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Abstract. We present a quasar candidate identification tectiency of telescope time. Preselection makes the completeness
nique based on multicolor photometry. The traditional multguestionable both at low and at high redshift (see discussion
dimensional method (2 N dimensions, where N is the num-in e.g. Miller & Mitchell, 1998). Even multiple color-color di-
ber of the color-color diagrams) is reduced to a one-dimensioagirams (e.g. Hall et al., 1996b) still reveal a bias in the range
technique, which consists in a standard fitting procedure, whérg < z < 3, exactly where a reversing of evolution is thought
the observed spectral energy distributions are comparedtdmccur, making completeness specially important. At low red-
quasar simulated spectra and stellar templates. This new nshiift, it has been shown that the usual morphologic prerequisite
ticolor approach is firstly applied to simulated catalogues afw quasi-stellarcandidates results in a noticeable deficiency
its efficiencyis examined in various redshift ranges, as a fun¢Wolf et al., 1999). This trend may increase the apparent evolu-
tion of the filter combination and the available observing timi@on of quasars.

for spectroscopy. We conclude that this method is better suited The present paper describes a joint method both for distin-
than the usual multicolor selection techniques to quasar idemfisishing between quasars and stars/galaxies by their photome-
fication, especially for high-redshift quasars. The application tff andfor obtaining an estimate of the photometric redshift of
the method to real quasar samples found in the literature resthis quasar candidates as well. In Sect. 2 we present the current
in anefficiencycomparable to the one obtained from the use sfate of the art in the optical search for quasars. Sect. 3 gives a
color-color diagrams. The major advantage of the new methbdef description of our method, which has been first validated
is the estimation of th@hotometricredshift of quasar candi- with simulations, as shown in Sect. 4, before being applied to
dates, enabling, in almost all cases, spectroscopy to be targesad samples (Sect.5). The last section of this paper (Sect. 6)
to best suited wavelength ranges. contains a summary of our conclusions and a brief discussion.
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— cosmology: miscellaneous 2. State of the art in the optical search for quasars

One of the most common problems in optical surveys is the se-
lection criteria one has to apply in order to distinguish between
1. Introduction stars and quasars, since both categories of objects have (in most

: : . cases) a point-like morphology. Quasars are spatially resolved
Nowadays, very high redshift galaxies and quasars are bein . . S 4
found. However, quasars still offer the opportunity of a (rela?—rﬁy atlow redshifts and only when high quality imaging data

tively) easy construction of high-z samples, due to their hi ahre available. Selection of QSO candidates among stellar ob-

7 ) : cts from photometric data is becoming a standard method.
luminosity, quasi-stellar shape (allowing accurate photometr )
: S . S ’he UVX technique (UV excess) separates stars from quasars
and to their emission lines (allowing spectroscopical identifi-. ; . ; o X
cation). Therefore, many large optical quasar surveys areV\lth a redshiftz < 2.2. This technique is still currently being
ro regs orin ro"ect Ezl/en i?hi Eenerq emission i)s/ uiteused,e.g.inthé:hile-UK quasar survefcUQS), and theé\AT
prog project. g 9y qUIe S4F QSO Survey

common quasar property, X-ray samples still need the detec- To avoid both the redshift limitatioiz < 2.2) and the

tion of emission lines in the optical domain for the purposes Bf ; : .
. L : o las towards blue objects, other equivalent techniques are also
redshift determination. To improve the efficiency of all quasq;

studies, one has to increase both the size and the upper reds 19 applied (for example BRX), with quite a high efficiency in

. : : oﬁ%er redshift ranges. Many Multicolor Surveys use anincreased
limit of the sample, and to achieve a maximum completeness ' . . .

) . namber of filters, especially towards the red, with special care
over a redshift range as large as possible.

: . paidto high-z quasars: examples are found in Boyle etal. (1991),
These surveys are essentially based on the photometric ‘g‘ennefick et al. (1997), Osmer et al. (1998) and the references

erein, Jarvis & Mac Alpine (1998) and tm¥PPOSS(Digital
Send offprint requests t&. Hatziminaoglou (eva@ast.obs-mip.fr) POSS Il). In all these cases, the efficiency never exceeds 35%

