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ABSTRACT

We present the combination of optical data from the Sciermdfivation phase of the
Dark Energy Survey (DES) with near infrared data from the B38STA Hemisphere Survey
(VHS). The deep optical detections from DES are used to eixfitaces and associated errors
from the shallower VHS data. Joint 7-band{zY J K) photometric catalogues are produced
in a single 3 sq-deg DECam field centred at 02h2®&#d36m where the availability of an-
cillary multi-wavelength photometry and spectroscopgwl us to test the data quality. Dual
photometry increases the number of DES galaxies with medsuHS fluxes by a factor of
~4.5 relative to a simple catalogue level matching and resola~1.5 mag increase in the
80% completeness limit of the NIR data. Almost 70% of DES sesthave useful NIR flux
measurements in this initial catalogue. Photometric riédsare estimated for a subset of
galaxies with spectroscopic redshifts and initial reswdtthough currently limited by small
number statistics, indicate that the VHS data can help ethe photometric redshift scat-
ter at bothz < 0.5 andz > 1. We present example DES+VHS colour selection criteria for
high redshift Luminous Red Galaxies (LRGs)zat- 0.7 as well as luminous quasars. Us-
ing spectroscopic observations in this field we show thataithditional VHS fluxes enable
a cleaner selection of both populations witli0% contamination from galactic stars in the
case of spectroscopically confirmed quasars an@l5% contamination from galactic stars
in the case of spectroscopically confirmed LRGs. The combDES+VHS dataset, which
will eventually cover almost 5000 sqg-deg, will thereforable a range of new science and be
ideally suited for target selection for future wide-fieldesfroscopic surveys.

Key words:
surveys - catalogues - galaxies: distances and redshitaxigs: photometry, (galaxies):
quasars: general
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1 INTRODUCTION

Observational astronomy is currently experiencing a goktge of
digital data. The advent of sensitive electronic camerasdan be
mounted on large aperture telescopes has enabled a nevagemer
of wide-field ground-based galaxy surveys at optical and irea
frared wavelengths. These surveys aim to obtain photoenédtia

for millions of galaxies over thousands of square degreeskaf
Wide-field optical survey astronomy was revolutionised layad
from the Sloan Digital Sky Survey (SDSS; York eflal. 2000)tdDa
Release 9 of SDS 12) contains more than 930 mil-
lion catalogued objects over 14,555 sqg-deg of the northemih
sphere corresponding to a source density~@&4,000/ded. The
5000 sg-deg Dark Energy Survey (DES) represents the neat lea
forward in the southern hemisphere with an expected sowne d
sity of >100,000/de§. DES is a wide-field optical survey opti-
mised for studies of weak gravitational lensing, largdesstruc-
ture and galaxy clusters, in particular from the millimeteave-
length South Pole Telescope (SPT) Sunyaev-Zeldovich (%8} ¢
ter survey. In addition, DES also includes a deeper mubichsu-
pernova survey over 30 sg-deg. The optical DES data are eampl
mented by near infrared (NIR) data from the VISTA Hemisphere
Survey (VHS| McMahon et al. 2013). Together these two sigvey
will eventually provide a unique 7-band photometric dataser
~4500 sg-deg of the southern sky. Figlite 1 shows the covefage o
all VHS data processed until April 2014 in the DES regiongtbgr
with the DES Science Verification observations.

DES differs from previous optical surveys like SDSS due to
the red-sensitive CCDs used by the DECam camera and its high
throughput out to wavelengths of almogirt in the z andY” fil-
ters. Near infrared photometry in thieand K'-bands out tev2um
would therefore form a natural extension to the DES waveleng
coverage. The addition of NIR photometry to optical datavjates
several advantages. Firstly, at> 1.0, the 400@ break in early
type galaxies which is commonly used as a photometric rédshi
discriminator, moves from the optical to the NIR bands. THdia
tion of NIR data may therefore lead to significantly more aiate
photometric redshifts for galaxies at> 1 8;

