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ABSTRACT

The XBodtes Survey is a 5-K8handrasurvey of the Bodtes Field of the NOAO Deep Wide-Field Survey
(NDWFS). This survey is unique in that it is the largest (9e8/), contiguous region imaged in X-ray with
complementary deep optical and near-IR observations. \&sept a catalog of the optical counterparts to
the 3,213 X-ray point sources detected in the XBodtes suriksying a Bayesian identification scheme, we
successfully identified optical counterparts for 98% of Xamy point sources. The optical colors suggest that
the optically detected galaxies are a combinatiorz &flL massive early-type galaxies and bluer star-forming
galaxies whose optical AGN emission is faint or obscuredgnehs the majority of the optically detected point
sources are likely quasars over a large redshift range.a@ye birea, X-ray bright, optically deep survey enables
us to select a large sub-sample of sources (773) with higéyXer optical flux ratios (ff, >10). These objects
are likely high redshift and/or dust obscured AGN. Thesecesihave generally harder X-ray spectra than
sources with 0.&f,/f, <10. Of the 73 X-ray sources with no optical counterpart inNIEBAVFS catalog, 47 are
truly optically blank down taR ~25.5 (the average 50% completeness limit of the NDVRHEnd catalogs).
These sources are also likely to be high redshift and/orahstured AGN.

Subject headings{-ray Survey, AGN, Cosmology

1. INTRODUCTION Garmire et al. 2003); this is crucial for determining the-cor
Active Galactic Nuclei (AGN) are complex objects which €ct optical counterpartin deep optical imaging data inolhi
radiate across the entire electromagnetic spectrum. To gai the surface density of sources is large. While the deepest su
a better insight into their nature and how they evolve, we re- VEYS have resolved80% of the hard (2-7 keV) X-ray back-
quire large samples of AGN in multiple wave-bands. Previ- ground into dllscrete sources (Brandt et al. 2001; Rosati et a
ous studies at optical and soft X-ray wavelengths havedaile 2002; Moretti et el. 2003; Worsley et al. 2004) and an even

to obtain a complete census of the AGN population becausd@'d€r fraction of the soft (0.5-2 keV) X-ray backgroundsyh
dust and gas obscures many AGN from view. In fact in the YPically cover only small£.0.1 deg) areas of the sky. Sur-

local Universe, optically obscured AGN may outnumber opti- V&YS covering a larger volume are needed to overcome cosmic

cally unobscured AGN by a factor of four (Maiolino & Rieke vqriance and to better determine the properties of the mest |
1995). In all but the shallowest surveys, the number density MNOYS and rarest sources such as powerful quasars, whose

of AGN identified in the hard X-ray and mid-IR bands is far number densities are low. Large contiguous areas and ex-
greater than is found in optical surveys of comparable deptht€nSive multi-wavelength coverage are also necessaryefor d

(Bauer et al. 2004; Risaliti & Elvis 2004; Stern et al. 2005). tailed StUdiQS of AGN clusterjng and environment.
Thus it is important to determine the extent to which there _ Here we identify the candidate optical counterparts to the
exists a hidden population of AGN whose optical properties X8y Point sources in a new, medium depth (5-ks/pointing),

do not identify them as AGN. Because of the ability of hard Wide-field X-ray survey performed witi€handra ACIS-|

XBootes; Murray et al. 2005) of the Bootes field of the
X-rays to penetrate dust and all but the most extreme columnf : . s .
densities of gas, X-ray surveys with sensitivities abeve ~ NOAO Deep Wide-Field Survey (NDWFS; Jannuzi & Dey

keV can provide relatively unbiased samples of AGN over a 1999; Jannuzietal. in prep.; Dey etal. in prep.). The XBeote

range of redshifts. survey is unique because of its contiguous imaging coverage
We summarise some of the existing extragalactic X-ray sur-9Ver & large (9.3 déyarea dm\t/\rghhanddra V\éh'le nothasldeep

veys in Table 1. Thehandra(Weisskopf et al. 2002) and &S many past surveys made withandraandXMM, the large

XMM-Newton(Jansen et al. 2001) observatories have led to co-moving volume surveyed allows us to obtain large samples

great advances in X-ray astronomy, producing surveys which®f sources comprising the bright end of the X-ray luminos-

are 10 - 100 times deeper than those by previous X-ray teleJty function and to determine the nature of rare populations

scopesChandras imaging resolution is superior to all previ- whose number densities are too small to obtain meaningful

ous and current X-ray telescopes (van Speybroeck et al; 19975talistics in small area surveys. The large contiguousiarea
y pes ( pey also critical for studies of AGN clustering: one of the key

1 National Optical Astronomy Observatory, Tucson, AZ 85BJ&2; Qoals of the XBodtes survey. We can QJSO perform stack-
brand@noao.edu _ ing analyzes of the X-ray data to determine the mean X-ray
2 Princeton University Observatory, Peyton Hall, Princetdd 08544 properties of different populations selected in diffenemve-

3 Department of Astronomy, The Ohio State University, 140 Wth bands (e.g., Brand et al. 2005; Watson et al. in prep.). The

Avenue, Columbus, OH 43210 . . . . . . .
4 Harvard-Smithsonian Center for Astrophysics, 60 Gardeaeft Cam- Bodtes field is unique in the extent of its multi-wavelength

bridge, MA 02138 coverage over such a large area. The multi-wavelength data
5 Steward Observatory, University of Arizona, 933 North Gietvenue, includes X-ray Chandrg, UV (GALEX Hoopes 2004), opti-
Tucson, AZ 85721 cal (NDWFS), near-IR (FLAMEX; Elston et al. 2005), mid-

6 . . N
457cl))f:partment of Physics and Astronomy, Ohio University, AtheOH IR (SpitzefiRAC — Eisenhardt et al. 2008pitzefMIPS —



TABLE 1
PROPERTIES OF RECENT EXTRAGALACTIC DEEP AND MEDIUMDEEPX-RAY SURVEYS ORDERED BY INCREASING SURVEY AREATHE
X-RAY FLUX IS QUOTED FOR THEO.5-2KEV BAND AND HAS BEEN CONVERTED TO THE FLUX ASSUMING A POWERLAW WITH I'=1.7
WHERE NEEDED THE OPTICAL MAGNITUDE LIMIT IS TAKEN FROM THE REFERENCED PAPR AND MAY BE DEFINED IN DIFFERENT WAYS.
a. THE LALA FIELD IS IN THE NORTH-EAST CORNER OF THEBOOTES FIELD. b. THE NUMBER IN PARENTHESIS INDICTATES THE TOTAL
EXPECTED AREA OF THE SURVEY WHEN COMPLETED

Survey Area X-ray Flux limit ~ Rlimit Reference
ded ergsstcm?  magnitudes

Chandra Deep Field North 0.1 x40 ~26.4 Barger et al. (2003), Alexander et al. (2003)
Chandra Deep Field South 0.1 57077 ~26.5 Giacconi et al. (2002)
Extended Chandra Deep Field South 0.3 x 18717 ~26.5 Lehmer et al. (2005)
Chandra Extended Growth Strip (DEEP) 0.1 2116 23.4 Nandra et al. (2005)
Chandra LALA 0.1 1.4¢10716 25.7 Wang et al. (2004)
SPICES-II 0.1 1.8&10°16 25.4 Stern et al. (2002)
XMM Lockman hole 0.25 3.8410716 ~27.1 Hasinger et al. (2001),Wilson et al. (2004)
CLASXS 0.36 5.x10716 27.0 Yang et al. (2004)
Chandra survey of 13h XMM/ROSAT 0.25 50016 27.0 McHardy et al. (2003)
Chandra Multi-wavelength Project 0.8 (18)0 variable 24.0 Kim et al. (2004), Green et al. (2004)
ROSAT Ultra Deep 0.36 1410715 25.5 Lehmann et al. (2001)
XBodtes 9.3 0x10% 25.5 Murray et al. (2005), Kenter et al. (2005); this work
XMM-Newton/2dF 1.5 410715 19.5 Georgakakis et al. (2003)
HELLAS2XMM 0.9 (4.P) 7.5x1015 24.5 Baldi et al. (2002)

Soifer et al. 2004), and radio (VLA/FIRST,; Becker, White, & tion and its uncertainties. The positions were instead esti
Helfand 1995 and WSRT; de Vries et al. 2002). Optical spec- mated by iteratively centroiding the counts within the 50%
troscopic follow-up observations have also been undentake encircled-energy radius of théhandra ACIS point spread
for all X-ray sources with <21.5 as part of the AGES survey function. The total counts from each X-ray source were de-
(Kochanek et al. in prep.). termined within the 90% encircled energy radius (see Murray
In Murray et al. (2005; Paper 1), we described the general et al. (2005) for details). No corrections were made for the r
characteristics of the X-ray survey and determined the angu maining flux expected to fall outside this radius. The coimts
lar clustering of the sources. In Kenter et al. (2005; Paber | the soft (0.5-2.0 keV) and hard (2.0-7.0 keV) bands were de-
we presented the X-ray catalog. The main aim of this papertermined in the soft and hard-band images using the position
is to provide an accurate catalog of the optical countespart and 90% encircled energy radius from the total band image.
of the X-ray point sources in the Boo6tes region which were The X-ray catalog comprises 3,293 unique X-ray sources with
presented in Kenter et al. (2005). We begin with a summary >4 counts in the total band images (Kenter et al. 2005). We
of the X-ray, optical, and near-IR data used in the XBootes expect only~35 of these sources to be spurious in the full sur-
and NDWFS surveys (Section 2). We discuss our method ofvey (Kenter et al. 2005). For the matching with cataloged op-
associating the X-ray source with optical counterpartsgia-S  tical counterparts, we only considered the 3,213 X-raycesir
tion 3. The robustness of the resulting matched catalog s we which overlap with the NDWFS area (see Figure 1).
as the properties of the catalog are described in Sectiom 4. |  To estimate the X-ray flux for each source, a local back-
Section 5, we describe the X-ray and optical properties®f th ground was calculated and subtracted from the net counts.
matched catalog. The main points of the paper are summaTelescope vignetting results in an effective exposure thmae

rized in Section 6. varies with X-ray energy and position on the image (drop-
2. THE DATA ping to ~20% near the edges of the field). To account for

