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ABSTRACT

We present) BV RIZ optical images taken with CTIO4m+MOSAIC of the 0.32 &&xtended Hubble Deep
Field South. This is one of four fields comprising the MUSY @&y, which is optimized for the study of galax-
ies atz= 3, AGN demographics, and Galactic structure. Our methedd tor astrometric calibration, weighted
image combination, and photometric calibration in AB magahés are described. We calculate corrected aper-
ture photometry and its uncertainties and find through téstisthese provide a significant improvement upon
standard techniques. Our photometric catalog of 6296&thje complete to a total magnitudeRig = 25,
with R-band counts consistent with results from the literature.s@lecz ~ 3 Lyman break galaxy (LBG) can-
didates from thei) V Rcolors and find a sky surface density of 1.4 arcrhand an angular correlation function
w(6) = 2.3+ 1.00798, consistent with previous findings that high-redshift Lyntmeak galaxies reside in mas-
sive dark matter halos. Our images and catalogs are avaddiii t p: / / www. astr 0. yal e. edu/ MUSYC,

Subject headingsurveys,galaxies:high-redshift,galaxies:photometry

1. INTRODUCTION 2000), the Hubble Ultra Deep Field (HUDF), GOODS

The study of galaxy formation and evolution requires de- (Giavalisco et gll_2004;_Dickinson etial._2004), and GEMS

tailed information about statistically significant sangplef (Eix etal 208 A). Spectrolscopi%Icoveragg i(Sj feasiblzaover
dim objects. This, in turn, requires deep imaging and spec-tNese areas but is presently unable to probe deepeRthan

troscopy over wide areas of the sky. In pursuit of these 22, Making the added imaging depth useful only for morpho-
data, several wide-deep surveys are now underway. Thosdgical studies and photometric redshifts.

covering several square degrees or more either lack spectro "€ Multiwavelength Survey by Yale-Chile (MUSYC)
scopic follow-up (e.g. NOAO DWFS$, Jannuzi & Dby 1999, Probes the intermediate regime of a square degree of sky to
and ODTS/ MacDonald etdl._2004) or are restricted to the the spectroscopic limit dR ~ 25. Section 2 describes the de-

study of objects az < 1 (except for quasars) by their imag- sign of our survey. §3 reports ourimaging observationdfer t

ing depth e.g. the Sloan Digital Sky Survey (York eial. 2000 €xtended Hubble Deep Field South. 84 describes our imag-

and [Abazajian et 4l_2005), the VIRMOS-VLT Deep Sur- N9 reduction, and 85 covers our photometric calibratiod an
vey (Le Févre ef Al 2004, Radovich etlal_2004) and DEEp2Photometry. 86 gives our results f&band number counts
(Davis et al [ 2003). Other surveys target the high-redshift @"d the sky density and angular clusterindJof Rselected
universe with deep HST imaging over fractions of a square Lyman break galaxies. 87 concludes. Our analyses assume

degree i.e. the Hubble Deep Fields (Williams étal_1996, @ Standard\CDM cosmology with2m=0.27£2, = 0.73, and
N Ho=70km/s/Mpc.
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208121, New Haven, CT 06520. . : . .
4 NSF Astronomy and Astrophysics Postdoctoral Fellow. formation and evolution of galaxies and their central black
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8 |_eiden Observatory, Postbus 9513, NL-2300 RA Leiden, Nithes. UBVRIZJHK photometry needed for high-quality photomet-

9 Astrophysical Observatory, City University of New York, i&ge of ric redshifts over a square-degree of sky. The primary goal
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10 yniversity of Oxford, Astrophysics, Keble Road, Oxford OXRH : . : :
1 Based on observations obtained at Cerro Tololo Inter-AraeriObser- Slngle epoch CorreSpondlng to redshift3, using a range

vatory, a division of the National Optical Astronomy Obsaories, which is of S_eleCt'on te_Chn'_queS- We ChOSQ to _useLﬂrm/ Rli filter
operated by the Association of Universities for Researchsimonomy, Inc. set in the optical in order to obtain six nearly-independent
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Lyman break galaxies &~ 3 are selected through their and XMM, to take advantage of existing multiwavelength data
dropout inU-band images combined with blue continuua in and to enable flexible scheduling of observing time durirg th
BVRIZ (A > 1216A in the rest-frame) typical of recent star year. Additionally, each field satisfies all of the following-
formation [Steidel et al. 1996b, 1999, 2D03). Imaging depth teria: minimal bright foreground sources in the optical ead
of U,B,V,R~ 26 were chosen to detect the LBGs, whose lu- dio, high Galactic latitude|lf| > 30) to reduce stellar density,
minosity function has a characteristic magnitudenpf= 24.5 and accessibility from observatories located in Chile. 3ire
in Rag, and to find their Lyman break decrement in théilter vey fields will be a natural choice for future observationtwi
via colors U —=V)ag > 1.2. ALMA.

Lyman« emitters atz ~ 3 are selected through additional ~ The remainder of this paper describes our optical images
deep narrow-band imaging using a 50A fwhm filter centered @nd catalog of E-HDF3.The techniques used for data re-

at 5000A. These objects can be detected in narrow-band imagduction and photometry are the same as those used for the
ing and spectroscopy by their emission lines, allowing us to analysis of the other three fields. Optical imaging from the

probe to much dimmer continuum magnitudes than possible/Ull Survey will be reported in E. Gawiser et al. (2005, in
for Lyman break galaxies. preparation). The near-infrared data will be discussed in

It has recently become clear that optical selection meth-R- Quadri et al. (2005, in preparation). The E-HDFS has

ods do not provide a full census of the galaxy population at 6P Public space-based observations at UV, optical, near-
z~ 3, as they miss objects which are faint in the rest-frame infrared, and far-infrared wavelengths. The HDFS itself-co

ultraviolet (Eranx et &l 2003, Daddi ef al. 2004). With this S'Sasmal- 25 x 2.5’ central region with WFPC2 plus STIS

in mind, MUSYC has a comprehensive near-infrared imaging 2nd NICMOS regions, with deep ground-based JHK cover-
campaign. The NIR imaging comprises two components: a29€ of the WFPC2 region available from the FIRES survey

: : Labbe et all 2003). Spitzer IRAC and MIPS coverage of
wide survey covering the full square degree and a deep surd ; ; . .
vey of the central 10x 10 of each field. This division be-  the central 5x 15 is being performed in GTO time. The
tween deep and wide was chosen because of tH field- extended area around HDFS has previously been imaged by
of-view of the ISPI near-infrared camera on the CTIO 4m Ealunasetall(2000) and Teplitz et al. (2001) to a depth suf-
telescope. Theds point source sensitivities of the wide and ficient for the study of galaxies at< 1. These images were
deep components até ag = 220 andKsag = 23.3 respec- made public and combined with deep H-band images by the
tively. NIR imaging over the full survey area provides aierit -2S Campanas Infrared Survey (LCIRS, Chen Bt al. 2002) to

cal complement to optical imaging for breaking degenegacie StUdy red galaxies out @~ 1.5. Our survey goes about one

; ; : : i ; itude deeperin UBVRIto probe the= 3 universe. Our
in photometric redshifts and modeling star formation histo Magnitu p 10 P .
ries. DeepedHK, imaging over 10x 10 subfields opens up Extended Hubble Deep Field South (E-HDFS) field center

an additional window into the ~ 3 universe as thé-K se- (see_ Tabléll) was chosen to keep a bright star (m=6.8) which
lection techniquel(Franx etlal. 2003; van Dokkum ¢t al. 2003 lies just North of the WFPC2 field off of the CTIO+MOSAIC

2004) will be used to find evolved optically-red galaxies at d€tectors. LCIRS covered an H-shape centered on WFPC2
2 < z< 4 through their rest-frame Balmer/4000A break. and thereby provides publid-band coverage of roughly half

Extensive follow-up spectroscopy is being conducted overOf our E-HDFS field.
the square degree. A subset of the color-selected Lymaik brea
galaxy candidates will turn out to be AGN based on broad- or 3. OBSERVATIONS
narrow-line emission features seen in follow-up spectypgc Optical images of E-HDFS were taken on the nights
(Steidel et dll 2002). Damped LymanAbsorption systems  of 2002 October 6,8,10,12 and 2003 May 26,27,28 using
(Wolfe et al.[1986) az > 2.3, which comprise the neutral the 81928192 pixel MOSAIC Il camera consisting of 8
gas reservoir needed to form most of the stars in the uni-2048<4096 CCDs, each with 2 amplifiers, on the Blanco 4m
verse|(Wolfe et al. 2005), will be searched forin the spestra telescope at CTIO. Afternoon calibrations were obtained, i
the brightest color-selected LBG/AGN candidates (typjcal cluding zero-second exposures to trace the readout bias pat
quasars at ~ 3). tern, and domeflats in each filter to be observed excepd for

