strong C bands, so that they are easier to select than the stars iesiutsample. Of the three
dCs, one (KA 2) has been selected by all methods, one (G7By6tEmplate matching only, and one
(LHS 1075) by neither method.

From these results we conclude that our sample of giant € atett dwarfs with low p.m. (e.g. dCs
belonging to the disk population) is highly complete. Frdma $mall number of dCs in our test sample
we are not able to draw any definitive conclusions, but ounltés consistent with our simulations.
Using Poisson statistics, we derive from our test sampleaiiadC detection rate is 6633 %.

5.3.4 Selection Efficiency

Another important criterion for the evaluation of the gtialbf a selection algorithm is thgelection
efficiency i.e. the fraction of desired stars in the raw candidate sanfpb. 13 summarizes the results
for both selection methods used.

The C band index method has a much higher selection efficidmay the template matching
method. This is because with the latter, a lot of artifacd maoisy spectra are selected. The low frac-
tion of artifacts in the sample selected with the C band nthemonstrates that the usagepairs
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Selected by
Name HE Name By B—V At At G, CN T Al Source
CGCSs 39 HE 001+0055 14 1 1 - 1 889
SKB 2 HE 0039-2635 13.1 1.1 1 1 - 1 SKB69
BEM91 23 HEO0106-1619 159 15 1 0 1 1 BEM91
CGCS 177 HE01062837 13.8 2.1 1 0 1 1 8589
SKB 5 HE 01131346 13.3 14 1 1 - 1 SKB69
0207-0211 HE 02040211 155 2.2 0.0 00 1 0 1 1 TIO8
BEM91 08 HE 02280256 16.2 2.0 1 0 1 1 BEM91
CGCS525 HEO03302815 138 1.5 0O 1 0 1 sSs89
CGCS935 HE05243425 13.0 1.3 1 1 - 1 S89
0915-0327 HE 09150327 145 2.3 0.0 00 1 0 1 1 TI98
1019-1136 HE 10191136 15.2 1.8 0.0 00 1 0 1 1 TIO8
CGCS 2954 HE 11040957 1.2 1 1 - 1 889
KA 2 HE 1116-1628 16.6 1.3 1 0 1 1 RS83
CGCS 3180 HE 12073156 12.8 1.2 0O 1 - 1 8S89
CGCS 3274 HE 12380836 1.7 1 1 - 1 S89
1254-1130 HE 12541130 16.1 2.2 0.0 00 1 0 1 1 TIo8
1339-0700 HE 13390700 15.0 1.7 0.0 00 1 0 1 1 TI98
1442-0058 HE 14420058 17.8 2.2 0.0 00 1 0 1 1 TI98
CGCS 5435 HE 21441832 126 1.4 O 1 - 1 589
CGCS 5549 HE 22001652 12.3 0.9 1 1 - 1 S89
2213-0017 HE 22130017 164 2.4 0.0 00 1 0 1 1 TIO8
2225-1401 HE 22251401 165 2.9 0.0 00 1 0 1 1 TIO8
CLS 50 0.0 00 1 0 - 1 Simul
CLS 31 0.0 0.0 1 1 - 1 Simul
CLS 54 0.0 00 1 1 - 1 Simul
KA 2 0.0 0.0 1 1 - 1 Simul
B1509-0902 0.0 00 1 1 - 1 Simul
UM 515 0.0 00 1. 0 - 1 Simul
LHS 1075 HE 00231935 16.1 14 -024 -1000 0 O O 0O D94
KA 2 HE 1116-1628 166 13 -0/21 024 1 0 1 1 D%
G77-61 HE 03360148 150 14 9 775 0 0 1 1 D94

Table 12: Test sample of dwarf and giant C stars present on HiESes.
Sources: BEM91=Bothun et al. (1991), D94=Deutsch (199483+Ratnatunga (1983),
S89=Stephenson (1989), SKB69=Slettebak et al. (19698-TM6tten & Irwin (1998). Stars
marked with TI98 have been recently reported by Totten ¢28D0) to have no significant
p.m. Therefore, we list them withugAt, ysAt) = (0,0). For some of these stars, we inde-
pendently obtained a p.m. measurement, too (see Append@uBYesults agree with those
of Totten et al. (2000). Template matching is not carriedfouHES spectra above the sat-
uration threshold, because we do not have an estimatioxelfpise noise for these. KA 2
has not been selected by CN bands, using its real spectrurit,Hasbeen selected in the
course of our simulations. This is because 818l at the position of the CN bands is too
low in the former spectrum, and effectively infinite in thensilated spectrum.

71
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C bands Tmatch

Raw candidate 15900  1/800
reduction factor

C stars 31.6% 2.4%
UNID 7.0% 15%
OVL 292% 6.6%
ART 87% 32.0%
NOIS 3.8% 54.8%
SAT 156% 0.0%

Table 13: Selection efficiency for C stars in the HES, for bsg¢tection methods used.
UNID=probable C stars with weak C bands, OVL=overlapping spectra, ARTifaats,
NOIS=very noisy spectra, SAT=saturated spectra. The rawlidate reduction factor is
the factor by which the selection algorithms reducettial set of HES spectra. For exam-
ple, the C band index method extracts 1199 candidates frod7 830 spectra present on
329 HES plates.

of C, bands and CN bands indeed very reliably excludes artifaots gelection. On the other hand,
with this method more overlapping spectra are selectedyusecthe band indices can be easily con-
fused by them. The fraction of saturated spectra is zeroh®itémplate matching method, because
sources above the saturation threshold are excluded froyplage matching. This is because the tem-
plate matching method needs an estimate of the pixel-wisenand our noise estimation is not valid
for saturated spectra.

5.4 The Surface Density of C Stars

In an effective area of- 6400ded (329 of 380 the HES plates), we have isolated a total of 351 C
stars, selected by either the C band index or the templatehmgtmethod. In 225 fields, located at
20"30 <R.A.< 06"30 (“south Galactic fields”), we find 0.037 FHLC stars dé&gThis is almost twice
what has been reported by Green et al. (1994) from their owd @vey and the sum of FHLC stars
selected from photographic objective prism surveys thailase. Moreover, the CCD survey limit of
Green et al. (1994) was = 18, which is also a typical brightness limit for the relevahjective prism
surveys, whereas the HES survey limiMis~ 16.5 (see Fig. 31). Interestingly, the surface density of
FHLC stars in 104 fields located at@ <R.A.< 15'20 (“north Galactic fields”) is almost a factor 3
higher than in the south Galactic fields: In the former we fir@P0 FHLC stars detf.

5.5 Astrometry

To measure the p.m.s of our carbon stars, we obtaih@dages for 92 FHLC stars at the European
Southern Observatory, La Silla, Chile on April 26—28, 1998ing the Wide Field Imager attached to
the ESO/MPI 2.2 m telescope.

We compared the CCD positions of our carbon stars with mositirom archival plate material. The
USNO-A2.0 catalog (Monet et al. 1998), derived from re-semhPalomar Observatory Sky Survey |
(POSS 1) plates, provides the earliest epochs; typicalthén1950s. However, POSS | plates are only
available ad > —25°. Additionally, we extracted DSS | and DSS Il image data froma T Scl data
archive. When available, the original POSS | images wereralsieved.
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Subimages of '&8' size with our targets in the center were extracted from oub@@mes. In
these images, we selected 20—60 sufficiently bright, iedleg¢ference stars by hand. These were then
used for alignment of the reference coordinate system igedvby the archival data) with the target
image. For most of our images it was possible to do carry aaetlalignments: (1) DSS I/POSS |
image to the CCD image, (2) USNO-A2.0 catalog to the DSS ligeyand (3) USNO-A2.0 catalog
to the CCD image. Since the USNO-A2.0 catalog was generated POSS | plates, neither of the
alignment pairs is independent of the others.

After rejection of reference objects with significant p.m.noeasurement errors, the alignment
usually employs 15-50 stars, depending on the field derssity,deepness of the exposure obtained.
The transferred solution is a simple linear solution (sigficfor the small fields used for this purpose)
derived with a least-squares fit using procedures from the ABtronomy User’s LibrarfLandsman
1993) and written in IDL by E.W. Deutsch (University of Wasgion). The uncertainty in the transfer
is typically ~0”05. The shift in position of the target star is recorded farheaf the three comparisons
described above, along with @ Lincertainty estimated from the residuals of the fit. We repere
only the results from the transfer of the USNO-A2.0 catalogifions to the CCD images, but the
other solutions are examined to verify these results.

Candidates have been selected to have a significant p.mureaamnt if (a) their p.m. is higher
than 3x the 1o uncertainty estimate from the USNO-A2.0 to CCD comparigbithe results from
the other comparisons are consistent, and (c) no nearbyatons are present which might cause
significant centroiding errors. Tab. 14 shows coordinafeth® 5 stars out of our sample of 92 for
which we measure a significant p.m. Astrometry results fes¢hstars are given in Tab. 15. Stars
without significant p.m. are listed in Tab. 25 and 26, in ApghizrB.

Name 0 (200Q0) 6 (2000.0) Epoch

HE 0930-0018 09 3324.7 —003146 1983.4
HE 0945-0813 09 48 18.7 —08 27 40 1983.4
HE 1428-1950 14 3059.4 —200342 1976.5
HE 1429-0551 14 3231.3 -06 0500 1983.3
HE 1524-0210 1526 56.9 —022045 1979.5

g b~ WDN PP H*

Table 14: Coordinates of 5 HES carbon stars with significamt p

In addition to our targets, we carried out a new proper mati@asurement for KA 2 (Ratnatunga
1983; Green et al. 1992; Deutsch 1994), which was redisedvier our survey. A comparison of our
result with previous measurements is given in Tab. 16. Oluegaare in good agreement with those of
Ratnatunga (1983) and Deutsch (1994). Green et al. (19p8)tesl a marginal detection of a p.m. for
this object in the same order of magnitude as that of Ratgat(f983), but with opposite sign i,
which disagrees with our result.

From our p.m. measurements, Eg. (38), and photometry gegbenTab. 17 we conclude that one
star (HE 0936-0018) out of the 5 new HES carbon stars for which we measurgréfisant p.m. is
likely to be a dwarf, and another (HE 094B813) is possibly a subgiant.

5.6 Discussion and Conclusions

In an effective area of 6400deg (329 of 380 the HES plates), we have isolated a total of 35hf3 st
Our efforts have thus already increased the number of kndwirCFstars by a factor of nearly five.
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Table 15: Proper motions for 5 HES carbon stars with sigmfigem. For each object we
list in the first row the proper motion in arcseconds per yaad in the second rowal
errors.

Table 16: Comparison of astrometry results for KA 2. Propetioms and errors are given
in arcseconds per year.

