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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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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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