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ABSTRACT

We present the first results from the Calan-Yale Deep Extragalactic Research (CYDER) survey. The main goal of
this survey is to study serendipitous X-ray sources detected by Chandra in an intermediate flux range (1015 to
10~'2 ergs s—!) that comprises most of the X-ray background. A total of 267 X-ray sources spread over five archived
fields were detected. The log N—log S distribution obtained for this sample is consistent with the results of other sur-
veys. Deep Vand I images were taken of these fields in order to calculate X-ray—to—optical flux ratios. Identi-
fications and redshifts were obtained for 106 sources using optical spectroscopy from 8 m class telescopes to reach
the optically faintest sources, to the same level as deeper X-ray fields like the Chandra Deep Fields, showing that the
nature of sources detected depends mostly on the optical limit for spectroscopy. In general, sources optically clas-
sified as obscured active galactic nuclei (AGNs) have redder optical colors than unobscured AGNs. A rough cor-
relation between fx /fop and hard X-ray luminosity was found for obscured AGNs, confirming the prediction by
existing models that in obscured AGNs the optical light is completely dominated by the host galaxy. The previously
claimed decrease of the obscured-to-unobscured AGN ratio with increasing X-ray luminosity is observed. How-
ever, this correlation can be explained as a selection effect caused by the lower optical flux of obscured AGNS.
Comparison between the observed Ny distribution and predictions by existing models shows that the sample ap-
pears complete up to Ny < 3 x 10*2 cm~2, while for more obscured sources incompleteness plays an important role

in the observed obscured-to-unobscured AGN ratio.

Subject headings. galaxies: active — quasars: general — surveys — X-rays: diffuse background —

X-rays: galaxies
Online material: machine-readable table

1. INTRODUCTION

Wide-area X-ray surveys have played a key role in under-
standing the nature of the sources that populate the X-ray uni-
verse. Early surveys like the Einstein Medium Sensitivity Survey
(Gioia et al. 1990), the ROSAT International X-ray/Optical Survey
(Ciliegietal. 1997), and the ASCA Large Sky Survey (Akiyama
et al. 2000) showed that the vast majority of the X-ray sources
were active galactic nuclei (AGNSs). In particular, in shallow
wide-area surveys in the soft (0.5-2 keV') X-ray band, most of
the sources detected are unobscured, broad-line AGNs, which are
characterized by a soft X-ray spectrum with a photon index®
I' = 1.9 (Nandra & Pounds 1994).

More recent, deeper observations, mostly by ROSAT (Hasinger
etal. 1998), XMM-Newton, and Chandra (Rosati et al. 2002), that
resolved between 70% and 90% of the X-ray background (XRB)
showed that the vast majority of this background radiation can be
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attributed to AGNs. However, the spectrum of the XRB is well
characterized up to £ ~ 30 keV by a power law with photon
index I' = 1.4 (Gruber et al. 1999), harder than the typical un-
obscured AGN spectrum (Mushotzky et al. 2000). Given that
photoelectric extinction preferentially absorbs soft X-ray photons
(Morrison & McCammon 1983), the X-ray spectra of obscured
AGNSs look harder and therefore more compatible with the ob-
served spectral shape of the XRB. Therefore, population synthesis
models (Madau et al. 1994; Comastri et al. 1995; Gilli et al. 1999,
2001) that can explain the spectral shape and normalization of
the XRB use a combination of obscured and unobscured AGNs
as the major contributor. In these models, the ratio of obscured
to unobscured AGNs is about 4:1 (Gilli et al. 2001) with a red-
shift peak at z ~ 1.3. However, recent deep optical spectroscopic
follow-up in the Chandra Deep Field—North (CDF-N; Barger
et al. 2003) and Chandra Deep Field—South (CDF-S; Szokoly
et al. 2004) revealed a much lower redshift peak at z ~ 0.8 and
an obscured-to-unobscured AGN ratio of ~2:1.

While large observational efforts have been concentrated in
the Chandra Deep Fields, which provide the deepest view of
the X-ray universe (e.g., a flux limit of ~2.5 x 1017 ergs cm 2
s~! on the CDF-N), the small area covered (~0.07 deg? each)
does not allow them to obtain a statistically significant number of
sources in the intermediate X-ray flux range (1073 to 10~? ergs
em~2 s7!) that contributes ~60%—-70% of the XRB. There-
fore, we obtained identifications and studied the multiwavelength
properties of X-ray sources in this flux range over a much larger
area.

Specifically, in 2001 we started the Calan-Yale Deep Extraga-
lactic Research (CYDER) survey, a multiwavelength study of
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TABLE 1
CYDER FiELDs

Exposure R.A. Decl. Galactic Galactic Ny Effective Area  Hard Flux Limit

ID ObsID Target Time (ks) Mode (J2000.0) (J2000.0) Latitude (deg) (102 cm™?) (arcmin?) (ergs cm™2 s71)
C2....... 921 HCG 62 49.15 ACIS-S 1253057 —091220.0 53.66 3.11 124.0 7.9 x 10715
Cs....... 866 QI1127-145 30.16 ACIS-S 113007.1 —144927.0 43.64 4.04 0.0 1.6 x 10714
Dl....... 905 HCG 90 50.16 ACIS-I 2202040 —315830.0 —53.08 1.64 114.24 1.44 x 1071
D2....... 861 Q2345+007 75.15 ACIS-S 2348 19.6 00 57 21.0 —58.07 3.77 62.0 133 x 1071
D3....... 796 SBS 0335—052 60.51 ACIS-I 0337440 —050239.0 —44.69 491 120.0 3.59 x 1071

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

serendipitous X-ray sources in existing, archived, moderately
deep Chandra fields. Initial results from the first two fields studied
were presented by Castander et al. (2003b). In addition, two high-
redshift (z > 4) X-ray—selected quasars discovered in this survey,
a significant fraction of the total sample known today (~10), were
reported by Castander et al. (2003a) and Treister et al. (2004a).
Near-infrared images in the J and K bands were obtained for these
fields up to J ~ 21 mag and K ~ 20 mag (Vega). The results of
combining X-ray/optical and near-infrared observations for our
sample of serendipitous X-ray sources will be presented in a fol-
lowing paper (F. Castander et al. 2005, in preparation).

In this paper we present optical photometry for 267 X-ray
sources selected in the Chandra total band (0.5-8 keV) in the
five fields studied by the CYDER survey. Furthermore, spec-
troscopic identifications and redshifts for 106 X-ray sources are
presented. The sample presented here is comparable in multi-
wavelength follow-up to deeper, more famous surveys like the
CDFs and the Lockman Hole. Spectroscopic identifications were
obtained for sources with relatively faint optical fluxes (V' ~
24 mag), allowing for a more unbiased study of the X-ray popu-
lation and showing that the statistical properties of the sample
depend significantly on the depth of the spectroscopic follow-up.
In addition, the use of five different fields spread over the sky
allows us to reduce the effects of cosmic variance, which affected
the results of single-field studies, e.g., the presence of clusters in
the CDF-S (Gilli et al. 2003).

In § 2 we explain the criteria used to select the X-ray fields
studied and the procedures followed to reduce the X-ray data and
to extract sources lists. In § 3 we describe the optical imaging and
spectroscopy observations and the data reduction methods used.
In § 4 we present source properties in each wavelength range.
Our results are discussed in § 5 and the conclusions outlined in
§ 6. Throughout this paper we assume Hy = 70 km s~! Mpc~!,
Q,, = 0.3, and Qy = 0.7, consistent with the cosmological pa-
rameters reported by Spergel et al. (2003).