# Name [ Ms M Baseline
Oy Oy Ou

1 HE 0930-0018 —0.051 Q034 0.061 195H-19993
0.005 Q004 0.005

2 HE0945-0813 ®04 Q012 0.013 195®-19993
0.004 Q004 0.004

3 HE1428-1950 @14 Q006 0.015 1953-19993
0.003 Q003 0.003

4 HE 1429-0551 —0.005 —0.014 0.015 19541-19993
0.003 Q003 0.003

5 HE 1524-0210 ®03 —-0.012 0.012 195®-19993
0.004 Q003 0.003

Reference

Ha M5

Opq

Oys

This work

Deutsch (1994)

—0.020 Q027 Q003 Q004
—0.026 Q031 Q003 Q003
Ratnatunga (1983)—0.026 0024 Q003 Q003

# Name Bi (B—V)fes (B—=V)cco Bfjes Bcep VHEs Veep
1 HE 0930-0018 15.7 1.4 - 16.1 - 147 —
2 HE 0945-0813 16.2 1.2 - 16.5 - 15.3 -
3 HE 1428-1950 12.8 1.2 1.15 13.1 13.15 1122.00
4 HE 1429-0551 13.4 1.4 1.28 13.8 13.94 121.67
5 HE 1524-0210 14.5 1.5 1.56 149 15.70 1314.14
KA 2 16.6 1.3 - 16.9 - 15.6 -

* From calibration ofix_hpp2 (see Tab. 6).
** Following Hewett et al. (1995), we ug= B; +0.28- (B-V).

Table 17: Photometry for the 5 carbon stars with significant.|B; is measured on HES

plates and is accurate 0.2 mag. Adopted/ magnitudes are written in bold.
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. wx Dwarf (My = 10) Giant My = —1)

# MName oM g v | d v
1 HE 0930-0018 1061 40 87pc @011 25km/s| 14000 pc 4000km/s
2 HE 0945-0813 013 12 110pc 00091 6.8km/g 18000pc 1100km/s
3 HE 1428-1950 014 -20 25pc @040 1.7km/s 4000pc 260km/s
4 HE 1429-0551 ™15 -1.4 35pc 029 2.5km/§ 5400pc 390km/s
5 HE 1524-0210 013 -0.7 66pc @015 4.1km/g 11000pc  660km/s
KA 2 0”033 86 130pc 00076 21km/g21000pc 3300km/s

“ = /ME coPd+ L.
** AsSUMINGVyans < 400 km/s & Galactic escape velocity).
* Vians[KM/S] = 4.74- p["fyr] - d[pc].

Table 18: Distances and transverse velocities for 5 HESocastars with significant p.m.,
for the assumptions that they are dwarfs or giants.

HE 0930-0018

LI I I L L L L B B B BN B B T T T T

v b by o by 1 |

5000 4500 4000
Wavelength [A]

o b b b

5000 4500 4000
Wavelength [A]

Figure 40: Objective prism spectra of the carbon stars HBP99818 and HE 09450813,
discovered in the HES. According to our proper motion mezsent, HE 09360018 is
likely to be a dwarf, and HE 09450813 is possibly a subgiant. Abscissae are densities in
arbitrary units.

The surface density of FHLC stars found in the HES indicates previous surveys suffer from
severe incompleteness. For instance, at a survey 4mi6™ brighter than the CCD survey of Green
et al. (1992), we find a factor of 2 higher surface density of FHLC stars in 225 southern galact
latitude fields (0.037 dedf), and a factor of- 5 higher surface density in 104 northern Galactic fields
(0.099 deg?). This corresponds te- 16x and~ 40x higher space densities of C stars, respectively.
The south Galactic fields are located at higher galactitutdei on average|lff = 60° compared to
|b| = 45°), but the mean plate limits of the corresponding HES platesdl differ significantly, so that
a scale height effect might be present.

Our results indicate that previous FHLC selection proceslurave been less sensitive to the
strength or variety of €or CN molecular bands. Automatic selection techniques nmeaguperior
to visible inspection of objective-prism spectra with kintar microscopes, as done e.g. in the survey
of Sanduleak & Pesch (1988). Photometric surveys for C btars generally selected red objects only,
which preferentially selects mostly the much less commgh hititude AGB stars.
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Figure 41: Upper limits foMy of 5 HES carbon stars with significant p.m., and KA 2, for
orientation shown together with the HR diagram of the old {18yr), metal-poor ([Fe/HE
—1.66) globular cluster M3= NGC5272 (Buonanno et al. 19941y, has been computed
from the data of Buonanno et al. (1994) by assuming- My = 15.10 (Reid 1999).

Due to an average epoch difference of5l8ears between DSS | and HES plates, we expect to
detect and select onky 40% of the dCs that we could detect and select if direct pladeisbeen taken
simultaneously with the HES plates. However, our extensiailations yielded correction factors for
the dwarf fraction in our sample (Egs. 40 and 41).

Our corrected dwarf fractions predict 9213/6.7 = 1.8 provable dwarfs to be present in our
sample of 92 FHLC stars observed in April '99 with the ESO 2.ZMiis is consistent with the one
provabledwarf we found, when applying the criteridf, > 8 and assumingesc= 400 km/s. This dC
is the previously known star KA 2.

Using again the dwarf fraction obtained by Green et al. (1,982 can estimate how many provable
dCs we expect to find in the HES. We selected a total of 347 G stéih the C band index method.
Assuming a selection efficiency for giants of 100 % and usimgrtumbers in Tab. 11, we derive that
this sample should consist of 336 giants and 11 dwarfs, ofhvivie can proof 7 to be dwarfs by their
p.m. On this basis we predict that another 39 dwarfs shouldubé¢here in space which we miss by
the C band index method. Of the total of 50 dwarfs, we can &by template matching, according
to our simulations, and 17 of them we can proof to be dwarf¢f dfahe dCs found with the C band
index method are expected to be found by template matchimgetsso that we predict to find a total
of 17+ 7-0.5 ~ 21 provable dwarfs. This wouldliple the sample of known dCs.

5.7 Outlook

With HE 0930-0018 we found a star which is likely to be a new dwarf. If anyhaf temaining four
C stars for which we measure a significant p.m. is a dwarf, ildidhave a parallax which is mea-
surable from ground-based observatories (see Tab. 18)efbine, and to get a definitive answer for
HE 0930-0018, we are seeking all 5 stars to be observed in a long-tarail@x program. Alterna-
tively, parallaxes could be easily measured by the upcomeéw generation of astrometry satellites,
like FAME and SIM.

HE 0930-0018 is also scheduled to be observed at high resolutioneirtdinmissioning phase
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of the High Dispersion Spectrograph (HDS) at the Subardtelee for an abundance analysis, and to
derive stellar parameters spectroscopically.

CCD images of another 109 C stars and 10 control objects hes dibtained with the ESO 2.2 m
telescope in November 1999. These are currently being zedh8 hours of observing time in period
65 (April-October 2000) has been granted to our project b Es that another 80 targets will
soon be observed.

We plan to obtaillHK photometry for all new dCs we discover in the HES, and alsaomany
stars without p.m. as possible. Should dCs be confirmed tasteglishable from giants byHK
colors (as suggested by the results of Green et al. 1992),om&gvbe able to construct a luminosity
criterion. This is very important for all kinematic studiesing carbon stars, since a contamination by
a significant number of dwarfsa( least13 % according to Green et al. 1992) would bias the results
considerably. Moreover, being able to identify all giantsams that we are also able to identify all
diskdCs in our sample, which are less easily found by means of phis.would allow us to estimate
the local space density of disk dasis, and test the model for the space density of dCs suggested
by de Kool & Green (1995). Their model predicts a strong nlieigl dependence of the fraction of
binaries in which the secondary becomes a dC. Taking5€0 times higher local space density of
disk stars into account (Bahcall & Soneira 1984), de Kool &&r (1995) predict thails is 2.5-5
times higher tham;2"°.
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6 Field Horizontal Branch A-Type Stars

Field horizontal branch A-Type stars (FHB/A) are valualskcers for the kinematics of the halo of
the Galaxy. In the HES, they can be found at distances of up 20 kpc. Compared to carbon stars,
they have the advantage that they are much more numeroimsswiace densities of 2.5deg? in
the HES. In the HES, A-type stars can be selected even ate@r$/N, since the Balmer lines are so
prominent. Therefore, the faintest objects heve 17.5.

For FHB/A stars, there is no such complication as a contamimavith spectroscopically indistin-
guishable dwarfs, like for the C stars. Main-sequence A-sarsare found at high galactic latitudes,
but they can easily distinguished from low gravity stars$dBV photometry (Wilhelm et al. 19%9.

Another application of FHB/A stars is distance estimatibriigh Velocity Clouds (HVCs). These
are clouds of neutral hydrogen at velocities incompatikith ®alactic differential rotation (for a recent
review see Wakker & van Woerden 1997). With HVCs, we migheobs a continuous infall of metal-
poor (~ 1/10 solar) gas into the Galaxy, which dilutes the enrichmétheinterstellar medium (ISM)
by heavy elements produced in stars (Wakker et al. 1999).understanding of the nature of HVCs
would therefore be important for modeling the chemical ettoh of the Galaxy. However, there is an
ongoing discussion on whether HVCs are really Galacticaibjévan Woerden et al. 1998), or if they
are extragalactic remnants of gas that formed the localpgofwgalaxies, which would put them in
distances in the order of Mpc (Blitz et al. 1999).

Distances to HVCs can be determined by using stars of knostartie in the line of sight to the
clouds (Wakker & van Woerden 1997). Provided that the HVCenrabnsideration has a detectable
metal content, we see absorption lines of these metals atelbeity of the cloud in the spectra of
stars locatedbehindthe cloud, but do not see these lines in spectra of starsidafront of the stars.
By using a sample of stars of different distances in the lihsight of the cloud, we can bracket it,
provided the cloud is Galactic, and the most distant stad irsthe procedure is far enough away. If so,
a distance range can be determined for the cloud. FHB/A atargarticularly suited for these purpose,
because they are numerous, distant, and their spectraraostdree of intrinsic absorption lines of
metals.

Finally, FHB/As can be used for the detection of possiblarigbing” of the Galactic halo, which
would prove that merger events have taken place during theation of our Galaxy. In a first attempt,
Doinidis & Beers (1989) have carried out a two-point coriela function analysis of a catalog of
4 400candidateFHB/A stars and found evidence for an excess of stellar paitsangular separations
< 10. However, at that time it was not yet clear that samples df fegitude A-type stars contain a
considerable fraction~ 1/3) of main-sequence A-type stars. The distances of thesewste hence
overestimated, and the detection of clustering is possibhartifact. In Sect. 6.4 we outline how the
fraction of high-gravity A-type stars can be reduced in HESBFA candidate samples.