. . this, we multiply the background-subtracted counts by &e r
2.1. X-ray Imaging: the XBootes Survey tio of the average exposure time (5-ks) to the effective ex-

The details of the X-ray observations for the XBootes Sur- posure time at the source position. We also divide by the
vey and the resulting XBootes source catalog have been prefractional effective area at the source position. Assunang
sented in Murray et al. (2005) and Kenter et al. (2005). Is thi power-law spectrum with photon ind&%=1.7 and the Galac-
Section, we summarize the main survey characteristics. tic HI column density of kX 10?° cm (Stark et al. 1992), a

A 9.3 ded region of sky chosen to match the area covered 4 count source in our survey corresponds tox6° ergs
with NDWFS was observed by the Advanced CCD Imaging cm 2 s?, 4.7x107° ergs cm? s !, and 1.5¢10* ergs cm?
Spectrometer (ACIS-1) on th€handra X-ray Observatory S in the 0.5-7 keV, 0.5-2 keV and 2-7 keV bands respec-
over a 2 week time interval in March and April 2003. The tively. This corresponds to a total band X-ray luminosity of
data was taken in 126 separate pointings, each observed fokx = 2 x 10*ergs st, 4 x 10*%rgs s', and 6x 10*%ergs s,
~ 5-ks. The CIAO 3.0.2 wavelet detect algorithmAVDE- atz=0.1, 1, and 3 respectively.

TECT; Freeman et al. 2002) was used to detect X-ray sources . .

in the total (0.5-7.0 keV) band data. A probability thresh- 22 Optical and Near Infra-red Imaging: the NDWFS

old of 5x10™ was chosen as the best compromise between The NOAO Deep Wide-Field Survey (NDWFS) comprises

maximizing the completeness while minimizing the number deep optical and near infra-red imaging in tw® ded re-

of spurious detections. Although theaVDETECT algorithm gions of the sky in Boottes and Cetus, and is designed to
provides a robust method of identifying real X-ray sources, study the formation and evolution of large-scale structure
it performs less well at providing an accurate source posi- (Jannuzi & Dey 1999; Brown et al. 2003). The optical and



e I D R AR T e

near-IR data for the Bootes field were obtained using the Any systematic offsets between the astrometric reference
4m and 2.1m telescopes of the Kitt Peak National Obser-frames used for the X-ray and optical imaging or errors in the
vatory between February 1998 and April 2004. In this pa- astrometric zero-point of any of the individual optical sub
per, we consideBy, R, andl-band imaging over almost the fields or X-ray pointings could adversely affect our proaedu
entire 9.3 deg of the NDWFS Bodtes field (the field cov- for matching sources. The NDWFS images were placed on
ered by our X-ray imaging; Jannuzi et al. in prep.), and an astrometric frame defined by the fainter stars in the US-
K-band imaging over approximately 6 degf the Bodtes = NOAZ2.0 (The ACT astrometric frame; Monet et al. 1998; see
field (Dey et al. in prep.).K-band imaging has been ob- Jannuzietal. in prep. for details of NDWFS astrometry). The
tained for the entire Bootes field, but only 6 degere avail- X-ray astrometry is based on the AGASC catalog (Schmidt
able at the time of this work. We use the NDWFS data re- & Green 2003) and is referenced to the Tycho2 astronomic
lease version 3.0 which can be obtained through the NOAOframe, which incorporates and supercedes the ACT astromet-
science archive (http://archive.noao.edu/nsa/) and NBWF ric frame. Although the X-ray and optical data should be on
homepage (http://www.noao.edu/noao/noaodeep). We-deterthe same astrometric frame, we need to check and correct for
mined the 50% completeness limits as a function of magni- any systematic offsets that may be present. Because of the
tude by adding artificial stellar objects to copies of theadat large number of X-ray sources with cataloged optical coun-
and recovering them with SExtractor. Details of the conglet terparts (see Section 3.2), we can use the data to determine
ness as a function of NDWFS sub-field can be found in Jan-and correct any systematic offset.
nuzi et al. (in prep.) and at the NDWFS homepage. The av- We calculated the median offset between the positions of
erage 50% completeness limits of tBg, R, |, andK-bands  all 3213 X-ray sources and the positions of all matched opti-
images are 26.7, 25.5, 24.9, and 18.6 respectively. We useal sources in the survey. For this process, we used a simple
Vega magnitudes throughout. scheme in which we take the nearest optical source within ei-
The optical catalogs were generated using SExtractor, verther 1.8’ or the 50% X-ray positional uncertainty to be the
sion 2.3.2 (Bertin & Arnouts 1996) run in single-image mode matched optical counterpart. The median offset for sources
with the minimum detection area, convolution filter, and-sig all the X-ray pointings was/003+0!'02 east and 063+-0"'02
nal above sky threshold optimized to provide a deep yet reli- north of the optical positions.
able catalog. The astrometry for the NDWFS was calibrated We determined whether there were any field-to-field varia-
using matches to the USNO-A2 catalog (Monet et al. 1998), tions in the astrometric zero-point by calculating the X-@
resulting in an uncertainty in the absolute positions of the optical positional offset for the sources detected withacte
sources ok 01 (Jannuzi et al. in prep., Dey et al. in prep.). X-ray pointing and for the sources detected within each-opti
Detections in two separate optical bands were matched if thecal sub-field. To identify this systematic offset we detereul
centroid of a detection in one band fell within the image el- the median offset of all X-ray sources with a positional un-
lipse calculated from a detection in the other band or if the certainty of less than’lin a givenChandradACIS pointing.
centroids of the detections were withiff df each other. In By correcting the positional offset of each X-ray pointimg i
the case of a detection in theband, we used this to assign dividually, we are correcting for any positional uncertaa
the position of the matched catalog; otherwise we used thebetween the individual pointings as well as any astrometric
position from either théy, or |-band catalogs in that order zero-point error between the X-ray and optical surveys. In
of preference. We will generally use this ordering wherever Figure 2, we show the median X-ray to optical astrometrie off
we must assign a optical parameter to a source. Because thget and its corresponding error for X-ray sources with @ptic
depth of theK-band data is not comparable to the optical data counterparts in each of the 27 optical sub-fields and in efch o
and may contain a higher number of spurious sources, we rethe 126 X-ray pointings. Because each optical sub-field con-
quired there to be a match in at least one of the optical bandgains approximately 4 X-ray pointings, the optical subefgel
in addition to theK-band detection for a source to be included will have astrometric offsets correlated with that of theras-

in the single matched catalog. pointings but will have smaller uncertainties due to thgdar
number of sources in each field. We therefore assumed no
3. MATCHING THE X-RAY AND OPTICAL SURVEYS field-to-field variation in the astrometric offset of eachtiep

This paper is concerned with the optical counterparts of X- €&l Sub-field and only corrected for any field-to-field vadat
ray point sources in the NDWFS Bobtes field. It comprises IN the astrometric offset of each X-ray pointing. In praefic
27 optical imaging sub-fields (each roughly correspondingt e only adjusted the X-ray source positions of the sources if
the area of a single pointing of the KPNO MOSAIC-1 prime- there were 15 or more X-ray sources with a positional uncer-
focus imager) and 126 pointings of tB#andraACIS-1 cam- tainty of less than’d (corresponding to sources with high X-
era. The positions and overlap of the sub-fields on the sky car{Y counts and/or sources near the center of the X-ray point-
be seen in Figure 1. Over-plotted are the 3,293 X-ray point'N9)- In all pointings with less than 15 such sources, we used
sources witt> 4 counts. Although the surveys are extremely the median offset of sources in the full sample. The largest
well matched in their spatial coverage, the difference & th Correction we applied in any sub-field wa®-'9 although in
size and shape of the individual optical and X-ray pointings MOSt cases, it was-0.'5. ‘The remaining astrometric offset
led to small differences in their coverage. The X-ray sosirce @nd error are smalk{ 0’3 in each optical sub-field) and are
represented by light dots are those that fall off the edgheft Shown in Figure 3. In Table 2, we include the corrected X-ray
NDWFS survey; these sources are not included in any furtherSOUrce positions. The optical positions remain unchanged.

analysis. The total number of X-ray sources consideredsnth _ OPjects brighterthaR~17 are saturated in the typical ND-
paper is therefore 3,213. WEFS imaging exposures. This can result in large uncertain-

ties in the measured positions and optical magnitudes séthe

sources. To correct the positions in the small number of af-
fected sources, we matched the X-ray catalog to objects in
the 2MASS catalog which has more accurate astrometry than