2. X-RAY DATA
2.1. Field Selection

Fields in the CYDER survey were selected based on existing
deep Chandra observations available in the public archive be-
fore the optical imaging campaign started in late 2000. The
fields are observable from the Southern Hemisphere and are at
high Galactic latitude (|b| > 40°) in order to minimize dust
extinction, avoiding targeting known clusters given the diffi-
culties in dealing with a diffuse nonuniform background. Only
observations with the Advanced CCD Imaging Spectrometer
(ACIS; Garmire et al. 2003) were used. In the case of ACIS-I
observations all four CCDs were used, while for observations in
the ACIS-S mode only the S3 and S4 chips were used in order to
keep the off-axis angle small and therefore only use zones with

good sensitivity. Fields selected for this study are presented in
Table 1. In two of these fields, C2 and D2, the original target of
the observation was a galaxy group. In these cases, the galaxy
group diffuse emission reduces the sensitivity in the centers of
the regions, but not dramatically. Roughly the central 40” radius
region for HCG 62 has substantial gas emission, while the 1’
central region was affected by the presence of HCG 90. This
accounts for about 2% of the HCG 62 region and a slightly
smaller fraction of the HCG 90 region, since the latter was
observed with ACIS-I. The effective area offield C5 was set to 0
since the Chandra images of that field were read in subraster
mode to include only the central source and therefore seren-
dipitous sources detected on that field were ignored to compute
the log N—log S relation. Some of our fields were also studied
by other similar surveys. In particular, the Q2345 and SBS 0335
fields were analyzed by the Chandra Multiwavelength Project
(ChaMP; Kim et al. 2004), while the HCG 62 and Q2345 fields
were studied by the Serendipitous Extragalactic X-Ray Source
Identification Program (SEXSI; Harrison et al. 2003).

2.2. X-Ray Data Reduction

Reduction of the data included the removal of bad columns
and pixels using the guidelines specified on the “ACIS Recipes:
Clean the Data” Web site and the removal of flaring pixels us-
ing the FLAGFLARE routine. We used the full set of standard
event grades (0, 2, 3, 4, 6) and created two images, one from 0.5
to 2.0 keV and one from 2.0 to 8.0 keV. Then, we used the
wavdetect routine from the CIAO package to identify the point
sources within these images, checking wavelet scales 1, 2, 4, 8,
and 16. Sources were extracted independently in the soft- (0.5—
2.0 keV) and hard-band (2.0—8.0 keV') images. The false source
detection probability is set to 10~° for ACIS-S observations and
107 for ACIS-I observations. This gives a likelihood of approx-
imately one false source detection per field observed. Given the
low density of X-ray sources and the good spatial resolution of
Chandra, matching sources in the soft and hard bands was
straightforward.

Where the X-ray spectrum had at least 60 counts, the photons
were binned in groups of 20, and the spectrum was fitted in
XSPEC 11.0, using a model consisting of a power law with the
appropriate Galactic absorption value for each field. Where the
number of counts was smaller than 60, the same procedure was
used, except that the spectral index was fixed to I' = 1.7, con-
sistent with the hardening of the X-ray spectrum with decreasing
flux (Giacconi et al. 2001).

3. OPTICAL DATA
3.1. Optical Imaging

Optical images were obtained using the Cerro Tololo Inter-
American Observatory (CTIO) 4 m Blanco Telescope in Chile
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TABLE 2
SuMMARY OF OPTICAL OBSERVATIONS

Exposure Time Seeing Limiting Magnitude
Field Instrument Date Filters (s) (arcsec) 5 o)
CTIO/MOSAIC 2000 Mar 11 v 6000 1.1 26.5
CTIO/MOSAIC 2000 Mar 11 1 1500 1.0 24.9
CTIO/MOSAIC 2000 Mar 12 14 6000 1.1 26.5
CTIO/MOSAIC 2000 Mar 12 I 1500 1.0 249
CTIO/MOSAIC 2001 Aug 22 14 6600 1.0 26.7
CTIO/MOSAIC 2001 Aug 22 ! 1800 0.9 25.1
CTIO/MOSAIC 2001 Aug 23 v 1500 1.4 25.5
CTIO/MOSAIC 2001 Aug 23 1 5100 2.0 24.8
CTIO/MOSAIC 2002 Oct 10 14 3000 1.2 26.1
CTIO/MOSAIC 2002 Oct 10 1 1200 1.1 24.6

with the MOSAIC II camera (Muller et al. 1998), which has a
field of view of 36’ x 36'. Details of the optical observations are
presented in Table 2. All the fields have optical coverage in the
Vand [ filters in the optical and were also imaged in the J and K
bands in the near-infrared, observations that will be reported in
a following publication.

Reduction of the data was performed using standard pro-
cedures included in IRAF® version 2.12, in particular in the
MSCRED package. The data reduction scheme followed was
based on the recipe used by the NOAO Deep Wide Survey.'®
Standard calibration images (bias and dome flats) were ob-
tained each night for every filter used. Super-sky flats were con-
structed based on several (~20) unregistered frames in each filter,
masking real objects in order to obtain a secondary flat-field im-
age. Once basic calibrations were performed, individual frames
were registered and co-added to obtain the final image in each
filter. Astrometric solutions for each final image were calculated
based on the USNO catalog. Typical astrometric uncertainties are
~03, smaller than the on-axis point-spread function (PSF) size
of Chandra images, therefore allowing for an accurate match
between optical and X-ray data.

Objects in the final images were extracted using SExtractor
(Bertin & Arnouts 1996). To detect objects, we used a threshold
of 1.5 o above the background per pixel and a minimum area
of 15 pixels (~1.0 arcsec?) above that threshold. In several ex-
periments, this combination of parameters gave a good balance
between completeness and false detections, the latter being lower
than ~5%, for the range of FWHM of our images.

Zero points for each image were obtained independently for
each night based on observations of Landolt standard fields
(Landolt 1992). Aperture photometry was then performed us-
ing a diameter of 1.4 times the FWHM. Magnitudes were later
corrected for the (small) effects of Galactic extinction in our
high Galactic latitude fields. Limiting magnitude for each im-
age was calculated based on global rms measurements of the
background and reported in Table 2.

Objects in the V and [ images were matched by position,
allowing a maximum distance of 1” between objects in different
filters. The typical difference between the Vand / counterparts is
~0”5, consistent with the previously reported astrometric un-
certainties and typical centroid errors, so the choice of 1” as a
threshold provides a good balance in order to avoid spurious

 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

1% The data reduction cookbook and a description of the survey design can
be found at http://www.noao.edu/noao/noaodeep/ReductionOpt/frames.html.

matches. If more than one match was found inside that area,
then the closest match was used; however, this only happened in
a few cases given the typical sky density of our optical images.
V' — I color was calculated for sources detected in both bands.

3.2. Optical Spectroscopy

Given that one of the goals of CYDER is the study of the
optically faint X-ray population, only 8 m class telescopes were
used for the spectroscopic follow-up. Multiobject spectrographs
were used in order to improve the efficiency of the observations,
including FORS2 at the VLT in MXU mode and the LDSS-2
instrument on the Magellan I (Baade) Telescope. Details of these
observations are given in Table 3.

Given the space density of X-ray sources at our flux limit and
the field of view of the instruments used, typically approximately
eight X-ray sources were observed per mask. For the observations
with FORS2 at the VLT, the 300V —20 grism was used, which
gives a resolution R ~ 520 (10.5 A) for our 1” slits, with a typi-
cal wavelength coverage from 4000 to 9000 A depending on the
position of the source in the mask. Observations with LDSS-2
used the Med/Blue grism, giving a dispersion of 5.3 A pixel ™!
at a central wavelength of 5500 A and resolution of R ~ 350
with our 170 wide slits. The typical wavelength coverage with
this configuration was ~4000—7500 A.

Spectral reduction was performed using standard IRAF tasks
called by a customized version of the BOGUS code.!' We cal-
ibrated the wavelength of the spectrum using He-Ar comparison
lamps and the night-sky lines. In order to flux-calibrate our spec-
tra, approximately two spectrophotometric standards were ob-
served every night.