In addition to the optical and near-infrared, imaging cam- for which the counts from the dome lamps were insufficient.
paigns at other wavelengths and follow-up spectroscopy arelwilight flats were therefore obtained for thefilter. Dark
integral parts of MUSYC. X-ray selection will be used to exposures of comparable length to the imaging observations
study AGN demographics over the full range of accessi- were obtained, but due to the negligible dark current thagwe
ble redshifts, O< z < 6, (see_Lira et al._2004) with Spitzer not used for data reduction. A standard dither pattern was
imaging used to detect optically- and X-ray-obscured AGN used to fill in gaps between the 8 CCDs. The pixel scale is
(Treister et dl. 2004; Lacy etlal. 2004). This also allowsrace 0.267'/pixel, leading to coverage spanning’ 3737 of sky
sus of accreting black holesat 3 in the same fields to study  with each pointing. Figurel1 shows the filter response curves
correlations between black hole accretion and galaxy prope and their multiplication with the CCD quantum efficiency and
ties at this epoch. atmospheric transmission at one airmass. Tdble 2 giveddeta

Future epochs of optical imaging will be used to conduct a of the exposure times in each filter for each run along with the
proper motion survey to find white dwarfs and brown dwarfs approximate average seeing measured in the raw images dur-
in order to study Galactic structure and the local Initialdgla  ing observations. The seven nights were mostly cloudlesgs, b
Function (sek Altmann etlal. 2004); the additional epoctis wi moderate clouds affected some of thémaging of E-HDFS
also enable a variability study of AGN. on 2002 October 10,12 and some of Rémaging on 2003

The four survey fields (see Talile 1) were chosen to have ex-May 28; our reduction methods described below allow these
tremely low reddening, HI column density (Burstein & Heiles images to be used without biasing the photometry. Photomet-
1978), and 100m dust emissior._(Schlegel et al. 1998) in or-

der to facilitate satellite coverage with Spitzer, HST, Giiva, ? The data presented here are available at
nttp://ww. astro.vyal e. edu/ MUSYC
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] response to the spectrum of the night sky. For background-
limited photometry, this is an important effect.

We then find an astrometric solution for each image, start-
ing with fiducial WCS headers provided for each fits exten-
sion of the raw images and comparing the claimed positions
with the known positions of stars in the USNO-B catalog us-
o ] ing the MSCRED routinensccmatch We foundmsccmatch
os|- , : ‘ R to be finicky; for some runs the fiducial headers were too inac-

i ' 1 curate to be corrected with the maximum second-order terms
used by the MSCRED package. An iterative, non-interactive
procedure of callingnsccmatchmultiple times proved suffi-
cient. The final rms astrometric errors are betweefi @rtd
0.3” in each image, which is consistent with the uncertain-

i s 1 ties on individual USNO-B stars despite having fit many more
i n stars than free parameters, and the actual solution sheuld b

I ’ 1 better than 0.2rms.

I . Jo | | To perform aperture photometry later on, our final images
00 \ ‘ N et S are transformed to have a common pixel scale and tangent

4000 6000 8000 10000

\ (angstroms) plane projection point. This is accomplished by project-

Fic. 1 MOSAIC Il UBVRIZ filter set, starting witiJ at left. Dotted ing each processed image (after bias-subtraction, ﬂm-@’l
lines 'Sh(.)W filter throughput, and solid Iin'es show total emstthfoughput SUperSkyﬂaﬂeldmg' and correction of WCS header informa-

after multiplying by CCD quantum efficiency and atmosphérmsmission tion) onto the tangent plane of a common reference image
at one airmass. usingmscimage The reprojection performed byscimage
should be performed with flux conservation sehtothe first
time but then set tgesfor any further reprojections. This
ric standard fields frorn_Landblt (1992) large enough to cover is because the pixel scales in raw MOSAIC Il images are
the full MOSAIC Il field of view were observed each night, a function of radius from the field center with several per-

and the nights of 2002 October 6 and 2003 May 26 provedcent variation from center to corner of the field. The process
photometric. of flat-fielding removes the true illumination pattern calise

by more photons falling in larger pixels leading to an illu-
4. DATA REDUCTION sion of flat background counts despite the variation in pixel

UBVRIZ images from CTIO4m+MOSAIC Il were reduced ~scales. Whemscimageés used for astrometric projection into
using the MSCRED and MSCDB packages in IRAF v.3.12 a uniformly sized grid of pixels, flux conservation would re-
following the NOAO Deep Wide Field Survey cookbook introduce the illumination pattern, thereby causing aalals
v.7.02% We used custom software to work around a few diffi- Photometric zeropoint across the image. Turning off flux-con
culties in these packages, as described below. servation instead produces an average of the values dliniti

A composite zero image is subtracted from each raw im- Pixels neighboring each final pixel location that offsets ¢i-

age to remove the amplifier bias level and pattern. The re-ror introduced by flat-fielding. o _
sulting image is then “flat-fielded” by dividing by a compos- ~ We make three different stacked “final” images for each fil-

ite domeflat, or a composite twilight flat in the caselbf ter. Unweighted versions are made first in order to determine

band. Asuperskyflafor each filter is made by combining the weights for the other two versions. The versions denoted
all of the flat-fielded, unregistered images taken in eaatrfilt by Xs were combined using weights optimized for surface
each night with rejection used to remove sources. Oan2  brightness, which is the method used by the NDWFS cook-
plitude dither pattern was designed to eliminate the wirfgs o book. The versions denoted Ipg were made using weights
bright sources from theuperskyflat Each flat-fielded image ~ optimized for point sources; details can be found in the Ap-
is then divided by the appropriaseiperskyflatwhich offers pendix. ) _ )
an estimate of the pixel-by-pixel response to the spectrim o~ We synthesize 8V R psimage to use as our photometric
the night sky with sufficient counts to achieve 1% precision detection image by adding tH& V, andR psstacks using
per pixel. Because theuperskyflatvas produced using flat-  Point-source-optimized weights derived from the signal an
fielded images, dividing by it serves to remove the original hoise statistics of these stacks. We decided not toladd
domeflat (twilight flat) from the reduction process. The real BV Ralthough it is also very deep because some low-redshift
influence of the original flat-fielding is to remove the illumi  objects have different morphologieslih the seeing is typi-
nation pattern and gross pixel-to-pixel variations befook- ~ cally worse inU, and objects at~ 3 will be nearly invisible

ing for cosmic rays and bright objects to reject in making the in U so adding it toBV Rwould just add noise for these ob-
superskyflatUsing thesuperskyflato correct for the pixel re-  jects. Note that for similar reasons objects that drop out in
sponse is considered preferable to using the domeflat becaus® andV are somewhat less likely to be detected in BMR

the CCD response to the spectrum of the dome lamp (or twi-image than in & Ror Rimage alone. We prefer tH&v Rap-

light sky) can have significant systematic differences fim  proach to the creation ofyg image advocated liy Szalay el al.
(1999) because it allows us to measure object morphologi-
3 IRAF is distributed by the National Optical Astronomy Obssory, cal parameters directly from the same image used for object
which is operated by the Association of Universities for &esh in Astron- detection, which is not recommended in the latter approach.
omy, Inc., under cooperative agreement with the Nationar&e Founda- Moreover. the optimally-weighteEV Rcombination reduces
tion. e . " .
4 The NDWES cookbook can be found at the emphasis on single-filter outliers employed by {Rep-

http: /7 W, Noao. edu/ hoao/ hoaodeep/ Reduct | onOpt /T ames. htprvach and avoids its flaw of treating both negative and posi-

0.8 ", ’ —

04— i 3 : |
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T o e U e B e FiG. 3.— 2 x 2’ zoom ofBV Rdetection image. The seeing in the image
R T : C is 0.98’ fwhm.

FiG. 2.— 33 x 345 combinedBV Rimage of E-HDFS used for object
detection. The mild background feature at the top just lefenter is caused

by the reflection of a magnitude 6.8 star just outside the.field 5.1. Photometric Calibration

Our calibration scheme is to takes minute exposures of

tive sky fluctuations as evidence of an object. our fields (referred to as “calibration images”) in all opfic
We trim the finalBV R psimage to the maximum size re- filters on photometric nights. This was achieved for E-HDFS
gion that has nearly uniform signal-to-noise ratio in att on Oct. 6, 2002. Photometric calibration is performed using
inputimages, V, andR. For E-HDFS, the trimmed image is @ version of the Landolt catalog with all magnitudes and col-
7395x 7749 pixels or 33x 34.5. Then the IRAF taskmnalign ors converted into the AB95 systemlof Fukugita etlal. (1996)
is used to shift and trim the other images to match, giving our (referred to throughout this paper as AB magnitudes). We in-
images the common origin and size required for aperture pho-Cludedz magmtydes for Landolt standard stars in our catalog
tometry with SExtractor. The trimmed images are normalized of standards using the formula
to an effective exposure time of one second. After the piyeli - _ _ _
reduction, the backgroundis flat to better than 1% in allrlte Zg = 148 =059R-1)as+0.16(/ ~Rjas=0.04 , (1)
The remaining low level, large scale fluctuations were sub- which was generated from the formulae lof Fukugita et al.
tracted using SExtractor (Bertin & Arnollts 1996) with mesh (1996) and has been corrected for a 0.02 magnitude bias found
size BACK_SIZE=64 and median filter BACK_FILTERSIZE when comparing this prediction with measurements ofag-
set to 6 mesh units. nitudes of bright Landolt stars by Smith et al. (2002). The re
The resulting finaBV Rimage is shown in FigurEl 2 with  sulting 0.04 magnitude rms error was used to predict errors i
a magnified image of a small section shown in fij. 3. New these estimates. This procedure offers a significant reuct
FITS headers have been added to these final images indicatingn observing time and a tremendous increase in the number of
input information for SExtractor photometry runs and other calibration stars versus the traditional method of usinecsp
routines, specifically: trophotometric standard stars for filters outside the Johns
SATUR_LEVEL, the empirically determined saturation level Cousins system. Only a few stars per Landolt field have been
in each image, which is usually a factor of a few less than theturned into SDSS calibrators_ (Smith eflal. 2002) and they are

apparent saturation level of the brightest stars, typically too bright for the 4m telescope to use without defo
SEEING_FWHM, the mode of the seeing for a set of bright cusing.
unsaturated stars, Table[3 lists the airmass and seeing for each of our cali-