I2013). These galaxies will serve as importaotgs
of the evolution of large-scale structure with redshiftR\data is
also extremely sensitive to the reddest galaxies whicmateide
in galaxy clusters, as well as active galactic nuclei (AGNalh
redshifts and can therefore help with their identificatibtany of
these sources will be targeted with the next generation @éield

spectroscopic surveys such as Dmom) andgMO
2) and it is important to assess the qualitye
photometric data to judge its suitability for target sdlact(e.g.
[.2013). The DES+VHS photometric data will also-c

tribute significantly to the landscape of multi-wavelengthiveys
in the southern sky over the next decade, providing intergsar-
gets for both the Atacama Large Millimeter Array (ALMA) arttet
Extremely Large Telescope (E-ELT) and enabling the ideatifi
tion of optical counterparts for the Square Kilometer Ar(8KA)
pathfinders and eventually leading up to the full SKA. Fipall
should be stressed that the techniques for combining tteeaist
lined here as well as the science applications that areibdesicare
just as relevant to combining optical and near infrared izt
many other ongoing wide-field galaxy surveys - e.g. VST-AR,A
VST-KiDS, PanSTARRS, HSC, Skymapper, VISTA VIKING.

In this paper we describe joint optical+ NIR photometric-cat

the deeper DES detection images to extract fluxes and atsibcia
errors from the shallower NIR data. Sectidn 2 describes tine s
veys used in this work and Sectibh 3 describes the dual photom
etry method. The astrometry, photometry and star-galaggrse
tion of the combined catalogues are checked in SeElibh 4d®an
respectively. While this sort of dual photometry method basn
used extensively in astronomical surveys for the constomadf
multi-wavelength photometric catalogues, it is usuallpla to
datasets that are comparable in terms of their depth andgtigens
ity. By contrast, the VHS data is significantly shallowerntzes,
which means that the majority of DES detections lie below the
50 level of the VHS images. A key aim of this paper is to assess
whether enough useful information can be extracted even foav
signal-to-noise flux measurements, to enhance the scibatwill
be possible with DES data alone. With this in mind, we alsc@né
some illustrative science applications of our combined datlud-
ing photometric redshift estimates (Sectidn 7) and targletcsion
of both Luminous Red Galaxies and quasars (SeEiion 8).

All magnitudes are on the AB system. This is the native
photometric system for DES and the VHS magnitudes have been
converted from Vega to AB using the following corrections:

JaB :J\/ega+0.937,KAB=KVega+1.839.

2 SURVEY DATA
2.1 Dark Energy Survey (DES)
The Dark Energy Survey (Flaugher 2005; Frieman &t al.|2G180) i

optical survey that is imaging 5000 sqg-deg of the southelestal
hemisphere in therizY bands using a dedicated camera, DECam
(Diehl & Dark Energy Survey Collaboration 2012; Flaugheakt
@) on the Blanco 4-m telescope in CTIO. The survey aims to
understand the nature and evolution of dark energy usingla-mu
probe approach, utilising measurements of large-scaletste,
weak gravitational lensing, galaxy cluster counts and acdéed
multi-epoch supernova survey over 30 sg-deg. The wide gurve
will go down to a nominak-band magnitude limit of 25.3 (5§
PSF) or 24.6:0.10 (1&; galaxy). The camera obtained its first
light images in September 2012 and this was followed by a pe-
riod of Commissioning and Science Verification observeti(BV
hereafter) lasting between October 2012 and February 20a\8.
eral high priority fields were targetted as part of this SV gghan-
cluding well-known spectroscopic training set fields oapding
spectroscopic surveys like VVDS, ACES and zCOSMOS, several
well-known galaxy clusters as well as250 sqg-deg of area covered
by the SPT survey.

DECam imaging overlapping data from deep spectroscopic
redshift surveys were obtained for the following four fiel@\-
X3, SN-C3, VVDS F14, and COSMOS (Sanchez ét al. 2014). Each
of the four fields covers about the area of single DECam painti
or about 3 sg-deg and more details can be fourld in Sanchéz et a
(2014). Al fields include imaging in the 6 filtersgrizY. The
data have been processed to two imaging depths: “main”g<corr
sponding to approximately DES main survey exposure tinas, a
“deep”, corresponding to about 3 times the exposure of adesing
visit to a DES supernova deep field (for SN-X3 and SN-C3) or
deeper (for COSMOS). Details of the data reduction and the ex
posure times used are giver.in Sanchez et al. (2014). Ipéger,
we work with the DECam imaging in the SN-X3 field only, pro-
cessed to the “main” survey depth. We only use the DESY

alogues from DES + VHS, produced over a single DECam field photometry asi-band data will not be available for the main wide-
covering 3 sg-deg of the DES Science Verification data. We use field survey. The SN-X3 field has been chosen from among the fou
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spectroscopic training set fields as it is the only one witinglete
overlap with VHS near infrared imaging. The SN-C3 field is-par
tially covered by the VISTA VIKING survey, which complement
VHS and the VVDS F14 and COSMOS fields lie outside the VHS
survey region.