3.3. Catalog

The full catalog of X-ray sources in the CYDER field is pre-
sented in the online version of the journal, while for clarity a frac-
tion of the catalog is presented in Table 4.'* Coordinates are given
as measured in the X-ray image, while the offset is calculated
with respect to the closest optical counterpart and only reported
when this offset is smaller than 2”5 and thus that counterpart
was used in the analysis. When a counterpart was not detected
in the optical images, the 5 o upper limit in that band is reported.
In order to convert count rates into fluxes, the procedure de-
scribed in § 2.2 was followed. The observed X-ray luminosity
was computed only for sources with spectroscopic identifica-
tion and measured redshift. This luminosity was calculated in

1" Available at http:/astron.berkeley.edu/~dan/homepage/bogus.html.
12 The full catalog is also available online at http:/www.astro.yale.edu/
treister/cyder.
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TABLE 3
SUMMARY OF SPECTROSCOPIC OBSERVATIONS

Exposure Time per Mask Seeing
Field Instrument Date Masks (s) (arcsec)
VLT/FORS2 2002 Feb 14 3 6300 1.0
VLT/FORS2 2002 Feb 15 1 8000 1.2
Baade/LDSS-2 2002 Oct 3-4 3 6300 0.7
Baade/LDSS-2 2002 Oct 3—4 3 6900 1.0
Baade/LDSS-2 2002 Oct 3—-4 2 7200 0.9
VLT/FORS2 2003 Oct 29-31 3 9200 0.5
VLT/FORS2 2003 Oct 29-31 6 9200 0.6
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the observed frame without accounting for k-corrections or
correcting for absorption. Therefore, the simple formula Lx =
4nd*fx was used.

4. SOURCE PROPERTIES
4.1. X-Ray

A total of 37 X-ray sources were detected in the C2 field, with
a total (0.5-8 keV) X-ray flux ranging from 1.7 x107" to
5%10713 ergs cm™? s, In the CS field only five X-ray sources
were detected above 1.6 x 1071% ergs em™2 s™! (0.5-8 keV)
since only the s3 CCD was read and in subraster mode. In the D1,
D2, and D3 fields 93, 47, and 85 X-ray sources were detected,
respectively, with a total (0.5-8 keV) X-ray flux ranging from
8x1071%to 1 x10713 ergs cm 2 s~ 1.

The area covered as a function of limiting flux in the hard
X-ray flux band was first estimated individually for each field
using the Portable, Interactive Multi-Mission Simulator (PIMMS;
Mukai 1993). Given the complexities associated with the mod-
eling of the varying PSF as a function of off-axis angle and the
presence of diffuse emission in most of these fields that makes
the problem of estimating the completeness levels even harder,
a constant, higher flux limit was used for each field. Specifi-
cally, for each field we used a fixed value of 2.5 times the flux
of the faintest source included in the catalog for each field, in
order to be sure that the sample is complete up to that flux. This
roughly corresponds to 20 counts detected in the hard band for
ACIS-S observations and 10 counts for fields observed with the
ACIS-I CCDs. The flux limit in the hard band assumed for each
field is shown in Table 1. The resulting total area of the survey
is 20.1 deg—2, with a minimum flux limit of 1.3 x 10713 ergs
em~2 57! (2-8 keV). Figure 1 shows the resulting area versus
flux limit curve, in comparison to other surveys like the Great
Observatories Origin Deep Survey (GOODS; Giavalisco et al.
2004) and SEXSI (Harrison et al. 2003).

The cumulative flux distribution was calculated using

Nes =Y ﬁ (1)

;8>S

where S; is the observed hard X-ray flux of the ith source and 4; is
the maximum area over which that source could be detected. The
resulting log N—log S relation for the CYDER sample is shown
in Figure 2. This curve is consistent with the relation computed
by other authors (e.g., Moretti et al. 2003; Ueda et al. 2003). In
the bottom panel of Figure 2 we show the residuals after com-
paring with the relation computed by Moretti et al. (2003) using a
combination of observational data in both shallow wide-field and
deep pencil beam X-ray surveys, showing that the agreement is
good.

One significant problem with the cumulative log N—log S re-
lation is that the errors in each bin are not independent. The dif-
ferential flux distribution can be used to avoid this problem. This
relation can be expressed as

N;
n(S); :ZMa ()

where in this case the sample was binned with a bin size
of 2x 10715 ergs ecm™2 s~!. N, is the number of sources in the
ith bin, AS; is the size of the bin, and 4, is the total area over
which sources in this bin could be detected. In Figure 3 the re-
sulting differential log N—log S is shown. These results were
compared to the relation reported by Harrison et al. (2003), which

fitted the SEXSI data with a broken power law given by

g\ 2462008
n(S) = (46.8 £ 2.1)(W) (3)
for § >1.25%x107'* ergs cm™2 s~! and
—1.4140.17

for fainter sources. As shown in the bottom panel of Figure 3,
this parameterization provides a good fit to the CYDER data,
even though some scatter is present. A 2 test to this fit com-
pared to the observed data gave a reduced x 2 of 1.37.

4.2. Optical

In our optical V-band images 207 of the total 267 X-ray sources
(77%) were detected, searching in a radius of 2”5 (~4 times the
typical seeing) around the centroid of the X-ray emission. The
average offset between an X-ray source and the nearest optical
counterpart is ~173 with a standard deviation of ~0”5. In our op-
tical images we detected typically ~60,000 sources in 30’ x 30’
so the chance of having a random source in a 2”5 radius is ~36%
and therefore our choice of 2”5 as the maximum allowed offset is
reasonable to avoid spurious associations. In cases in which more
than one counterpart was found inside this radius, the closest op-
tical source to the X-ray centroid was assumed to be the right
counterpart. The ¥ magnitude distribution for the X-ray sources
with detected optical counterparts in the CYDER fields is shown
in Figure 4. X-ray sources cover the range from /' ~ 16 to 26 mag
and higher (fainter than our optical magnitude limit). The hatched
histogram in Figure 4 shows the magnitude distribution of sources
targeted for spectroscopy, while the cross-hatched histogram
shows the distribution for sources with spectroscopic identifi-
cations. A K-S test performed comparing the total " magnitude
distribution to the magnitude distribution for sources targeted
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TABLE 4