e_
selection of quasar candidates, in order to optimize the eff|
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(~ 3 candidates selected per one real quasar), dependingmR=24 in the HDF, involving, however, very few quasars. We
magnitude and redshift. are examining various possibilities of assembling a third quasar
For all the selection methods described above, the workisgmple in the limits of the VIRMOS-SHALLOW survey, trying
space is the Nk 2D-manifold of N color-color planes. The lo-to getas much as possible of the spectra of the several thousands
cus of quasars at different redshifts in each of these planesfigluasars present in this field by selecting photometric candi-
compared to the locus expected for Main Sequence stars. &ates. Comparing the three VIRMOS samples should provide
quasars, the allowed multi-color space is defined through sinsauunique opportunity of examining the biases introduced by a
lated template spectra, set to different redshifts. Basically all thbeotometric and/or morphological preselection on the quasar
selection procedures use the positions of candidates in the m@iimples.
color space either to compare with the expected locus for quasars
or to compute the distance to the Main Sequence (Newbergz&pescription of the method
Yanny, 1997; Sloan Digital Sky Survey - Fan, 1999; Krisciunas
et al., 1998). Quasar candidates are among the objects at@4é& method used here is closely basedpperz a public pho-
largest distances with respect to this Main Sequence “Snak@metric redshift code presently under development at the Ob-
However the selection of candidates with quasar spectra is Bgtvatoire Midi-Pyerées. Details oiyperzwill be given in a
sically a 1D problem: the fitting between the observed spectfalthcoming paper (Bolzonella et al., 2000; see also Miralles &
energy distribution (SED) and the equivalent one obtained frdn¢!l0. 1998; Peb etal., 1999). Itis basically a standard SED fit-
templates (quasars/stars), all of them computed within the saifi§ Procedure: the observed photometric SED of a given object,
photometric system. Two quasar surveys make use of such ftained through filters, is compared to the SED computed for
to select candidates and to estimate their photometric redshit§et of template spectra. The aim is to find the best fit between
The Calar Alto Deep Imaging Surve@ADIS uses specialized the observed and the model photometry through a stangard
filters and a multicolor classification algorithm to distinguisfinimization procedure:
between stars, galaxies and quasars, and the identification of _» i i 2
. N . . . (Fobs Fmod(z))
high-z quasars in particular is based on the photometric red-= 2

shift method (Wolf et al., 1999). THearge Zenith Telescopa i=1 7i

6-meter liquid-mirror telescope, will provide photometric redwhereF?, . andF;, , are respectively the observed and the tem-
shifts for more than 1 million of galaxies, thanks to a series gfate fluxes in the band, and; is the error on the observed
40 medium-band filters specially designed, and will be able f{@x in this band. Fluxes are normalized to an arbitrary reference
select quasar candidates quite efficiently. For the purposesigér. This is a quite general method. The photometric redshift
this paper, even a reduced set of broad band photometric dgtthe redshiftz corresponding to the minimurg? value. As
on a given object shall be considered as a very low resolutiggpected, the accuracy on the photometric redshift determina-
spectrum R~ 1!), which could be fitted by synthetic templatesion depends strongly on the set of filters used (number and
according to the standard methods commonly used on phajgvelength coverage); this is illustrated in the next paragraph.
metric redshift estimates. Assumptions on the morphology of In order to app|y this method to guasars, the temp|ate set
the objects could be avoided in principle, in such a way thgt made by series of simulated quasar spectra. These spectra
both point-like and spatially resolved sources could be exaRave been constructed by varying the slope of the power-law
ined through the same pipeline. Furthermore, it is interestiggectra (spectral index) in the optical (between 0.0 and 1.0,
to have a prior idea on the redshift range of each candidgte3 steps) while keeping the ultraviolet index, -, constant
in order to perform the spectroscopic follow up in the suitablg 1.76 (a value compatible with Wang et al., 1998). Emission
wavelength range (visible or IR). lines are included (Ly, Ly, ClIl, CIV, Mgll, SilV,H ,, Hs and

The software described in the present paper has been ideywith gaussian profiles and typical intensities (e.g. Peterson,
veloped for the needs of preparing the quasars/AGN sampleitin7), as well as the small blue bump, centered at 200e
be assembled in the future VIRMOS survey. It can howevgsdshiftvalue is setbetween 0 and 7. Totally, there are 213 quasar
be applied to all multicolor catalogues. The forthcoming VIRspectra, with 71 redshift stepsz(d= 0.1), with 3 simulated
MOS spectroscopic galaxy survey will consist in 2 surveys:gpectra on each step, obtained by varying the optical spectral
deep one and a shallow one. The VIRMOS-SHALLOW spegidex. The Ly, forest has been modelized according to Madau
troscopic sample (statistically 1/4 to 1/3 completd tg 22.5, (1995), while no reddening has been included. We also included
no other preselection) will ensure random completeness, withe stellar library of Pickles (1998), which contains 108 spectra
outany color or morphology preselection. The VIRMOS-DEER stellar types ranging from O to M, including dwarfs and giant
survey (complete for all objects with2.5 < I < 24) will pro-  stars. Additionally, we included 22 white dwarf and carbon stars
vide the opportunity of assembling a quasar sample avoidiggectra, which are known to contaminate the quasar candidates
the drawbacks of any preselection, therefore basically free@ftalogues.
the usual biases (colors, redshift etc). So far, very few such sam-\when applying the method to a given sample, the discrim-
ples are available: three examples come from the CFRS (I=23dation between stars and quasars is performed in two steps. A
Schade et al., 1995), the Faint Galaxy Redshift Survey (B=2#st distinction between stars and quasars is made by identify-
Glazebrook et al., 1995) and more recently Cohen et al. (1999 as star (quasars) the objects that show a better fit to one of