DES+VHS 3

DECam, each DECam pointing overlaps multiple VIRCAM tiles
which are combined as detailed later.

VHS imaging data has been processed using the VISTA Data
Flow System (VDFS| Emerson etlal. 2004; Hambly élal. 2004;
lirwin et all[200%) operated by the Cambridge Astronomical/&y

The data were processed using the same codes used byJnit (CASU). Data processing steps follow standard prooesiu

DES Data Management (DESDM) to process DES imaging
data (Desai et al. 2012; Mohr etal. 2012), in particular fior i
age detrending, astrometric calibration (SCA
image remapping and coaddition (SWarp v2.34.0; Bertinlet al
M) and object detection and photometry (SExtractor8:2;1
Bertin & Arnouts 1996). The typical photometric calibrationcer-
tainty is <5%. Ther-band image was used as the detection image
in construction of these early photometric cataloguesalgh we
note thatriz images are now used by DESDM for object detec-
tion in order to provide increased sensitivity to red olge€or the
purposes of our analysis however, théand data is significantly
deeper than the NIR VHS data so using thband for detection
does not affect the statistical properties of the joint agltiNIR
source population although we note that these catalogedikely

to be incomplete to very rare, extremely red objects. Tha datre
generally processed by running these codes in “standaloioele

at Fermilab, rather than by running them within the DESDM-pro
cessing framework at NCSA. Running “standalone” was neaded
the DESDM framework was not yet fully setup at the time (Sgrin
2013) to process and calibrate the data for these isolatied fé
the way through to image coaddition.

Though we basically used the DESDM codes, there were
some detailed differences in processing and photometfiloraa
tion that are highlighted in Sanchez et al. (2014). For thgppses
of this paper however, the DECam imaging over SN-X3 is repre-
sentative of the optical photometry that will be availabienf the
final DES survey.

2.2 VISTA Hemisphere Survey (VHS)

The VISTA Hemisphere Survey (VHS) is a NIR photometric sur-
vey being conducted using the VISTA telescope in Chile, divas

to cover 18,000 sqg-deg of the southern celestial hemispioeae
depth 30 times fainter than the 2MASS survey in at least two
wavebands [ and K). In the South Galactic Capy4500 sg-deg

of sky overlapping DES is being imaged deeper in order to bet-
ter supplement the optical data available from DES. Thiga dse

for infrared photometry instrumental signature removaluding
bias, non-linearity, dark, flat and fringing correctiongky $ack-
ground tracking and removal are done using all observagors
cuted during a night. The pawprint images are then combinizd
a coadd tile. Photometric calibration is done using 2MAS & tite
by tile basis and makes use of the 2MASH K s stellar photom-
etry to calibrate the VHS data as detailed in Hodgkin &t €1069.
Specifically, the following colour equations are derivetil®en the
2MASS and VISTAJ and K; filters:

Jvista = Jomass — 0.077(J — H)amass 1)

Kvista = Komass + 0.010(J — K)2mass )

The photometric calibration in thé and K s-bands has a typ-
ical uncertainty of<1.5% (Hodgkin et al. in preparation). Finally,
catalogues are generated using the astrometry, photqorsbage
and Data Quality Control information. All images and cagples
used in this work are supplied with the appropriate astramahd
photometric calibrations from VDFS.

2.3 Spectroscopic Catalogue

Spectroscopic follow-up of the DES Supernova Fields (idicig

the SN-X3 field), is currently being conducted as part of ta®BS
survey on the Anglo-Australian Telescope (Yuan et al. irppre
ration). The fibre fed spectrograph on the AAT allows OzDES to
pursue several parallel scientific goals. A strong focusisec-
troscopic follow-up of supernova host galaxies and repbs¢va-
tions of Active Galactic Nuclei for reverberation mappir@ther
targets include galaxy clusters, Luminous Red GalaxiesisEm
sion Line Galaxies, as well as a flux-limited sample of phatm
ric redshift calibration targets. OzDES is a 5 year surveyctvh
began in 2013 and the first season of observations is how com-
plete. OzDES redshifts have been combined with other rédshi

known as VHS-DES hereafter and goes down to median depths ofthese fields from spectroscopic surveys including SDSS @fad.