Yanny et al. (1999) report on the isolation of a first set of @ @®jects with colours of A-type
stars in the SDSS commissioning data. Since the SDSS mégriituit isV ~ 20, these stars can be
rather distantd < 40 kpc, which makes them particularly valuable for studyihg outer regions of
the Galactic halo. However, the SDSS has just started taipeodata, and spectroscopic analysis of a
large sample of FHB/A stars from that survey will likely nat bvailable within the next few years.

6.1 Candidate Selection

For selection of candidate FHB/A stars we use automatictsglestassification. A learning sample of
654 spectra (see Tab. 19) has been compiled by classifyirgydppEctra by hand. We used the spectra
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of Jacoby et al. (1984), converted to objective prism speédr comparison. Note thatctifiedspectra
were used in the comparison process. To the learning sangpdeld/artificial noise, resulting ing/N
steps (5, 10, 15, 20, 25%/N = 30 was not achievable since some of the learning sampleragente
a lowerS/N than that.

i Class N

1 A5-8 39
2 A9-F2 67
3 F3-6 130
4 F7-GO 119
5 G1-KO 134
6 K1-3 65
7 K4-9 67
8 SdFearly 33

Table 19: Learning sample for selection of FHB/A star caatlid. The sample size is 654.

We carried out a search for the best feature combinatioroimpiling a complete sample of FHB/A
stars on a set of 14 features, using the above learning safmemplete search was done, i.e. all
24 _ 1 feature combinations were evaluated, using the leaviragenit method. The result is shown
in Tab. 20. With exception of the original learning sampléthaut artificial noise added, there is a
tendency to use more features for classification at Id8/&t, and to use more continuum shape or
broad band colour features.

S/N

Feature orig. 25 20 15 10 5
al 1 5160eqw 1 0O 0 1 1 1
all486legw O 1 O O 1 O
al 1 4388eqw 1 0O 0 0 1 O
al14340egw 1 1 1 1 1 1
al14300egw 1 0 1 0 1 1
all426legw 0 O 1 1 0 O
all4227eqgw 1 0 1 1 0 O
al 1 4102eqw 1 1 1 1 00
all396%9eqgw 1 0 O O 1 O
al 1 3934egqw 1 0O 0 1 0 1
kl comp_-1 1 0 0 0 0 1
kl conmp_2 0 1 0 1 1 1
dx_hpp1l O 0 0 o0 1 1
dx_hpp2 0 1 1 1 00

n=9 5 6 8 8 7

Table 20: Best feature combination for compilation of a ctetggsample of A-type stars.

Cost factors were selected by using the cost factor adjustioel described in Sect. 3.6. They
were chosen such that no spectrum of the classes A5-8 and2Athd-target classes) were classified
into one of the other classes, and such that the contaminetithe sample is as low as possible.
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We selected stars assigned to the classes A5—-8 and A9-Riylthvihpp2 > —100 as FHB/A
star candidates.

6.2 Follow-Up Observations

BV photometry of 104 HES targets close to the SGP, and additldBaphotometry of 58 of these
stars was obtained by C. Flynn and B. Schuster in the nightisb®c6-11, 1998, with the ESO Danish
1.54 m telescope, with DFOSC. The accuracies obtaineB fo¥ andU — B arecg v < 0.018" and
ou-g < 0.03™, respectively.

Spectroscopy of HES FHB/A candidates was obtained with fhkG m telescope on December
12-15, 1998 by T. Beers and S. Rossi. The spectra have asi@pef OSA/pier, and a typicalS/N
of 20. 86 stars with available photometry from the ESO runensdrserved. In the direction of Galactic
anti-rotation, additional 74 spectra were obtained, aridérGalactic anti-center direction, we obtained
another 46 spectra, so that a total of 206 stars were observed

The results of the follow-up campaigns for the 58 stars withilableU BV photometry and spec-
troscopy are listed in Tab. 27 on pp. 110-111 in Appendix CisAgsual in high Galactic latitude
samples of A-type stars (Wilhelm et al. 1399~ 1/3 are main-sequence stars. In Sect. 6.4 we outline
how an improved selection might be able to reduce this fsaatonsiderably. However, the very good
news is that 91 of 104 stars for whiéh-V is available, or 88 %, are A-type stars, so that our selection
by automatic classification works very well. The remainiteysare just too cooB—V > 0.3). How-
ever, these stars, being main-sequence stars close tatiod tare interesting in themselves, since at
those temperatures predominantly metal-poor stars arelfou

In the next section we evaluate the FHB/A candidate seleatianore detail.

6.3 Evaluation of the FHB/A Candidate Selection

For an evaluation of the automatic classification used foBAandidate selection one has to com-
pare thereal classes with the classes automatically assigned. Thegmottien is: Where can we get
the real classes from? It would be possibiieprinciple to classify the available moderate resolution
spectra with the classification criteria of the MK systemgcsithe spectral resolution is high enough,
and theS/N probably sufficient, if the spectra are smoothed to the sple@solution used in the MK
system & 2A). However, the MK system is not applicable to our spectirggeswe are dealing with
metal-poorstars. This would require to expand the two-dimensional Msteam to a third dimension,
i.e. [Fe/H], and to use different classification criteria fioe two dimensions used in the MK system,
since metallicity influences the strengths of the lines used

In order to get aoughidea of the real classes of our stars, we derived a relatitwees (B —V)o
and spectral type, by using the library of MK classified sgpeof Jacoby et al. (1984). We used all 33
stars of class B9—F3 in that data set, and defined stars sfB&® have class numbee 1, AO=2,...,
F3= 14. By a straight line fit, we obtained the relation (see aigo42:)

i = 2.65+295- (B—V)o. (42)

Spectral classes were computed for the 104 stars for whidremeaB —V measurement using the
above relation. Note thaeddeningcauses a systematic offset between the classificationnsysted
for automatic classification, and the classification systiefined by Eq. 42. The average reddening in
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Figure 42: Calibration spectral type verqiiBs—V )o, derived by using the data of Jacoby et
al. (1984).

the sample of 1121 high latitude A-type stars of Wilhelm e{&#9%) is E(B—V) = 0.044. Since it
follows from Eq. 42 that
o; = 29.508 v, (43)

the offset between both systems is expected te €3 classes. However, we are mainly interested in
evaluating thescatterof the classes, and not zero point offsets. The result is sliowig. 43.

There is a systematic offset between the automaticallgaediclasses, and the classification from
(B—V). The direction of the offset is opposite to what is expectednfthe above reddening argu-
ments: In the(B —V)-system, the stars are assigneceélier types. In case of class A5-8, this can
be explained by the fact that stars earlier than A5 are naoesgmted in our learning sample (which
was due to lack of objects). Since we have not applied a rajst stars of earlier spectral type have
probably been assigned to A5-8.

In case of class A9—-F2, there is an offset present betweefBthé&/)-system and the MK system
already in the learning sample (see Fig. 44), which is in #reesorder of magnitude as the offset
present in the test sample. Additionally, a few cooler staight have been rejected from the candidate
sample in the process of visual inspection.

The classification accuracy achieved with automatic diaasion is hardly better than could be
achieved by applying the preci&—V colours availabldodayfor all HES spectra: The error of the
B —V calibration for blue stars isg_y = 0.12, which results in a classification error of 3.5 classes.

6.4 Identification of Main-Sequence A-Type Stars

Since we are interested in distant horizontal branch stéiner than main-sequence stars in the applica-
tions indicated above, it is desired to clean the sample @/AHtandidates as much as possible from
the latter stars. Therefore, we explored if this could besjds by using Stromgreey, coefficients.

As a test sample we used 45 unsaturated HES stars from tlogvfof) campaigns carried out
in 1998, for which haveJ BV photometry and spectra, and 214 not saturated stars frotmelil et
al. (199%) present on HES plates. Both types of stars are not cleaplgrable byc; (see Fig. 45);
however, it is possible to reduce the contamination withmsgiquence stars at moderate cost of com-
pleteness. By using the simple selection criteiggn- 0.9 for FHB/A stars, a sample with 71 % com-
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Figure 43: Evaluation of A-type star classification

pleteness can be generated, which has a contamination ofobb2compared to 35 % before. With a
more sophisticated selection algorithm, e.g. automatissification, it should be possible to decrease
the contamination even more.

As can be seen from Fig. 49, the usecgfalso allows to clean theaw sample from DA white
dwarfs. Up to now, these objects have been rejected by viissiadction.

6.5 Outlook

Spectra of an additional set of 109 HES FHB/A candidates haee taken at the CTIO 4 m in October
1999, and spectra of 10 stars in January 2000 with the Kitk Beatelescope. The data are currently
being reduced, and will be analyzed soon.

The author is founding member of the DISDigtance to thé SM throughStellar Targets) consor-
tium which aims at coordinating efforts of distance deteattions of HVCs.

Acknowledgements

| thank T. Beers, S. Rossi, C. Flynn and B. Schuster for aagryiut the follow-up observations. S.
Rossi and C. Flynn did the data reduction of the spectroseopyphotometry runs, respectively, and
T. Beers carried out the analysis of the spectra.



6 FIELD HORIZONTAL BRANCH A-TYPE STARS

T T T T T T T T T T T T [ T T
151 As-8 : offset = 0.14 |
L o= 185 |
i 1 i
10 . —
S~ L . -
2 L IR ]
£ L |
3 .
Z r : i
5+ : —
0 i I
[ TR N T Y T A NS SR N N HN RO
[ T T T T ' T T T T ' T ! T T ' T T
20 - A9-F2 |
[ offset = -2.35 7 ]
r o= 17 b
15 —
5 L 4
- 7 1
3 or r 7
r ) ]
5 —
0 I SO A YT Y S ENNY SN SR N Y HN N
0 5 10 15

Class number

Figure 44: Class distribution of A-type stars in learningipée

1.5

C1

0.5

H
T T T T T T T T T T T T T
PRI N N T S T NS Y N S AN N N

o
—
o
[4N]
o
w
o

Balmer line sum

Figure 45: Separation of main-sequence A-type stars (ffliedes) and FHB/A stars (open
circles) by Stromgrem;.



REFERENCES 86

References

Blitz, L., Spergel, D. N., Teuben, P. J., Hartmann, D. & Buart@V. B. (1999), ‘High-Velocity Clouds:
Building Blocks of the Local Group’ApJ514, 818-843.

Doinidis, S. P. & Beers, T. C. (1989), ‘Evidence for clusteriof field horizontal-branch stars in the
Galactic halo’ ApJ340, L57-L60.