E. Hatziminaoglou et al.: Quasar candidate multicolor selection technique: a different approach 11

the stellar (quasar) spectra. A further selection on the remaiiable 1. The six DMS fields, galactic coordinates, surfaces and esti-
ing sample can be made, based on the value of the redifgcedmated star numbers.
with stars identified as objects excluded as quasars at the 95%

or 99% confidence levels. In the present paper, the tenfs “ b__ surface (sq) stars
selection” or “noy? selection” will apply for such a distinction. 250 47 286 219
When an object is identified as quasar candidate, a photometd8 -63 516 263
redshift estimation is automatically provided. The number ¢f 35 552 826
degrees of freedony, is equal to the number of filters minus337 57 561 581
2: we lose one degree by normalizing the flux to a referenc@ 22 22; ggg

filter and one degree because of the “best fit” procedure. In this
way, the separation between stars and quasars is reduced to a
one—dimensional fit between the data (the observed SED) ainel VIRMOS survey, which will make use of wide-band fil-
the spectral templates. ters only, although narrow-band filters would give better results

As expected, and as confirmed by the simulations, the quéteri et al. 1997). 40 different filter combinations have been
ity of the quasar/star discrimination depends on the filter conested in the aim of selecting quasar candidates. Fig. laand b il-
bination, as it happens for the photometric redshift estimatelistrate theeompletenesolid line),confirmation ratgdashed
the case of galaxies. Not only the number of filters is importartihe) andefficiencydash-dotted line) for these 40 combinations,
but also the wavelength range covered. Another important poivithout anyx? selection and with selection at 99% confidence
is the width of the filters which must be suited to the width d&vel, respectively. The filter combinations in Fig. 1a have been
quasar spectral features. A realistic determination of the phottassified by increasingpmpletenes§ he same order has been
metric errors is the key to a successful issue for this methodused in Fig. 1b, to demonstrate the effect of’aselection on

the completenesand the other parameters. Table 2 shows the

4. Simulations filter combination which corresponds to the abscissa values.

_ ) ) A closerlook at Fig. 1 and Table 2 reveals that the filter com-
The first test of this method has been done on mixed (quasgfsation is, most of the time, more important than the number

+ stars) simulated catalogues. In this paragraph we intendygijiers. In general, filters like U or the infrared filters H and/or
show the importance of the set of filters used for optimizing are very useful: they add much photometric information con-
the results. First, let us define an arbitrary and useful quantifaining the number of candidates. Neighboring filters like B,
which is aimed to quantify the efficiency of this procedure. L&k R, when used all together, decrease éfficiencybecause,
N, be the number of quasar candidates resulting from the idgfa mentioned above, they increase the number of the degrees of
tification technique/V; the number of actual quasars found ageedom without adding any essential information. A compari-
candidates (real quasars effectively selected),/@nthe num-  son, of the two figures reveals several trends. dom@pleteness
ber of expected quasars. In principlé, is a quantity which can s aimost not influenced by selection in the case of 3-filter
be estimated from previous surveys. We define #féciency  .ombinations (such as UBV, BRI, BVR, BVI, or UBR). It is,
of the method as follows: however, strongly influenced byxg@ selection when the filter
efficiencycompleteness confirmation rate U is present, in sets of 4 or more filters. Note that this quantity
wherecompleteness N /N, andconfirmation rate= N¢/N... decreases significantly, whena selection is imposed, for fil-
Obviously, both theompletenesand theconfirmation ratdake ter combinations with index higher than 26, which are all sets
values in the interval [0,1] and so does #féiciency containing the U-filter. Furthermore, tleonfirmation rateis