3.1. Relative Positional Offsets between X-ray and NDWFS
Imaging Frames
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FiG. 1.— The spatial distribution of X-ray sources (denoted kack circles). Also plotted are the positions of the 126 X-pwintings of theChandra
ACIS camera (diamond shaped boxes) and the 27 optical imauib-fields R-band images; large shaded area). X-ray sources whosépesitre outside the
boundaries of the NDWFS Bodtes field are denoted with ligsiigded circles and are excluded from the analysis of thisrpap
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FIG. 2.— The median X-ray to optical astrometric offsets andrtberresponding errors for X-ray sources with optical deuparts in each of the 27 optical
sub-fields (left) and each of the 126 X-ray pointings (righthe 5 X-ray pointings containing less than 15 matched ssuace represented by dashed error bars.
In these cases, we corrected the source positions usingatiemoffset found for all the X-ray pointings.
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shallow optical surveys such as the DSS. We applied the saméand. The total fraction of sources with an optical couraerp
astrometric offset that was used for the X-ray to NDWFS ref- in each band is less than the total fraction in all bands bscau
erence frames as well as an additional known offset'@7F some sources are not detected in all the bands. The fradtion o
east and 0147 north to shift the 2MASS coordinates to that K-band matches has been corrected for the fact that the area
of the NDWFS. If the position of the 2MASS counterpartwas of theK-band survey is smaller (only 59% of the sources that
within 10” of a bright R <17) NDWFS counterpart, we used are surveyed in the other bands have coverage iKthand).

the corrected position of the 2MASS source for the nearestThe number of optical counterparts is similar for each of the

NDWEFS source. Bw,R, andl bands. However, onlyw45% of X-ray sources
. _ have counterparts in thé-band, because the NDWKSband
3.2. Matching Optical Counterparts imaging is significantly shallower than the optical imagiag

To identify the optical counterpart of each X-ray source, typical X-ray sources. We discuss the optically non-desct
one must decide on the matching criteria to be adoptedat.e., X-ray sources in Section 5.4.
what a_ngular sepqration can one be reasonably confidentthat , ; 5 Comparison with a Simple Matching Algorithm
an optical source is the true optical counterpart of an X-ray . ) )
source. A compromise is required between having a complete We have compared our Bayesian matching scheme with a
sample and minimizing contamination from unrelated optica Simple matching scheme in which we define the most likely
sources. Identifying the true optical counterpart is maae e~ Optical counterpart to be the closest optical match witftin e
ier by the excellent positional accuracy@fiandrawhich has ~ ther 1’5 or the positional uncertainty of the X-ray source
typical 90% uncertainties o£0!'6 for a bright & 10 count) ~ (Kenter et al. 2005), whichever is greater. Using this sim-
on-axis source. However, the uncertainty in the X-ray posi- Ple scheme, we find an optical counterpart for 2875 (89%)
tion is a strong function of both the off-axis distance of the Of the X-ray sources. When performing the simple matching
X-ray source from the X-ray pointing center and the strength Scheme on a sample in which we shift the X-ray position by
of the X-ray source. The deep optical catalogs make it more30” (i.e. a “random” sample), we find at least one optical
likely that an X-ray source has a true optical counterpatt bu counterpart for 38% of the sources. This high spurious iden-
the high source density at faint optical apparent magngtude tification rate occurs because the NDWFS images are very
also increases the risk of chance superpositions. deep and have a high number density of faint sources at any

To properly quantify these issues, we adopted a BayesiarPosition. However, unlike the real data, the optical magtet
identification scheme that assigns probabilities to optica distribution in a random sample will be dominated by opti-
sources of being the true optical counterpart rather thamgus ~ cally faint sources. This method will therefore overestiena
a simple matching criteria. The Bayesian scheme is a morethe number of spurious sources. A more rigorous method is
sophisticated approach than using a simple matching radiugresented in Section 4.1.3. _ _
because it can self-consistently include additional imf@tion The Bayesian matching scheme picks the same optical
which is contained within the dataset itself. The basis af ou counterpart as the simple matching scheme in 88% of cases.
method was to evaluate the probability of each of the opti- Of the 372 X-ray sources whose optical counterparts do not
cal sources surrounding an X-ray source being more probablédgree, 266 have an optical counterpartin the Bayesian match
than a “background” source. Our method also supplies a for-iNg scheme but no cataloged optical counterpartin the simpl
mal estimate of there being no identifiable optical courserp ~ Matching scheme; one has an optical counterpart in the sim-
down to the optical limits of our survey. The Bayesian source Ple matching scheme but no cataloged optical counterpart in

identification method is described in Appendix A. the Bayesian matching scheme; and 105 have different opti-
cal counterparts. If we compare the optical counterpart ob-
4. RESULTS tained using the simple scheme to that of either the first or

In this Section, we present the results of the Bayesian _second most likely optical counterpart i_n the Bayesian matc
matching scheme and compare this to a simple matching algoind Scheme, only 3% of the matches disagree.
rithm. The results from Monte Carlo simulations are repirte e conclude that there is a reasonable agreement between

We then present the optical catalog. the two matching schemes. The differences are primarily due
to the fact that the Bayesian scheme is a more sophistichted a
4.1. Match Statistics gorithm, allowing for the inclusion of more information inet

. . . . determination of a probable match. For example, the fatt tha
4.1.1. Fraction of X-ray Point Sources with Optical many of the X—ray%ources which have no cellataloged optical
Counterparts counterpart in the simple scheme have larger positional off
Of the 3,213 X-ray sources detected in the Bottes field, wesets between the X-ray and optical sources suggests that the
found a likely optical counterpart for 3,140 (98%). Because positional uncertainty in the simple matching scheme may be
all X-ray sources with near-IR identifications also have-opt underestimated. The X-ray positional error is defined as the
cal counterparts, we hereafter refer to both the near-IR and50% enclosed energy radius divided by the square root of the
optical counterparts in the NDWFS catalog as the “optical” number of counts (Kenter et al. 2005). We do not expect that
counterparts. Some of the X-ray sources have more than on¢he true X-ray position will always fall within the formal po
potential optical counterpart in our data set. For our agialy sitional error and if we increased the matching radius to en-
of the sample properties in the remainder of the paper, we al-sure that we did, we would obtain unacceptable numbers of
ways used the most probable counterpart. For completenessncorrect matches. In the Bayesian scheme, the positional u
however, our catalog includes all candidate optical caunte certainty is determined self consistently from the X-rag an
parts with more than a 1% probability of being the matched optical data themselves. In addition, the simple scheniespic
source. only the nearest cataloged optical counterpart. If there is
In Figure 4, we show the fraction of X-ray sources with brighter optical source (which has a lower probability of be
counterparts brighter than a given magnitude in each dpticaing there by chance) slightly further away and the X-ray po-
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as above used for each band. THdand completeness is corrected for its
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sitional error is large, the Bayesian scheme may assigmahis
be the true optical counterpart.
4.1.3. Monte Carlo Simulations

To further test the reliability of our Bayesian technique,
we ran Monte Carlo simulations of the optical and X-ray

sian (Egn. A9) with a constant;, = 0!'5, the PSF width at
the pointing centeigo = 0!'5, and the quadratic growth of the
PSF width as one moves off-axigsoo = 4/'0. We produced
synthetic background catalogs by taking the XBodtes cgtalo
and generating new optical catalogs for the regions around
each X-ray source. We used broken power-law models for the
number counts,

dN _ (M=)
am ALO* , (1)
empirically normalized to match the observed number counts
of the NDWFS field. The total number of sources was nor-
malized to match the- 10° observed sources in the matching
regions used for the X-ray sources. The X-ray sources were
modeled with three regiong, = 0.4 for 15< m< 20,a=0

for 20 < m < 23, anda = -0.3 for 23< m< 26, based on
the magnitudes of the most probable optical IDs for the X-ray
sources in the central < 4000 regions of the ACIS fields.
The background optical source positions were distribuaed r
domly in the matching region for each X-ray source. To test
our ability to recognize X-ray sources genuinely lacking op
tical counterparts, we assumed that a fraction {} of the
X-ray sources have no optical counterpart. For the sources
with counterparts, the position of the counterpart was ran-
domly drawn based on the “PSF model” using the observed
X-ray counts and off-axis distanc€(andd) for each X-ray
source.

Fig. 5 shows the results for estimating the fraction of
sources with optical counterparfswith the PSF parame-
ters fixed to their most likely valuess{ = oo = 05 and
oeo0 = 4!'0). For the full range off = 0.99 to f = 0.5, the
posterior probability distribution foff tracks its true value,

datasets to model the problem of matching the X-ray point but is shifted to higher completeness by approximately a fac
sources from the XBoo6tes Survey to the NDWFS optical cat- tor of two. The origin of the shift can be traced to the unit
alog. The Monte Carlo results provide confidence in our over- ambiguities in the ratidix /By (see Appendix) and the dif-

all approach and a basis for interpreting the results for theferent optical magnitude distributions of the background a
real NDWFS/XBodttes data. In particular, we use the Monte X-ray sources. In experiments where we drew the magnitudes
Carlo tests to understand the completeness of the identificaof the X-ray sources from the magnitude distribution of the

tions (hereafter IDs).

background sources, the posteriori estimated farere con-

We modeled the X-ray positional uncertainties by a Gaus- sistent with the input values. For present purposes, weldhou
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FiG. 5.— The posterior probability for the fraction of X-ray soas lacking FiG. 6.— The solid, dashed and dotted curves show the fractitimedime
optical counterparts (&) for Monte Carlo simulations in which 99%, 95%, that the most likely, second most likely or “no ID” opticaleidtification is
90%, 70%, and 50% of the X-ray sources possess optical apante. The correct as a function of their probability value for the Me@arlo simula-
vertical dashed lines mark the input values, and in each tbesposteriori tions with f = 95%. We show the results for both the full ACIS field (thick
estimates are shifted by roughly a factor of two towards éigiompleteness. line) and the inner regions of the ACIS fieldi(< 40Q'0; light line). We
If we draw the magnitudes of the X-ray sources from the mageitdistri- do not show the “no ID” results for the inner regions due togher number
bution of the background sources we find no offset. Theselatioos were statistics.