Jas = 21.2 and Kag = 20.4 for 50 detection of a point source.
The remainder of the high galactic latitude sky is being iethin
the Y JK bands and combined with optical photometry from the
VST-ATLAS survey. This VHS-ATLAS area hagrsominal mag-
nitude limits of J = 20.9 and K = 19.8. Some portions of VHS-
DES and VHS-ATLAS also include data in thé-band. The low
galactic latitude sky is known as VHS-GPS and also goes down t
K < 19.8. In this paper, we work with the VHS-DES images and
catalogues overlapping the 3 sq-deg DECam pointing cemned
the SN-X3 field.

We now introduce several definitions pertinent to the VHS
data that will be relevant later. The VIRCAM camera used fetS/
imaging constitutes a sparse array of 16 individual detsdtat
cover a region of 0.595 sg-deg. In order to get contiguougreov
age of the 1.5 sqg-deg field-of-view (1.02 deg in RA and 1.48 deg
in DEC), six exposures are therefore required. These siasxps
are termed pawprints and together they produce a singlelddad
Due to the smaller size of the VIRCAM field of view relative to

(© 0000 RAS, MNRASD0Q, 000-000

[2012:| Eisenstein et Al. 2001; Strauss et al. 2002), 6dF $Jere.
2009), GAMA (Driver et al[ 2011f Hopkins etldl. 2013), VVDS
(Le Fevre et di. 2005), VIPERS (Garilli et/Al. 2013) and SNiLS
pernova hostlS).

We make use of this master spectroscopic redshift cataﬁbgue
to assess the quality and utility of the DES+VHS catalogures i
much of the analysis that follows but note here that this does
not form a homogenous population of spectroscopically corefil
galaxies. The GAMA and 6dF surveys in particular constithie
brightest and lowest redshift galaxies in the local Unigengile
deeper surveys like VVDS and VIPERS extend to much higher red
shifts. The OzDES spectroscopically confirmed galaxiesltonot
form a uniform flux-limited sample due to the fact that at adixe
magnitude, redshifts are more easily determinable foaoesub-
classes of galaxies in the OzDES survey. These caveatsdsheul

L http://des-docdb.fnal.gov:8080/cgi-bin/ShowDocurdotid=8084



4 M. Banerji et al.

-75°

3 DES {5yt plan) B VHS (completa)
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02h26-04d36

B DES (Science Verification) DIES {SN fieldst

Figure 1. The 5yr DES footprint together with DES pointings obtainadpart of the DES Science Verification observations (blue) @hVHS pointings
overlapping DES and processed until the end of April 201d)(r€he location of all the DES deep supernova fields as weh@a®ES SN-X3 field used for

this study are also marked.

kept in mind when photometric redshifts for this catalogre@e-
sented in Sectidn] 7.

3 METHOD

VHS is by design much shallower than DES but nevertheless rep
resents the deepest near infrared survey that will overléipmost

of the DES area on completion of DES. Most of the DES galaxies
do not have an NIR counterpart in the VH& &atalogues. Further-
more, the VHS catalogue production pipeline is differeatrrthat
used by DES which means that different prescriptions fofilero
fitting as well as different aperture radii have been useddasuare
magnitudes in the two surveys. Combining the DES and VHS data
in an optimal way requires joint photometry to be carriedauthe
pixel level data from both surveys. The joint photometry noek
can make use of the deeper DES detections to extract fluxes fro
objects that lie below the signal-to-noise threshold usetie con-
struction of the VHS catalogues. The concept is illustratdtigure

@ where we present DESband and VHS/-band images centred
on a galaxy cluster in the SN-X3 field which clearly demortssa
the difference in depth between the two surveys. As is appare
from this figure, there is a significant amount of informatinnthe
VHS images below the & threshold used to construct the VHS
catalogues. Our aim in this paper is to present the first aiten
extracting this extra information directly from the VHS iges by
making use of the DES detections.

The NIR data represents extra information about the source
spectral energy distribution at long wavelengths and, aswille
demonstrate later, even in the presence of noise, it cae sena
useful discriminant in breaking degeneracies betweernxgaeop-
erties. A consequence of performing joint photometry ie atsthat
we ensure that magnitudes are measured consistently dmwtss
surveys thus avoiding biases in the optical-NIR colourstdugys-

tematic offsets between different magnitude measuresifferent
galaxy populations.