The number of stars in our simulated catalogues was gi\@ﬁnerally increasing with increasing number of filters. The de-
by the Galaxy model of Robin etal., 1995 (R95). The star courfision whether to make &> selection or not depends on the
correspond to the six Deep Multicolor Survey (hereafter DMSyailable time for spectroscopy and the scientific objectives of
fields, since we primarily tested our results with the results #fe project.
this survey. The fields with their surface (in square arc minutes) For this purpose, we made an approximative estimation of
and the estimated star numbers are given in Table 1. Qud&&time needed for making the spectroscopy in order to cover
numbers were based on previous surveys (Hartwick & Schaég,area of 1 square degrédg,, for the same 40 filter combina-
1990, hereafter HS90). Catalogues contaitD0 quasars and tions, given a detector aresl, a magnitude limity,, a quasar
~3000 stars, with a magnitude limit of;,=22.2 and photo- candidate density;; = Nc.na/S (depending on this limit as
metric errors scaling with magnitude, with typical values of theell as on the filter combination), a number of slitsand an
order of 0.1 magnitudes. Quasars are uniformly distributed @#posure timedT,, with and without anyy? selection. We
redshift, in order to obtain reasonable statistical results at edliculatel’, as:

redshifts. Nownd AT

Photometry in broad-band filters has been simulated, cdll;, = {1 +int ( Cé" )} X SS”
ering the wavelength range betweer8000A and ~ 20000A:

U, B, V, R, |, H, and K. Broad-band filters have been used féiig. 2 illustratesl’,, (in hours) form;, = 22.2, S=0.06 square
practical reasons, in particular because they directly applydegrees, G=10 andl;, =3 hours, without any preselection
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1.0

0.8}
0.6 :
041 Fig.1a and b. completenesgsolid
[ line), confirmation rate(dashed line)
021 andefficiency(dash-dotted line) for 40
[Ny ] filter combinationsa without anyy?>
0.0 I I I . . . 0
10 20 50 40 selection andh with selection ata 99%
filter combination filter combination confidence level.

Table 2. Filter combinations used in Figs. 1a and 1b, classified by increasimpletenesi the case of no? selection.

No filters No filters No filters No filters No filters
1 VRI 2 VRH 3 BRH 4 UBv 5 BRI

6 BVRI 7 BVR 8 VIK 9 BVRIH 10 BRIHK
11 VRIHK 12 BRHK 13 BVI 14 BRIK 15 VRIK
16 BVK 17 RIHK 18 BVRIHK 19 UBR 20 UBH
21 BVRIK 22 UBVR 23 UBRI 24 BVIK 25 UBVRI

26 UBVRIK 27 UBVRIH 28 UBRHK 29 UBHK 30 UBVRK
31 UVIK 32 UVRIK 33 UBVRIHK 34 UVK 35 UBRIHK
36 UBVIHK 37 UBVRHK 38 UVIHK 39 UVRIHK 40 UBRIK

1000 values of the estimated quasgy,.:, when compared to the spec-

troscopic ones, especially for quasars with redshifts lower than
~ 2. Thefilter combination is very important for the accurate de-
termination of thez,,,:. Fig. 3 shows the photometric redshift
versus the model redshift, for a catalogue of 1540 simulated
il quasars, uniformly distributed over the redshift range [0,6], and
for 4 different filter combinations. From top to bottom and left
to right the following filter combinations are illustrated: BVRI
(@), BVIK (b), UBVRI (c), UBVRIK (d).

The use of the filter set BVRI is clearly a bad choice: these
S four filters cover a relatively short wavelength range and their
0 2030 40 effective wavelengths lie close to each other. Ehg,; in this

filter combination case is poorly determined for< 3, while there is also a large
Fig. 2. Spectroscopy time (plotted on a logarithmic axis) per squaggspersion at > 5. If we replace the R-filter by the K-filter
degree versus filter combination, without agy preselection (solid (Fig. 3b), the dispersion becomes more important at redshifts
line) and with a 99% confidence level selection (dashed line). higher than 4, since this is the redshift at which, Ishould enter
the R-band, but it decreases the dispersion at redshifts lower than
i, due to the very large wavelength range covered. Adding the

100

T (hours)/ per sq. deg.

(solid line) and with ay? selection (dashed line). Note that th
y-axis is logarithmic. As expected, there is an anticorrelati
betweenT, and theconfirmation rate as it appears from the
comparison of Figs. 1 and 2. The highest tioafirmation rate
the less time is required.

lter U to the BVRI combination decreases the dispersion at
oth high and low redshifts (Fig. 3c), but one can still feel the
absence of an infrared filter, whose importance is seenin Fig. 3d.
The periodic accumulations of points at different redshifts are
due tothe passage of Lyrom onefilter to the other. As ageneral
rule, the determination of the photometric redshifts should be
4.1. Determination of the photometric redshifts rather accurate in the redshift range [3,5] even without the U

The problem of the quasar photometric redshift (hereafies) or an infrared filter, but their presence is crucial for all other
estimation is at least as complex as the one for galaxies. Qua{ggrsmﬂ ranges. o )
spectral features (mainly emission lines) are rather narrow and 1 € auality of thez,,,, determination is likely to improve

the overall shape of the ultra-violet and optical continuum {5 €@l quasar spectra are used. However, this implies that a

a single power low, while the filters commonly used for pho’s_pectral library is required, containing some hundreds of quasar

tometry are wide-band filters, not very suitable for the quassectra, with redshifts spanning from 646 and with a spectral
characteristics. All the above are in the origin of the dispersgeverage spanning form the ultra-violet to the infrared.
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Fig. 3a—d.Photometric redshift versus model redshift for a simulated catalogue of 1540 quasars and 4 different filter combinatioas: BVRI
BVIK b, UBVRI c and UBVRIKd.