MAG_ZEROPOINT, the AB magnitude of an object that bration images along with our photometric solution for the
gives 1 count per second derived from photometric calibra- magntiude in terms of measured counts per second,

tion as described below,

FLUX_ZEROPOINT, the flux inuJy corresponding to 1
count per second, whereZ is the magnitude zeropoint,is the airmass coeffi-
TOT_EXPTIME, the total exposure time that each final image cient, X is airmass, and the color term is listed in Table 3.
represents, and Our images of Landolt standard fields occupied a range of
GAIN_TOT, the number of photoelectrons represented by airmasses bracketing the airmasses of these calibration im
each count in the final image. ages but insufficient to break the degeneracy between zero-
point and airmass coefficient. We therefore used fixed air-
mass coefficients, with the resulting uncertainty refleéted

m=-2.5log,,(countg's)+Z-cX—-Colorterm , (2)

5. PHOTOMETRY
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the uncertainty in the zeropoint fit, which is1.5% in each  test its accuracy, which turns out to be poor, and to find an
filter. Since AB95 was carefully calibrated for the standard improved method. Our empirical method for estimating pho-
Johnson-CousindBV RIfilter set, the conversion of the Lan- tometric uncertainties as a function of aperture size ie als
dolt catalog is quite accurate. However, the filter systeatlus sensitive to large-scale noise correlations from unsoteca
at CTIO is not a precise match to Johnson-Cousins, mak-nearby objects and from any CCD defects that survive flat-
ing the use of a color term helpful in photometric calibra- fielding. Wings from bright objects appear to affect the rois
tion. The relatively small color coefficients shown in Table statistics; when we set all pixels belonging to detectedabj
B minimize the scatter in our photometric solution by previd to zero and displayed the resultant image, wings are clearly
ing a better estimate of the true AB magnitude of each Lan- visible around the brightest objects.
dolt star in our observed filter system. We set the AB color We estimate the error due to background fluctuations and
coefficient to zero when determining photometry for our fi- noise correlations in each filter via a custom IDL code which
nal object catalog; this places the fluxes on our observed filt places~ 2000 random apertures of a given size on the sky-
system rather than standard Johnson-Cousins filters. A colosubtracted image which do not overlap with any of the pixels
correction can be calculated later for applications thqtie in the segmentation map of isophotal object regions pradiuce
fluxes extrapolated to Johnson-Cousins colors. Because phoby SExtractor. We use circular apertures of argacentered
tometric redshift codes multiply spectral templates bydhe  at integer pixels and describe them by an effective bize
mospheric transmission, filter transmission, and CCD quan-,/Mpix. A Gaussian is then fit to the histogram of aperture
tum efficiency used for the observations, they already agicou fluxes to yield the rms background fluctuation as shown in
for the origin of the color term and should be given fluxes in Fig. [d. The histograms appear well described by the best-fit
the observed filter system. The presence of non-power-lawGaussians.
features such as Lyman and Balmer breaks in these template
spectra (and real objects) makes it desirable to avoid color
transformations calibrated with stars. 4000
We then used the calibration images to create standard stars i
in each filter for E-HDFS and used these new standard stars
to calculate the zeropoint in our final images. This avoids

attempting to explicitly correct the photometry for the-air 300F ]
mass and cirrus extinction in each image which contributed

to our final images, allowing us to use images taken in non- -

photometric conditions as part of the final stack. For E-HDFS S S0ok / . E
we used a set of 10 stars, each from a different original am- é : I ]

plifier, chosen to be bright enough to provide good signal in i y
U and yet to avoid saturation R, |, andZ. Care was taken F R S ]
to choose some stars near the field center and some near the 100k L L ]
sides and corners of the field to check for systematic effects i : ]
The photometry of the new standards was determined using
the IRAF routinephot We used the same 14liameter aper- z - LT
ture for photometry of these standard stars in order to mini- Ol s

mize aperture losses. We repeated this process by phinig —-0.10  -0.05  0.00 0.05 0.10
on our final science images for the same stars. We checked Aperture flux [counts]

for systematic patterns in the offsets but found none, aad th

; ; ; i FIG. 4.— Histogram of aperture counts for two different apertaizes
rms scatter was 0.03 magnitudes, implying a smaller error Inshowing Gaussian fits. The larger aperture has more variatioounts and

the mean offset. ) ) _ ~ hence is fit by a Gaussian with larger fwhm and lower mode.
The total exposure time, seeing, photometric zeropoints,

and 5¢ point source detection depths (AB) of our final im-
ages are given in Tablg 4. Flux zeropoints are also detetmine
using the definition (Fukugita etlal. 1996)

Figure[® shows the rms of aperture fluxes vs. N for raw,
sky-subtracted raw, and findlimages. The solid curve gives
our fit to the noise properties of the findlimage using the
f,(udy) = 3631x 10°-10704me (3) function

Given the measured uncertainties in the initial zeropaints on=o1aN’ (4)
our measured scatter in the solution for the zeropointsef th | 100, = 0.77, 3 = 1.30 for the measured rms pixel noise of

finalimages, we estimate a total systematic uncertaintof 3 ;-5 014, An alternative formula suggestediby Labb&let al.
in the zeropoint of each filter. 2003) 7

5.2. Correlated Noise on Small and Large Scales on = o01aN+01bN? (5)

Derivations of optimal photometric techniques and theirun yields an equally good fit, wita = 1.007,b = 0.051. This for-
certainties typically assume Poisson noise which is ueeorr mula shows an explicit sum between contributions from Pois-
lated between image pixels. However, the astrometric repro son noise, which is independent from one pixel to another
jection used to place all images on a common grid correlatesand hence has rms proportional Xy and correlated noise
neighboring pixels, leaving the large-scale noise progert from fluctuations in background level on scales larger than t
unchanged but making a pixel-by-pixel rms a poor measureaperture which yields an rms proportionalNd. These sim-
of the typical noise due to sky fluctuations in a larger aper- ple, extreme cases are shown as dotted lines starting frem th
ture. As this is the method used by SExtractor to estimatevalue ofc; in Figurel® and are seen to bracket the true behav-
photometric errors, we undertook a detailed investigatiion ior except at very small aperture sizes. Apertures of justa f
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5.3. Optimal Apertures for Photometry

We wish to determine accurate photometry for a wide
range of object sizes and brightnesses, with particulanatt
tion to high-redshift galaxies with half-light radii 0.23Y
(Steidel et al. 1996a)) which are dim and typically unresdlv

10.00 |
— in our~ 1" seeing and can therefore be approximated as point
sources. Indeed, Smail ef al. (1995) showed that most galax-
ies atm ~ 25 have half-light radik 0.3"” regardless of red-
shift. In traditional aperture photometry, the flux of an ob-
ject is measured by giving constant weight to one region of
the image and zero weight to the rest, with fractional weight
used for pixels which fall only partially in the chosen aper-
ture. The simplest case is a circular aperture centereckat th
object centroid. For the case of uncorrelated noise domihat
by the sky background and a Gaussian PSF, the circular aper-
ture with optimal signal-to-noise is easy to derive and has a
diameter equal to 1.35 times the seeing fwhm. However, the
actual PSF in each filter has a near-Gaussian core with broad
wings i.e. more of the flux is found outside the fwhm than
for a Gaussian. To investigate the effect of the non-Ganssia
PSF on photometry we measured the enclosed flux as a func-
tion of radius for a set of objects selected to be bright but
unsaturated (19 m < 20) and unresolved according to SEx-
tractor tellarity > 0.8, as discussed below). Fifl 6 shows
the results for th&J, V, andl bands plus a Gaussian of 096
fwhm that represents an excellent fit to the core oftHeand
PSF but only encloses 80% of the total flux. A’ldiameter
aperture was used to define the total object flux, with rapid
convergence seen in the bluer filters but only gradualiy,in
andZ. While this could be due in part to contributions from
neighboring objects, we used the median statistic to define
these profiles to avoid sensitivity to the small fraction bf o
jects with bright neighbors. The contribution of nearby ob-
jects should lead to a divergence with increasing aperture d
ameter which is not seen, so it appears that the PSF wings do
contain a higher fraction of the total flux in the redder bands
with perhaps a few percent missed by ouf tHameter aper-
ture.