Jacoby, G., Hunter, D. & Christian, C. (1984), ‘A library @éBar spectra’ ApJ Suppl56, 257-281.

van Woerden, H., Wakker, B. P., Schwarz, U. J., Peletier, R.Kalberla, P. M. W. (1998), The High-
Velocity Clouds: Galactic or Extragalactid®,D. Breitschwerdt, M. J. Freyberg & J. Truemper, eds,
‘lAU Coll. 166: The Local Bubble and Beyond’, Vol. 506 &fecture Notes in PhysicSpringer,
Berlin, pp. 467-470.

Wakker, B. P. & van Woerden, H. (1997), ‘High-Velocity CI®IdARA&A35, 217-266.

Wakker, B. P., Howk, J. C., Savage, B. D., van Woerden, HteTd. L., Schwarz, U. J., Benjamin, R.,
Reynolds, R. J., Peletier, R. F. & Kalberla, P. M. W. (1998)cretion of low-metallicity gas by the
Milky Way’, Nature402 388-390.

Wilhelm, R., Beers, T. C. & Gray, R. O. (198Q ‘Spectroscopy of Hot Stars in the Galactic Halo. Il.
The Identification and Classification of Horizontal-Brarantd Other A-Type StarsAJ 117, 2308—
2328.

Wilhelm, R., Beers, T. C., Sommer-Larsen, J., Pier, J. Rydea, A. C., Flynn, C., Rossi, S. & Chris-
tensen, P. R. (1999, ‘Spectroscopy of Hot Stars in the Galactic Halo. Ill. Aysis of a Large
Sample of Field Horizontal-Branch and Other A-Type Stakg'117, 2329-2380.

Yanny, B., Newberg, H. J., Becker, R. H., Laurent-Muehlejse., Pier, J. R. & Richards, G. (1999),
Faint A stars as tracers of the structure of the Galactic Hal&AS Meeting 194, p. #84.05.



7 WHITE DWARFS 87

7 White Dwarfs

There is a long list of topics that can be addressed by lamelsa of white dwarfs (WDs) drawn from
the HES. These include:

e Testing the double-degenerate (DD) scenario for SN la pritgys, in which a binary, consisting
of two white dwarfs of large enough mass, merges and prodaudesrmonuclear explosion. If
this scenario is correct, it should be possible to identif/I§ progenitor systems by searching
for radial velocity (RV) variations in a large enough sampiéVDs. Studies carried out so far
suffer from too small sample sizes (see Maxted & Marsh 1999, possibly from the fact that
only DA white dwarfs were investigated (Renzini 1999, pcomm.).

e Determination of the scale height and luminosity functioiA white dwarfs with a large, flux-
limited sample of such stars. These quantities provideamddinformation on the star formation
history of the Galaxy (see e.g. Boyle 1989).

¢ Increasing the sample of pulsating DA white dwarfs (ZZ Cadrs) for astroseismological in-
vestigations, which allow to study the interior of thesast8ergeron et al. (1995) report that
the ZZ Ceti instability strip consists of the temperatuneger 11200-12500 K. As can be seen
in Fig. 47, DAs of such temperatures can very easily ideudtifithe HES, since they have very
prominent Balmer lines. However, the challenge in finding@&tis is to derive accurate effec-
tive temperatures directly from the survey material usedesthe instability strip is very small.
Hence, the selection efficiency for these stars is propmatito the temperature accuracy.

e Magnetic DBs can be used as cosmic laboratory: Quantum miecthaalculations of He | in
strong magnetic fields can be testady, since in terrestrial laboratories only magnetic fields up
to ~ 10 MG can be produced.

e Finding more DZ white dwarfs. DZs are codkf < 10000 K) white dwarfs with He rich atmo-
spheres, exhibiting metal lines in their spectra. Accresoenarios for the origin of metals in
the photospheres of DZs predict a hydrogen-to-metal editavethe solar value (see e.g. Dupuis
et al. 1993), since the diffusion time scale for metals vémyrsin He-rich atmospheres (e.g.,
~ 10°yrs for Cain a 15000 K He-rich WD of 0.6 M see Paquette et al. 1986), and hydrogen,
being lighter than helium, is accumulated on the surfacevév¥er, the contrary is observed: the
hydrogen-to-metal ratio in DZs is typically several ordefamagnitudebelowthe solar value
(Dupuis et al. 1993). A larger sample of DZs would help to explwhich mechanism could be
responsible for this.

White dwarfs have been selected in wide angle surveys hedokalso in the HES (see below).
“Classical” UV excess surveys, like the (MCT; Demers et 886; Lamontagne et al. 2000), or the
Edinburgh-Cape survey (EC; Stobie et al. 1997; Kilkennyl.€t1297) can efficiently select complete
samples of very hot stars, including white dwarfs. Howegempleteness at theool end is either
sacrificed for efficiency, as in the MCT (see Fig. 46), wherly objects withU — B < —0.6 enter the
sample of stars for which follow-up spectroscopy is obtdjrar efficiency is sacrificed for complete-
ness, as in the EC. The EC has been claimed to be 94 % completgjdots ofU — B < —0.4 down to
B = 16.5 (Stobie et al. 1997). An intermediate selection step basguhotoelectrid) BV photometry
has to be used in the EC to eliminate the large fractioBQ %; see Kilkenny et al. 1997) of “normal”
F and G type stars. Some of these are metal-poor stars (ses é@ed 1999), which are interesting in
themselves, but as we have seen in Sect. 4, such stars aseleestd spectroscopically.
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Figure 46:U — B andB —V DAs as a function of effective temperature, determined with
model spectra. The selection criterion— B < —0.6 used in the MCT survey leads to re-
jection of cool e < 16000 K) DA white dwarfs.

In the HES, white dwarfs enter the quasar candidate sampteyfhavel — B > 0.18 (Wisotzki
et al. 2000). However, HES quasar candidates are inspecaptiatty at the computer screen, and
in this process very hot stars, and stars clearly exhibtegjar absorption lines (like e.g. DA white
dwarfs having strong, broad lines over a wide temperaturgaasee Fig. 47) are rejected, and follow-
up spectroscopy is not obtained for them in the course of tlesar survey. This results in a very
efficient quasar selection: typically 70 % of the objects\dnich follow-up spectroscopy is obtained
are quasars. The remaining 30 % are mainly hot subdwarfs, dagl{ 20000 K) helium-rich white
dwarfs (DBs, DCs); a couple of very interesting peculiareal§, e.g., magnetic DBs (Reimers et al.
1998) and magnetic DAs (Reimers et al. 1994, 1996) have hiseovéred in this way, too. However, if
it is intended to compile aompletesamples of white dwarfs, other selection procedures, agitied
below, have to be employed.

The dominant population among UV excess objects are howvadigl In the UV excess sample
of the EC, 44.9 % are sdOs or sdBs, and only 14.9 % are whitefgh{igitkenny et al. 1997). Ongo-
ing projects in the HES are aiming at specifically selectinchsstars. While | am writing these lines,
Stefan Dreizler obtains moderate resolution follow-upcsmscopy of HES sdOs at the South African
Astronomical Observatory, in order to identify PG 1159stmnong them. Astroseismological analysis
of pulsating PG 1159 stars open the possibility to study tihéérior (Kawaler & Bradley 1994), and
improve the general understanding of post-AGB evolutionother project is devoted to the determi-
nation of the scale height, space density and birth rateB$ st clarify their evolutionary origin. An
efficient selection of WDs on the one hand, and hot subdwarte®other hand both require that these
classes of stars can be separated from each other with aneddes@ccuracy. In Fig. 48 it is demon-
strated that the comparatively high spectral resolutidpshe lot in accomplishing this. Automated
selection procedures for hot subdwarfs have been develapedexhaustively tested by simulations,
and by using known objects present on HES plates. A desumiptill be given in future publications.
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a PG 1159 star luckily showing the blend of HeA4686 and [CIV]A4660 (tickmark);
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DA white dwarf, showing broader Balmer lines than HE 0042&%nd a less prominent
Balmer jump; HE 0008-4127, a DB white dwarf with strong andaat He 1 lines.
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One major shortcoming of WD selection in the HES may agairhbespoch difference problem
discussed in Sect. 5. Since most white dwarfs are even faitm@ dCs (which havély ~ 10), the
problem may even be more pronounced for Wibth halo kinematicghen for halo dCs. On the other
hand, the local space density of disk stars B0O0 times higher than space density of halo stars (Bahcall
& Soneira 1984), so that disk WDs, having lower p.m.s, arecetqul to dominate the WD sample.

How large the incompleteness due to the epoch differendel@rois can be roughly estimated
from a cross-identification of the HES with the catalog of Mok & Sion (1999). It lists 2 187 objects.
1633 have an availabl measurement. Of these, 1300 (or@%) lie in the HES magnitude range
(12<V < 17.5, assuming an avera@e-V of zero). 604 objects are located in the southern hemisphere
(6 < 225), and at high galactic latitudéb( > 30°). Therefore, we expeet 480 WDs to be in the HES
area, and detectable in the HES. Taking into account a 102€ & due to overlapping spectra, we
expect 390 known WDs to be found on all 380 HES plates, and 3B3 \dh the 329 plates used in
this work. However, in a cross-identification procedurengsa 10 x 10’ search box, to compensate
for the sometimes very inaccurate coordinates of McCook@ $1999), only 151 WDs were found.
At the chosen search box width a “saturation” of identifiegeots was reached; by using a larger box,
no further WDs were found. We conclude that the HES WD sammquempleteness is of the order of
50%, if no special techniques for finding high p.m. objects @sed. We describe such techniques in
Sect. 7.4 below.

7.1 DA White Dwarfs

In this section we describe two methods for selection of DAtevbwarfs in the HES, and give com-
pleteness estimates.

7.1.1 Selection by Automatic Classification

A complete search for the best feature combination was rusa et of 14 features. The optimization
criterion was the number of misclassifications between thiéendwarf classes (10-17), and the re-
maining classes (1-9). That is, misclassifications betveesnof the classes 10-17 themselves, and
any of the classes 1-9 wheagmnored since we were mostly interested in separating DA white fwar
from the remaining stars. The feature combinations fouedshown in Tab. 22. As for the previously
described applications, there is a tendency to use morerésator classification at lowe3/N, and to
use more continuum shape or broad band colour features.

Stars assigned to class€@gi > 10 were selected; no rejection criterion was applied. Thezten
was tested on 42 HES fields. In these fields, 18 DA white dwadis fMicCook & Sion (1999) are
present; 16 of them (or 90 %) have been re-discovered. An additional test sample WebAs found
in the course of the search for FHB/A candidates. 2 of thenalsepresent in the catalog of McCook
& Sion (1999). Of these 17 stars, 12 (or70 %) have been selected. Combining both test samples, we
arrive at a completeness estimate of 79 % (26 of 33 stars joMude that these completeness estimates
arerelative to the sample of McCook & Sion (1999), i.e., we do not know hoangnstars we miss of
those potentially systematically missing in McCook & Sid999).