4.2. C, CR and E as a function of redshift 1.00 7

The completenesshe confirmation rateand, therefore, thef- 0.90F
ficiencyof the method depend on the redshift. The demonstra- :
tion of this dependence is easy to show for doepleteness E
but not for theconfirmation rate Thecompleteneswithin red- 2 0.70¢
shift bins has the same definition as for the entire sample: tEleO 60
ratio between the number of real quasars with spectroscopic | Voo

0.80F

etene

BVIK \

050k .. UBVRH \ 7

redshifts (hereaftet,,..) within the examined bin, identified 3 o ]

as candidates even if theip,; is significantly different from  c.40f - 3

their z5,.., over the estimated total number of quasars. o W 5 3 . s .
Fig. 4 illustrates theompletenesgersus the redshift, with- Redshift

out x? selection, for 4 different filter sets: the solid, dotte . . , i

dashed and dashed-dotted lines correspond to BVIK, UBVRIdElV”? C?Tfé\e/tsrs’s_s_\{e[;%i E?fj.s_hgsRTr  diferent filer sets: —

UVK and BVRI, respectively. Theompletenessver the whole

redshift range for this 4 filter combinations is in all cases more

than 85%, as shown in Fig. la. [2,3], which however remains low up to~ 5.5. UVK offers

Fig. 4 reveals that, independently of the filter combinatiotie possibility of acompletenessf ~80% forz < 2, while UB-

thecompleteness always lower in the redshift range [2,3] dueYRIH results give a&completenesever 90% for highs quasar

as already mentioned, to the stellar-like colors of quasars. Thi@Emples{ > 3).

fact could certainly increases the number of quasar candidatesThings become more complicated if one tries to make an

within this range but it could also be a possible source of irquivalent evaluation of theonfirmation ratewithin redshift

completeness, since some quasars will inevitably be classifigds. This time, theonfirmation rateis the ratio between the

as stars. Furthermore, different filter combinations offer a diftumber of real quasars with .. in the examined redshift bin,

ferentcompletenesat different redshifts. The filter set BVIK over the number of quasar candidates (quasars + possibly stars)

assures aompletenessf over 70% in the critical redshift rangewith z,,; that belong to this particular redshift interval. Obvi-
ously, this definition depends on the accuracy of the determi-
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nation of thez,,.; as well as on the width of the redshift bins. 1HOF 1

Therefore, the dependence of the confirmation rate versus thexo[ .
redshift can be evaluated qualitatively but not quantitatively, and ook ]
so it goes for thefficiencyas well. I ]
If the final aim of a survey is assembling a quasar sample #° - ]
with redshifts within a restrained interval, all candidates witha 4,¢ ]
Zphot that lies outside this interval will, in principle, be rejected. : ]
In the more realistic case of an all redshift survey, the mostinter- *°F
esting strategy is to simply optimize the spectroscopy towards 20 jJ B
the optical or the infrared wavelengths. The spectroscopy of f =~ =~ = —— ... | ]
quasars with redshifts up te3 is much more interesting in the 00 05 10 15 20 25 30 35 40 45
optical band, while higher redshift quasars should be spectro- Reashitt
scopically observed in the infrared, since most of their emissibiy. 5. Estimated redshift distribution of the photometrically selected
lines are shifted to these wavelengths. The simulations ha@aadidates (solid line), spectroscopically determined sample of 51
shown that, although the determination of quasgs; is some- DPMS quasars (dotted line).
times dispersed at < 2.5 andz > 4.5 (Fig. 3), this effect
hardly translates into high-quasars £ > 4) being wrongly

identified as lows ones ¢ < 3) or vice versa. least 80% for the usual multicolor selection techniques (Hall,
private communication) and88% for our method.

Table 3 summarizes the characteristics of the different cat-
alogues examined in this section: surface covered, magnitude
limits, filters used, number of quasars, and number of candidates
The method presented above has been tested on a series of farrifferent confidence levels. The expected number of stars on
ples found in the literature, giving rather satisfactory resulthe DMS field has been computed from R95. In the case of the
Depending on the sample and the available information, tBéS field, the number of spectroscopically confirmed quasars
confirmation rateand/or thecompletenedsave been calculated.is also given between brackets.