1.00¢

rms [counts/sec]

N [pixels]

FIG. 5.— V-band rms fluctuation in counts/s as a function of Imeaer-
ture sizeN in pixels for a raw image (squares), sky-subtracted raw enag
(diamonds) and the final image (circles). Filled symbolsnskq for each
image which is calculated pixel-by-pixel rather than usingircular aper-
ture. For the final image, the solid line gives the fit of [El). 4 &éme dotted

lines show the limiting cases of rms proportionaN®andN.

pixels in area are affected by the small-scale noise cdivak
introduced by re-pixelization performed during re-projec;

this effect should actually depress since each final pixel is
the average over several nominally independent input gixel
We prefer the simplicity of Ed]4 which reflects the realitgitth
noise exists on a range of scales leading to an effectivepowe
law behavior intermediate between these two extremeseTabl
lists our measured rms-per-pixel and the fit coefficients

« andg for all of our filters; the uncertainties in and3 are
highly correlated but both have been determined to 5% preci-

sion, whereas the uncertaintiesdipnmeasurements are at the FigurelT plots the enclosed flux, the rms background fluc-

1% level. . . o tuation, and the resulting signal-to-noise for point sesras

A similar analysis of our raw images shown in Figllte 5 re- 5 fynction of aperture diameter. There are competing effect
veals that the noise in the raw images (squares) is fullyeeorr \yhich serve to make the optimal aperture slightly smallanth
lated due to the domination of background fluctuations. Onceine idealized result of 1.35% fwhm. The non-Gaussian PSFE
a sky-subtraction has been performed (diamonds), the noisg|aces more flux outside the “optimal” diameter, so a larger
properties resemble those of the final image except for be-perture would find more signal. However, the large-scale
ing noisier by a factor roughly equal to the square root of nyyise correlations mean that noise increases with apesige
the number of exposures. While some of this improvementtaster than in the ideal Poisson case. Tble 6 lists varieess s
comes from flat-fielding, it appears that the correlatedesis g measurements along with the optimal circular apertisre d
due to background fluctuations from objects whose subtrac-ameters and fractional flux enclosed within these aperfares
tion improves with the square root of observing time. This gach filter which is used to correct the observed fluxes te esti
is inconsistent with confusion noise from undetected SEBIrC  ate the total object flux in each filter. A systematic inceeas
which is not expected to be a significant factor even in op- i, the seeing occurs when the estimate is made using SExtrac-
tical images this deep. One possibility for the origin okthi 55 fwhmparameter, which assumes a Gaussian PSF, instead
correlated noise is that the global sky subtraction perem  of |RAF’s imexamroutine, which allows a Moffat fit. The
by SExtractor is insufficient. However, when we mimic the ,on_Gaussian PSF shape is reflected in the further increase
BACKPHOTO_TYPE LOCAL mode of SExtractor by esti- i, the diameter containing half of the object light implieg b
mating the local sky in a square annulus around each aperye palf-light radiiry , output by SExtractor; a Gaussian con-
ture and subtracting this off we find a slight increase in the tains half of the flux within one fwhm. The optimal circular
noise correlations. Hence it appears that the backgroumd o anertyres for point sources turn out to be quite close tethes
tributions from sky gradients and nearby objects have been 5 es for the half-light radii. The image quality is measir
subtracted about as well as one could expect, and that the reg, pe nearly constant across the 334.5 field, with system-

maining contributions increase the noise significantly\@o  aic variations in fwhm and half-light radius seen at the 10%
the extrapolation frona; one would assume for the case of |gye| in thel band but at no more than the 5% level in the

uncorrelated noise.
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FIG. 6.— Left panel: Median fractional flux enclosed for brighmsaturated poi
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nt sources as a function of aperture diankight panel: PSF implied by this

enclosed flux profile. In both panels, the upper solid cunastresults for th& band, with the lower solid curve representing a Gaussiani#8¢h matches
the median fwhm of 0.96 measured by SExtractor on theimage but only contains 80% of the total object flux. This skthat the PSF core is Gaussian but

the wings are broader. The long-dashed curve shows resulisU band, which
left panel. The short-dashed curve shows results for thend, which has nearly
theRIZ filters.
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FIG. 7.— The long-dashed curve shows Wéand noise as a function of
aperture diameter, normalized to the value dt.1Zhe short-dashed curve
shows theV-band enclosed flux from Figll 6. The solid curve shows the
resulting signal-to-noise ratio, which has a maximum at' @here less than
half of the flux is enclosed. The behavior for other filtersisikr.

other filters.

For extended sources, our apertures are no longer optimal
and the corrections for the fraction of enclosed flux are in-
correct. These sources are barely affected by seeing small
than their intrinsic size, leading to a flux better describgd
the aperture area than by the fractional enclosed pointsou
flux. The traditional solution is to use larger aperture<(’
diameter) to measure colors of extended objects as well a
point sources. Our analysis shows that the signal-to-rafise
point source photometry is reduced by up to 30% by using

9

has worse seeing but equally rapid convergentteettotal object flux in the
identical seeing/tdut the slower convergence to the total object flux seen in

these larger apertures, with a bias in the V color of point
sources of 20% (0.2 magnitudes) introduced by the different
seeing in these images. This could be solved by convolving al
of the images to the relatively poor seeing (fwhm=) &f the

U band (see_Labbé etlal. 2003). However, the non-Gaussian
PSF shape requires a non-Gaussian convolution kernel; sim-
ply matching the fwhm by Gaussian convolution is not suffi-
cient to fully match the PSF. Moreover, smoothing the other
images to match the PSF shape oflthband would be costly

in terms of decreasing the signal-to-noise for point source
photometry, especially given the observed large-scalelzor
tions in background noise. In choosing the “optimal” apertu
sizes for each filter in Tabld 6, we have chosen amongst the
range of apertures with signal-to-nois@5% of the optimal
value in a manner that reduces the range of aperture sizes in
order to reduce the errors introduced for extended sources.
This has the effect of choosing slightly larger apertures in
the redder filters than would formally maximize the signal-
to-noise. This provides additional benefits, as the appmaxi
tions that high-redshift galaxies are point sources, in@age
registration is perfect, and object positions have no ealor
become less valid as the apertures decrease in size. Our sim-
ulations indicate that these combined effects will not etffe
object colors beyond the 10% level for the chosen aperture
sizes.

Our primary solution to the challenge of obtaining decent
colors for both unresolved and extended objects dimmer than
the night sky is to create corrected aperture fluxes (hereaft
referred to as APCORR). We tried using the A_IMAGE and
B_IMAGE parameters to model the flux distribution as an el-
ipsoid but encountered too many systematic problems with
these parameters to prefer this approach. We thereforbese t
half-light radius (FLUX_RADIUS) of each object determined

é)_y SExtractor in thé8V Rdetection image and assume a two-

dimensional gaussian light profile with twice this value as
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fwhm.> The half-light radius measured in tiB/ Rdetection We modified this to make use of our fits for (correlated) back-
image represents the object’s intrinsic size convolvet thie ground noise which yields
BV Rseeing, and this allows us to predict the observed size in

each filter given the known seeing measured from the median gZhot = ngan’ix+ L , (9)
half-light radii of bright point sources listed in Talile 601 P P GAIN
objecti in filter j we expect where the first term now represents empirical sky fluctuation
1 which include the subdominant contribution from electooni
of = Ty [r2+(r3s;~rasevR)] (6) readout noise. Both noise terms will be larger in regionsef t

image where reduced exposure time leads to a lower effective
where the last term in parentheses modifies the quadraturgain and hence higher background rms. SExtractor accounts
sum of intrinsic object size and BVR seeing to the neededfor this by using a variance magg, which is either input as
sum of intrinsic object size and seeing in filjeand the pref- a WEIGHT_IMAGE or generated internally from a map of
actor converts from half-light radius (which equals halfith background fluctuations in the image. The errors produced
half maximum for a gaussian) to the rms of the light profile. by SExtractor as a function of position are then

The fractional flux of object falling within the optimal cir-

cular aperture radius,,j for filter j listed in Tablelb is then 2 S 10
assumed to be TphotsE = 7 \ TP G2 GAIN (10)
_ T2 The ratio of the formulas in equatiolk 8 &dd 9 allows us to
fracij =min{ fracps;,1-exp 502 ) (1) make a simple correction to the flux uncertainties output by
! SExtractor to yield
where the first value in parentheses refers to the fractional 5 3 F
flux for point sources listed in Tabld 6 and the second gives > _ o Ny + oZ.GAIN 11
the fractional flux of the two-dimensional gaussian which ap Tphot ~ 9 phot SE (11)

F
Npix + =
proximates the object. Taking the minimum of these two val- P ol GAIN

ues prevents noisy data from causing an object to be inferrei

to be smaller than a point source. Each object's flux measureg;jnce the uncertainty is entirely dominated by the backgdou
within the optimal aperture for a given filter is then corett  q,ctyations. For AUTO apertures, the area is given by that of
by dividing by frac;; to infer the total flux in that filter. the Kron ellipse used i.enny = 712, A_IMAGE B_IMAGE
Another solution for attempting to handle both extended (the so-called KRON R,KDIUSkirgn really a scaling of the
and unresolved sources is SExtractor's AUTO aperture,lwhic o |MAGE and B IMAGE parameters based on the second
uses a Kron ellipse adapted to each object’s light profile to ;o ment of the object light distribution).
gg(ijn?sgﬁ?/((:)eosf ljrs“iengutﬁgop:a?;trﬁg(tjeerg svoeurr]‘;?/se ﬁ?&? dfoarccor " The resulting rms has units of counts per second and is con
! > ) ' jerted to flux using the zeropoints in Table 4. The uncemjaint
ing tolBertin & Arnouts(1996). In the, B, andV filters, we g P ¥

_ : X determined for optimized aperture fluxes is then multiplied
find that AUTO indeed measures 96% of the point source flux j,, the same correction factor used to estimate the totatbbje
foundin a 14 diameter aperture, with the value decreasing to