The stars not found were generally assigned to late typectdases. Closer inspection of the
reasons for the misclassification revealed that the feaket®ction failed in both cases; the measured
Balmer line equivalent widths are much to low. This is beeatige feature detection algorithm in
its present form is not appropriate for the broad lines oftevkiwarfs. The algorithm makes use of
the assumption that the spectral lines are not resolvedthat the line profile is dominated by the
instrumental profile. The line profile widths is heldnstantat the measured widths of the instrumental
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i Class N Remarks
1 A5-8 39

2 A9-F2 67

3 F3-6 130

4 F7-GO 119

5 G1-KO 134

6 Ki-3 65

7 K4-9 67

8 SdFearly 33

9 mphs 100 MPHS-Modell
10 DAO7 90 DA, T = 7000K; 3 different SSCs
11 DAO08 90 DA, T = 8000K; 3 different SSCs
12 DA10 90 DA, T =10000K; 3 different SSCs
13 DA15 90 DA, T =15000K; 3 different SSCs
14 DA20 90 DA, T =20000K; 3 different SSCs
15 DA25 90 DA, T =25000K; 3 different SSCs
16 DA50 90 DA, T =50000K; 3 different SSCs
17 DAS8O 90 DA, T =80000K; 3 different SSCs

Table 21: Learning sample for search of DA white dwarfs. Tdtaltsample size is 1474.
Non-DA classes are needed in the learning sample since Délstshdistinguished from
them.
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Table 22: Best feature combinations for compilation of a ptate sample of DA white
dwarfs.
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profile. Moreover, the assumed profftem, i.e. a Gaussian profile, is not appropriate for the lines of
white dwarfs, which show broad wings.

On 10 of the 42 test fields we inspected the raw candidate sgitypically 30—40 spectra per field)
closely. 52 stars were identified as white dwarfs; for somthefhotter stars, it is not possible to say
with certainty from the HES spectra alone if they are DAs orsDB

7.1.2 Selection by Cutoff Lines in Colour-Colour and Featue Space

For the development of an alternative selection method fatendwarfs (and also for the selection of
hot stars), we investigated to what extent different tygfeisod stars can be distinguished in the HES
in a two-colour diagram — B versusB — V), and in the two-dimensional feature spageversus
bal msum Using various catalogs, we then identified 521 hot starhénHES. The catalogs are:
(Kilkenny et al. 1997), Wilhelm et al. (1999), an updatedsien of the Kilkenny et al. (1988) subdwarf
catalog (Heber 2000, priv. comm.), and McCook & Sion (1999)ditionally, 39 HES A-type stars
with known stellar parameters were included. Sikkce B, and especially; can be easily confused
by overlaps, and our colour calibrations are not valid fdursged stars, we excluded stars above the
saturation threshold, and we applied a harder rejectioarin for overlaps (i.enooverlapping object
detected, instead of allowing for overlapping objects at3000, corresponding to < 3830A).

It turned out that high gravity stars (white dwarfs, sdBsj adOs) can be distinguished quite
reliably from lower gravity stars (main-sequence and tarial branch stars). By defining selection
boxes in the two-colour space, acdversusbal msumfeature space, it is possible to select DA white
dwarfs, and a large fraction of the DBs present in the “lesgriample” of 521 objects (see Fig. 49).

We tested this selection with an enlarged sample of 59 DAs5abBs from McCook & Sion
(1999) present on HES plates, and 15 of the 17 DAs from the BHéBhdidate set used for evaluation
of the automatic classification selection. The enlargeidstasaple includes 17 of the 18 objects from the
previously used McCook & Sion (1999) sample. The remainibgcis were excluded by the tighter
overlap rejection criterion.

72 of the 74 DAs (or 97 %) and 3 of the 5 DBs (60 %) have been saldmt the cutoff line approach.
The DBs have probably been selected either because somdriés Bre not very far away from the
Balmer lines (e.g., He 1 4921, 4387), or because of noiseppliations in which DBs are unwanted
objects, the DA sample contamination can likely be reducedgplying a higher selection threshold
for the sum of Balmer line equivalent widths. However, beseaDBs are highly desired in the SN la
progenitor project (see above), we decided to use a rattaxecdecriterion Y\, (Hg + Hy + Hz) > 0).

One of the DAs not selected by automatic classification (HES63314) has been excluded from
the test sample by the stronger overlap rejection criteftorwrould not have been selected if it would
have been included into the enlarged test sample. Howewer,dur close inspection of this object we
know that the presence of an overlapping object is not theorefor both selection algorithms to fail.

Four objects have not been selected by automatic clasgificdiut selected by the cutoff method.
For two of them, it is likely that the usage of the sum of thrednBer lines in the selection was able
to compensate the deficiency of the feature detection #fgordescribed above: The objects have
S/N = 25.2 andS/N = 37.3, respectively, so that they were classified by using thévatgnt widths
of HB andHe only (see Tab. 22). We hence conclude that the sum of Balmeeljuivalent widths is
a more stable feature than the usage of one (or two) Balmes éinly. The other two objects are rather
noisy (S/N > 10), and for one of them the identification of as DA is uncertai

One object has been selected by automatic classificatiomabby the cutoff method. It is again a
faint object B; = 17.3; S/N =5.7).
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Figure 49: DA selection in colour-colour space aadersus Balmer line sum feature space.
In the upper left corner, error bars for, U — BandB —V are displayed.

7.1.3 Discussion

Since 4 DAs have been selected by the cutoff method, but nattmymatic classification, but only one
object has not been selected by the cutoff method, but byraito classification, we conclude that the
former selection method might currently lead to slightlyremcomplete DA samples than automatic
classification. However, based on the tests carried oud,rnibt possible to attribute the superiority of
the cutoff selection to the algorithm itself, since in bothhe two cases in which we can rule out noisy
spectra to be the likely reason for the non-selection, we radications that the usage of a set of more
stable features may have lead to selection.

Our completeness estimates for the cutoff method (97 % fas,2Ad 60 % for DBS) anelativeto
a sample of southern hemisphere white dwarfs from cataldgo@ook & Sion (1999), since most of
the test objects (59 of 74) are from that source. The catidtgydbjects from many different sources,
and it is not clear if any selection biases are present inasirsample. Therefore, we can not exclude
that we are systematically missing objects that have ajrbadn missed in previous surveys, and we
can only derive an estimate of thelative completeness. Estimations of tabsolutecompleteness
can only be derived by simulations in which model atmospheovering the whole possible range of
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stellar parameters are converted to objective prism speatid processed by the selection algorithm.

It has not yet been tested hasleanthe samples of DAs (or DAs and DBs in case of the cutoff
method) are. This requires spectroscopic follow-up olzdarms.

A rough surface density estimate of DAs can be derived by using ampkaselected by auto-
matic classification. The sample selected by the cutoff oeetannot be used for these purposes, since
the harder overlap criterion results in a decrease of thecfe HES area, which we have not yet
quantified. 19 of the 52 white dwarfs we selected are DAs Bith 16.4. We follow the arguments
of Homeier et al. (1998) and apply a correction-63.4 % to our countsdg, = 0.2 in the HES), to
account for scatter of faint objects into our sample by pimatisic errors, so that we arrive at 18 DAs.
The predicted number of DAs from the PG survey (Green et &6)1for our 10 fields, assuming an
average effective area of 20 dgaer plate, is 11. We hence confirm the result of Homeier efl8bg),
who suspected that the DA sample from the PG survey is incamply a factor of the order of 2. Our
result isconservativesince we have not corrected our counts for incompleteness.

As has already been suspected by Goldschmidt et al. (1992hdoquasar sample drawn from
the PG, the reasons for the survey being incomplete areurate; and systematically too brigBt
magnitudes, and inaccurate colours. Kohler et al. (196ijien the incompleteness of the PG quasar
sample by using a complete sample of quasars drawn from ti& Hiey found a 3.6 times higher
surface density of quasarsBit= 16. Wisotzki (1998) later derived a somewhat lower surfamasity
discrepancy (i.e., a factor.48 higher surface density than found by the PG), by usinggefadES
guasar sample, to which a correction for Galactic extimctias applied.

The selection criterion for UV excess stellar objects inBit®wad) — B < 0.46 whereJ — B has
an error ofoy _g = 0.38 (Green et al. 1986). As can be seen from Fig. 46, this meaha tonsiderable
fraction of DA white dwarfs below~ 15000 K are likely not found by the PG. 23 of the 69 DA white
dwarfs (or ¥/3) listed in Homeier et al. (1998) haver < 15000 K, so that the incompleteness of the
DA sample drawn from the PG found by Homeier et al. (1998) ¢decest partly explained by missing
cool DAs.

7.2 Magnetic DBs: A Cosmic Laboratory

Reimers et al. (1998) reported the discovery of four magrieBs in the HES. Unfortunately, based
on higher quality spectra, three out of the four stars pbbtisin Reimers et al. (1998) turned out
to be a rare type of binary system, i.e. a hot subdwarf wittypletsecondary. However, one of the
stars, HE 0241-0155, i®ally a magnetic DB, with field strengths ef 25 MG. Using this star, we
implemented a selection algorithm that uses a feature 42004, which is a stationary He | feature
(Jordan 2000, priv. comm.), and a further feature #200A (see Fig. 51). A search on 104 HES plates
revealed 8 highly ranked candidates. Spectroscopy of ttesdidates is currently being obtained at
ESO.

7.3 DZ White Dwarfs

Three DZ white dwarfs, HE 0122-2244, HE 0446-2531 and HE &2BB4, entered the HES quasar
candidate sample because of their blue continuum (see ig-d& 0449-2554 and HE 0122-2244 have
been observed in October 1997 with the ESO 1.52 m telescdp& apectral resolution~ 15,&), and
limited S/N. These spectra confirmed their DZ nature.

In order to increase the sample of DZs, we implemented ats@tealgorithm which looks for hot
objects B—V < 0.4) showing weak or absent Balmer lines, and a strong Ca KAipplication of this
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Figure 50: Spectra of the magnetic DB white dwarfs Feige @, ld& 0241-0155. The
lower four objects turned out to be binaries, axtdmagnetic DBs. The lines identified as
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Use for band index

Passband nmagDBi dx1 magDBi dx2
4370-4636 cont
4167-430A flux
4065-4141 cont cont

4029-4065A flux

Table 23: Wavelengths of passbands used for computationdafds for stationary He |
features.
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Figure 51: Smoothed HES spectrum of the magnetic DB HE 024&b-Oillustrating the
positions of continuum (black, high boxes) and line (grew boxes) bandpasses defining
the feature indices used for the selection of magnetic DBs.
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Figure 52: Feature index selection box for magnetic DBss@ot all objects witlB —V <
0.3 on one HES plate; HE 0241-0155 is encircled.
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Figure 53: HES spectra of three DZ white dwarfs that entehredHES quasar candi-
date sample. Note the strong Ca H+K absorption feature 2850A. In the spectrum of
HE 0449-2554, Ca H and Ca K are resolved.

selection to 131 HES fields yielded 17 new candidates for DZs.