Among the 3720 objects in this catalogue, we identified
3332 as stars because their photometry shows a better match
to the stellar templates. With our method, 6 of the 51 spec-
The Deep Multicolor Survey is an imaging survey covering Boscopically confirmed quasars (DMS0059-0056, DMS1358-
fields on a total area of 0.83 square degrees on the northern@8$4, DMS1714+5012, DMS1714+5003, DMS1714-4959 and
at high galactic latitude, carried out at the 4m Mayall telescopMS1358-0055) are misclassified as stars. Only 7 of the 97 B
of the Kitt Peak National Observatory. 6 filters have been used,22.3 candidates, spectroscopically identified as stars, but all
covering the wavelength range from 3000 to 10800, B,V, 34 B < 22.3 CNELGs belong to our candidate list, if ng
R’, 175 and 186, and a photometric catalogue-a21000 stellar— selection is made. At a 99% confidence level, 25 CNELGs are
like objects has been assembled, with the aim of conductinglassified as quasar candidates.
multicolor quasar search (Osmer et al. (1998) and the referencesTo summarize, we find 388 quasar candidates for 106 actual
therein). 137 stars, 49 compact narrow emission line galaxgsasars, with an expectedmpletenessf 45/51=0.88 and an
(hereafter CNELGs), and 54 quasars with redshifts spanniexpectedonfirmation rateof (106 x 0.88)/388=0.24, if ng2
from 0.3 to 4.3 have already been spectroscopically identifieslection is made. The equivalent values with 99% confidence
These objects were the 240 quasar candidates selected by ldaéll selection are 0.88 and 0.27, respectively, for 348 quasar
et al. according to their position on color-color plots, a higbandidates (see also Table 4).
fraction of them (194 objects) selected by the UVX technique Fig.5 displays with a solid line the estimated redshift dis-
(Hall et al., 1996). This selection favored quasars with redshiftibution of our 388 quasar candidates. The accumulation of
less than 2.2. The redshift distribution of these objects canidentifications around ~ 1 is due to the CNELGs, withgpe.
seen in Fig. 5, where the spectroscopic sample is plotted binahe range [0.1,0.8] typically, identified by our procedure as
dotted line. quasar candidates with,,,. ~ 1. The broad distribution at

For our purposes, we cut the catalogue at B=22.3, a limitat [2.0, 3.0] is probably due to the stellar—like colors of quasars
which the sample is almost 100% complete and only marginallythese redshifts, which makes the distinction between stars and
contaminated~{ 8%) by galaxies, and we only used objects faguasars particularly difficult by photometric means, increasing
which photometry was available in all 6 filters. Hence, 3 dhe number of quasar candidates, but it also corresponds to the
the spectroscopically confirmed quasars were excluded, andexpected maximum of the quasar space distribution. For com-
ended up with a catalogue of 3720 stellar-like objects. For tharison, we plot the redshift distribution of the 51 spectroscop-
magnitude limit and the area covered by the survey, apprdagally confirmed quasars (dotted line).
imately 106755 quasars are expected to be found among the The above results are summarized in the first 6 columns of
objects of the catalogue (HS90), resultingamnpletenessf at Table 4, where the values of titempletenesgC), the confir-

5. Applying the method to real samples

5.1. The Deep Multicolor Survey
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Table 3. Quasars candidates for DMS, HBF,4,: and Parkes selected by thg,z. method.

Stars Quasars
Survey  Surface Mag. Filters Candidates
covered limit exp cand exp 95% 99% nd  conf
DMS 0.83sd B=22.3 U,B\VR, 3316+60 3332 10672 295 348 388 51
175,186 (R95) (HS90)  (40) (45) (45)
HDFp  1.00sd B=21.0 B,V,.R - 30 26 30 30 30
Parkes H=19.6 B,VR|, - 129 99 107 125 129

J,H,K

Table 4. Completenes&C), confirmation ratg CR) andefficiency(E) for the samples DMS, HD#and Parkes and for the simulated catalogues,
with ax? selection at 99% confidence level and without afyselection. In column 2 we give the same quantities for the DMS sample and for
the usual multicolor selection techniques.

DMS Zphot sim HDFg sim Parkes sim
99% nox? 99% nox? 99% nox? 99% nox? 99% nox? 99% nox?
C 080 088 088 079 086 100 100 074 076 0.83 097 052 081
CR 023 027 024 020 0.21
E 0.18 024 021 016 0.18

mation rate(CR) and theefficiency(E) are shown in columns objects spectroscopically identified as quasars, there are 38%
3 and 4. The values predicted by the simulations are also gihat show a better fit to the galaxy spectra, and 80% among them
for comparison in columns 5 and 6, using the same filter comsrrespond in particular to genuine young starbursts according
binations as for the real data, and keeping the filter responsethe best-fit spectra, with ages ranging between 1 and 20 Myrs.
as close as possible to those actually used. Column 2 givesThe result is different when the same extended template library
same quantities for the DMS and the usual multicolor selecti@applied to the 34 B< 22.3 DMS CNELGSs. In this case, 85%
techniques. Note that the values given for¢benpletenesand of the sample (29 objects) is well fitted by galaxy spectra rather
the efficiencyare the lower estimations. The two methods givilian quasar or stellar templates. The fraction of best-fit galaxy
comparable values for all 3 quantities (C, CR and E), withtamplates corresponding to young starbursts i8/3. Gener-
slightly better efficiency for the multicolor technique when ally speaking, a typical fraction betwedr4 and1/3 of the

x? criterion is imposed. guasar candidates is also compatible with young starbursts, and