done with the “PSF” parameters fixed to their most likely eslu )
Fig. 7 shows the results for the PSF parameters and the

regardf as a factor correcting the likelihood balance between COMpleteness. The completeness estimaté %98% in-
ID and no ID for these ambiguities rather than as an absolutedePendent of whether we use the logarithmic or CXO pri-

measurement of the completeness. In all experiments, how?rS: Given the bias we observed in the Monte Carlo simu-

ever, the posteriori estimate df robustly tracked the input  ations, this suggests that the real completene$ss95%.
completeness. The systematic term in the PSF depends little on the priors

We now focus on the case with= 95%, as it most closely (00 =0!"36 versus 033 for the logarithmic and CXO priors).

matches the real data. Fig. 6 shows that the probability that! "€ other PSF parameters do show a dependence on the pri-
ors, withog ~ 0’0 andoggp = 5!'2 for the logarithmic prior

an optical identification is correct closely tracks therastied . ?
P y n- andoo = 024 andogoo = 4!'8 with the CXO prior. However,

probability (Px) both for the field as a whole and in the ce { .
tral regions. Over the full field, the true optical sourcetie t ~ d€sPite the apparent parameter differences between tiesres

most probable match 92% of the time. It is the first or second fOr the two priors, the posterior probabilities for the idén
most probable match over 98% of the time. As one would cations are virtually identical.

expect, most of the matching errors are in the outskirtsefth N summary, the Monte Carlo simulations provide confi-
X-ray ACIS pointings where the PSF is large or when the op- dence in applying our Bayesian matching scheme to the iden-

tical counterpart is faint. For the X-ray sources within 400 tification of optical counterparts from the NDWFS to the X-
of the telescope axis, the true optical counterpart is thetmo @Y Sources in the XBogtes Survey. By simulating the X-ray
probable match over 95% of the time, and it is the first or sec- SCUrces with true optical counterparts exhibiting sinyieop-
ond most probable match over 99% of the time. Similarly, if €rties to that expected in the data itself, we demonstraie th
the most probable optical counterpart has & mag, then it the Bayesian method successfully recovers the true opt[cal
is the true counterpart 96% of the time. At least in our sim- Counterparts as the most probable counterpart 92% of tige tim
ulations, misidentified X-ray sources are always matched to(@nd the first or second most probable 98% of the time). The
another optical source. There was no case of an X-ray sourc&&iN €rrors occur in assigning the wrong optical countéspar
with a counterpart for which having no optical ID was the ©F In @ssigning optical counterparts to sources with no true
most probable result. Of the X-ray sources without optical @Ptical counterpart and this problem is likely to be genggic
counterparts, the most probable ID has no optical counterpa &/l matching methods. Although the measured completeness
roughly 40% of the time and it is the first or second most IS ~98%, the true completeness is likely to bed%.

robable ID 67% of the time. The percentages of correctl . .
ﬁ]atched sources again improve congiderablygto 48% and 82¥’/o 4.2. The Optical Catalog and Images of the X-ray Point
respectively in the inner parts of the ACIS pointing. These Sources
suffer from significant Poisson uncertainties (becauseethe In Table 2 we present a sample of the matched op-
are only 73 sources without optical IDs) but are typical. §hu tical and X-ray catalog for theChandra sources in the
assigning an optical counterpart to X-ray sources gemyiinel Bootes field of the NDWFS. The complete version of
lacking an optical counterpart is a significantly greatertpr ~ this table is in the electronic edition of the Journal. The
lem than the reverse. These results are generic and change-ray properties of each X-ray source are presented in
little if we consider simulations with larger or smaller omo- Kenter et al (2005) (the sources can be cross-matched
pleteness. using their X-ray names). The full catalog contain-
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FiG. 7.— Posteriori estimates of parameters for the real ND\XB86tes
data. The solid curves use the logarithmic priors and theethsurves use
the CXO priors. The hatched regions in thgy panel show estimates of
agoo from the 50% (lower edge) and 90% (upper edge) enclosed ereld
at 1.5 and 6.4 keV (see Eqgn. A9 for parameter definitions).

optical ID, but source obscured by nearby star / missing;data
-2 — no optical ID, but X-ray position is close to optically
bright galaxy (source is either obscured by or associatéd wi
the galaxy); -1 — 'true’ no optical ID (optical image is truly
blank)).

(16) NDWEFS optical name (Null if no optical ID)

(17) Optical (NDWFS) Right Ascension 2000 (hours; Null if
no optical ID)

(18) Optical (NDWFS) Right Ascension 2000 (minutes; Null
if no optical ID)

(19) Optical (NDWFS) Right Ascension 2000 (seconds; Null
if no optical ID)

(20) Optical (NDWFS) Declination 2000 (degrees; Null if no
optical ID)

(21) Optical (NDWFS) Declination 2000 (minutes; Null if no
optical ID)

(22) Optical (NDWFS) Declination 2000 (seconds; Null if no
optical ID)

(23) Optical (NDWFS) Right Ascension 2000 (total degrees;
Null if no optical ID)

(24) Optical (NDWFS) Declination 2000 (total degrees; Null
if no optical ID)

(25) Offset of Optical and X-ray positions (Null if no optica
ID)

(26) Bw-band magnitude (Vega; Null: no optical IB1: no

ing both the X-ray and optical parameters can be found at:data in this ban@l 0: no detection in this band (but detected

ftp://archive.noao.edu/pub/catalogs/xbootes/xboatgs xray
_opt_IR_21jun_v1.0.txt and off the NDWFS homepage
(http://www.noao.edu/noao/noaodeep!/).

in another band))
(27) R-band magnitude (Vega; Null if no optical IB1: no
data in this ban 0: no detection in this band (but detected

The best matching criteria depends on the science toin another band)) _ .
be undertaken and for this reason, we include in this data(28) I-band magnitude (Vega; Null if no optical ID;1: no

release all multiply matched sources (witt1% probability
of being the correct optical counterpart) as well as infor-

data in this bant] 0: no detection in this band (but detected
in another band))

mation regarding their optical magnitude, distance to the (29) K-band magnitude (Vega; Null if no optical ID;1: no

X-ray source and probability of being the optical counterpa
Within our electronic table we include the following column

(1) Name of X-ray source

(2) X-ray Right Ascension 2000 shifted to NDWFS astromet-
ric frame (hours)

(3) X-ray Right Ascension 2000 shifted to NDWFS astromet-
ric frame (minutes)

(4) X-ray Right Ascension 2000 shifted to NDWFS astromet-
ric frame (seconds)

(5) X-ray Declination 2000 shifted to NDWFS astrometric
frame (degrees)

(6) X-ray Declination 2000 shifted to NDWFS astrometric
frame (minutes)

(7) X-ray Declination 2000 shifted to NDWFS astrometric
frame (seconds)

(8) X-ray Right Ascension 2000 shifted to NDWFS astromet-
ric frame (total degrees)

(9) X-ray Declination 2000 shifted to NDWFS astrometric
frame (total degrees)

(10) Name of X-ray pointing

(11) Probability of X-ray source having an optical countatp
(12) Number of optical sources witkr1% probability of
being associated with the X-ray source

data in this band (generally because there iKrmand image
coverage), 0: no detection in this band)

(30) Bw-band 50% completeness limit (-1: no data in this
band)

(31) R-band 50% completeness limit (-1: no data in this
band)

(32) I-band 50% completeness limit (-1: no data in this
band)

(33) K-band 50% completeness limit (-1: no data in this
band)

(34) Optical Stellarity Parameter (taken from from eithes t
R, Bw, or I-band catalogs in that order of preference; Null if
no optical ID)

(35) Name of optical sub-field in which source is found

Examining the optical images of the X-ray sources is im-

portant both in verifying that the matching criteria aresien

ble and in determining the nature of the X-ray sources. We ex-
tractedBy, R, I,andK cut-out images for all the XBootes X-

ray sources with unambiguous matches to check the matches
by eye. In Figure 8, we show examples for a bright galaxy
which appears to be either an interacting galaxy or a galaxy
at the center of a cluster, an optical point source and an op-
tically non-detected X-ray source. Optical cut-out images

(13) Optical rank (1=most probable in running order to least can be obtained using the NOAO cut-out service located at

probable)

(14) Bayesian probability of match

(15) Identification flag (1 — optical ID; -1 — no optical ID. In
cases of no optical ID being the most probable identification

the following flag values have been applied manually: -3 —no

http://archive.noao.edu/ndwfs/cutout-form.html.

7 This may occur for a small number of sources in which the fmsibn
the optical image coincides with a masked out region due teaaly bright
star, cosmic ray, or other problem



Table 2. Table showing the optical characteristic of the matched optical / X-ray catalog for the Chandra sources in
the Bootes field of the NDWFS. The complete version of this table is in the electronic edition of the Journal. The

printed edition contains only a sample. The X-ray properties are presented in Kenter et al (2005).