, : M ; , flux i.e. the reciprocal offracj defined in Eq.[07. Finally,
93%inR, 92%inl, and 89% ire’ in keeping with the broader  he yncertainty in the corrected aperture flux is increased b
PSF discussed above.

afactor (racysj/ fraci;)? which serves to amplify the uncer-
S . _ tainties for extended sources to account for the unceytaint
5.4. Estimation of Photometric Uncertainties their correction factors. This reproduces the errors foiand

Because SExtractor assumes Poisson sky noise, it producesorrected aperture fluxes for extended objects in our simula

underestimated photometric uncertainties for objectsiém  tions described in[83.5. The photometric errors derivetim t

than the background skyThe standard formula used by SEx- manner do not include the 3% calibration uncertainty which

tractor to predict photometric errors in flux as a function of is common to all sources in a given filter.

aperture size is

or negative fluxed; is set to zero in all of these error terms,

5.5. Photometry Tests on Simulated Sources

U[ZJhoLSE: Ufnpix*'m 5 (8) We used the IRAF packagartdatato simulate stars and
) ) ) galaxies with known magnitudes and positions and to add
where the first term represents sky fluctuations assuming unthem to our observed images to get realistic crowding effect
correlated noise between pixesjs the object flux in counts  angd packground noise.We ran SExtractor on these “simu-
within the aperture, anGAIN is the total effective gain used  |ated” images in dual-image mode to simulate our full pho-
to turn counts in the normalized image into original photons tometric pipeline. We found object centroiding errors to be
detected by the CCD, with the fractidh/GAIN giving the < 0.3 pixelsi.e.< 0.1” atR < 25. in the centroiding of indi-
Poisson variance. SExtractor measuresising the median yidual objects We found AUTO photometry to be nearly unbi-
fluctuation in its internally computed background map, and gsed for both single filter fluxes and colors. However, Figure
5 We found FLUX_RADIUS to be considerably more robust than AM/H the co_rrecte_d ap-emflr-e fluxes due to the_larger AUTO aper-
making it the best measure of the object light distributions tures including significantly more sky noise, so we recom-
6 We found it necessary to run SExtractor with WEIGHT_TyPE Bac ~ mend AUTO fluxes only for extended sources and give fluxes
GROUND,BACKGROUND in order to get it to use the backgroundhie
BV Rdetection image as a source of uncertainty in object deteetnd the 7 The number of simulated sources was roughly one-tenth thatad

background in the measurement image as a source of un¢gitathe pho- sources so the crowding characteristics of the images caorimdered un-
tometry. changed.
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FIG. 8.— Errors, i.e. (observed - true), in estimated V fluxesusrerrors in estimated U fluxes for simulated point sourte$t panel shows results for
the AUTO aperture as chosen by SExtractor, and the rightl jséwosvs results for the corrected aperture fluxes describéidei text. The APCORR fluxes are

unbiased and have a significantly smaller scatter than AUTO.
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FiG. 9.— Errors in estimated V fluxes versus errors in estimatédixés for simulated galaxies. The left panel shows resalttie AUTO aperture as chosen
by SExtractor. The right panel shows results for the coeeperture fluxes described in the text. APCORR appearlynedniased, and the size of the errors
for galaxies are comparable to those of AUTO but exhibitedéht systematics.

for both types of apertures in our catalog. The errors seen inuncertainties are typically too small for galaxies in bakes.
theU andV filters appear to be entirely uncorrelated. Figure  Figure[T2 shows thdal -V colors of simulated objects ap-
shows that AUTO performs similarly to corrected aperture pear slightly biased for AUTO but unbiased for APCORR,
fluxes for extended objects, although both show significantand the errors are a bit smaller for APCORR for point sources
covariance betwedd andV due to misestimation of the true and of similar size for both types of fluxes for galaxies. The
object light profile. color errors are highly correlated, especially for galaxim-
FigurelTD shows the flux errors divided by their uncertain- plying that these errors are primarily caused by errors én th
ties for simulated point sources. APCORR again appears unisophotal object detection by SExtractor on which both ftuxe
biased but this plot reveals that the error estimates aghtgpu  depend. These include problems caused by blending with
equally accurate for both cases. The median squared value isearby neighbors, although the median object is unaffdxnted
close to one in both cases, so the reported flux uncertaintiesieighbors in this uncrowded field. The AUTO and APCORR
in the catalog appear trustworthy for point sources. Fifftre  colors of real objects are discussed [N §6.2.
shows the flux errors divided by their nominal uncertainties

for simulated galaxies. This plot illustrates that theraated 5.6. Aperture Photometry
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FIG. 10.— Errors, i.e. (observed - true), in estimated V fluxegléid by reported & flux uncertainties in V vs. errors in estimated U fluxes dididby reported
1o flux uncertainties in U for simulated point sources. Leftglashows results for the AUTO aperture as chosen by SExtrauotd the right panel shows results
for the APCORR fluxes described in the text.
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FiG. 11.— Errors in estimated V fluxes divided by reportedfllix uncertainties in V vs. errors in estimated U fluxes dididy reported & flux uncertainties
in U for simulated galaxies. Left panel shows results forAkE O aperture as chosen by SExtractor, and the right pametshesults for the APCORR fluxes
described in the text.

We performed aperture photometry using SExtractor in corrections described above as well as the AUTO aperture de-
dual-image mode witlBV Ras the detection image and each termined for each object by SExtractor centered onBY®
final image as the measurement image, leading to a commorbarycenter. The photometry was corrected for Galactic dust
catalog for all filters. Detection was performed after filigr extinction of E(B-V)=0.03[(Schlegel etlal. 1998).
with a 7x 7 pixel gaussian convolution kernel with 4 pixel The 5 point source detection depths in Table 6 were de-
(2.07") fwhm which is well-matched to the seeing in &V R termined by multiplying ther of the measured sky noise for
image (see Appendix). We used a threshold of 1.2 for boththe optimal point source aperture sizes by 5 and then cerrect
detection and analysis; a single pixel at the fevel in the ing for the flux missed by these apertures to turn sky fluc-
original BV Rimage would barely make the L:2hreshold af-  tuations into total point source magnitudes. Many estisate
ter filtering. Using the identical parameters, we detectt®l 3  of point source detection limits in the literature are based
objects in a negative of tHBV Rimage, so given the symmet- extrapolating the rms pixel noise;, to the chosen aperture
rical nature of sky fluctuations and readnoise we estimate ansize assuming uncorrelated sky noise. For correlated noise
equivalent number of spurious objects in our final cataleg i. like that in our images, which we expect is typical, this will
0.5%. For each filter, we used the “optimal” apertures and overestimate the true depth in & 8iameter aperture by 0.4
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FIG. 12.— Errors in U-V colors (AB magnitudes) for AUTO aperta® chosen by SExtractor vs. U-V color errors (AB magnitud@sihe APCORR fluxes
described in the text. Left panel shows results for simdlatars, and right panel shows results for simulated gadaxie

magnitudes and in &’iameter aperture by 0.6 magnitudes. (Fukugita et all 1996). This avoids the loss of information
that comes from SExtractor representing objects with nega-
5.7. The Photometric Catalog tive aperture fluxes as havimg= 99 and the confusion that
. . . . results from flux errors consistent with a non-detectiomgei
Our_optical photometric catalog of 62968 objects in ymeq into extremely large magnitudes. Photometric error
E-HDFS is available in full in the electronic version of the are nearly symmetrical in flux but not in magnitudes, even

journal and from our website, with the first several lines ¢, objects with low signal-to-noise, making it acceptatte
shown in Tabldl7. All positions and shape parameters areéo, ogent the uncertainties with a single number. This Biake

measured from the findVRimage. The columns in the g, gensity the natural unit to be used for calculating pho-
catalog offer the following information: . tometric redshifts if one wishes to usea function to com-
Column 1 ObJ.eCt number starting with first object as 0 pute the likelihood as is done by the publicly available de
Column 2 Object name (MUSYC-) . For color selection, one can either turn color criteria idéa
Column 3 Right ascension in decimal hours, double preci- gjreq fiux ratios between filters or turn the measured fluxes
ston S : - into magnitudes and subtract to obtain colors.