SB HB SB Flux HB Flux SB HB
R.A. Decl. SB HB Error Error 14 1 (ergs (ergs Luminosity ~ Luminosity =~ Source
Name (J2000.0) (J2000.0) Offset Counts Counts Counts Counts HR Magnitude ~ Magnitude cm2s7!)) em2s7!) z (ergs s 1) (ergs s Class
CXOCY J125302.4—091312....... 12530240 —091311.8 1.104 380.3 184.9 20.1 13.8 —0.35 20.50 20.46 3.80E—14 7.20E—14 1.13 2.62E+44 4.96E+44 Q
CXOCY J125314.8—091301....... 12531482 —091301.2  1.047 9.1 52.5 32 7.3 0.70 22.70 20.70 1.90E—15 3.10E—14 0.72  4.24E+42 6.91E+43 2
CXOCY J125314.6—091050....... 12 53 14.64 —09 10 49.8 24.5 8.4 5.0 3.0 —0.49 >26.50 >24.90 2.60E—-15 4.80E—15 o X
CXOCY J125311.1-091118....... 1253 11.12 =09 11 17.7  1.027 0.0 19.8 0.0 4.6 1.00 21.34 19.96 7.00E-16 1.60E—15 0.48 5.84E+41 1.33E+42 2
CXOCY J125310.4—091024....... 12 531041 —09 1023.6  0.831 36.5 20.9 6.1 4.7 —0.27 22.62 21.19 420E—-16 8.80E—16 0.56 5.06E+41 1.06E+42 2
CXOCY J125306.1-091344....... 12 53 06.08 —09 13 43.9 28.6 32.8 6.4 6.1 0.07 >26.50 >24.90 2.50E-16 1.10E—15 X
CXOCY J125306.0—091316....... 12 53 06.00 —09 13 164 0912 48.8 40.7 7.7 6.8 —0.09 22.60 20.06 5.770E—15 1.70E—14  0.72 1.28E+43 3.80E+43 2
CXOCY J125305.3—090824....... 12 53 05.34 —09 08 23.6  0.592 136.2 51.6 11.7 7.3 —0.45 20.58 19.70 1.50E—-14 2.10E—14  0.50 1.40E+43 1.96E+43 2
CXOCY J125305.0—091339....... 12 53 05.01 —09 13 39.0 66.4 347 9.3 6.3 —0.31 >26.50 >24.90 730E—15 1.30E—14 X
CXOCY J125303.8—090810....... 12 53 03.83  —09 08 09.7 60.5 48.5 7.9 7.1 —0.11 >26.50 >24.90 8.10E—15  2.00E—14 X
CXOCY J125303.0—091242....... 12 53 03.01 —09 12419 0.855 95.8 30.3 10.7 5.9 —0.52 23.48 21.80 8.50E—15 1.50E—14 ... e X
CXOCY J125302.9-091058....... 12 530293 —09 10 57.7  0.651 0.0 13.8 0.0 39 1.00 21.77 20.56 3.60E-16 8.40E—16 0.38 1.76E+41 4.11E+41 G
CXOCY J125301.9—-091134....... 1253 01.90 —09 11339 0.853 27.6 13.6 5.6 39 —0.34 22.70 21.40 2770E—-15  6.30E—15 0.71 5.96E+42 1.39E+43 2
CXOCY J125300.9—-090941....... 12 53 00.89 —09 09 41.3  0.904 0.0 17.7 0.0 44 1.00 24.85 22.55 1.10E-15 2.40E-15 0.97 5.13E+42 1.12E+43 2
CXOCY J125317.5-091223....... 1253 17.55 —09 12233  0.795 23.6 9.8 5.0 33 —0.42 26.05 24.56 2.90E—15 4.00E—15 e X
CXOCY J125315.2—091424....... 1253 1521 —09 14244 1.280 0.0 52.5 0.0 7.6 1.00 24.05 22.88 1.50E-15 2.60E—14 1.15 1.09E+43 1.88E+44 2
CXOCY J125311.8—091339....... 1253 11.84 —09 13 38.6 35.1 17.9 6.3 4.7 —0.32 >26.50 >24.90 330E—-15 8.70E—15 3.05 2.57E+44 6.78E+44 Q

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Table 4 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion
is shown here for guidance regarding its form and content.
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for spectroscopy revealed that the hypothesis that both dis-
tributions are drawn from the same parent distribution (the null
hypothesis) is accepted at the 98.7% confidence level. How-
ever, the effect of the optical flux in the efficiency of spectro-
scopic identifications can be seen by comparing the magnitude
distribution for sources successfully identified and the total
sample, namely, the incompleteness of the sample with spec-
troscopic identification at the faint optical flux end is evident
in this figure, even though the target selection was independent
of'the optical properties of the source. This effect is also observed
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Fic. 2.—Cumulative log N —log S plot for sources in the CYDER survey
detected in the hard X-ray band. In the top panel, the solid line shows the relation
observed by Moretti et al. (2003) using a combination of shallow and wide and
deep pencil beam X-ray surveys, while in the bottom panel, residuals calculated
as the ratio of observed sources to the numbers obtained by Moretti et al. (2003)
are presented.
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shows the best fit to the SEXSI counts. Bottom: Residuals computed as the ratio
between the best-fit curve and the data. Even though some scatter is present, the
fit provides a good description of the distribution of CYDER sources, with a
reduced x2 of 1.37.

in the 7 band (Fig. 5), where 181 X-ray source counterparts were
detected (68%), a lower number than in the deeper V-band im-
ages. In this case, the decrease in the efficiency of spectroscopic
identifications with decreasing optical flux is also evident in
Figure 5. The average V' — I color for X-ray sources with optical
counterparts is 0.92; its distribution, shown in Figure 6, shows
that the efficiency of the spectroscopic identifications is inde-
pendent of the I — I color of the optical counterpart. A K-S test
performed comparing the sample with spectroscopic identifica-
tion to the total sample shows that both distributions are drawn
from the same parent distribution with a confidence level of
99.89%.

40
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V magnitude

Fic. 4—V magnitude distribution for X-ray sources with detected optical
counterparts in the CYDER fields. The hatched histogram shows the magnitude
distribution for sources targeted for optical spectroscopy, while the cross-
hatched histogram shows the distribution of sources successfully identified.
While sources were selected for spectroscopy independent of their optical
properties, it is clear that spectroscopic identifications are much more efficient
for X-ray sources brighter in the optical.
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Fic. 5.— 1 magnitude distribution for X-ray sources with detected /-band
counterparts. The magnitude distribution for sources targeted for spectroscopy
is shown by the hatched histogram, while the distribution for sources success-
fully identified is shown by the cross-hatched histogram. Again, the efficiency
of spectroscopic identifications is much higher for sources brighter in the optical
bands.

A total of 53 out of 267 (~20%) sources were not detected in
either of the two optical bands. The vast majority of these sources
are also very faint in X-rays, so that many of them were only de-
tected in the soft band, which is more sensitive in Chandra. This
does not imply that they have an intrinsically soft spectrum. In
fact, given the known relation between hardness ratio and X-ray
flux (Giacconi et al. 2001), it is plausible that these sources are
hard and therefore good candidates to be obscured AGNs. Five
of these sources were only detected in the hard band and there-
fore should have a very hard spectrum in X-rays, which, com-
bined with the fact that they are very faint in the optical bands,
makes them good candidates to be obscured AGNss at relatively
high redshifts. This lack of detection of X-ray faint sources in
optical images acts as a selection effect against the study of ob-
scured AGNs. However, this bias can be overcome by studying
these sources in the near-infrared (Gandhi et al. 2004), where
the effects of dust obscuration are much smaller. In a following
paper (F. Castander 2005, in preparation) properties of these
sources in the near-infrared bands will be presented.

The V-band magnitude versus redshift plot (Fig. 7) reveals
how the source composition changes with redshift and how it is
potentially affected by the implicit optical flux cut for spec-
troscopy. While at low redshift (z < 1) we find mostly obscured
AGNSs and normal galaxies, characterized by an absolute opti-
cal magnitude My = —21, at higher redshift they become too
faint in the optical bands and therefore only unobscured AGNs
(which have mostly M} < —22) can be found. This implies that
our survey may be biased against detecting obscured AGNs at
high redshift. This effect is investigated in more detail in § 5.

4.3. Correlations

Sources with spectroscopic identification were classified us-
ing a combination of optical and X-ray criteria. X-ray sources
showing stellar spectra were classified as stars. For extragalactic
sources, the X-ray luminosity was computed from the observed
X-ray flux using the relation

Lx = 4nd}fx, (5)

where d; is the luminosity distance calculated for the assumed
cosmology. This luminosity is therefore the uncorrected, observed-

V—I

Fic. 6.—V — I color distribution for X-ray sources detected in the optical
bands. The hatched histogram shows the distribution for sources targeted for
spectroscopy, while the cross-hatched histogram shows the distribution for
sources successfully identified. In this case, these distributions are very similar,
with a K-S confidence level for the null hypothesis of 99.89%, showing that the
efficiency of spectroscopic identifications is independent of the V' — I color of
the optical counterpart.

frame X-ray luminosity. No attempt was made to correct for dust
obscuration or k-corrections given that for most sources the num-
ber of observed counts was too small to perform spectral fitting
and therefore to calculate the neutral hydrogen column density
Ny or the intrinsic spectral shape.