(1) CXOName

(2,3,4) nxra

(5,6,7) nxdec

(8) xnradeg

(9) xndecdeg

(10) CXOfield

(11) optprob

(12) nopt

(16) NDWFSName (13) optrank  (14) bayprob (15) flag (17,18,19) ora  (20,21,22) odec (25) offset (26,30) Bw (lim) (27,31) R (lim) (28,32) I (lim) (29,33) K (lim)
CXOXB J142433.0+342819  14:24:33.02 +34:28:19.75  216.1375833  34.4721528 3652 1.00 1
NDWEFS J142433.0+-342818 1 1.00 1 14:24:33.06 +34:28:18.73 1.13 0.00(26.47) 23.23(25.16) 0.00(25.15) 0.00(19.00)
CXOXB J142434.0+331557  14:24:34.04 +33:15:58.25  216.1418333  33.2661806 4256 1.00 1
NDWFS J142433.9+331558 1 1.00 1 14:24:33.98 +33:15:58.77 0.90 19.95(26.51) 19.63(25.65) 18.95(24.77) -1.00(-1.00)
CXOXB J142434.4+331340  14:24:34.46 +33:13:41.79  216.1435833  33.2282750 4256 1.00 1
NDWFS J142434.3+331343 1 1.00 1 14:24:34.38 433:13:43.16 1.64 20.33(26.51) 19.79(25.65) 19.34(24.77) -1.00(-1.00)
CXOXB J142435.4+353855  14:24:35.37 +35:38:55.42  216.1473750  35.6487278 3604 1.00 1
NDWEFS J142435.3+353856 1 0.98 1 14:24:35.32 +35:38:56.26 1.04 23.39(26.69) 21.04(25.62) 19.81(24.69) 18.00(19.20)
CXOXB J142435.7+345012  14:24:35.73 +34:50:13.56  216.1488750  34.8371000 3636 1.00 2
NDWEFS J142435.7+345013 1 0.88 1 14:24:35.70 +34:50:13.90 0.54 0.00(26.41) 0.00(25.26) 24.38(24.73) 0.00(19.20)
NDWFS J142435.4+-345012 2 0.10 1 14:24:35.49 +34:50:12.24 3.33 23.38(26.41) 22.80(25.26) 22.37(24.73) 0.00(19.20)
CXOXB J142435.7+354224  14:24:35.74 +35:42:24.53  216.1489167  35.7068139 3604 1.00 1
NDWEFS J142435.7+354224 1 1.00 1 14:24:35.74 +35:42:24.00 0.53 21.54(26.69) 20.60(25.62) 19.96(24.69) 18.18(19.20)
CXOXB J142435.8+325131 14:24:35.86 +32:51:32.12  216.1494167  32.8589222 4268 1.00 2
NDWEFS J142435.8+325132 1 0.59 1 14:24:35.88 +32:51:32.84 0.76 0.00(26.84) 23.13(25.82) 22.77(25.17) -1.00(-1.00)
NDWFS J142435.8+325130 2 0.40 1 14:24:35.84 +32:51:30.42 1.71 0.00(26.84) 22.69(25.82) 22.08(25.17) -1.00(-1.00)
CXOXB J142437.6+331152  14:24:37.63 +33:11:53.43  216.1567917  33.1981750 4256 1.00 1
NDWFS J142437.7+331153 1 0.99 1 14:24:37.72 +33:11:53.21 1.19 20.56(26.51) 20.31(25.65) 19.98(24.77) -1.00(-1.00)
CXOXB J142437.9+354404  14:24:37.88 +35:44:04.84  216.1578333  35.7346778 3604 1.00 1
NDWEFS J142437.9+354404 1 1.00 1 14:24:37.95 +35:44:04.45 0.88 25.67(26.69) 22.08(25.62) 20.86(24.69) 17.75(19.20)
CXOXB J142438.1+334245  14:24:38.20 +33:42:46.00  216.1591667  33.7127778 4241 0.63 3
NDWFS J142438.3+334241 1 0.59 1 14:24:38.36 +33:42:41.68 4.76 0.00(26.59) 0.00(25.48) 24.24(25.33) -1.00(-1.00)
No Optical ID 2 0.37 -1 (26.59) (25.48) (25.33) (-1.00)
NDWEFS J142438.7+334247 3 0.03 1 14:24:38.70 +33:42:47.00 6.23 0.00(26.59) 0.00(25.48) 24.77(25.33) -1.00(-1.00)
CXOXB J142438.5+322649  14:24:38.55 +32:26:50.51  216.1606250  32.4473639 4282 1.00 1
NDWEF'S J142438.4+322651 1 1.00 1 14:24:38.47 +32:26:51.09 1.17 21.49(26.84) 20.10(25.82) 19.46(25.17) -1.00(-1.00)
CXOXB J142439.8+340757  14:24:39.84 +34:07:58.34  216.1660000  34.1328722 4225 1.00 1
NDWEFS J142439.9+-340759 1 1.00 1 14:24:39.94 +34:07:59.89 1.94 22.75(26.47) 21.38(25.16) 20.51(25.15) 17.99(19.00)
CXOXB J142440.0+345137  14:24:40.07 +34:51:37.94  216.1669583  34.8605389 3636 0.98 2
NDWEFS J142440.1+345136 1 0.98 1 14:24:40.19 +34:51:36.21 2.32 23.73(26.41) 22.67(25.26) 22.01(24.73) 0.00(19.20)
No Optical D 2 0.02 -1 (26.41) (25.26) (24.73) (19.20)

Y P [



CXOXB J142651.0+322217

Fic. 8.— Example optical finding charts for a bright galaxy pbbsin an interacting system (top), an optical point sountedflle) and an optically non-
detected X-ray source (bottom). The finding charts aré &ile and centered on the X-ray position, with North up andt Eathe left. The X-ray positional
uncertainties are!125, 0’86, and 101 from top to bottom.
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5. THE X-RAY AND OPTICAL PROPERTIES OF THE MATCHED
SAMPLE

In this Section, we investigate the X-ray and optical pr
erties of the matched population. We use the optical r
phology to determine the fraction of sources whose op
light is dominated by point-like emission (AGN and sts
and extended emission (galaxies whose AGN emission i
scured from view). By plotting their color-color distribaoi,

=
=

Q
o

we determine the approximate redshift range and galaxy 2 o6 B
or amount of reddening of the AGN. We also investigate & L
properties of AGN whose optical emission is heavily at T ol
uated (defined by sources with a high X-ray to optical w
ratio, which includes sources with no optical counterpart) i
5.1. Optical Morphology o.2r

For our simple morphological analysis, we used the Sot F e P

Extractor stellarity parameter (Bertin & Arnouts 1996) i e.or EXTE.NDED-.

has values between 0 (for sources with the most extende

dial profiles) and 1 (for point-like sources well characted 2 14 16 18 20 22 24 26

by their point spread functions). We made no correc
for the variable seeing (7<FWHM<1!53 in the 27R-
band sub-fields). In Figure 9, we show the stellarity par
eter against the appareRtband magnitude for all opticall

matched X-ray sources. If we classify all sources with $wci-

larity > 0.7 as point-like and all sources with stellarity0.7

K magnitude

FIG. 9.— The SourceExtractor stellarity parameter (Bertin &nduts
1996) plotted against the appareRtband magnitude for all optically
matched X-ray sources. The size of both the dots and arroevscaled
relative to the X-ray flux; there is a strong correlation betw the optical
magnitude and X-ray flux of the sources (see Section 5.3)rgetastellarity
parameter is obtained for the more point-like objects indpé&cal image.
Arrows denote objects with nB-band detection. In these cases we plot the