We now describe the various stages for combining the DES
and VHS data. The first step is to select all VHS images over-
lapping the DECam field-of-view which will then be combined t
produce a near infrared image of the same size as the opti€al D
image. There are six separate VHS tiles that overlap the &gg-
DECam image. Only those images taken under photometrid-cond
tions are used corresponding to coadd tiles where the sarthge-
ropoint variation between the individual pawprints are benahan
0.2’ and 0.2 mag respectively. This ensures that any coadd images
where the PSF varies significantly from one pawprint to agioth
have been removed from the analysis. We note that this saaithg
zeropoint cut does not remove any VHS tiles overlappingdinigle
DECam field, but would remove 17% of problematic VHS tiles
that have been observed and overlap the final DES footprawish
in Figure[1. Before coaddition, all VHS images overlappihg t
DECam image need to be scaled to a common zeropoint which is
selected to be 25.0. The zeropoints are first adjusted fafteets
of different airmass, extinction and exposure time in eatfge as
shown in Eq[B before applying this scaling.

ZP.z = MAGZPT—(airmass—1.0) xext+2.5log, o (ExpTime)
3
Using SWarP, the VHS images are then resampled to produce a
30,000x 30,000 pixel image with a pixel scale of 0.26@er pixel,
which therefore directly corresponds to the size and schibeo
DECam image. ALANCZ0OS3 resampling algorithm is used.
The original VHS images have a pixel scale of 0.34fer pixel.
The images are also coadded in regions where they overlag asi
median coaddition. We note here that resampling the VHS éwag
onto a finer pixel scale introduces correlated noise betwrepix-
els which is not dealt with when magnitude errors are prodioge

(© 0000 RAS, MNRASDOG, 000-000



DESr (260 sources)

VHS S/N>10 (51 sources)

DES+tVHS 5

VHS S/N>5 (84 sources)

VHS J S/N>3 (111 sources)

VHS S/N>2 (147 sources)

VHS S/N>1 (194 sources)

Figure 2. DESr-band (top left) and VHS/-band images 83’ in size centred on a cluster in the DES SN-X3 field demonsgattie difference in depth
between the two surveys. All the DES detections are showheablte circles in the DES-band image while each of the VHS images show the sources in
our joint DES+VHS catalogue as a function of tliéband signal-to-noise ratio. These cutouts demonstratsignificant amount of information present in
the VHS images below thesSthreshold used in the construction of VHS catalogues.

Table 1. SExtractor parameters used to produce DES+VHS joint phetom
try catalogues.

Parameter Value
DETECT.MINAREA 6
DETECT.THRESH 15
ANALYSIS_THRESH 1.5
DEBLEND_NTHRSH 32
DEBLEND_MINCONT 0.005
BACK_SIZE 256
BACK_FILTERSIZE 3
BACKPHOTO.TYPE GLOBAL

our source extraction software. We come back to this potet ia
the paper.

tograms of the pixel values of the VHS images both before &nd a
ter background subtraction. After excluding the higttail of this
distribution, which corresponds to real sources, we fit agSiain to
the remaining pixels in order to determine both the shifhmrmean
pixel value resulting from the background subtraction, &4 as
the intrinsic width of the pixel distribution. We find thatdeyround
subtraction results in a shift to the mean pixel valueddf143.
By comparison, the best-fit value of the Gaussian distribution of
pixel values is 0.672. In other words, the background subina
results in a systematic shift in the pixel values that is enB6 of
the random noise in the images. We have also investigate@jeba
to several other parameters listed in Tdlle 1 - e.g. use af i@-
sus global background subtraction, changes to the backdres-
timation (BACK_SIZE BACK_FILTERSIZE) and deblending (DE-
BLEND_NTHRSH and DEBLENDMINCONT) parameters - and

Once a VHS coadded image has been produced with the samefound no discernible change to the resulting photometmfiioese

center, size and pixel scale as the DES image, we run SExtract
in dual-photometry mode using the DESand image as the de-

changes. Similarly, we investigated differences in thet@metry
resulting from median versus weighted coaddition of imaayes

tection image and the VHS coadd tile as the measurement imageonce again found that there is a negligible impact on thegrhet

in order to produce a VHS catalogue in tfiend K ;-bands in the

try. These investigations demonstrate that the errorseptibtom-

SN-X3 field. The SExtractor parameters used are summarnised i etry are dominated by the random sky noise rather than sgsiem

Table[d and mostly correspond to those used during the Ségperi
for the production of DES catalogues.