In order to estimate the contamination due to compact gal&@BNELGs are hardly selected as quasars, when supplementary
ies, we have added to the template library the spectra of blue stgtaxy templates are used.
burst galaxies, obtained from the public model Starburst99 code To summarize, adding star-bursting and early-type galaxy
by Leitherer et al. (1999), as well as a delta-burst model takesmplates does not give a better solution to the problem of se-
from the new Bruzual & Charlot evolutionary code (GISSEL98ecting quasar candidates: if star-burst candidates are included
Bruzual & Charlot 1993), and a set of 4 empirical SEDs conm the list, the number of candidates is multiplied by a factor of 4
piled by Coleman, Wu and Weedman (1980) (hereafter CWW 5. On the other side, objects like CNELGs will not be mixed
to represent the local population of galaxies (E, Sbc, Scd anith the quasar candidates but we take the risk to mi$5%

Im). Spectra from the Starburst99 code were selected with bthe quasars, identified as star-bursting galaxies. However, for
lar metallicity and Salpeter IMF, taking different ages for athe purposes of a survey, all objects will be tested through the
instantaneous burst ranging from 1 to 20 Myr. In the case sdime, general pipeline. Some objects (like quasars and compact
the GISSEL98 delta-burst, the IMF is that of Miller & Scaldlue galaxies) will inevitably end up as candidates in more than
(1979), with solar metallicity and 51 different ages ranging fromne list, depending on the different selection criteria.

0.001 to 20 Gyr. CWW spectra were extended to wavelengths

A < 1400 A and A > 10000 A using the equivalent GISSEL98
spectra.

When applying the method to the DMS sample of 3523ig. 6 left presents the,,.: Versuszgy.. for the 51 DMS
stellar objects (we remind here that we only use objects witluasars. For 23 of them,nor — Zspec| < 0.1. We note an im-
photometry in all 6 filters), using the template library extendggbrtant dispersion for redshifts lower than typically 2.5: quasars
with galaxy spectra, we find that 80% of them are better fitted withaz,.. € [1, 2] are better fitted by templates of quasars with
by stellar or quasar templates rather than by galaxy spectra. This [0, 1]. This is also the tendency arising from simulations
fraction is only 56% for the subsample of 97 objects spectrand shown on Fig. 3 (upper right), for the filter combination
scopically identified as stars. Among the subsample of the BBVRI.

5.1.1. Quasar photometric redshifts
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Fig. 6 right presents thg,.; versusz,,.. for a new sample and I. On a (B-V) (V-I) diagram, quasar evolutionary tracks up
of 46 spectroscopically identified quasars (Hall et al., 200@} a redshift ot~ 3.3 and the Main Sequence stars mix together.
17 of them havéz,nor — 2spec| < 0.1. This time we note that
quasars with &spee € [0,. 1] are better fitted by quasars wi_th6 Discussion
z € [1,2], and this trend is also seen on the simulations (Fig. 3
upper right) for the same set of filters. The quasar multicolor selection technique presented in this pa-
per has some advantages as compared to the “traditional” color-
color methods. First, it has the advantage of selecting quasar
candidates even at redshifts where quasar and stellar colors are
Thecompletenedsas also been tested on two recently publishegry much alike (2.5-3.0). However, tlefficiencyvaries with
guasar catalogues. Liu etal. (1999) published a list of 30 spectitoe redshift. Independently of the filter set, some quasars with
scopically confirmed quasars with their photometry in B, V ar@dshifts lying in the interval [2.5,3] will be skipped. Further-
R. These objects havg.6 < B < 21.0 and0.44 < z < 2.98, more, the number of quasar candidates with estimatggk
and were selected on a one square degree field centered omittan this range will be far higher in comparison to other red-
HDF North. They were firstly identified as quasar candidates biift bins. The set of filters used plays an important role in these
their (B-V) (V-R) colors, along with 31 other candidates thatesults. Adding a filter is not necessarily equivalent to adding in-
after the spectroscopy, turned out to be stars. formation and does not always improve the results, butimposes