In order to separate X-ray emission generated by AGN activ-
ity from the emission coming from X-ray binaries and star for-
mation in galaxies, we used a simple X-ray luminosity threshold
criterion. Locally, the most X-ray—luminous star-forming gal-
axy known (NGC 3256) has a total X-ray luminosity Lx ~ 8 x
10*! ergs s~!in the 0.5—10 keV band (Lira et al. 2002). Another
source of luminous X-ray emission is the presence of hot gas
in elliptical galaxies, which at low redshift is extended and there-
fore easily separated from AGN emission; at high redshift it is
not resolved and thus harder to separate from AGN activity.
However, according to the O’Sullivan et al. (2001) catalog of el-
liptical galaxies with detected X-ray emission, only a few normal
galaxies have Lx > 10*? ergs s~!. Therefore, we adopted Lx =
10*? ergs s~ ! in the total (0.5-8 keV) band as the threshold sep-
arating sources dominated by AGN activity from those domi-
nated by star formation or other processes in a galaxy. Given the
relatively low number of galaxies found in the survey, we expect
this classification method to have a small effect on the total num-
bers of AGNs reported.

Objects with a total X-ray luminosity Lx < 10*? ergs s~ and
narrow emission or absorption lines (velocity dispersion less
than 1000 km s~!) were classified as normal galaxies, while
sources with Lx > 10*? ergs s~! were classified as unobscured
(type 1) or obscured (type 2) AGNs depending on whether they
show broad or narrow lines on their optical spectrum. Fur-
thermore, sources with Lx > 10* ergs s~ ! are called QSO-1, or
simply QSO, if they have broad lines or QSO-2 if the lines are
narrow, but they are still considered AGNS.

For sources with spectroscopic identification, Figure 8 shows
the V' — I color as a function of redshift. X-ray sources identi-
fied as type 1 AGNs (broad emission lines) fall near the position
expected for QSOs, calculated convolving the optical filters
with the Sloan Digital Sky Survey Composite Quasar Spectrum
(Vanden Berk et al. 2001). Galaxies/type 2 AGNs, which are
only detected up to z ~ 1.5, are located in the region expected
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for galaxies ranging from elliptical to Sb types and have redder
colors than type 1 AGNs. The expected colors for each type of
galaxy at a given redshift were calculated using the galaxy
spectrum models of Fioc & Rocca-Volmerange (1997) assum-
ing that there is no evolution in the spectrum with redshift. From
Figure 8 it is clear that objects classified as obscured AGNs
have redder colors, consistent with those of the host galaxies.
In fact, obscured AGNs have an average /' — I color of 1.46 with
a standard deviation of 0.58, while unobscured AGNs have an
average color of 0.56 and standard deviation of 0.46.

The redshift distribution for sources with spectroscopic
identification is shown in Figure 9. When the whole sample of
X-ray sources is considered, this distribution has a maximum at
very low redshift, z ~ 0—0.6. However, when only sources with
Lx > 10* ergs s7! (i.e., those dominated by AGN activity) are
included, the peak is displaced to higher redshifts, namely,
z ~ 1. As shown by the hatched distribution in Figure 9, the
high-redshift population (z > 1.3) is completely dominated by
broad-line AGNs (most of them quasars with Lx > 10* ergs
s~1). This is explained by the high optical luminosity of these
objects, which makes them easier to identify, even at large
distances, and by the lack of near-infrared information at this
point, which is very useful to detect obscured AGNs, in par-
ticular at high redshift (Gandhi et al. 2004).

In order to investigate possible relations between X-ray and
optical emission for different classes of sources, in Figure 10

we plot hard X-ray flux versus F/-band magnitude. Most of the
sources are located in the region bounded by log ( fx /fopt) = £1.
Starburst galaxies detected in X-rays are typically bright in the
optical bands and faint in X-rays and are therefore characterized
by log ( fx/fopt) < —1 (see Hornschemeier et al. 2003 and ref-
erences therein). Unobscured (type 1) AGNs/quasars are located
around the log ( fx/fopt) = 1 (Giacconi et al. 2002) position al-
though the scatter is large, while obscured (type 2) AGNs/quasars
have in general log ( fx /fopt) > 1 since most of the optical light
from the central engine is blocked from our view, but low-
luminosity examples of obscured AGNs can be found also with
log (fx/fopt) = 0, as discussed in § 5. Unidentified sources at
high fx / fopt are unlikely to be unobscured AGNs because their
broad emission lines would have been easy to see in the optical
spectra, so they are probably obscured AGNSs.

Figure 11 shows the observed-frame hard X-ray (2—8 keV)
luminosity versus redshift diagram for sources with spectro-
scopic redshifts. If we assume a flux limit of 6.9 x 10~1¢ ergs
cm~2s~! (which would yield a total of 5 counts in the 0.5-8 keV
band in a Chandra ACIS-I 60 ks observation for I' = 1.7), the
solid line in Figure 11 shows the detection limit for X-ray sources
in our survey. If an optical magnitude of /' = 25 mag is taken as
the approximate flux limit for spectroscopy (there are fainter
sources for which spectroscopy is possible, but the identification
relies on the presence of strong emission lines) and a ratio of
X-ray to optical emission of fx/fopt = 1 is assumed, then the
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Fic. 9.—Solid line: Redshift distribution of extragalactic X-ray sources in
the CYDER survey. Stars were removed for clarity. Cross-hatched histogram:
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population at high redshift (z > 1.3). Hatched histogram: Distribution for sources
with Lx > 10%? ergs s~! (i.e., AGN dominated). In this case the broad peak of
the distribution is found at z ~ 1.

dashed line in Figure 11 shows our limiting magnitude as a
function of redshift for sources with spectroscopy. This explains
why incompleteness of the spectroscopic sample is particularly
important at high redshift, where the fraction of X-ray sources
with spectroscopic identification declines.

If the same material that is causing the absorption of X-rays
is responsible for the extinction in the optical bands, then a rela-
tion between these two quantities can be expected, namely, the
reddest sources in the optical (higher value of /' — I') should also
be the X-ray hardest sources. A typical way to quantify the steep-
ness of the X-ray spectrum is to use the hardness ratio (HR) de-
fined as

H-S
. 6
H+S’ (6)

where H and S are the count rates in the hard and soft X-ray
bands, respectively.

In Figure 12 the HR versus V' — [ optical color is presented. In
this diagram, no clear relation between HR and optical color is
observed. The absence of a correlation can be explained by the
differences in the intrinsic optical and X-ray spectrum for dif-
ferent types of sources detected in the X-ray bands, independent
of the amount of obscuration present. Note, however, that in
general sources optically classified as obscured AGNs are redder
(larger V' — I colors) than unobscured AGNSs, as was previously
observed in Figure 8, and also tend to have higher values of HR.
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Fig. 13.—Hard (2-8 keV) luminosity distribution for the 106 sources with
spectroscopic identification. Hatched histogram: Luminosity distribution of
unobscured AGNs. Cross-hatched histogram: Luminosity distribution for gal-
axies (i.e., Lx < 10% ergs s™!). Unobscured AGNs dominate the higher lumi-
nosity part of the distribution, while obscured AGNs are the majority of the
sources in the 10*? ergs em™2 s! < L < 10* ergs cm™2 s~ ! region.

This lack of a strong relationship between HR and optical color
even for sources classified as AGN dominated can be explained
in part by the effects of K-corrections caused by the different red-
shifts of the sources and by changes in the intrinsic spectrum with
parameters other than obscuration, e.g., luminosity (Ho 1999).
Sources without spectroscopic identification (Fig. 12, crosses)
have in general redder colors than unobscured AGNs, which are
similar to the colors of spectroscopically confirmed obscured
AGNs and therefore are consistent with being moderately ob-
scured AGNs at relatively high redshift (z = 1). Most of these
sources, however, present a soft X-ray spectrum, which can be
explained if these sources are at moderately high redshift so that
the observed-frame Chandra bands trace higher energy emission,
which is less affected by absorption. However, this is highly
speculative, and the final answer about the nature of these op-
tically faint X-ray sources will come from either deeper optical
spectroscopy or the near-infrared data.