We would like to check that the photometric properties of our
data do not significantly depend on the exact choice of paterse
summarised in Tablgl 1, in particular the exact prescrigtiosed
for background subtraction. In order to do this, we consthis-

(© 0000 RAS, MNRASD0Q, 000—-000

effects resulting from different processing prescripgion

We also note that we do not currently include model-fitting to
calculate galaxy magnitudes as this involves PSF homaoajgonis
of the VISTA tiles. As the VISTA tiles are constructed fromm si-
posures across 16 sparsely distributed detectors, at amyipshe
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Table 2. Summary of median seeing values in all the DES and VHS filters

Filter Median Seeing
DESg 124
DESr 1.03’
DES: 0.968"
DESz 1.12/
DESY 1.33/
VHS J 1.12/
VHS K 1.08"

image, there may be contributions from up to<86PSFs. The ef-
fects of variable seeing are corrected for when produciegiS
VDFS 5 catalogues using a process knowngamtindﬂ. How-
ever, these corrections are not applied to the VHS tile imdat
are used in this work. The PSF variation across a coadd tiletis
easily modelled using simple smoothly varying functions #me
PSF determination is also complicated by the image resampli
PSF and model-fitting to the VHS images are therefore leffifor
ture work. We note however that at high redshiftz gf 0.7 where
the VHS data is likely to add the most value to DES, most galax-
ies are unresolved in the VHS images, which have a typicahgee
value of ~1"”. Modelfitting is therefore not appropriate in these
cases and simple aperture magnitudes are expected to ga@nre
able galaxy colours and can be used for a range of sciencieappl
tions as we demonstrate in the following analysis. Througiiuis
paper, we use the SExtractfAG_AUTO values for magnitude
and colour measurements.

4 ASTROMETRY

Before running the dual photometry on the DES and VHS data,
we begin by checking the astrometric calibration betweentwo
surveys. In order to do this, we match the DES cataloguesein th
SN-X3 field to the VHS & catalogues using a matching radius of
1.0". The astrometry for VHS has been calibrated using 2MASS
while the DES astrometry used in this work has been calitdrate
using the SCAMP software and the positions from the Sloan Dig
ital Sky Survey Data Release 8. There ar88,000 sources that
are matched between the two catalogues. In Fighre 3 we ot th
2-dimensional distribution of the difference in the RA an&®

ground. The DES~-band image is used as the detection image
and SExtractor is run in dual photometry mode using this-opti
cal image for detection and calculating photometric pripgron
the near infrared/ and K s-band images which directly overlap it.
The median seeing values in all the DES bands as well as the two
VHS bands, are quoted in Talilk 2 and are arount!’. The see-
ing is slightly worse in they andY-bands as DES survey strategy
dictates that these exposures, which are not being usedeak-w
lensing science, are taken during the poorer seeing time SHx-
tractor parameters for dual photometry are given in TRbI&hk
dual photometry therefore allows us to measure VVHSNd K-
band fluxes for all sources that are detected instmnd. How-
ever, many of these correspond to spurious sources andcséf

the optical imaging data. In order to remove these, we mdteh t
optical sources to the near infrared sources using a matchin
dius of 1’ which essentially removes all sources where centroids
are poorly determined in the near infrared image. We notethiga
centroids measured on the NIR images are not actually uged fo
the forced photometry, which uses the positions from the B&S
tection image. The near infrareiband positions are used for this
matching as the/-band goes deeper than tl#é,-band. Sources
with poorly determined centroids that are removed, gehecai-
respond to satellite trails, cosmic rays and diffractiolkeparound
bright stars but also include very faint galaxies wheredtismo
discernible flux in the near infrared and the source deteclgo-
rithm can therefore no longer measure a centroid. In crovetiest

ter fields such as the one shown in Figlire 2, multiple DES ssurc
that are blended into a single VHS source are also removetiigia
band-merging procedure. The band-merging is thereforé asea
simple way of cleaning the catalogues of both spurious tietex

in the optical and extremely low signal-to-noise sourcesngleven
the forced photometry fluxes are likely to be unreliable.