Better quality spectra of HE 0122-2244, HE 0446-2531 and BHOER554, and 2 of the 17 newly
selected DZs were obtained by the author in the night Novebe28, 1998, with DFOSC attached
to the ESO-Danish 1.54 m telescope. Grism #4 and alif rotated to parallactic angle, was used,
yielding a seeing-limited spectral resolution ofA@nd a covered wavelength range of 3806 A <
7000A. Before each observation the slit was rotated such thatstimaarallactic angle after half of
the exposure time.

HE 0446-2531 was confirmed as DZ, but the two new DZ candidatasd out to be normal stars.
Follow-up observations of the remaining objects is undey.wa
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7.4 Outlook

The solution of the epoch difference problem is simple imgpal: One just has to take a look at
all HES spectra that potentially belong to mis-extractepbcts, i.e., spectra with very lo8/N, that
shouldhave a highe6/N according to the brightness on the direct plate. For thegetsh the DSS-I
positions could be compared with positions on a plate takemather epoch (that data can be easily
retrieved from online archives). This should yield a p.nr.fwst of the stars, which can be used to
compute the coordinates at the HES plate epoch. These prthwvdinformation where to extract the
HES spectrum. This procedure should not only reveal modieftissed WDs, but also a lot of other
interesting objects, e.g. dwarf carbon stars.

A refined feature detection algorithm adapted for the brosslof white dwarfs will also soon be
implemented.

Evenwithout solving the p.m. problem, we expect to fird2000 white dwarfs in the HES, when
we extrapolate the number of white dwarfs found by automdéssification (52 in 42 fields), to the
total survey. McCook & Sion (1999) list a total 1715 white dfseof type DA or DB; 662 of them are
in the southern hemispherd £ +2°5). This means that the HES is able to at ledmtblethe total
number of known white dwarfs, and to at le&@le their number in the southern hemisphere.

A survey program for radial velocity variations of WDs usibyES at VLT UT1 has been ap-
proved by ESO as a Large Programme. However, in differenasual Large Programmes, our project
has low priority; i.e., our targets will be observed only wihke weather conditions on Paranal do not
fulfill the requirements specified in other programs. As hasrbpointed out by Gilmozzi (1999), in
period 63 (April-September 1999) there was a very small rernob programs that could be carried
out at seeing> 1", full moon, or under non-photometric conditions. Therefanve are optimistic to
receive a considerable amount of data.
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8 A Homogeneously Selected Sample of Cataclysmic Variablea®s

There is an enormous discrepancy of up to two orders of madmibetween the observed space den-
sity of cataclysmic variable stars (CVs), and populationtsgsis calculations. Patterson (1984) give
an observed space density-0fl0~®pc—3, whereas Kolb (1993) prediet 10~*pc—2 from theoretical
calculations. This discrepancy has been attributed to @ihithe selection of CVs. Bright detection
limits in surveys carried out so far may have led to preféadsielection ofhigh mass transfer sys-
tems (Patterson 1984; Shara 1986), whereas populatiorestindicate that the population of CVs is
dominated bylow mass transfer systems; i.e., mainly dwarf novae (DN). DNsvstery infrequent
outbursts, and are intrinsically faint, so that they mayehlagen missed by surveys with bright detec-
tion limits. Patterson (1984) argue that this “hidden pagiah” of CVs may amount te- 99 % of alll
CVs.

The HES with its deep limiting magnitude, and high specteslotution, making it possible to
resolve the broad emission lines of CVs, offers the chantmotofor this hidden population. Examples
for HES spectra of CVs are shown in Fig. 54. The final aim of ttogget is to determine the scale height
and space density of a well-defined sample of CVs.
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Figure 54: HES spectra of cataclysmic variable stars. Upapel: the dwarf nova EX Hya;
lower panel: EF Eri, a magnetic CV. In this type of object therfation of an accretion disc
is prevented by strong magnetic fields. The absence of aetamerisc results in a less
blue continuum.

We select CVs in the HES with the help of a feature detectigorithm similar to that described
in Sect. 3.2. In the version adapted for CVs, the continuunoisdetermined by filtering, but is fitted
simultaneously with the stellar lines under consideratiime selection criteria for CVs were:
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(a) UV excess, i.edx_hppl> 0, corresponding t¢U —B) < —0.18

(b) Detection of HB in emission.

On an effective area of 1500ded we identified 20 CV candidates. 6 of them could be identified
as galaxies with the help of DSS-I images; another 5 weradyr&nown CVs. The remaining 9 can-
didates have been observed at the ESO-Danish 1.54 m-te&estdlovember 1997 with a resolution
of R= 1300 (Grism #7 with 1 slit), which allows to resolve emission lines broader th&0 Rm/s.
Since in CVs gas of the secondary is accreted onto the swfacerhite dwarf, having a small radius,
the velocity components of the gas along the line of sightimihner part of the accretion disc are
typically much higher than 230 km/s. This enables us tomjstish CVs from T Tauri stars, in which
a much larger star sits in the middle of the accretion dist¢hablower velocities occur, and from dMe
stars, with photospheric, unresolved lines.

Of the 9 stars observed, 6 have been confirmed as CVs; thenag#iree are a dMe star, a T Tauri
star, and a QSO, respectively. Hence, of the original seftafahdidates, 11 (or 79 %) are CVs. This
is the highest selection efficiency ever obtained in a sufeeZVs. One of the CVs discovered in the
HES, HE 0409-3029, turned out to be an eclipsing binary witle@od of~ 3"25™ (Augusteijn 1998,
priv. comm.).

A first, rough estimate of the surface density of CVs basedwrsmall sample indicates that in
the HES,~ 3x more CVs are found than in the Calan-Tololo Survey (CTSgnrvve apply the HES
limiting magnitude to the CTS sample (Augusteijn 1998, pcavmm.). In the CTS, CVs are searched
by eyeon objective prism plates. The limiting magnitude of the G3B; = 18.5. The above estimate
is consistent with the fact that 5 of the 11 confirmed HES GNsuldhave been found in the CTS,
since the survey areas overlap, but onli@/ebeen found. This suggests again, as in case of metal-
poor stars, that quantitative selection criteria appliedigital data are superior to manual selection.
However, our arguments are so far based on small numbers only
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9 Conclusions

| have demonstrated that the digital data base of the HE§dddaminefor various types of scientifi-
cally exciting stars. Exhaustive efforts to calibrate tHeSplate material, and understand the properties
of these detectors enable us to select a large variety aflsyajuantitative objectiveandreproducible
selection criteria, and to study the selection probabdiya function of stellar parameters and object
brightness.

Several stellar projects carried out in the HES indicate thentitative selection on a digitized
objective prism plates are dramatically superior to “médhselection with binocular microscopes. |
have shown that samples selected in the latter way are diihlely incomplete(as in case of carbon
stars, and CVs, although in the latter the HES sample sizilisraall), or much morecontaminated
with undesired objects than expected for the quality of gersa used, as in case of metal-poor stars,
where | achieved a 3—7 times higher selection efficiency enHES as compared to the HK survey,
which has a 2 timehigher spectral resolution.

The faint limit of the HESB; ~ 17.5) harmonizes very well with the limit to which high-resatut
(R > 40000) spectroscopy is feasible with the new generatio 8fm class telescopes (e.g., VLT,
Subaru, Keck, and HET). It is thus an ideal source for proxgjdargets for these telescopes. Moreover,
since the HES isiniquein the sense that currently no other survey provides as mpegtra of a
spectral resolution as high as in the HES, | predict thaténntibixt years the scientific community will
confront the HES group with an even greater demand of rargaadliar stellar objects as the author
experienced throughout his thesis work.
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A HES Metal-Poor Stars

Name a(2000 (2000 By V B-V T logg [Fe/HJqes [Fe/Hluk Method
HE 0000-5003 000317.0 -494632 16.6 16.3 0.3 6000 3.5 -2.0 5 -2.auto
HE 0007-1832 000952.8 -181612 159 156 0.4 6200 4.1 -2.5 0 -3.auto
HE 0008-3842 001056.0 -382610 144 137 1.0 4700 15 -2.5 0 -3. CaKidx
HE 0014-2141 001656.3 -212503 16.5 16.2 05 5700 3.7 -1.9 4 -2.auto
HE 0019-3635 002206.0 -361834 16.5 16.3 0.4 5800 3.6 -2.0 5 -2.auto
HE 0020-5123 002252.1 -510657 15.7 154 05 6200 4.0 -1.8 3 -2.auto
HE 0028-2152 003107.7 -213607 16.0 158 0.3 6000 3.9 -1.9 4 -2.auto
HE 0032-4749 003522.1 -473232 16.4 162 04 6300 4.6 -1.8 3 -2.auto
HE 0051-1334 005406.8 -131811 155 152 04 5900 3.9 -1.8 3 -2.auto
HE 0051-2950 005339.8 -293413 139 136 04 6250 3.2 -2.2 7 -2. CaKidx
HE 0054-2123 005653.2 -210729 15.7 154 04 6200 3.6 -1.8 3 -2.auto
HE 0058-5557 010011.9 -554124 16.3 16.0 0.4 6300 3.8 -1.9 4 -2.auto
HE 0105-2202 010731.2 -214606 159 156 0.3 5800 4.2 2.1 6 -2.auto
HE 0113-3702 0115219 -364705 163 159 05 6100 44 -1.7 2 -2.auto
HE 0114-4039 011641.1 -402355 16.4 16.0 05 5900 3.5 -1.6 1 -2.auto
HE 0119-4211 012211.2 -415614 156 152 0.6 5300 2.0 -2.3 8 -2. CaKidx
HE 0122-4743 012434.1 -472822 159 156 0.4 5900 3.9 -2.0 5 -2.auto
HE 0130-2303 013318.2 -224836 149 147 04 6500 4.5 -2.3 8 -2. CaKidx
HE 0131-2638 013343.3 -262316 15.8 156 0.4 6200 4.2 -1.5 0 -2.auto
HE 0131-2740 013325.8 -272528 15.1 147 05 5600 3.5 2.1 6 -2. CaKidx
HE 0132-2439 013458.8 -242418 152 148 05 5450 3.3 -2.9 4 -3. CaKidx
HE 0142+0147 014447.8 +020218 159 156 0.3 6200 3.9 -2.2 7 -2.auto
HE 0148-2611 015059.5 -255702 149 147 04 6400 3.3 -3.2 7 -3. CaKidx
HE 0201-4707 020324.4 -465248 152 149 05 6300 4.1 -1.7 2 -2.auto
HE 0202-0104 020437.0 -004949 155 152 0.3 6300 45 -1.5 0 -2.auto
HE 0221-2127 022325.2 -211335 16.1 158 04 6200 3.8 -1.7 2 -2.auto
HE 0222-5707 022409.2 -565425 16.5 16.2 0.4 5900 3.7 -1.5 0 -2.auto
HE 0225-0033 022735.4 -002015 159 156 0.3 5900 3.8 -2.0 5 -2.auto
HE 0226-5519 022834.2 -550545 16.5 16.2 0.4 5900 3.2 -1.8 3 -2.auto
HE 0235-3649 023758.3 -363702 148 145 04 7000 3.0 -1.6 1 -2. CaKidx
HE 0236-2809 023855.9 -275659 16.5 16.2 04 6300 4.0 -2.0 5 -2.auto
HE 0238-0852 024040.2 -083924 16.1 159 0.3 6000 3.9 -1.8 3 -2.auto
HE 0239-5127 024112.1 -511451 16.7 164 0.3 5800 3.2 -1.6 1 -2.auto
HE 0240-2839 024253.2 -282630 16.1 158 0.4 6200 4.0 -1.5 0 -2.auto
HE 0242-0728 024453.2 -071551 159 156 04 6000 3.7 -2.2 7 -2.auto
HE 0242-0732 024500.6 -071942 16.0 157 04 6200 4.7 -2.7 2 -3.auto
HE 0249-0126 025139.7 -011433 159 156 04 6100 3.8 -2.0 5 -2.auto
HE 0251-4743 025258.2 -473126 159 156 05 6200 4.8 -2.0 5 -2.auto
HE 0309-0857 0312255 -084635 154 152 0.3 5900 3.2 -2.0 5 -2.auto
HE 0312-3418 031452.1 -340718 155 152 05 6500 3.8 -1.8 3 -2. CaKidx
HE 0313-3640 031501.8 -362954 14.6 142 05 6550 4.0 -2.8 3 -3. CaKidx
HE 0332-2657 033453.3 -264739 15.7 155 04 6200 4.3 -2.0 0 -3.auto
HE 0338-2657 034035.3 -264818 155 152 04 5800 3.7 -1.5 0 -2.auto
HE 0338-5454 033929.7 -544430 155 152 04 5800 25 -1.9 4 -2.auto
HE 0341-5112 034318.7 -510311 153 151 0.3 6350 3.2 2.1 6 -2. CaKidx
HE 0350-4804 035136.9 -475547 16.4 16.1 04 6100 45 -2.0 5 -2. CaKidx