4.4. Identifications

Of the 267 X-ray sources detected in the CYDER fields, 106
were identified using optical spectroscopy. While the fraction
of sources identified is biased toward higher optical fluxes (see
Figs. 4 and 5), Figure 6 shows that the optical colors of the sources
in the sample both targeted and identified by optical spectroscopy
follow a similar distribution as those of the total sample.

The redshift distribution of the sample with spectroscopic
identification is presented in Figure 9. X-ray sources in this sam-
ple span a wide range in redshift, 0 < z < 4.6. The mean redshift
for our extragalactic sample with spectroscopic identification is
(z) = 1.19, and the peak is located at a low redshift,z ~ 0.2—0.6.
When only the sources dominated by AGN activity (i.e., Lx >
10*? ergs s~!) are considered, the mean redshift is (z) = 1.34
while the peak is at z >~ 0.5. For sources optically classified as
unobscured AGNSs, the average redshift is (z) = 1.82 and the
peakisatz, = 1.3. Therefore, we conclude that the nature of the
identified X-ray sources changes as a function of redshift. At
z < 0.3, the sample is dominated by normal galaxies (~60%)
and obscured AGNS. In the 0.3 < z < 1 region just a few nor-
mal galaxies are found and the population is dominated by
obscured AGNs (77%), while at z > 1 the vast majority of the
sources found are unobscured AGNs.
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FiG. 14.—Optical spectrum of CXOCY J125315.2—091424, the only source
classified as a type 2 quasar detected in the sample. Most significant emission
lines detected are identified, securing a redshift of z = 1.154 for this source.
Narrow emission lines like C 1, Mg 11, and O 11 are clearly visible in the spectrum
of this object.

The hard X-ray luminosity distribution for the sample of
sources with spectroscopic redshift can be seen in Figure 13. In
terms of luminosity, the few sources optically classified as gal-
axies detected in the X-ray sample dominate the low-luminosity
bins. In the intermediate X-ray luminosity bins (10*> ergs cm ™2
s! < Lx < 10* ergs cm2 s~!) most of the sources are opti-
cally classified as obscured AGNs, while in the higher luminos-
ity bins (Lx >10* ergs cm~2s~!) the vast majority of the sources
are optically identified as unobscured AGNs. This change of the
source type as a function of X-ray luminosity is further inves-
tigated in § 5.

In our sample there is only one source classified as QSO-2
based on its observed X-ray luminosity and optical spectrum:
CXOCY J125315.2—091424 at z = 1.154, located in the C2
field. A total of 52 counts were detected in the hard X-ray band,
while no emission was detected in the soft X-ray band and
therefore the HR is —1. The optical spectrum of this source is
presented in Figure 14. Narrow emission lines like C m, Mg ,
and O 1 are clearly visible in this spectrum and were used to
calculate the redshift of the source. The total (0.5-8 keV) ob-
served X-ray luminosity of this source is Lx ~ 2 x 10* ergs s,
making this the brightest obscured AGN in our sample. Given
the observed HR and redshift of this source, the expected neutral
hydrogen column density in the line of sight is 210?* cm~? as-
suming either an intrinsic power law with exponent 1.9 or 1.7,
consistent with the optical classification of very obscured AGNs.

In the total sample with spectroscopic identification 7 sources
are classified as stars (6.6%), 11 as normal galaxies (10.4%), 38 as
obscured AGNs (35.8%), and 50 as unobscured AGNs (47.2%).
These fractions are similar to the findings of other X-ray surveys,
as shown in Table 5.

The ChaMP Survey (Kim et al. 2004) covers a total of 14 deg?.
In their first spectroscopy report, six Chandra fields were cov-
ered to a depth of » >~ 21 mag (Green et al. 2004). In order to
compare with their results, we applied our classification scheme to
their data, namely, narrow-line and absorption-line galaxies with
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TABLE 5
Source CompOSITIONS IN X-RAY SURVEYS

TyPE
Stars Galaxies Obscured AGN Unobscured AGN
SURVEY (%) (%) (%) (%) REFERENCES
6.6 10.4 35.8 47.2 1
9.9 14.1 239 52.1 2
49 433 394 12.4 3
4.5 17.8 42.7 35.0 4

REerereNces.—(1) This paper; (2) Green et al. 2004; (3) Barger et al. 2003; (4) Szokoly et al. 2004.

Lx > 10* ergs s~! were classified as obscured AGNs, sources
with broad lines as unobscured AGNSs, and the remaining extra-
galactic sources as galaxies. The main reason for the discrepancies
between their source mix and ours (Table 5) is the optical mag-
nitude cut for spectroscopy, ~2 mag brighter than CYDER, which
explains why their sample is clearly dominated by unobscured
AGNs, the optically brighter X-ray—emitting sources.

In Table 5, our sample is also compared to both the CDF-N
(Brandt et al. 2001) and CDF-S (Giacconi et al. 2002), each
covering ~0.1 deg 2. In the first case, we use the spectroscopic
follow-up of X-ray sources by Barger et al. (2003), which is 87%
complete for sources with R < 24 mag. Here our classification
scheme was applied directly to their data, finding that a low num-
ber of unobscured AGNs was found, which can be explained
by the optical nature of the sources selected for spectroscopic
follow-up. In addition, a larger number of galaxies relative to
other surveys can be seen. This can be explained by the very deep
X-ray coverage in the CDF-N, which allows for the detection of a
large number of sources with low fx /fo, and high spatial den-
sity, like nonactive galaxies.

In the CDF-S, our results were compared with the spectro-
scopic identifications of X-ray sources from Szokoly etal. (2004).
In this case, spectra were obtained for 168 X-ray sources and iden-
tifications are 60% complete for sources with R < 24 mag. Com-
pared to the CYDER survey, the source composition is similar,
even though a larger number of X-ray normal galaxies are found
in the CDF-S, as expected given its fainter X-ray sensitivity. How-
ever, the fractions of obscured to unobscured AGNs are similar
(within ~10%), which can be explained by the similarities in
the spectroscopic follow-up programs, since both CYDER and
CDF-S are ~50% complete for X-ray sources with R < 24 mag.

5. DISCUSSION

The CYDER survey is located in an intermediate regime in
terms of area coverage and sensitivity. A critical step in under-
standing the properties of the X-ray population is the existence
of extensive follow-up at other wavelengths. In particular, optical
spectroscopy plays a key role, allowing us to determine redshifts
and to identify the origin of the X-ray emission. Therefore, most
X-ray surveys are limited by their ability to obtain spectroscopic
identifications for a large fraction of the sources, hopefully with-
out biasing the sample. In the case of the CYDER survey, we used
8 m class telescopes in order to extend the spectroscopic cover-
age to fainter optical magnitudes, namely, to R ~ 24 mag.

From Table 5, it is clear that the kind of X-ray sources iden-
tified in surveys depends directly on the depth of the optical
spectroscopy follow-up. For example, unobscured AGNs are
bright in the optical bands; therefore, in surveys with shallow
optical follow-up mostly unobscured AGNs are detected (e.g.,
ChaMP). On the other hand, deep X-ray coverage, together with

an extensive spectroscopy campaign based mostly on the Keck
10 m telescopes, allows the CDF-N to detect more faint optical
counterparts. Therefore, the population in very deep surveys is
dominated by normal galaxies to the CDF-N depths and ob-
scured AGNs in the CDF-S range.