as (extended) galaxies, there are 1279 optical point seurce R-band 50% completeness limit for the appropriate optichfild; the stel-
and 1861 galaxies. SExtractor may fail to correctly clas- !2rg1ye22;?QjEte'l[hr:ea(Si(?tte:dnIm:asshuorvevg iL%mnggtdhaerf tiﬁg?\jvﬂgmtecgﬂﬂ
sify sources fainter thaﬁ;23 in the NDWFS data (see, e.g., dividing our sample into point sources (steIIaIl'rtQ.?)yand extended sources
Brown et al. 2003) and this is apparent in the spread of stella (stellarity<0.7).
ity values at fainR-band magnitudes in Figure 9. If we only
consider the sources witR <23 counterparts, which com- In Figure 10 we show thBy —R versusR-1 color-color di-
prise 76% of the sample, there are 1151 point sources andigrams (Vega magnitudes are used throughout). We divided
1304 galaxies. the sample into optically extended sources (stellait).7)
The point sources are likely to be those in which the opti- and optical point sources (stellarity 0.7) and into optically
cal light is dominated by a central AGN, although the point bright (17.0< R<21.5) and optically fainter (215R <23.0)
sources with the highest optical magnitudes are likely to be sources. We do not consider the optically faintest sourees b
X-ray bright stars (this is confirmed by optical spectroggop cause the optical stellarity index is not well determined by
Kochanek et al. in prep.). The stellarity of many sourcediwit our images in these cases. The optically bright sources clas
R < 17 may be less than 1.0 due to saturation effects. Thesified as point sources and as extended sources generally oc-
extended sources are those in which the optical light is domi cupy different regions of color-color space. For the exezhd
nated by the stars in the host galaxy. The vast majority of thesources, we overplot the predicted colorsze®-3 galaxies
sources must contain a powerful AGN due to their luminous using PEGASE2 spectral synthesis models (Fioc & Rocca-
X-ray emission and they are likely to be optical type Il AGN Volmerange 1997) that assume exponentially declining star
in which the optical AGN emission is obscured from view. formation rates withe-folding times betweerr=0.7 and 15
There is a small population of optically brighR & 17), X- Gyr (“7” models) and a formation redshift af ~4. For the
ray faint galaxies (stellarity0); the X-ray emission in these point sources (unobscured AGN), we plot the predicted solor
objects is likely to be dominated by high-mass X-ray bina- of z=0.1-3.25 quasars by redshifting a composite rest frame
ries (HMXBs) whose X-ray emission is correlated with the SDSS quasar spectrum (Vanden Berk et al. 2001). We account
star formation rate of the galaxy (Grimm et al. 2003). Even for the effects of absorption by intervening QSO absorption
in very active star-forming galaxies (SRRL00 M,yr ), the systems as a function of redshift using the model of Madau
integrated hard X-ray luminosity from HMXBs should only (1995).
be L« ~ 5x 10*ergs s* (Grimm et al. 2003). Because the  The majority of the optically bright (170 R <21.5) ex-
XBootes survey is relatively X-ray shallow, such X-ray emis tended sources fall on a well defined region of the colorcolo
sion should only be detectable within galaxieszat0.15. diagram consistent with them being moderate redshift {)
Although the stellarity parameter becomes unreliableiat fa galaxies with a range of values (lowr values are consis-
optical magnitudes, there is a significant numbeRof.23 tent with nearby red early-type galaxies and highealues
sources with intermediate values of stellarity. Thesesesir are consistent with bluer galaxies with higher observed sta
could be bright galaxies with a Seyfert-like central AGN. formation rates). As one would expect, the optically fainte
o galaxies generally appear to be at higher redshift than the
5.2. Color-Color distributions optically brighter galaxies. Their distribution in coloolor
Color-color diagrams can be used to compare the color dis-space is more dispersed. This is probably due to optically
tributions of the sample to that expected for model galaxy faint sources spanning a larger range of redshifts. Atéaint
and AGN templates and hence to infer the general charac-optical magnitudes, the uncertainties in the magnitudes be
teristics of a population in terms of spectral type and rédtish  come larger and SExtractor starts failing in correctly sapa
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FIG. 10.— Color-color diagrams for all optically matched X-ragurces with arR-band detectionR <23.0). The sample is split into optically bright
(R<21.5; top), and optically fainter (21<5R <23.0; bottom) sources. We divide the sample into opticattereded sources (stellarity 0.7; filled circles;
left) and optical point sources (stellarity 0.7; stars; right). The symbols are scaled by the logarithther X-ray flux (larger symbols denote brighter X-ray
sources). Overplotted are the color-color tracks for PEE2A&odel galaxies (left) and the SDSS composite AGN specfright). The arrow denotes the
direction of reddening expected if there is additionaliitsic reddening of the sources due to dust.

ing galaxies from point sources and this may also contributedoubtedly responsible for the observed scatter in the alptic
to the larger dispersion in color-color space. colors of the X-ray sources. Nevertheless, we note the exis-
In Figure 10, we show that the majority of the optically tence of a significant population of red sources in this sempl
bright (17.6< R <23.0) point sources fall in a different re- with some suggestion that the median color of the optically
gion of color-color space than that predicted for starskleg= ~ fainter sources is redder than that of the optically brighte
1998). Comparison to the color-color tracks of a model quasa sources. For the extended sources, this reddening is prob-
SED as a function of redshift suggests that the majority ef op ably largely due to the galaxy redshift increasing to fainte
tically bright point sources are quasars at redshifts-3. At magnitudes. For the point sources, however, dust reddening
z> 3, the SED becomes strongly attenuated in the observeds likely to be the cause of the redder median color. The most
Bw band; the color-color track will continue to rise to very reddened sources may not be present in the optically sdlecte
redBy —Rcolors. There are relatively few sources occupying quasar surveys such as the SDSS from which we have used
the color-color space in which one would expect quasars atthe composite SED to calculate our model tracks. Richards
z> 3 to lie. This is not surprising given the shallow nature et al. (2003) and Hopkins et al. (2004) find that the redden-
of our X-ray survey compared to the de€pandrapointings ing of quasars is dominated by SMC-like dust at the quasar
and that we are only considerifg< 23 sources. redshift. We use the parametric extinction laws within the
Several effects (dust reddening, redshift, relative fomst SMC of Pei (1992) to determine how this reddening would
of galaxy and AGN light, contamination of broad-band col- affect the position of quasars in color-color space. Ingdeed
ors by strong line emission, mis-classification, etc.) are u it appears that there may be an increasingly large fraction o
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have extended optical emission (stellarity.7), suggesting

nation of the small nhumber of sources with extreme colors that the optical light is dominated by the stars in the host
(Bw —R > 3) reveals that they are genuine sources with very galaxy (i.e. the optical emission from the AGN is heavily
faint By emission rather than sources with problems in their obscured). This is also true for tHRe <23 sources (37/47

optical photometry or a significant contribution from saell
light. This suggests that their UV radiation is stronglyeatt

are optically extended), suggesting that the unreligtulithe
stellarity parameter at fainter optical magnitudes is riash

uated either because they are at high redshift or becauge theing this result. We note that for the sources with low X-ray

have significant amounts of dust which preferentially absor
the light at low wavelengths.

5.3. The X-ray to Optical Flux Ratio of the matched sample
Traditional optically selected samples of AGN may only

detect a fraction of the overall population because in many
sources dust obscures the AGN core from view at optical

wavelengths. We can study the properties of this opticdily o
scured population based on samples of X-ray selected AG
with a high X-ray to optical flux ratio, defined as:

()

(McHardy et al. 2003) wherd, is the total (0.5-7 keV) X-
ray flux in units of 10'%rgs cm? s andR is the appar-
ent R-band magnitude. In Figure 11, we show the X-ray
flux againstR-band magnitude. Overplotted is the region
0.1< fy/f, < 10. Star-forming galaxies tend to fall in the re-
gion fy/f, < 0.1 (e.g., Giacconi et al. 2001; Hornschemeier et

R
log fx/ fo = log(fy) + 55 9.53,

counts, the X-ray flux may have been over-estimated due to
Eddington bias. This effectis discussed in Kenter et al080
and may mean thdf/ f, < 10 for a fraction of our optically
obscured AGN sample.

The X-ray hardness ratio is a useful quantity to approximate
the spectral shape of the X-ray emission in cases for whigh th
counting statistics are insufficient to determine the shafpe
the X-ray spectrum and the redshift distribution is unknown

NThe X-ray hardness ratio is defined as:

G -G
Gt T’ ©
whereC;, andC;s are the counts in the hard (2-7 keV) and soft
(0.5-2 keV) bands respectively (Kenter at al. 2005). In gen-
eral, the intrinsic X-ray spectral slope is not thought toyva
significantly from source to source. We therefore assunte tha
changesin the hardness ratio can be attributed to a variatio
the absorption column of gas which preferentially atteesiat
the soft X-rays. The hardness ratio spans the ratigenly
soft band counts) to 1 (only hard band counts: appropriate fo

HR=

al. 2001) and optically un-obscured AGN tend to populate the obscured AGN in which the soft photons are absorbed by an

shaded region (04 f,/ f, <10) (e.g., Barger et al. 2003; Stef-
fen et al. 2004; Silverman et al. 2004). Thg f, >10 sources

intervening column of gas).
In Figure 13, we show the distribution of X-ray hardness

are expected to be the optically obscured AGN populationratio for the optically obscured AGN sampléy(f, >10)
(although high redshift X-ray sources may also have largecompared to that of the (renormalized) main AGN sample

fx/ fo). The optically non-identified sources (Section 5.4) fit
within this category.

We calculate the mediaR-band magnitude for different X-
ray flux bins (using logarithmic binning). We find that the me-
dian value for the optical point sources lies along fhe f,
line (see Figure 11). The median value for the optically ex-
tended sources lies further above fhe f, line, but the scat-
teris large enough that the median value is still consistitht

(0.1< fy/fo <10). The optically obscured AGN sample ex-
hibits a slightly broader distribution of X-ray hardnestas
whereas the 04 f,/f, <10 sample is more dominated by
soft X-ray sources. A KS test rules out the hypothesis that
the two hardness ratio distributions are drawn from the same
underlying distributions at a probability 5f99.9%. This sug-
gests that AGN that are obscured by dust in the optical aoe als
more likely to be obscured in the soft X-ray by gas. How-

f« = fo. In Figure 12, we illustrate how the extended sources eVver, there is clearly no direct correspondence betweese the
have a larger mean X-ray to optical flux ratio than the point guantities: many of the optically obscured X-ray sources ex
sources. A KS-test (Press et al. 1992) shows that the X-rayhibit hardness ratios consistent with them being unobscure

to optical flux ratio distributions of the two populationsear
drawn from a different underlying distribution at>¢99.9%

in the X-ray and conversely, many optically unobscured X-
ray sources exhibit hardness ratios consistent with them be

significance. This is probably due to the fact that for the ex- ing obscured in the X-ray. This is a similar result to that
tended sources, the optical emission is from the stellar pop found for a smaller number of sources by Wang et al. (2004).
ulation (i.e., the host galaxy light dominates either beeau The sources withfy/f, >10 are generally optically fainter

it is optically brighter or because the central AGN is com-

(by selection) and may be at a higher redshift than those with

pletely optically obscured) whereas in the case of the point0.1< fy/fo <10. If this is the case, the negative k-correction

sources, the optical emission is dominated by an opticady |

in the X-ray will result in similarly obscured sources exhib

obscured AGN. One must be careful because the optical clasing softer X-ray emission, and this may weaken the correla-

sification may be unreliable & >23 (see Figure 9) and this
may affect the classification of sources witly f, >5. How-
ever, our conclusions still hold when considering oRIyx 23
sources (albeit with larger uncertainties).