(continued on next page)
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(continued from previous page)

Name a(2000 (2000 B; V B-V T logg [Fe/Hlhes [Fe/Hluk Method
HE 0357-5054 0359185 -504547 168 165 04 6100 3.8 -2.0 5 -2. auto
HE 0401-5212 0403025 -520446 144 141 04 6500 4.0 -2.5 0 -3. CaKidx
HE 0417-4040 041938.0 -403349 144 142 0.3 6200 4.5 -2.7 2 -3. CaKidx
HE 0419-5544 042012.2 -553738 16.9 16.6 04 5800 3.3 2.1 6 -2.auto
HE 0424-5411 042520.0 -540438 16.5 16.2 04 5900 3.5 -1.5 0 -2.auto
HE 0426-3913 042814.2 -390703 15.3 150 0.4 5900 3.9 -1.9 4 -2.auto
HE 0427-3337 042933.1 -333055 149 147 0.3 6700 3.2 -1.8 3 -2. CaKidx
HE 0442-5113 044315.8 -510747 155 152 05 5900 3.7 -1.9 4 -2. CaKidx
HE 0445-3506 0447265 -350103 139 136 04 6200 4.0 -1.8 3 -2. CaKidx
HE 0448-3524 045008.6 -351905 154 150 04 6100 3.8 -04 9 -0. CaKidx
HE 0503-5519 0504325 -551459 149 147 0.3 6200 34 -1.2 7 -1.auto
HE 0507-3915 050843.2 -391119 16.1 157 0.5 5800 3.2 -1.9 4 -2.auto
HE 0512-2355 051423.8 -235150 15.6 153 0.4 5700 3.3 2.2 7 -2.auto
HE 0513-2421 0516016 -241810 14.8 145 04 5900 3.9 -1.9 4 -2.auto
HE 0513-4557 051512.1 -455410 16.1 158 04 5700 3.5 -2.2 7 -2.auto
HE 0514-5711 0515415 -570757 15.3 151 04 5900 34 -1.9 4 -2.auto
HE 0519-5525 051959.1 -552241 154 150 0.5 6100 4.3 -1.4 9 -1.auto
HE 0544-4416 054559.1 -441458 14.7 144 0.3 6400 3.5 -2.5 0 -3. CaKidx
HE 0545-4715 054650.8 -471407 14.2 13.8 0.7 5350 3.2 -3.3 8 -3. CaKidx
HE 0548-4121 0549529 -412039 156 154 04 6300 4.1 -2.0 5 -2.auto
HE 1143-0010 114610.2 -002721 143 140 05 6500 4.8 -2.3 8 -2. CaKidx
HE 1155-1501 115806.0 -151825 14.8 146 0.4 6400 4.3 -2.5 0 -3. CaKidx
HE 1219-0045 1222284 -010217 154 151 04 6200 3.0 -2.6 1 -3. CaKidx
HE 1219-0413 1222094 -043012 16.1 159 04 6200 3.5 -2.4 9 -2. CaKidx
HE 1227-2755 123014.1 -281139 135 13.3 04 6400 4.2 -2.3 8 -2. CaKidx
HE 1257-3113 1300319 -312933 129 126 05 6200 4.0 -2.2 7 -2. CaKidx
HE 1303-2708 130637.8 -272422 155 153 04 6500 4.2 -2.8 3 -2. CaKidx
HE 1306-0954 130855.3 -101034 15.3 150 0.4 6000 3.0 2.4 9 -2. CaKidx
HE 1320-1219 132331.1 -123512 144 142 04 6500 4.5 -2.0 5 -2. CaKidx
HE 1353-2735 1356425 -274954 15.0 147 04 6000 4.8 -2.9 4 -3. CaKidx
HE 1354-2810 135736.1 -282519 146 144 04 6200 3.5 -2.3 8 -2. CaKidx
HE 1444-1610 1447443 -162314 152 149 04 6000 3.0 -2.5 0 -3. CaKidx
HE 1447-2008 1450254 -202109 144 140 0.6 6200 3.5 -2.4 9 -2. CaKidx
HE 1528-1048 1531 03.7 -105819 145 142 05 6300 3.8 -2.0 5 -2. CaKidx
HE 2133-1426 213607.2 -141236 16.0 157 0.3 5900 4.1 -2.7 2 -3.auto
HE 2148-1247 215117.8 -123342 152 149 04 6200 3.7 -1.6 1 -2.auto
HE 2152-3058 215552.3 -304429 159 156 0.3 6700 3.9 -1.7 2 -2.auto
HE 2155-2836 215810.0 -282202 16.1 159 04 6200 4.4 -1.5 0 -2. auto
HE 2202-2020 220507.7 -200535 15.8 155 05 5800 4.1 -2.4 9 -2. auto
HE 2306-6115 230910.8 -605922 164 16.1 0.3 5500 2.2 -2.2 7 -2.auto
HE 2321-5854 232429.2 -583830 16.3 16.0 04 6000 34 -2.0 5 -2.auto
HE 2326-6005 232856.0 -594847 16.7 16.4 0.4 5800 3.5 2.1 6 -2.auto
HE 2328-5839 2331356 -582305 16.3 16.0 0.5 5900 3.9 2.1 6 -2.auto
HE 2338-3108 234109.0 -305135 16.0 157 0.4 5800 3.2 -1.8 3 -2.auto

Table 24: Metal-poor stars discovered in the HES. Stargtaldy the Ca K index method are marked
with “CaKidx”; stars found with automatic classificationealabeled with “auto”. Metal abundances
are on the HES scale; for conversion to the HK survey scalg déx have to subtracted.
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B HES Carbon Stars Without Significant P.M.

Name a(20000) 6(2000.0) B; (B—V)4es VHes Comment

HE 0915-0327 091808.2 -033957 145 2.3 12.8 TI98
HE 0926-0417 092910.3 -043044 14.1 1.2 13.3
HE 0954+0137 095719.2 +012300 16.6 1.2 15.7
HE 1008-0636 101037.0 -065113 14.5 2.3 12.9
HE 1008-0946 1011224 -100113 16.8 1.4 15.8
HE 1011-0942 101425.0 -095754 154 1.6 14.2
HE 1015-2050 101734.2 -210514 16.8 0.9 16.2
HE 1019-1136 102214.7 -115139 15.2 1.8 13.9 TI98
HE 1023-1504 1025555 -151918 15.7 1.8 14.4
HE 1027-2501 1029295 -251716 13.9 1.7 12.7
HE 1036-2615 1038259 -263050 14.6 1.2 13.7
HE 1045-1434 104744.1 -145023 155 1.2 14.6
HE 1051-0112 105358.8 -012815 17.0 1.4 16.0
HE 1051-0518 105428.8 -053421 14.3 15 13.2
HE 1102-2142 110431.2 -215829 16.0 1.4 14.9
HE 1104-0957 1107194 -101316 - 13 .10
HE 1107-2105 110959.6 -212201 14.3 3.4 11.9
HE 1110-0153 111302.7 -020928 16.5 15 155
HE 1117-3020 1120235 -303642 16.7 1.1 15.9
HE 1119-2953 112127.3 -301006 12.8 1.3 11.9
HE 1119-1933 1121435 -194947 156 13 14.6
HE 1119-3229 1122219 -324619 14.0 1.2 131
HE 1120-2122 112318.6 -213833 12.9 1.4 11.9
HE 1123-2031 112608.7 -204819 16.8 1.3 15.8
HE 1125-1357 112743.0 -141332 15.2 1.4 14.2
HE 1125-2942 1127579 -295904 15.0 1.7 13.8
HE 1126-3001 112857.6 -301802 17.1 13 16.1
HE 1150-2218 115318.0 -223523 14.9 13 14.0
HE 1150-2800 115326.2 -281703 15.7 1.0 15.0
HE 1150-2049 115327.7 -210550 15.6 1.0 14.9
HE 1152-2702 115526.3 -271912 158 1.9 14.4
HE 1221-2557 1224328 -261407 12.8 2.1 11.3
HE 1222-2952 1225314 -300933 16.4 1.7 15.2
HE 1259-2550 1302354 -260649 13.9 1.8 12.6
HE 1308-1012 131110.9 -102835 14.6 1.3 13.7
HE 1315-2035 131757.4 -205053 16.7 1.3 15.7
HE 1318-1657 1321194 -171340 154 1.4 14.4
HE 1319-1935 132238.7 -195111 153 14 14.3
HE 1320-3150 132327.8 -320618 15.8 1.6 14.6
HE 1324-3142 132743.6 -315750 13.0 15 11.9
HE 1325-1638 132837.7 -165427 16.2 15 151
HE 1326-1549 1329199 -160500 15.6 15 14.5
HE 1328-1357 1331024 -141305 16.0 1.4 15.0
HE 1331-2558 133420.1 -261338 17.1 15 16.0
HE 1337-2203 133946.4 -221901 17.0 1.6 15.8

* From calibration ofix _hpp2 (see Tab. 6).
** CCD photometry.