With our method we identified all 30 quasars as quasar canere stringent constraints by increasing the number of degrees
didates. However, the limited number of filters did not allow usf freedom. For this reason)& selection does not improve the
to reduce the number of stars selected as quasar candidatese80ts in all cases.
out of 31 were in our own list. This technique gives also an estimate of the (photometric)

We also applied our method to the Parkes subsample pubdshift of the candidates, and itis thus able to improve the spec-
lished by Francis et al. (1999). Only point-like objects, with thigoscopic follow up of a given sample. In some cases, which de-
photometry in all 7 filters (B, V, R, |, J, H, K were kept, thus pend (again) on the filter combination and the redshift of the ob-
129 out of the 157 quasars of the initial sample remain in ojacts, this determination can be accurdtgi,: — zspec| < 0.1).
catalogue. At a confidence level of 99%, 107 among these db-most cases, quasars at redshif 3 will not be misidenti-
jects were classified as quasar candidatempletenes€).83). fied atz > 4 and vice versa, therefore the spectroscopy can be
If no x? selection is applied, theompletenesis equal to 0.97. reliably targeted towards the optical or the infrared bands.

Columns 7 to 14 in Table 4 summarize these results. Sim- For the purposes of a survey aiming in assembling a quasar
ulation results are also given for comparison. Note that in bathtalogue with a minimum cost, adding star-bursting and early-
cases, theompletenesfr the real samples is found to be evetype galaxy templates does not appear as a priority. On the con-
higher than expected according to the simulations. trary, this addition will cause either the increase of the candidates

Confirmation rateand efficiencycannot be computed for by a factor of almost 5 (if star-burst candidates are considered
these two samples, since the entire point-like object catalogasgossible quasars) or the decrease ofdhepleteness 40%

5.2. HDFg,445: and Parkes

(including stars) are not available. (because an important fraction of real quasars will be better fit-
ted by star-burst galaxies templates). For practical purposes (e.g
5.3. EIS-wide (patch B) the VIRMOS survey), when all the sources examined through

the same pipeline, a fraction of objects identified as quasars will
An attempt to apply our method to the EIS—wide (patch Bje also found within the “starburst” sample, but this does not
data was made. The results are approximatively the sameafisct the present selection.
those obtained in multicolor procedures. This was somewhat The same method can be extended towards different direc-
expected: the multicolor approach proposed here, when appli@s. First, it can be adapted to particular objects like very red
to a 3 filter data set, is equivalent to a color—selection technigg@asars, by adding the suited templates. However, this has to be
Note that 3 filters have been used to carry out this survey: B,déne thoroughly, to prevent from a possible and undesirable in-
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crease of the quasar candidates. It can also be used on spati&llyP.B., Osmer P.S., Green R.F., Porter A.C., Warren S.J., 1996a,
resolved objects, like Seyfert galaxies, because by construction,ApJSS 104, 185

the software is independent of the morphology of the object@” P.B., Osmer P.S., Green R.F., Porter A.C., Warren S.J., 1996b,
This can be done by adding a stellar component to the AGN ApJ, 462, 614

simulated spectra already used. Last but not least, it can be 'd@Wick F., Schade D., 1990, ARA&ZA 28, 437

- : - - Jarvis R.M., MacAlpine G.M., 1998, AJ 116, 2624
:ﬁgggﬁ;g \(;?:{12I?nr':er?;aslzlcf:iisc(zlk?:()errptt?(?: 6), afteran appmpn#feénnefick J.D., Osmer P.S., Hall P.B., Green R.F., 1997, AJ 114, 2269

: . Krisciunas K., Margon B., Szkody P., 1998, PASP 110, 1342
As already mentioned, this software has been develoq_ herer C., Schaerer D., Goldader J.D., et al., 1999, ApJS 123, 3

for the needs of preparing the quasars/AGN sample assemhlgdy c., Dey A., Graham J.R., etal., 2000, to appear in the June issue
in the future VIRMOS survey. However, the results and ofag

conclusions of this paper apply to all multicolor surveys imadau P., 1995, ApJ 441, 18

general. A cross-identification between optical and X-radiller G.E., Scalo J.M., 1979, ApJS 41, 513

sources can be extremely useful, when X-ray data are availabéler L., Mitchell P.S., 1988, in: Osmer P, Phillips M.M. (eds.), Pro-
and can increase thefficiency as quasar candidates with a  ceedings of a Workshop on Optical Surveys for Quasars, ASP

compact X-ray counterpart will have an even higher chance of Conference Series, Vol. 2, San Francisco: ASP, p. 114
being real quasars. Miralles J.M., Pelb R., 1998, astro-ph/9801062

Newberg H.J., Yanny B., 1997, ApJSS 113, 89
Osmer P., Kennefick J.D., Hall P.B., Green R.F., 1998, ApJS 119, 189
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