In our survey, a total of 50 (47.2%) broad-line AGNs were
detected. While all of them have a hard X-ray luminosity Lx >
10* ergs s~!, two-thirds of them have Lx > 10* ergs s~! and
therefore are classified as quasars. The average redshift for the
broad-line sample is (z) ~ 1.82, which is much higher than the
value found for the remaining X-ray sources. This is clearly ex-
plained by the greater optical brightness of unobscured AGNs
relative to other X-ray emitters.

Using a combination of HR and X-ray luminosity together
with optical spectroscopy is very useful for classifying X-ray
sources (Szokoly et al. 2004). In Figure 15 the HR versus hard
X-ray luminosity diagram is presented. In this case we used an
HR = —0.2 in AGN-dominated sources rather than the optical
spectra to separate obscured and unobscured AGNs, which is
equivalent to an effective column density Ny ~ 4 x 10%! cm ™2
for spectral index I' = 1.9 or Ny ~ 3 x 10! cm~2 for ' = 1.7,
so this is a conservative cut to the number of obscured AGNS.
In addition, quasar-like sources are distinguished from other
X-ray sources using Lx > 10* ergs s~! as a dividing line. Except
for one source described in § 4.4, all the quasars have broad
emission lines in their optical spectrum. Most sources that show
broad emission lines have HR < —0.2, meaning that they have
little or no absorption in X-rays, consistent with their unabsorbed
AGN optical spectrum. For non—AGN-dominated X-ray emis-
sion, no correlation is found between HR and X-ray luminosity.
Furthermore, these sources do not have a characteristic HR
value and very hard or soft sources can be found. This X-ray
emission is expected to be mostly from high-mass X-ray bi-
naries and Type II supernova remnants in spiral galaxies, while
for elliptical galaxies the X-ray emission is most likely domi-
nated by hot gas with some contribution from low-mass X-ray
binaries. Therefore, the wide range of different X-ray emitter
classes together with the lower luminosity, which leads to lower
fluxes and therefore larger errors in the HR measurements, can
explain why there is no clear correlation between HR and X-ray
luminosity and there is no characteristic HR value for low-
luminosity, non-AGN X-ray emitters.

For AGN-dominated sources, the relation between the fx / fopt
ratio and hard X-ray luminosity (L) is investigated in Figure 16.
For sources classified optically as unobscured AGNs there is no
correlation between fx / fop; and X-ray luminosity, while for ob-
scured AGNSs there is a clear correlation in the sense that obscured
sources with lower X-ray luminosity have lower fx / fop While
the hard X-ray sources with large X-ray luminosity also have sys-
tematically larger values of fx / fopi This effect can be explained
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and unobscured AGNs for sources with Lx > 10 ergs s~! (dotted line) can be compared to the scheme used in this paper based on the optical spectrum and X-ray
luminosity, showing that in general obscured AGNs have the X-ray hardest spectra.

if the optical light detected in obscured AGNs is dominated by
the emission from the host galaxy (e.g., Treister et al. 2004b),
which is nearly independent from the AGN luminosity. There-
fore, for obscured sources that are luminous in X-rays, we can
expect a larger fx / fop ratio, as observed in our sample. Perform-
ing a linear fit to the observed sample of sources optically classified
as obscured AGNs, we obtain a correlation at ~2 o significance
using the minimum Y2 test, with best-fit parameters given by

log Lx = —39.79(4.04) + 0.917(+ 0.094)log ( fx /fopt)-
(7)

This correlation is shown by the solid line in Figure 16. This
trend can also be observed at the same significance level if the
I-band optical flux is used instead. This can be explained since
the 7 band is bluer and therefore is more affected by dust ob-
scuration, while in the 7 band the host galaxy is more luminous;
therefore, in both cases the host galaxy emission dominates
over the AGN optical radiation. A similar relation between
fx/fopt and X-ray luminosity for obscured AGNs was found by
Fiore et al. (2003) in the High Energy Large Area Survey
(HELLAS2XMM). Even though they used the R band to cal-
culate the optical luminosity, the correlations are similar.
Given the difficulties in finding obscured AGNs atz > 1, we
are not able to disentangle a dependence of the obscured-to-
unobscured AGN number ratio with redshift from the strong

selection effects on the sample. However, from Figure 13 there
is some indication that this ratio can depend on the observed
X-ray luminosity. In order to investigate this effect in more de-
tail, in Figure 17 the fraction of obscured to all AGNs is shown as
a function of hard X-ray luminosity combining the hard X-ray
sources detected in the CYDER survey with 77 AGNs with
Lx > 10* ergs s~! located in the GOODS-S field with identi-
fications and redshifts reported by Szokoly et al. (2004) in order
to increase the number of X-ray sources in each bin. This figure
clearly shows that a dependence of the fraction of obscured
AGNs on X-ray luminosity can be observed. A similar trend was
first observed by Lawrence & Elvis (1982) and is consistent with
the relation reported by Ueda et al. (2003) and Hasinger (2004).

In other to further investigate this observed correlation and to
determine if it can be explained by selection effects, we used the
AGN population models of Treister et al. (2004b). Originally
used to predict the AGN number counts in any wavelength from
far-infrared to X-rays, the Treister et al. (2004b) model is based
on the Ueda et al. (2003) luminosity function and its luminosity-
dependent density evolution in which the intrinsic Ny distribution
comes from a very simple unified model in which the intrinsic
obscured-to-unobscured AGN ratio is set to be 3:1. The AGN
spectral energy distribution (SED) is modeled based on three
parameters, namely, the intrinsic X-ray luminosity of the central
engine, the neutral hydrogen column density in the line of sight,
and the redshift of the source, in order to compare fluxes in one
wavelength to another. Even though this model was applied to
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Fic. 17.—Fraction of objects optically classified as obscured AGNSs vs. total
AGNs in Alog Lx = 1.0 bins combining the hard X-ray sources in the CYDER
survey with the sources detected in the GOODS-S field with spectroscopic iden-
tification from Szokoly et al. (2004) in order to obtain a larger sample. The de-
crease in the number of obscured AGNs with X-ray luminosity can be clearly seen
in this figure. The dot-dashed line shows the predicted correlation using the mod-
els of Treister et al. (2004b), which assumed a constant, fixed, obscured-to-total
AGN ratio of 3:4 (dashed line) if only objects with optical magnitude R < 24 mag
(i.e., the optical cut for spectroscopy) are considered and the effects of obscuration
and k-correction are not taken into account to calculate the X-ray luminosity. The
solid line shows the predicted correlation if the intrinsic hard X-ray luminosity in
the model is corrected for obscuration and redshift effects. From these results, we
can see that the observed correlation can be explained as a selection effect caused
by the need for spectroscopic identification in order to calculate luminosities.

GOODS, it can be applied to any other X-ray survey if the
proper flux limit and area coverage are used. Given that the
luminosity function and AGN SED library in this model are
fixed, there is no free parameter to adjust.

In Figure 17 we show the predicted correlation between the
fraction of obscured to all AGNs and hard X-ray luminosity for
sources with R <24 mag (i.e., the optical flux limit for spec-
troscopy) for both intrinsic (dot-dashed line) and observed (i.e.,
adding the effects of obscuration and K-correction; solid line)
X-ray luminosity. In both cases, a decrease in the fraction of
obscured to all AGNs is observed with increasing luminosity,
even when the intrinsic ratio is fixed and set to 3:4. Therefore,
this observed correlation can be explained as a selection effect
since for obscured AGNs their lower optical flux makes them
harder to detect in spectroscopic surveys, in particular at higher
redshifts where most of the more luminous AGNs are located.