Column 4 Declination in decimal degrees, double precision "~ ggiractor offers a neural network classification of ofsiect
Column 5 x barycenter into “stars” and galaxiesstellarity > 0.8 implies an unre-
Column 8y barycenter solved profile consistent with the PSstellarity < 0.3 im-
Column 7 stellquty clas_sn‘lcatlon plies an extended profile, and30< stellarity < 0.8 repre-
Column 8 half-light radius o sents uncertain objects which are typically too dim for this
Column 9 rms of flux distribution along major axis classification to work successfully. Figurd 13 shows the ste
Column 10 rms of flux distribution along minor axis. larity results for our catalog. The classification startbreak
Column 11 object position angle counterclockwise from down atm > 23, with brighter objects confidently split be-
Xaxis - tween stellar and extended profiles but many dimmer objects
Column 12 flags output by SExtractor receiving an inconclusive value. Stellarity becomes ryearl
Column 13,15,17,19,21,28UTO fluxin U,BV R ZI . useless atn > 25 where the majority of values fall in the un-
Column 14,16,18,20,22,24 AUTO flux uncertainty In certain regime, which is appropriate given thﬁﬁ <0.3" for

U,BV,RI,Z from 1) most ; , .
. galaxies ah> 25 (Smalil et al. 1995). However, the vast
Column 25,27,29,31,33,35APCORR flux inU,BV.R1.Z majority of objects ai > 23 are galaxies due to the rapidly

after division by correction factor based on half-lightired frising galaxy luminosity function and the plateau in the-ste

described in Eq7 | : ; R

. . ar equivalent. This means that for many scientific goals all
SOEI;U\TE lZzt:),f28,30,32,34ﬁ36AdE(;QRRbeux uncgrtal?ty n objects withstellarity < 0.8 may be considered galaxies.
b, ,d’ ' ,h lﬁmhm)d.a edr 'V'.Sb'og. y correctlgn althJIrs Figure[T# shows the locations of all objects in our catalog.
ased on half-light radius described in Egj. 7 and multiplica tpere isan overabundance of objects along the image bor-
tion by additional factor for extended sources describedeb  jar \which is not apparent to the eye but can be eliminated by
Ph . in th | . . : fremoving the 574 objects witHags> 8, which identifies ob-
u doetﬁg?s,tﬁ,c \r]?/easugsszq(}ﬂev(\:/arﬁi-ga;rg gll\rllzncl)nn\ljgrlfs %jects truncated by the image border. The one visual blemish
ion t0 AB H " dM ‘< simol ing the f ' | is a line of spurious objects detected along a heavily sttdra
stonto magnitudes IS simple using the formula column extending from the brightest star in the field. Thigli

AB=2390-25log, T, (12) is removed by eliminating all 1226 objects wiftiags > 4,
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FIG. 13.— SExtractor stellarity classification for objects ur gatalog. The left panel shows stellarity versus totalRebAB magnitude and reflects confusion
for saturated objects & < 19. The right panel shows a histogram of stellarity, withtieat solid lines separating galaxiestéllarity <0.3), uncertain objects
(0.3< stellarity <0.8), and starsstellarity >0.8). The classification is clean Bt< 23 (light histogram), shows an increasing fraction of utaiarobjects at
23 < R < 25 (medium histogram), and breaks dowrRat 25 (dark histogram).

minimized with negligible loss of galaxy counts by requgrin
— — — stellarity < 0.8. The totalR-band magnitude counts (from
AUTO) are shown in FigurE_15 and appear 90% complete to
R =245 and 50% complete tR = 255. Part of the incom-
pleteness comes from AUTO beginning to underestimate the
flux of very dim objects, as noted m%@t AL (2003). The
fit for the number of galaxies per magnitude per square degree

is log(N) =-3.52+0.34R. Our slope of 0.340.01 agrees well

—60.50¢F

—-60.60

—60.70 with previous measurements of 0.320.001 b I

(1995), 0.361-0.004 by Capak et hlL (2004), 0:20.01 and

3] 0.34+0.01 in two different fields by_Steidel & Hamilton
A —60.80 (1993), and 0.39 b, Tysbh (1988). Our differential counts

atR =255 of 1.3x10° agree well with the values of 1:210°
reported by Steidel & Hamiltor (1993).

6.2. UV R Photometric Selection of Lyman Break Galaxies
Various filter sets have ﬁielded success at finding

—-60.80

-61.00 LBGs, including U,GR |. [1996b), SDSS
ugri'z [2004) UBVRI 1.L2005),
GRi 1..1999), andRI 12001,
22.58 2256 2254 2252
RA HDFS

FiG. 14.— Sky distribution of the 62968 objects in our photorneatatalog [T ' ' ' ' ' '

(points) showing regions effectively masked out due toirgars.
log(N)=—3.52 + 0.34*R

L . L . o
which implies saturation in at least one filfer. g~ A
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6.1. R-band number counts z
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The sky density of objects in our catalog is greatly re-
duced near the brightest stars, leading us to create a mask | *
to properly exclude these regions from analyses of sky den-
sity and clustering. Our methodology is described in detalil ll
in L. Infante et al. (2005, in preparation). A careful analy- :
sis of the implied stellar and galaxy luminosity functiorss a
a function of stellarity cut shows that stellar contamioatis

. | . | . |
18 20 22 24

R

FIG. 15.— R-band galaxy counts per unit magnitude per square degrbe wit
Poisson error bars and solid fit of IggN) = —3.52+0.34R based on counts
at total AB magnitudes 2& R < 24. Incompleteness is minimal below total
magnitudeR = 24.5 and reaches 50% aroufR= 25.5.

8 The flags column in the catalog is the result of a maximum peréol
over the flag values output by SExtractor for each measureimaige run in
dual-image mode.
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assigned an upper limit df) = oy to make it less likely that
negative sky fluctuations were responsible for turning a dim
object inU into a formal dropout irJ —V. This correction

1 avoids lower-redshift interlopers at the cost of some incom
E pleteness. The vast majority of our LBG candidates are for-
mal dropouts in thé&) filter, with fy < oy before being set to

1 these limit values. The limit values were used to generate th
E U -V colors plotted in Fig[Zll7, which shows our full catalog

1 includingz ~ 3 Lyman break galaxy candidates selected by

1 theirUV Rcolors.
E Our selection criteria yield 1607 candidates in 1137 square
1 arcminutes, or 1.4 arcmifh  [Steidel et dl. [(1999) found
1 1.2 arcmin? at R < 25.5 using stricter criteria than ours,
E Steidel et dl.[(2003) found 1.7 arcmifnusing the extended
] U, G R criteria shown translated intdVR in Figure[I®,
1 Capak et &l. [(2004) found 1.5 arcrinusing UBR, and
E Caoke et al. [(2005) found 1.5 arcmfnusing U’V RI crite-
1 ria. ISteidel et &l..(2003) found a redshift distributiare >=
; 1 2.96+0.29. OurUV Rcriteria are expected to start selecting
D T LBGs at redshifts higher by 0.16 because the red cutoff of the
10 -05 00 05 e 15 U-band filter and its effective wavelength after accountoy f
V-R (AB) the MOSAIC Il CCD QE are botk- 200A redder than fad,.
Our criteria are expected to stop selecting LBGs at redshift
FiG. 16.— U -V versusV —R colors in our filter system (AB magni- higher by up to O'_4 because t_he Lyman alpha forest causes red
tudes) of a Lyman break galaxy template spectrum (Adelbepgie. comm.) V —Rcolors at a higher redshift than@®-7R due to the longer
from redshift O to 3.4 (solid curve), the Pickles catalog t#rs (plusses, effective Wavelength of . Hence we expeet z>=3.2+0.4,

U-V (AB)

PickleE 1998), and the definite point sources in our catadtejlarity > 0.95, and this will be calibrated via spectroscopy.
points). The C and MC color selection regions used_by_Steial. [2003) . . S ; ’
transformed into our UVR filter system are shown with dasiezs| and our _Figure[I8 shows the spatial distribution of these LBG can-
adopted color selection region is shown with solid lines. didates. We estimate the angular correlation function ef¢h
objects using the Landy & Szalay (1993) estimator
o) = DD-2DR+RR
Prochaska et &l. 2002). Figurel 16 shows star colors expected w(9) = RR (14)

and measured in our survey versus our adopt¥®R color

selection criteria of whereDD represents the number of pairs at separatiorthe

object catalogRR represents the appropriately-normalized

U-v)>12 number of pairs at separatidnn a Poisson-distributed mock
-1.0<(V-R) < 0.6 catalog, andDR represents the appropriately-normalized
number of pairs at separatié@rwith one in the object catalog
U-V)>38(V-R)+12 and the other in the mock catalog. This estimator has vagianc
19<R < 255, (13) (1+W(9))?
where all magnitudes are AB. The color criteria shown as varfw(t)] ~ " RR (15)

dashed lines in the figure result from the transformation of
the U, G R criteria described by _Steidel eflal. (1999) into
UVR?® Although the upper branch of the stellar distribution
at redV —R colors represents giants which are rare at our sur-
vey depth and high galactic latitude, we shifted our créteri
to avoid this region as it also contains dim dwarf stars with
correspondingly large errors in color, which are the priynar
expected source of interlopers. The region of the Steidel et N
al. criteria avoided by this shift had the highest fractidn o -3 _
interlopers and also shows a high interloper fraction in the At _W°b5(9)+@//w(9)dﬂld92 ' (16)
) oy
Lnlé)(rseslgbrﬁ:)?(lag¥r|?esfll?>eétteedmsptjlgts:£3rfvtg?aflzsoxlrt?]ii]toallj-r (sfecl)g?) In practice, this correction is performed by using a modified
tion region for 30 < z < 3.4. At higher redshifts, the LBGs estimator 1+ADD -2DR+RR
. : €T Feas (1+A)
rapidly become too red iV — R to distinguish from lower- w(t) = RR ; (17)
redshift objects and are better selected as dropouss-iR. . L
We allow the color selection region to extend far to the blue Where the correction factdis given by
in V —Rto account for the effect of Lymam emission lines, S W(f)RR
which add flux inV. A= SRR (18)
For spectroscopic selection and clustering analysisctdbje

with U fluxes, f, less than their 4 flux uncertaintyg , were A _is estimated iteratively and usually converges in a few ite
ations.

where the denominator gives the Poisson error contribution
i.e. the number of pairs expected to be found in the bin cen-
tered or¥ given the survey geometry and the total number of
LBGs in the survey? The observed values @f(#) must then

be corrected for the integral constraint caused by estiigati
the true sky density of LBGs from our survey to find a power-
law fit (Foucaud et al. 2003),

9 For power-law spectra, the effective wavelengths of thesediimply
the translationsy{ —=V)ag = 1.25Un - G) and ¥ ~R)ag = 0.50(G-R). 10 RR is equivalent to Ap from[[andy & Szalay 1993
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FiG. 17.— U -V versusV —R colors of our full catalog (points) in AB magnitudes from Siactor AUTO (Kron elliptical aperture) photometry (lefapel)
and from APCORR (corrected aperture) photometry (righef)aihe LBG color selection region is shown with solid lind$e solid curve shows the colors of
a Lyman break galaxy template spectrum over the intervalzO< 3.4, with the interval 3 < z < 3.4 falling in the selection region. The reduced scatter reflec
improved performance of the APCORR fluxes, with a clearendifn of the main sequence and M dwarf locus.