We define the 773 sources witky f, >10 as our candidates

tion between sources which appear X-ray obscured and opti-
cally obscured.

5.4. Sources with no Optical Counterparts
Of the 3,213 X-ray sources, 73 have the greatest probabil-

for an optically obscured AGN population (we have omitted ity of having no cataloged optical counterpart in any of the
the 26 sources that are not truly optically blank; see Sec-single-band catalog®B{y,R,1,K) in the NDWFS. This high
tion 5.4). The population consists of 510 sources that are de completeness is due to the fact that we will correctly opti-
tected inR, 217 that are only detected in another optical band, cally identify most of our X-ray sources because the XBootes
and 47 that are optically non-detected in all optical bands t survey is relatively shallow in the X-ray but deep in the op-
the limits of our survey. All of the non-detected sourcesehav tical. We show in Section 4.1.3 that although the complete-
fx/ fo >10. The majority of thef,/ f, >10 sources (643/773) ness of our matched catalog~€98%, the true completeness
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another optical band. Large arrows denote optically ndeaied sources. Because there is no information on thdlaritte these sources are plotted on both
figures. The (yellow) shaded region denotes the region ichvhil< fx/fo <10; our fx/fo >10 sample lies above this region. The large crosses show the
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300

200 250

200
150

150
100

100

Number of X-ray sources
Number of X-ray Sources

50

-~
|
-
o

—0.5 0.0 0.5 1.0

log fx/fo

FIG. 12.— Histogram of the number of optically extended soulcés
scured AGN; dotted line) and optical point sources (unotest@&GN; solid

X-ray Hardness Ratio

FiG. 13.— Histogram showing the number of sources as a function o
hardness ratio for all X-ray sources with/fo >10 (773 sources; hashed),

line) as a function of the X-ray to optical flux ratio for all b&y sources with
a detection in th&®-band.

0.1< fx/fo <10 (2280; blue shaded), and the optically unidentified sesirc
(47; black solid). The optically unidentified sources alédy/ fo >10.

is likely to be only~95%. This is because the number den- X-ray emission may come from a ULX in the outskirts of the
sity of faint optical sources is high and so we will have mis- galaxy) and those that appear to be truly optically blankéo t
identified some true optically unidentified sources as metch NDWFS survey limits. Ten sources lie close to a bright star or
due to chance alignments. We therefore note that our samgalaxy, but the star or galaxy was not a plausible identiboat
ple of sources with no cataloged optical counterparts ig onl because of the accuracy of the X-ray and optical positions.
~40% complete and so further optically blank sources exist Because the X-ray position is offset from the optical positi
but are not identified (but this is an unavoidable consegeienc of the star or galaxy, the true optical counterpart is prbpab
in any matching technique of such catalogs). obscured by the bright star or galaxy, which happens to be
We directly examined the positions of the X-ray sources near our line of sight to the X-ray source. Throughout our
in the NDWFS images to determine whether these remaininganalysis, we have assumed that the intrinsic positionsef th
sources truly have no optical counterparts brighter than ou X-ray and optical emission are identical. However, in some
survey limits. We divided the sources into those that were cases, the X-ray emission may be coming from sources off-
near an optically bright star or galaxy (i.e., in regions vehe set from the center of the galaxy. Sixteen sources are near
the optical imaging or catalog data are compromised or theto a low-redshift, bright galaxy which is either obscurihg t
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true source from view (as in the above sources), or host to theDeep Wide-Field Survey. Our Bayesian technique finds op-
X-ray source. In the latter case, the X-ray source could be atical counterparts for 98% of the X-ray sources. This pro-

bright high-mass X-ray binary (HMXB) which is offset from

vides the basis for further investigation of the propertés

the center of the galaxy. Such sources have been observed ithe X-ray sources. In particular, a large program of optical

the ChandraDeep Field (Hornschemeier et al. 2004). How-
ever, the brightest X-ray binaries found in the local Uni-
verse have X-ray luminosities no larger tharl0*® ergs s*
(Grimm et al. 2003) and so for HMXBs to be individually de-
tected above the flux limit of our survey, the galaxy would
have to be at low redshifz=0.02 or nearer.

For the remaining 47 of the optically unidentified X-ray
sources, there is clearly no optical counterpart in any ef th

spectroscopy with the Hectospec instrument on the MMT is
underway, targeting alk{1900) X-ray sources witR <21.5

or | <21.5 optical counterparts (AGES; Kochanek et al. in
prep.).

Approximately half of the XBob6tes sources are identified
with optical point sources; the other half have extended op-
tical counterparts dominated by extended galaxy light. The
bright (R < 23.0) optical point sources fall in a region of op-

NDWFS bands which could be associated with the X-ray tical color-color space consistent with them being quaatrs
emission. We expect some of these sources will be spuri-z<3. The fainter point sources appear to be redder in their
ous X-ray detections. From analysis of archival ACIS-I back optical colors, suggesting that they may be more obscured
ground data, we expeet35 X-ray sources in the XBodtes QSOs. The optical colors of the extended sources suggést tha
survey to be spurious (Kenter et al. 2005). Our Monte Carlo they are a combination &<1 early-type galaxies and bluer

simulations suggest that spurious sources will be matahed t star-forming galaxies.

an optical source approximately 60% of the time (see Sec-

tion 4.1.3); therefore we expect ordyl4 (30%) of the opti-

cally unidentified X-ray sources to be spurious X-ray detec-

tions.
The following properties of the optically unidentified Xyra

The large area, X-ray shallow and optically deep nature of
the XBootes survey allows us to identify a large sample of
773 bright X-ray sources with high X-ray to optical flux ra-
tios (fx/fo > 10). We interpret these large X-ray to optical
flux ratios as resulting from extinction of the optical light

sources give us further confidence that our sample is not dom-by dust. These X-ray sources are generally harder in their

inated by spurious X-ray detections. We measured thdi4
ameter aperture magnitude for the 47 optically non-idetifi
X-ray sources and found a significant signal in the majorfity o
cases; 22, 29, and 33 of these sources ha@e signal over
the local background in thBy,R, andl-band respectively.

X-ray spectra than the bulk of the X-ray source population
(0.1 < fy/fo < 10), suggesting that AGN that are obscured
by dust in the optical are also more likely to be obscured
in the soft X-ray by gas. Such a large sample of bright X-
ray sources with extreme properties holds much promise for

We expect the majority of the spurious X-ray sources to fall follow-up multiwavelength spectroscopy and detailed i&sid
at large off-axis distances and to have X-ray counts close toof obscured AGN. An extreme subset of thg f, > 10 pop-
the survey limit (Kenter et al. 2005). The X-ray sources with ulation are 47 X-ray sources which have no optical identifica

no optical identification have a similar distribution in theff-
axis distances to the X-ray sources with optical countéspar
suggesting that they are not dominated by spurious detectio

In general, they have lower X-ray counts than sources with op
tical counterparts (with a median X-ray counts of 5 compared

to 6 for the sources with optical counterparts) but this may b

because they are at higher redshift and/or are obscuredtin bo

the optical and soft X-ray band.

tion down toR ~ 25.5, the average 50% completeness limit
of the NDWFSR-band images.
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We conclude that these sources are most likely to be dom-Tiede, Jenna Claver, Alyson Ford, Emma Hogan, Lissa
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quasars. They are an extreme subset oftji&, >10 sources
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counts, 116 hard counts). A KS-test shows that, like the tronomy Observatory which is operated by the Association of
fx/ fo >10 sources, the hardness ratio distribution is different Universities for Research in Astronomy, Inc. (AURA) under a

from that of the 0.k f,/f, <10 sources at &99.9% proba-
bility (see Figure 13). This suggests that like thg¢ f, >10

cooperative agreement with the National Science Founadlatio
Support for this work was also provided by the National Aero-

sources, they have, on average, large column densitiessof ganautics and Space Administration through Chandra Award

obscuring the soft X-ray emission.

6. SUMMARY AND DISCUSSION

Number GO3-41763 issued by the Chandra X-ray Observa-
tory Center, which is operated by the Smithsonian Astrophys
ical Observatory for and on behalf of the National Aeronau-

We have presented the catalog of optical counterparts of thetics and Space Administration under contracts NAS8-39073,
3,213 X-ray point sources in the Bootes field of the NOAO NAS8-38248, NAS8-10130, and NAS8-39073.

APPENDIX

BAYESIAN SOURCE IDENTIFICATION

In this Section, we outline our Bayesian method (develope@8K.) for identifying the most probable optical countatpa
for each X-ray source in the XBod6tes survey. This method ipies/a formal approach to assigning a probability to eactcalpt
source in the vicinity of the X-ray source being the true cgitcounterpart (as well as the probability of there beingataloged
optical counterpart down to the limit of the optical survey)our implementation, the Bayesian method requires médion on
the X-ray counts and off-axis distance for each X-ray souttoe angular distance of all optical sources from the X-ayrese



in the vicinity of each X-ray source, and their optical mdgdes. It then uses the data itself to self-consistentiynasé each
individual X-ray positional error, the probability of antigal source of a given magnitude and distance being thechayce, and
ultimately the probability of each neighboring optical smeibeing the true optical counterpart. Although the methestribed
here is applied to the specific problem of determining thetmpasbable optical counterpart for each X-ray source in tBedtes
survey, we have tried to keep the discussion as general aibfo® allow the method to be extended to similar problems.