A crude way to estimate the intrinsic neutral hydrogen col-
umn density (Ny) in the line of sight is based on the measured
HR. In order to estimate Ny, we assumed that the intrinsic X-ray
spectrum of an AGN can be described by a power law with pho-
ton index I' = 1.9 (e.g., Nandra & Pounds 1994; Nandra et al.
1997; Mainieri et al. 2002). We then generated a conversion
table using XSPEC (Arnaud 1996) to calculate the expected HR
for Ny in the range 10°°~10>* cm~2 and redshifts from z = 0
to 5. The spectral response of the ACIS camera was considered
in this calculation. Furthermore, the amount of Galactic ab-
sorption in each field as calculated based on the observations by
Stark et al. (1992) was added, since all the X-ray emission from
extragalactic sources passes through the intergalactic medium
of our Galaxy. Then, using this conversion table, the observed
HR can be translated into an Ny value, taking into account the
redshift of the source. Even though for individual sources this
method to estimate Ny may not be very accurate, given the
uncertainties associated with performing spectral fitting based
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Fic. 18.—Neutral hydrogen column density (Ny) distribution deduced for
X-ray sources with measured spectroscopic redshift and detected in the hard
band. The value of Ny was calculated from the HR assuming an intrinsic power-
law spectrum with exponent I' = 1.9 (solid line), typical for AGN activity, and
the spectral response of the ACIS camera. The redshift of the sources was taken
into account to calculate the intrinsic amount of absorption in the X-ray spec-
trum. The Ny distribution for sources in GOODS (dashed line), as calculated by
Treister et al. (2004b), shows that in CYDER absorbed X-ray sources with Ny >
3 x 102 cm~2 are preferentially missed, but they appear in deeper surveys. Dot-
dashed line: Models from Treister et al. (2004b) adapted to the CYDER total
area and flux limits. While the general agreement can be considered good, a
clear disagreement at the high-Ny end can be observed. This effect was also
reported by Treister et al. (2004b) based on the GOODS data and can be ex-
plained by the incompleteness in the sample with spectroscopic redshifts (re-
quired to calculate Ny ) since highly obscured sources are also the faintest in the
optical bands. The disagreement in the low-Ny end is caused by the presence of
sources with a soft excess in the observed sample.

on only two bins, these individual uncertainties average out in
the distribution.

Given that the ACIS camera is more sensitive in the soft
X-ray band, we decided to exclude sources not detected in the
hard band, in order to use only the sources for which the HR
can give a reasonable idea of the X-ray spectrum. For AGN-
dominated sources (i.e., Lx > 10*? ergs s~!), this choice elim-
inates 34% of the sources. By cutting the sample to the sources
detected in the hard band, a similar fraction of objects optically
classified as obscured and unobscured AGNs are removed from
the sample; therefore, we do not expect a significant bias in-
troduced by this choice that, on the other hand, allows a more
precise statistical analysis, since a definite flux limit can be used.
In addition, sources dominated by AGN emission in X-ray have
a hard spectrum, so if only sources detected in the hard band are
considered, the contamination by non-AGN X-ray emitters is
reduced. Therefore, even sources detected with high significance
in the soft band and not detected in the hard band are removed
from the following analysis.

The Ny distribution for the sources in the reduced sample is
presented in Figure 18. While a significant number of sources,
23%, have Ny values consistent with no absorption ( plotted at
Ni = 10%° cm~2), some sources present moderate to high levels
of absorption, with Ny > 10>} cm™2 (~12%). The Ny distribu-
tion for the X-ray sources in GOODS (Dickinson & Giavalisco
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2003; Giavalisco et al. 2004), which overlaps with the CDF-N
and CDF-S, was calculated previously following a similar pro-
cedure by Treister et al. (2004b). The results of this calculation
are also presented in Figure 18 scaled to the number of sources in
the CYDER survey. Comparing the results from these two sur-
veys with the predictions for the intrinsic Ny distribution based
on a simple AGN unified model and the Ueda et al. (2003) lu-
minosity function made by Treister et al. (2004b), we found that
the obscuration bias is more important for CYDER than for
GOODS, meaning that sources with Ny > 3 x 102 cm~2 are
preferentially missed in the CYDER survey, since obscuration
makes them fainter even in the hard X-ray bands.

Using the AGN number count predictions by Treister et al.
(2004b) adapted to the CYDER flux limits and area coverage,
the observed hard X-ray flux distribution is compared to the
predictions by this model (Fig. 19). When this sample is com-
pared to the predictions by the Treister et al. (2004b) model, the
results are very encouraging, showing a very good agreement
characterized by a K-S confidence level to accept the null hy-
pothesis of ~96%. Using this model, in Figure 19 the predicted
contributions by unobscured (type 1; dashed line) and obscured
(type 2; dotted line) AGNs are shown.

While in the Treister et al. (2004b) model the intrinsic ratio
of obscured to unobscured AGNs is 3:1 (using Ny = 10?> cm 2
as the dividing point), the prediction for the CYDER X-ray sam-
ple is a ratio of 2.35:1 when the survey flux limit in the X-ray
bands is considered. This is consistent with the claim that sources
with Ny > 3 x 10?2 cm~2 are preferentially missed in the CYDER
X-ray sample. However, this ratio should be compared to the value
of 0.76:1 obtained previously using optical spectroscopy to sepa-
rate obscured and unobscured AGNs. This significant reduction
in the relative number of sources classified as obscured AGNs
can be explained by the optical magnitude cut introduced when
optical spectroscopy is used. In the case of the CYDER multi-
wavelength follow-up, only sources with ' < 25 mag have op-
tical spectroscopy, and the completeness level decreases strongly
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with decreasing optical flux (Fig. 4). Since obscured AGNs
are in general faint optical sources (e.g., Alexander et al. 2001;
Koekemoer et al. 2002; Treister et al. 2004b), they are harder
to identify using spectroscopy, which causes their relative num-
ber to decrease when compared to other X-ray sources that are
brighter in the optical bands, like unobscured AGNs.

6. CONCLUSIONS

We presented here the first results from the multiwavelength
study of the X-ray sources in the CYDER survey. In this work,
we studied the optical and X-ray properties of 267 sources de-
tected in five fields observed by Chandra and available in the
archive, covering a total of ~0.1 deg~2 and spanning a flux range
of 1075 to 10-13 ergs cm 2 s~

The X-ray flux distribution of CYDER sources follows a
log N—log S relation, both cumulative and differential, that is
consistent with the observations in existing X-ray surveys. The
cumulative log N—log S distribution is consistent with the obser-
vations of Ueda et al. (2003), while the differential log N —log S
is in good agreement with the distribution derived by the SEXSI
survey (Harrison et al. 2003). This implies that there are not
significant variations in this sample compared to other existing
surveys and therefore that the results can be directly compared.

In general, sources optically classified as obscured AGNs
have redder optical colors than unobscured AGNs and are
closer to the colors of normal galaxies, as expected from the
unification model of AGNs. In addition, a correlation between
fx / fopt and hard X-ray luminosity is observed in the sample of
sources optically classified as obscured AGNS.

The ratio of obscured AGNs seems to be changing as a
function of X-ray luminosity, in the sense that for more lumi-
nous sources the ratio of obscured to unobscured AGNs is lower
than for less luminous objects. However, this relation can be
explained as a selection effect since obscured AGNs are fainter
in the optical bands and therefore harder to identify for spec-
troscopic surveys. In fact, the observed correlation can be re-
produced using the Treister et al. (2004b) models that have a
fixed intrinsic ratio of 3:4 if an optical cut of R < 24 mag (i.e.,
the magnitude limit for spectroscopy) is used.

The Ny distribution for sources in the CYDER survey is con-
sistent with the predicted distribution by Treister et al. (2004b)
assuming a torus geometry for the obscuring material once selec-
tion effects are accounted. This implies that X-ray surveys are sub-
ject to significant incompleteness for sources with large amounts
of absorption. In the particular case of the CYDER survey this in-
completeness is important for sources with Ny > 3 x 10?2 cm 2,
However, once these selection effects are accounted for, the ob-
served hard X-ray flux distribution is consistent with the pre-
dictions of the models of Treister et al. (2004b).
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