The angular correlation function found for Lyman break

galaxy candidates in Figulel19 s(f) = (2.3 + 1.0)97°8,

wheref is measured in arcsec, intermediate between previous

results for fixed3 = 0.8 from(Giavalisco et al[(1998) %, =
1.4%%5 andFoucaud et Bl (2003) 8f, = 5.2+ 0.7. This im-
plies a correlation length for our samplergf= 54 1h;iMpc
and an LBG bias factor df ~ 2 for the ACDM cosmology.
These results will be updated after spectroscopic caldrat
of ourUVR LBG selection and by including our full square

—60.5

o oo

° °
o oo

o %0
o

.

—60.6

—60.7

o —-60.8

.
089

60.9 .
AR ° ° %8 2, o
Ry o @ 0B o o
o ege c® oo

3
B s o 6%
o %o o

¥ ow o
o o 2 o
Tt et Tl wms e

as® g
B 00ty 008
8,° 000
o0 ogh LB
o

o o

0% °
6/‘ O 00,89~ 5 oo ©
— . 5%
.
o o
o
° 9 8090 8% % o
ERREASAS AL
A
0 ® ° °

°
R N I I WA WA A A A A I RO AN SR A AR WA A A A

o
o
o
%

e
o B o B S R R

22.58 22.56  22.54

RA

FiG. 18.— Sky distribution of the 1607 LBG candidates in our lcajaf
E-HDFS showing some obvious clustering on small scales.
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FIG. 19.— Angular auto-correlation function of UVR-selecteB& can-
didates (open circles with error bars) with fit (solid linapéled.

degree survey.

7. CONCLUSIONS

MUSYC is unique for its combination of depth and to-
tal area, for the coverage in X-ray, UV, mid- and far-
infrared wavelengths and for providing th¢BVRIZ plus
near-infrared photometry needed to produce high-quatits p
tometric redshifts over a square-degree of sky. This multi-
wavelength coverage will enable comparison of selectien ef
fects which have previously complicated the study of galax-
ies in the high-redshift universe. The large area ensured go
statistics for studies of clustering, luminosity functgrand
surface densities.

We expect that the careful attention paid to optimized pho-
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tometry methods and the estimation of accurate photometriche object flux in each filter. The best results should be ob-
uncertainties will allow our public data to make a significan tained by using the APCORR fluxes in our catalog for unre-
impact for a wide range of scientific studies. In particular, solved and barely resolved sources, with further investiga
this high-qualityUBV RIZ data, combined with forthcoming needed to determine whether APCORR outperforms AUTO
near-infrared photometry, should yield photometric réftish  for extended sources.
with good accuracy. It is interesting to note that some of the Our UBVRIZ images and catalogs of the’3334.5" Ex-
standard techniques perform well despite making a number oftended Hubble Deep Field South are available to the public at
idealized assumptions. For instance, we found that the optiht t p: /7 www. astr 0. yal e. edu/ MUSYC.
mal point source apertures are remarkably close in diameter
to the idealized case of 1.35 fwhm due to a partial cancel-
lation of the non-Gaussian PSF preferring a larger aperture We thank Buell Januzzi and Frank Valdes for their de-
and the correlated noise preferring a smaller aperture. Theailed answers and trouble-shooting with questions on the
more traditional approach of using 2pertures produces bi- MSCRED package and Benne W. Holwerda whose guide,
ases in point-source colors. Alleviating those biases IBFP  “Source Extractor for Dummies,” provided a valuable sup-
matching”i.e. smoothing the images to match the fwhm of the plement to the official SExtractor User's Manual written by
image with the worst seeing must be done carefully given theE. Bertin. We acknowledge helpful conversations with An-
non-Gaussian PSF shapes and will result in degraded signalton Koekemoer, David Spergel, and Nick Suntzeff. We thank
to-noise for point sources. Estimates of point source dietec  the additional members of the MUSYC collaboration, includ-
depth that assume uncorrelated noise and extrapolatefimm t ing Danilo Marchesini, Ken Rines, Ned Taylor, and Bill van
rms pixel noise will overestimate the depth by about 0.5 mag- Altena for their valuable input. We are grateful for support
nitudes for 2 or 3’ apertures. from Fundacién Andes, the FONDAP Centro de Astrofisica,
The APCORR fluxes introduced in this paper perform ex- and the Yale Perspectives in Science program. This material
tremely well, as seen in Fid_IL7. The nearly unbiased per-is based upon work supported by the National Science Foun-
formance of APCORR fluxes for both point sources and ex- dation under Grant. No. AST-0201667, an NSF Astronomy
tended objects is impressive, and the correlated errors beand Astrophysics Postdoctoral Fellowship (AAPF) awarded
tween filters for extended objects are acceptable if the fluxto E.G. S.T. acknowledges the support of the Danish Natural
is misestimated by a constant fraction in all filters. How- Research Council. We thank the staff of Cerro Tololo Inter-
ever, one should use caution when calculating photometricAmerican Observatory for their invaluable assistance with
redshifts on extended objects in photometric catalogsrgene observations. This research has made use of NASA's Astro-
ated using apertures which might miss a different fractibn o physics Data System.

APPENDIX
OPTIMAL WEIGHTS FOR IMAGE STACKING FOR POINT SOURCES AND EXGNDED SOURCES

We wish to combine a series of processed individual imagdshaave signa and noise\;. The exact signal obviously
depends on which star is measured, but if a common set ofatacnsidered the variations in signal will be due to differes
in exposure time, cirrus extinction, and atmospheric etitim. The noise should be sky-dominated away from brigigatb but
measuring the rms in “blank” regions of sky properly accedot the readnoise as well. For surface-brightness-opétian we
want to average the total signal from a set of stars, as med$yrthe IRAF routinghotor the inverse of thenscscaléneader
output bymscimatch For point-source-optimization we want to determine therage signal that falls within our eventual
optimal aperture, which will have a diameter of roughly 1ti&%es the fwhm of the final image. The seeing in the final image c
be estimated or measured from an initially unweighted stackn iterative procedure can be used. Alternatively, eection to
the total star count§® can be calculated by integrating an assumed Gaussian P36 thet diameter of the expected optimal
aperture of radius R; if the seeing in each image s fwhm;/2.35, we obtain

S =S[1-exptR/207)] . (A1)

In either type of optimization, the noise value used shoelthe background rms for the expected aperture size, whipbraks
on the level of noise correlation between pixels. Assumirag the noise correlations have the same behavior in eashdodl
image, it is sufficient to use the pixel-by-pixel rms i.e; measured in each image since this will produce the rightivela
weights.

One can derive the weights that optimize B& of the combined image by noting that the combined image velles =
> wiS andN? = . w?N? (the weighted sum is just an unweighted sum of new imagesgaignalwS and noisen;N;).
Maximizing the functionS/N produces the resuit; = kS/N?, where multiplying all the weights by a constanpreserves the
final S/N. In astronomy, it is typical to first scale the images to hayget signal levels; this accounts for differences in expesu
time and extinction to provide constant photometry and reakeasier to delete outlying pixels due to cosmic rays,ligate
trails, etc. The IRARMscredroutinemscstackperforms this scaling by multiplying by thescscaléheader value and then uses
a weightfile to weight thescaled images. So the weights used must be for the scaled imagesh Weads to the formula for
surface-brightness-optimized weighting of

1
B_

"~ (mscscalex rms)? (A2)

which is equivalent to /N;)? in the original image because the image being weightedferdift than the one for whicg and
N; were measured. The output image is the same since insteadltiflging S by S /N2 and adding we are equating the signal
levels and then multiplying 1 byS(/N;)?, but performing the scaling first makes it easier to remowtyimg pixels from this
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sum as mentioned above. The weights being used corresp@itlfdor the scaled images; they reduce to the familiar case of
inverse-variance weighting since the signal levels haneadly been equalized. For point-source optimized weightia use

PS_ factor, 2 (A3)
! mscscalex rms
wherefactor is given by
=1 _ fWhnﬁtack
factor =1 exp( 1.3W , (A4)

where we have re-expressed the formulaSofrom Eq. [A] in terms of the measured seeing in an unweightedydace-
brightness optimized) stackwhmy,c, and that in each individual imagavhm. Again, these weights are only valid when used
on the post-scaled images, and they differ by a fact@ &bm the weights appropriate for the original images.