After band merging, the joint DES+VHS catalogue contains
~182,000 sources with VHS photometry - i.e. 67% of DES sources
have measured near infrared fluxes. Out of the$82,000 sources,
only ~38,000 are in the VHS catalogues. Using the DES de-
tections, we have therefore significantly increased the baim
of sources with near infrared fluxes, albeit now including &/H
sources with larger errors on their photometry. Fidure 4ashihe
histogram of bothr-band magnitudes and signal-to-noise values in
the J and K-band for our final catalogue o£182,000 sources
where the signal-to-noise estimates account for corrlabése in

values between DES and VHS. As can be seen, this distribution ¢ resampled VHS images as detailed later in this Sectisrta

is strongly peaked at an offset close to zero. The mediartsffs
are: JRA=RA(DES)-RA(VHS)=0.00% and §DEC=DEC(DES)-
DEC(VHS)=-0.00Z. The median absolute deviation in these off-
sets is 0.12 in both RA and DEC corresponding to a standard de-
viation of 0.18'.

Figure[3 also shows the histogram of separations for all the
objects matched between DES and the VHS catalogues. As Canlogue of
be seen from this figure, the mean separation between DES and\/

VHS sources is 0.15 We conclude that the astrometry is therefore
consistent across the entire DECam field of view betweervtbe t
surveys.

5 PHOTOMETRY

The 3 sg-deg DECam pointing in the SN-X3 field contains
~272,000 sources with at least 6 pixels atdl&bove the back-

2 http://casu.ast.cam.ac.uk/surveys-projects/softwelemse/grouting

be seen the signal-to-noise distribution peaks atin both bands.
Imposing a bright cut of < 22.5, we see that the median signal-
to-noise is now~2-2.5. By contrast, the mediarband magnitude
of those sources present in the $HS catalogues, i ~ 20.8.

In this section, we first begin by assessing the quality of
the photometry. To do this, we match the joint DES+VHS cata-
~182,000 sources to deep near infrared data from the
ISTA VIDEO survey which has magnitude limits ofag=24.4
and K15=23.8 measured in a”2aperture [(Jarvis et al. 2d13).
VIDEO uses the same camera, telescope and filters as VHS and
can therefore be used to verify the VHS photometry. The pub-
lic VIDEO data release in this field overlapping deep optitaia
from the CFHTLS, only covers the central 1.0 sq-deg of the 3
sg-deg DECam pointing. There axe50,000 sources in our band-
merged DES+VHS catalogue that also have VIDEO photometry.
The VIDEO data release includes SExtractor output cataegu
with MAG_AUTO measurements, which are compared to the pho-
tometry generated in this paper. In Figlite 5 we plot the wifiee
in magnitude in theJ and K, bands between our VHS magni-
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Figure 4. Left: Histogram ofr-band magnitudes of DES sourc&ght: Histogram of signal-to-noise values in thleand K s-bands for sources in our joint
DES+VHS catalogue after accounting for correlated noisgeasribed in Sectidnl 5. The distribution is peaked at a bigraoise of~1. The.J-band goes
slightly deeper and therefore is skewed towards slightihéi signal-to-noise values compared to Higband. Selecting sources with< 22.5, we find that

these distributions peak at a signal-to-noise-@2.5. The VHS catalogues only include objects at signaleise of>5 and as can be seen, this corresponds
to the brightest tail of DES sources with a medidmand magnitude of 20.8.

tudes and the VIDEO magnitudes for these sources. We nate tha duced in this work. The number counts of all three cataloggese

in the low signal-to-noise regime, the errors on the magleisuare very well at the bright-end. The small offset 6f0.04 mag be-
non-Gaussian and hence the median difference between e ma tween VHS and VIDEO noted earlier, does not affect Fidure 6
nitudes is not expected to be zero. At faint magnitudes, tHEV  where the numbers are calculated in bins of 0.5 mag. The VHS ca
estimates begin to get systematically brighter relativ&/ DEO. alogue source counts begin to turn over at reasonably briglghi-