Table 25: HES C stars without significant p.m. Objects markid TI98 have been previ-
ously published by Totten & Irwin (1998). Totten et al. (20@6port all of them to have no
significant p.m., in agreement with our result.
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Name a(200Q0) 6(2000.0) By (B—V)jes VHEs Comment

HE 1337-0938 133953.2 -095349 16.5 15 15.5
HE 1337-2923 134013.7 -293826 13.3 13 12.4
HE 1339-2805 1342094 -282102 14.2 1.2 13.4
HE 1339-3016 134224.6 -303117 14.3 1.3 13.4
HE 1339-0700 134226.8 -071523 15.0 1.7 13.7  TI98
HE 1342-2856 1345299 -291130 153 1.2 14.5
HE 1344-0411 134725.7 -042604 16.3 2.0 14.9
HE 1347-1115 135034.0 -112957 16.8 1.4 15.8
HE 1347-2646 135041.3 -270139 147 1.2 13.8
HE 1349-2330 135158.3 -234520 154 1.3 14.4
HE 1354-2257 135743.3 -231234 14.9 1.2 14.0
HE 1355-1541 135744.7 -155628 155 13 14.5
HE 1355-1758 135756.0 -181300 16.7 1.7 155
HE 1356-2752 135925.0 -280659 13.3 1.3 12.3
HE 1357-3049 140006.4 -310346 14.5 1.3 13.6
HE 1358-2508 140112.3 -252239 13.2 1.3 12.3
HE 1359-2841 1401549 -285625 154 1.4 14.4
HE 1400-1113 140339.8 -112804 16.0 1.2 151
HE 1401-0745 140408.9 -075946 15.7 1.2 14.9
HE 1404-0846 140655.1 -090058 15.3 15 14.3
HE 1418-0306 142057.1 -031954 14.2 1.6 13.0
HE 1418+0150 142101.2 +013718 - 14 A2
HE 1425-2052 1428395 -210605 13.6 13 12.6
HE 1429-1411 143240.6 -142506 125 2.0 111
HE 1430+0227 143246.5 +021444 17.1 1.7 15.9
HE 1430-0919 1433129 -093253 15.0 1.2 14.2
HE 1431-0245 143354.2 -025833 16.2 13 15.3
HE 1431-0755 1434327 -080837 14.6 15 135
HE 1432-2138 1435476 -215137 17.1 1.2 16.2
HE 1439-1338 144226.4 -135118 145 1.4 13.5
HE 1440-1511 144307.1 -152348 14.6 1.2 13.7
HE 1442-0058 1444489 -011057 17.8 2.1 16.2  TI98
HE 1442-0346 144502.1 -035846 16.3 13 15.4
HE 1443-0503 144630.2 -051621 13.9 1.2 131
HE 1446-0112 1449022 -012524 145 1.4 13.5
HE 1447+0102 145015.1 +005015 15.6 1.0 14.9
HE 1501-1500 150426.3 -151200 16.5 1.6 15.3
HE 1522-0503 1524424 -051429 14.9 1.0 14.2
HE 1523-1155 152641.0 -120543 14.3 1.2 134
HE 1525-0516 152752.2 -052704 16.8 13 15.8
HE 1528-0409 153054.3 -041940 15.8 1.1 15.0

* From calibration ofix _hpp2 (see Tab. 6).
** CCD photometry.

Table 26: HES C stars without significant p.m., continuedje@s marked with TI98 have
been previously published by Totten & Irwin (1998). Totterak (2000) report all of them
to have no significant p.m., in agreement with our result.
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C HES FHB/A Stars

Name I b V.  (B=V)y (U-B)o Tet logg [Fe/H] My d wgg class
HE 0012-3738 336.9-77.7 15.58 022 —0.01 7873. 4.06 —2.74 052 4.6 93 A

HE 0107-3950 284.6-77.1 12.62 018 012 7943. 3.44 —-1.02 0.15 1.3 1 Am
HE 0107-4205 287.8-750 14.84 —0.07 —0.27 9722. 3.02 -1.07 022 4.4 72 FHB
HE 0107-4217 288.2-748 13.94 023 009 7047. 2.23 —155 0.08 45 84 FHB
HE 0108-3839 282.0-781 15.33 012 016 7919. 3.03 —2.26 0.01 8.7 —231 FHB
HE 0108-4121 286.1—-75.6 14.64 018 012 7869. 3.26 —0.64 0.14 42 FHB/A
HE 0109-3753 279.1-787 15.13 023 000 7623. 3.82 —0.90 0.60 3.7 67 A

HE 0111-3736 277.1-788 14.60 024 -0.05 7372. 351 -254 056 28 -67 A

HE 0115-4104 281.1-753 12.48 014 013 7661. 2.75 —230 0.05 24 -23 FHB
HE 0117-3859 275.5-77.0 13.83 027 006 7374. 3.15 —-1.71 0.02 1.9 24 Am
HE 0126-3926 270.6-75.6 12.39 023 015 7851. 4.56 —0.01 0.02 1.0 44 A

HE 0131-3800 263.5-76.0 15.64 026 005 7123. 2.63 —141 053 4.4 -15 Am

HE 0131-4112 271.8-737 16.23 023 006 7460. 3.19 —1.67 0.06 13.1 155 FHB
HE 0133-3830 264.0-754 14.32 027 002 7626. 4.14 -0.12 023 24 —-40 A

HE 0133-3914 266.0-749 16.85 023 —-0.12 7623. 427 -159 0.08 8.1 239 A

HE 0134-3912 265.1-74.7 16.18 030 —-0.03 7123. 3.37 -150 0.01 55 236 A

HE 0134-4101 269.6 -734 16.42 031 —0.06 6432. 2.31 -3.00 0.00 16.0 149 FHB
HE 0134-4126 270.7-731 17.14 036 011 6776. 2.23 —1.78 0.10 20.1 24 FHB
HE 0135-3908 264.4 -746 14.55 042 —0.04 6201. 2.21 -266 044 6.6 102 FHB
HE 0135-4044 268.8-735 15.27 005 014 8265. 3.15 -1.79 0.00 7.5 113 FHB
HE 0135-4119 270.0-731 17.17 020 013 7375. 2.13 -1.75 0.29 20.3 -59 FHB
HE 0136-4035 267.9-735 14.55 040 —0.01 6536. 3.22 —-0.46 0.92 31 FHB/A
HE 0137-4106 268.5-73.0 15.26 024 010 7129. 2.47 —-2.17 0.19 8.7 217 FHB
HE 0138-3941 264.6 -739 15.64 031 001 7221. 3.37 —146 0.10 4.2 -31 A

HE 0139-3830 260.8-745 15.13 006 013 8309. 3.29 —-197 0.24 154 FHB/A
HE 0139-4051 266.8—-729 17.38 —-0.04 -0.21 9871. 3.12 MmO 0.00 142 119 FHB
HE 0140-4045 266.5-729 16.61 013 013 8191. 354 —-1.33 0.32 9.3 30 A

HE 0140-4213 269.6-71.8 17.20 003 020 8446. 3.21 —1.21 0.02 169 136 FHB
HE 0141-4135 267.7-721 14.28 024  -0.02 7125. 3.21 -1.72 0.25 61 FHB/A
HE 0142-3740 257.0-746 14.09 022 006 7674. 3.77 0.00 23 69 A

HE 0143-3912 261.0-735 14.96 -0.01 003 9099. 3.39 —1.84 0.43 30 FHB/A
HE 0143-4055 265.4-72.3 16.55 014 —0.04 8164. 431 —-157 0.12 8.7 -12 A

HE 0144-3750 256.8-74.2 12.96 023 002 7624. 3.76 —0.81 0.01 1.3 -22 Am

HE 0144-3903 260.3-735 16.96 044 006 6305. 2.20 —1.45 0.00 18.0 85 FHB
HE 0145-3834 258.5-736 16.17 023 —-0.02 7871. 4.19 -159 0.03 59 177 A

HE 0147-3809 256.2-734 16.97 000 005 8951. 3.79 —0.23 0.26 188 180 A

HE 0147-3811 256.3-734 16.89 030 —-0.11 7003. 3.75 —147 022 7.6 168 A

HE 0148-3914 259.1-728 17.30 009 025 7998. 2.94 —2.64 0.72 21.6 -112 FHB
HE 0148-3945 260.2-723 17.23 006 013 7625. 2.33 —2.72 0.24 20.4 -122 FHB
HE 0148-3954 260.5-722 17.32 015 011 7549. 3.04 0.00 18.2 240 FHB
HE 0148-4057 263.4-716 16.84 045 —-0.26 6372. 420 -262 029 7.8 156 A

HE 0149-3834 256.7 —729 14.32 022 —0.10 7872. 4.42 -146 0.22 2.6 41 A

HE 0149-4029 261.9-71.8 16.95 023 —0.05 7376. 3.63 —247 034 85 210 A

HE 0149-4034 262.2-71.8 15.47 013 011 7404. 2.33 —2.28 0.24 9.3 —-20 FHB
HE 0150-3840 256.6-727 13.74 —-0.07 —0.24 9865. 3.04 0.00 24 65 FHB
HE 2349-3902 345.6-736 17.20 013 013 7763. 3.00 —2.85 0.26 188 FHB

(continued on next page)
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(continued from previous page)

Name I b V.  (B-V)y (U-B)o Te logg [Fe/H] My d wag class
HE 2352-4024 340.9-730 12.83 003 013 8283. 3.04 —2.00 0.06 16.2 -79 FHB
HE 2354-4158 336.4-722 17.06 001 —0.04 9029. 3.13 -232 041 12.2 84 FHB
HE 2355-3753 345.9-753 16.73 010 010 8052. 3.26 —0.58 0.39 —315 FHB/A
HE 2356-4059 337.4-732 16.64 040 —0.02 6475. 2.23 -3.00 0.00 22.0 —105 FHB

Table 27: Results from spectroscopy and photometry of FHi#a#s from the HES. Distancdsare in
kpc, heliocentric radial velocitiegaq in km/s.
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