We begin by estimating the likelihood of an optical sourcehia absence of an X-ray source — i.e., the probability of the
background. From the overall optical field counts we knowdliferential number counts of sourcés= dN/dm, down to the
limit of our optical catalognin. In practice, we have used the observed NDWFS counts rdtherat theoretical model because
it implicitly includes the selection effects of the survaydathe catalog. We now want to compute the probability of figdi
k=1---n; sources with magnitudes, in a region of ared;. Imagine subdividing the region into infinitesimal bins ofgalar
size Ax and magnitudeAm (see Kepner et al. 1999). Infinitesimal bins are either engptgontain a single source with an
expected number of sources in a binlNf = Ax*> AmB(m). Thus, the probability of an empty bin is exi),), the probability of
a bin containing an object N, expN,), and the log-likelihood of the data is

InL=" " (-Na)+ Y (-Na+InNy). (A1)
empty bins full bins

Notice that theN,, terms are summed over all bins, while thé&Jpterms are summed only over bins containing sources, so this
becomes

InL= 3" (Na)+ Y (In(\)) (A2)
all bins full bins

InL= _AiN(mim)"'Ziln Bx (A3)
k=1

whereN(m;n) is the integrated number counts per unit area and theksufin - - n; extends over the; optical sources in the field.
A constant term that depends on the arbitrary bin widths leas ldropped. We imagine doing this background calculati@n o
a very large region so that the first term is unaffected byrbkision of a known X-ray source in the region. Thus in thesabs
of an X-ray source, the probability of the daf ) given our background model is

P(Di) = Phack= exp (_A| N(mim)) HEilek (A4)

The statistics of an X-ray source in the field are not govetnel .. If we can identify X-ray sourceand optical sourck
with probability M, then we should drop that source from the calculation of @iiekround probability. The calculation will
(briefly) appear to be very complex because we must includmakible discrete identifications and then select betwieem.
The method we now outline is based on Press (1997). Whilenttialiresults for the probabilities are very similar to #go
found by de Ruiter, Willis, & Arp (1976) or Benn (1983), ourmapach has greater formal clarity and lends itself to sone¢ulis
extensions.

We include all possible identifications by introducing adriynvector for the case in which optical sourée(k = 1---n;)
is identified with X-ray sourc&, wheren; is the total number of pOSSIble identifications in the fielduard the X-ray source.
Each vector is a binary code whose entries\re 0 for a 7 k andv = 1 for a =k (i.e. the true identification). We allow for
the possibility that none of the optical sources are thetitieation by adding the extra vecté® all of whose entries are zero.
We also introduce a probabilitf for an X-ray source possessing an optical identificatiore @bjective of the calculation is to
determine the probabilities of the different possible iiferationsP(v) = P and the mean completene&sSince our possible
identifications are exhaustive, the total probability iasly the sum over all the mutually exclusive possibilities:

P(DI[ V¥, ) = exp CAN(Mim)) l(l )M, B, +fZH MBS “k] (A5)
k=1

This may look overly complex, but the structure of the idfécdtion vectors?* allows us to simplify it to

P(Di|*, f) = T1aBa xp CAN(Mim)) [(1— 0+ M ete | (A6)
k=1 a=a
P(Di|¥ ,f)—%ackl(l f)+f§ B (A7)

The leading term of % f is the case of no identificatiolk € 0), and the sum covers the possibility of identifying X-sourcel
with each of th&k = 1---n; optical sources. Thus, the relative likelihoods of the ifrations are determined by the ratios of the
likelihoods that an optical source is coincident with theay-source compared to the likelihood that it is just therebgnce.
Since we intend to use a fixed background model we can simply tthePR, .« term as it will have no effect on the subsequent
results. It should be retained if the model of the backgrasigding to be optimized as part of the later calculations Simplest
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model of the probability of optical souréebeing associated with X-ray sourcis a Gaussian model incorporating the distance
of the optical source given the X-ray positional error,

1 1r2
Mi = ——exp( =X ], A8

b 27r0|f p( 2 O’E) (A8)
whererj is the distance of the optical source from the X-ray souraksans the uncertainty in the relative position, which can
be modeled by

1 a \?]’
05205"‘@ [UO+UGOO(W(;T)> ] . (A9)

The first term,o,, models any remaining systematic astrometry problemsdbatot depend on the X-ray flux. The second
term models the position- and flux-depend€hiandraPSF, withog giving the width at the pointing centedy= 0) andoggo
describing the quadratic growth of the PSF width off the aXise accuracy with which an X-ray source is centroided inapso
as the number of counts increases. We therefore scale wéthuimber of X-ray count§,. We will refer to this as the “PSF
model”.

The derivation for multiple ID possibilities is more elabte and we used Cartesian rather than polar coordinatesubut
basic expressions are identical to those of Benn (1983) pftieabilities always depend on the rakily /By, which ought to be
dimensionless. If we use the number counts as a function ghinaleBy (units mag* deg?) and the probability for the source
position in Egn. A8 (units deg), then the ratio is not in some senses dimensionless. Tkis oot matter if we force all sources
to have optical IDs { — 1), but the probability of finding no ID for a given source aheé posterior probability distribution
P(f|D) are affected by this problem. We could include the prolitgtithat an X-ray source of a given flux has a given optical
magnitude, but this adds more parameters than we presedutitytavexplore. Instead we use

1 1 1r?
My = ———— exp( -= X A10
k V2rom ZTFUE p( 20’&) ( )

whereon, is the dispersion of the optical catalog in magnitudes. Shigle modification lead to better quantitative results.

So far nothing in our calculation is very explicitly Bayasiddowever, we now want to invert the probability of the daitaeg
the model parameteR(D|p), to obtain the probability of the parameters given the ®§faD). Doing this inversion requires a
prior probabilityP(p) for the parameters, since probability calculus says that

P(p|D) o< P(D[p)P(p). (A11)
In all subsequent equations (withbasign) there is an implicit normalization such that

/ dpP(DIP)P(p) = 1, (A12)

which we do not include in the equations because it is too ersdme. It is the introduction of the priors (tRép)) which tends
to generate nervousness about Bayesian calculations.r jpresent calculation, if the IDs depend on the priors themwas a
much more basic, practical problem than issues of statligtignciple.

If we understand our matching model (thk) perfectly, then the probability of the source IDs given daga is

P(7*, f|D) o P(F)P(f)P(D; |V, f). (A13)

We assume that the prior likelihoods of all possible idecdiions are equaP(¥) = 1). For the probability of an X-ray source
having an optical identificatiorP(f)), we use both logarithmic priors and rough Gaussian pbased on the known character-
istics of theChandrapoint spread functions{;=0!'6+0!2 andogoc=5!"0+1!"6). In practice, the use of these different priors yield
similar results. To start with, we assume that the averagkanility f of an X-ray source having an identification is constant.
The probability of identifying X-ray sourcieoptical source is then

n; -1
Py = P(#|D) = f'\f'B—ikk [(1—f)+fZMF:'1 (A14)
1=1

while the probability of having no ID is
-1

Plo=P(#°|D) = (1- ) [(1— ey (a15)
=1

and these probabilities can be evaluated for each indiVgtuace. Note that the probability for individual sourceaot governed

solely by the average probability —Nf; /B, is a large number, meaning that it is extremely unlikely td fam optical source that
closely associated with the X-ray source by chance, Byer 1 andPy — 0 independent of. But f should really just be treated
as another Bayesian parameter, so we should estimate aificiion probabilities by marginalizing ovérrather than using a
fixed value. Similarly, by marginalizing over all possibtientifications, we obtain an estimate of the probabilityribation for



f. We can also include additional, global parameters. Fomgie, if there are uncertainties in the accuracy of the asttoy,
then the matching probabilityly may also have some unknown or ill-constrained parameters.

Once we include a set of global parameters, which we willgathen we must work with the probability of matching all the
sources rather than that of matching individual sources,

P(7',p|D) o P(P)ILP(D; V", p), (A16)

where we now take the produict 1---N over all the X-ray sources and add a pfR{p) for the new parameters. The expression
assumes a uniform prior for the identification vect®$") = 18 In order to estimate the probability of identifying optical
counterpart with X-ray source, we must now marginalize the probability over all the partersp as well as all the other X-ray
sources and their identifications. If we define

. M .
Py =P(?|D) o py = / dpP(p) f g:'rlm;a P(Di|7*, p), (AL7)
for optical source, and
Po=P(7 D) x po= [ dpP(P) (1~ )T P17, p), (A18)
for the possibility of no identification, then the probatyilof identifying optical sourcé with X-ray source is
Pi
p=— ™ A19
" ot P (AL9)
and the probability of having no identification is o
Po=_—_ M0 A20
T Dot L, i (A20)

where we have now included the normalizing denominatorthelimean probability of an identificatidnis the only parameter,
the only difference from Egns. A14 and A15 is that the idecdifion probabilities for X-ray sourdeare weighted by the prob-
ability distribution for f estimated from its prior and the data for all other sourc#serahan using a specified value. Similarly
we can determine the probability distributions for the axtarameters by marginalizing over all the other parametetsll the
source identifications to find that the probability disttiba for parametepy, is

P(Pn|D) o / dpimP(R)ILP(D: 7, p).

While some care must be exercised in ordering the calculaia in avoiding variable overflow problems, this algoritlem
easily and compactly implemented. The only significanttiétmon is that each new paramegerequires an additional integral
for the identification probabilities, eventually leadirggthe usual difficulties accompanying the numerical catooeof many-
dimensional integrals.

(A21)
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