Due to the large number of individual exposures taken inl@:¢pand and multiple observing runs, it is sometimes necgssar
to perform stacking as an iterative procedure. To do th&sstgnal, noise, and seeing in the intermediate stackedaswstgpuld
be measured empirically as before. Tmescstaclor the equivalent can be used to stack these intermediatesijast as if they
were individual images, scaling by the nemscscalevalues and calculating a new weights file using the abovetmmsa As
long as the final seeing is estimated well, no loss of signaldise should occur from the iteration.

A corollary question is when to discard an image with p8@N rather than to include it in the stack. The formal answer
appears to be never ag > 0 for alli. The magic of the optimal weighting formula can be seen:

S_ 2wS SS/N? _ N2 A5
NN N \/azsz/' o

Hence the optimal weights cauSgN to add in quadrature so it will never formally decrease naendtow poor an input image
is. Note that having a magnitude of extinction or twice theisg still leaves an image with significa8tN; a S/N threshold

of 40% would require discarding images with about 2 timessea@eeing or 1 magnitude of extinction (if the sky background
is unaffected). Th&/N of the combination of the image with a giv&iN and an image with 40% of th&/N is 8% higher
than that of the better image alone so this is somewhat useftdnservative approach would be to cut entirely any imagés
S/N < 10% that of the median image as a way of reducing systemdgictefnot accounted for by these idealized formulae.

OPTIMAL WEIGHTS FOR POINT SOURCE DETECTION

Irwinl (1985%) showed using simulations that the best pertoroe for point source detection was achieved by filteringrttage
with the PSF itself. This result is derived in the SExtraect@nual using Fourier transforms. In practice due to thetcaimgs
of computation time one chooses to cut off the PSF at a findausa as is standard in the convolution kernels offered as pa
of the SExtractor package. The general case for an optimizéghted sum of pixel valueS= Zi w;S;, where each pixel has

signalS; and noiseN;, can be derived in analogy to the result for adding imagesda@bove, yieldingv; oc S;/NZ. The constant
background noise for sky-dominated objects thus leads lieadf the precise shape of the PSF. For objects signifigamigjhter
than the skyS = N? giving constant weight i.e. a tophat which gradually morjtis the roughly Gaussian shape of the PSF as
you move far enough away from the object center for the skytoidate the noise. SExtractor only allows for a fixed contiotu
kernel so we optimized the detection for sky-dominatedabjby using the PSF (truncated ta 7 pixels) as our filter.

By the same argument, the optimum signal-to-noise measneai the photometry of a point source will be obtained by
a weighted sum of pixel fluxes weighted using the PSF shapi @sntered at the barycenter of the object. This is typical
referred to as “PSF photometry” but it is not a supportedufiesadf SExtractor photometry, just of object detection. é\ibiat this
is no longer strictly optimal when the noise is correlatetileen pixels as we have found in our images, since the dinivaf
the optimal weights for each pixel assumed uncorrelatesendiVe decided against using PSF photometry for this reasmh,
also because many of our science objects are slightly redalrd this would overweight the fluxes in their core, inoedghs risk
of color biases, and complicate the task of correcting tleetape fluxes of extended objects.
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TABLE 3
RESULTS OF PHOTOMETRIC CALIBRATION FORR0O02 OCTOBERG IN AB MAGNITUDES
Filter Airmass Seeing Zeropoint Airmass coeff. Color term
@)
U 1.34 2.1 24.150.012 0.55 (-0.0&0.01)x (U —-B)as
B 1.38 1.8 25.240.009 0.24 (-0.030.004)x (U =V)aB
\% 1.40 1.6 25.64-0.004 0.15 (0.03:0.003)x (B-R)aB
R 1.42 1.5 25.950.005 0.09 (-0.0020.005)x (V —1)aB
| 1.44 15 25.46:0.006 0.05 (0.006:0.017)x (R-1)aB
z 1.46 15 24.610.014 0.03 (-0.0&:0.054)x (R-1)aB
TABLE 4

TOTAL EXPOSURETIME AND PHOTOMETRICZEROPOINTS FOR
E-HDFS IMAGES?

Filter Exposure Mag. Zeropoint Flux Zeropoint
Time (s) (ABmag @ 1countd) (uJy (count/s)t)

BVR 35340 24.29 0.698

u 42600 23.35 1.660

B 13200 24.85 0.417

\Y 10440 25.40 0.251

R 11700 25.75 0.182

| 6000 25.27 0.283

z 6000 24.39 0.637

apefore correction for E(B-V)=0.03

TABLES
FIT PARAMETERS FOR
BACKGROUND FLUCTUATIONS
IN COUNTSS ™ AS A FUNCTION
OF APERTURE SIZE USINCEQ.

Filter o1 a B

BVR 0.0029 0.68 1.47
0.0012 0.82 1.30
0.0043 0.88 1.33
0.014 0.69 134
0.019 0.69 1.40
0.032 0.72 1.42
0.030 0.87 1.41

N—T3n<wC

TABLE 6
SEEING, APERTURESAND SOURCEDETECTIONLIMITS FORE-HDFS IMAGES

Filter IRAFfwhm  SE fwhm SHy) Optimal Aperture  Flux Enclosed Source Detection

Mode (/)  Median (') Median (') (@) (Fractional) Limit (50, AB)
BVR 0.95 0.99 0.59 1.2 0.48 26.3
U 1.30 1.48 0.78 1.6 0.50 26.0
B 1.25 1.29 0.71 1.4 0.47 26.1
\% 0.90 0.96 0.56 1.2 0.52 26.0
R 0.90 0.97 0.58 1.2 0.49 25.8
| 0.80 0.99 0.56 1.2 0.49 24.7
z 0.90 1.06 0.62 12 0.43 23.6
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TABLE 7
OPTICAL SOURCE CATALOG ASTROMETRIC AND PHOTOMETRIC PARAMETERS DETERMINED FROMBYV RDETECTION IMAGE AND UBVRIZ
PHOTOMETRY.
Number Name RA Dec X y Stellarity 1P A_IMAGE
MUSYC- (hrs) (deg) (@) (@)
B_IMAGE 6_IMAGE FLAGS f_auto_U o_auto_U f_auto B o_auto_B f_auto_V o_auto_V
@) cew from X-axis wdy) (dy) (Jy) (@dy) (dy) (dy)
f_auto_R o_auto_R f_auto_| o_auto_| f_autoZ o_auto f_apcorr_U o_apcorr_U f_apcorr_B
(1dy) (dy) (dy) (dy) (dy) (dy) (dy) (©dy) (©dy)
o_apcorr_B f_apcorr_V o_apcorr V. f_apcorr R o _apcorr R f_apcorr | o_apcorr | f_apcorrZ o_apcorrZ
(1dy) (Jy) (Jy) (dy) (Jy) (Jy) (Jy) (Jy) (Jy)
0 J223023.68-604817.4 22.506580 -60.804850 7397.04 3613. 0.490000 0.377004 0.0771630
0.0771630 45.0000 16 0.00599998 0.0123559 0.0268263 %8263 0.0721889 0.0189753
0.0535715 0.0192685 0.0584936 0.0536170 0.105203 0.24249 0.0153194 0.0299205 0.0582284
0.0300672 0.129481 0.0322477 0.0994542 0.0346933 0.68633 0.0964758 0.129852 0.292286
1 J223024.28-604008.9 22.506747 -60.669150 7395.69 5343. 0.380000 0.381543 0.0771630
0.0771630 45.0000 16 0.0545032 0.0134836 0.0528900 1@833 0.0600472 0.0181627
0.0531777 0.0189421 0.0346594 0.0537312 -0.0605122  @0039 0.123143 0.0319542 0.111140
0.0292123 0.0983857 0.0301251 0.0985063 0.0331430 3BAv33 0.0938256 -0.113113 0.287106
2 J223023.85-604558.3 22.506627 -60.766210 7397.14 8334, 0.490000 0.555360 0.216003
0.133500 -0.200000 24 0.0909909 0.0243018 0.0549541 BI1825 0.0440691 0.0353969
0.130563 0.0386372 0.159939 0.108677 0.0605380 0.286208 .1001b1 0.0285476 0.0699377
0.0270144 0.0861040 0.0280836 0.125653 0.0311628 0.01317 0.0863858 0.0282574 0.261025
3 J223024.98-603027.9 22.506940 -60.507770 7394.68 5619. 0.940000 0.328410 0.199716
0.120951 18.8000 24 -0.0217973 0.0159112 0.000543353 28808 0.115021 0.0169463
300.840 0.0511371 577.641 0.128364 -0.00643368 0.124763 0.0458961 0.0422158 -0.000965204
0.0289711 0.222445 0.0300914 601.662 0.125434 1191.94 01103 0.00430643 0.280111
4 J223023.35-605242.2 22.506487 -60.878400 7397.96 2622. 0.610000 0.613032 0.369528
0.202653 -5.40000 24 -0.00917560 0.0288420 0.0469781  8B3BD 0.134234 0.0542395
0.155328 0.0622344 -0.104166 0.130648 0.110060 0.458585 0.0224367 0.0274903 0.100572
0.0275703 0.155969 0.0290837 0.143652 0.0332477 0.0675040.0869854 0.677608 0.276257

NoTE. — This table is published in its entirety in the electrondlition of the Astrophysical Journal. A portion is shown héseguidance regarding its form and content. Due to geoméigse first few objects are near the image border

and have poor photometry, leading to their large FLAG values