At bright magnitudes and high signal-to-noise however whbe tudes. Using the VIDEO data, we derive 80% completenessslimi
magnitude errors are approximately Gaussian, the magrsthd- of 19.9 and 19.3 for the/-band andK;-band respectively. Note
tween the two surveys are consistent at the level@f04 mag. At that these are shallower than the mediarpbint-source depths of
very bright magnitudes, the effects of saturation can ba Bethe the survey quoted in Sectién 2.2 as the number counts in &gur
J-band. While the detector integration time in thdoand is 30s for are dominated by galaxies and these completeness limithene
VIDEO, 15s integration times have been used instead for V&S s fore appropriate for extended sources. Even for point ssyrihe

it is possible that bright objects withi < 15 could be saturated in 50 catalogue flux-limits typically translate to a completenbsit

the longer VIDEOJ-band exposures. of ~50% on average. The corresponding 80% completeness limits

for the DES+VHS dual photometry catalogues dre- 21.2 and

In Figure[6 we plot the number of sources as a function of K = 20.9. Using the DES detections, we have therefore been able
J and K;-band magnitude in the VHS catalogues, VIDEO cata- to extend the near infrared coverage-tb.5 mag fainter.
logues and the DES+VHS joint forced photometry catalogues p

(© 0000 RAS, MNRASD0Q, 000—-000
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Figure 6. VHS J and K s-band number counts produced by running dual photometrig@iHS coadded images using the DES detection images (DES}VH
compared to both VHS catalogue counts over the same areallaasvaeeper data from the VIDEO survey. All three distribos show good agreement at
the bright end. The number counts are dominated by the extesources and from this plot, the 80% completeness for th® sédalogues ig = 19.9 and

K = 19.3 (appropriate for galaxies). The corresponding numbershf@DES+VHS dual photometry catalogue presented in thismpag.J = 21.2 and

K =20.9.

As stated earlier, the resampling of the VHS images onto the noise estimates used and quoted therefore correctly acfmmthe
finer DECam pixel scale, introduces correlated noise batviee correlated noise.
pixels which is not accounted for by SExtractor. The SExtnac

g;gm;u?;teo rrr%rsv?;?chhter::;%rirl:g:jse;isﬂ%?Egg:&%ﬁ?{:mu: DES+VHS catalogues. We select galaxies using a crude alaxig
Y separation cut of_spreadmodel > 0.0028. The use of the new

pare the SExtractor magnitude errors to those producecetyits spread-model parameter| (Desai etldl. 2012) in performing star-
pipeline for high signal-to-noise sources. The VHS pipelaor- ; . : . .
o . - . galaxy separation for DES will be discussed in more detafen-
rectly accounts for correlated noise in the pixels. We firad tipi- o . ) ;
. : tion[d. While this cut does not necessarily represent thet mos
cally the SExtractor magnitude errors are under-estinmayexfac- . . L : .
. . . . timal separation criterion, we show in Sectldn 6 that it\elaea-
tor of ~3.5-4. This factor is constant as a function of magnitude e - . . .
sonable classifications that are sufficient for our aims hisdcut is

and.JUSt corre_sponds (o the ratio of the p|xe|-to-p|_xel RMSrie therefore used throughout this paper. There~at@5,000 galaxies
original VHS images versus the resampled VHS images used for i . : . )
over the 3 sg-deg pointing when using this selection. {the )

the dual photometry. As a conservative estimate, we theysftale S L
all the VHS photometric errors output by SExtractor by adact versus(.J — k) colours of these galaxies is shown in Figle 7.
Here we also plot the DES+VISTA colours of galaxies for four

of 4, in order to correctly account for correlated noise estthe : - Jouvel o
pixels of the resampled VHS images. Throughout the paper, th dn‘fgrent gaquy templates frg @009) SF’“@"‘.he
entire range in galaxy types in these mock catalogues. Thie-eq

alent colour-colour distribution for the deeper VIDEO seyhas

We now consider the colours of galaxies in our joint

(© 0000 RAS, MNRASDOG, 000-000
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also been plotted. As can be seen from the figure, the mairs locu the photometric redshift scatter of DES galaxies at higkhéts. In

of data points in this colour-colour plane overlaps the gateacks
thus demonstrating that the forced photometry pipelinedsiyc-
ing reasonable colours for galaxies. Although the deep&B0
data have less scatter in thé — K') colour by a factor of~3 com-
pared to VHS, Figurgl7 clearly demonstrates that the peakeof t
galaxy distribution in both datasets roughly coincides] aarre-
spond to & ~ 0.5 star-forming galaxy in terms of its optical+NIR
colour.

6 STAR-GALAXY SEPARATION

particular, these early simulations indicated that therowpment
should be~30% atz = 1 and this improvement in photometric
redshift performance could also result in a significant iovpment
in large-scale-structure measurements with DES. In thdi@e
we would therefore like to test how the DES photometric rétish
change on addition of the NIR VHS data. Spectroscopic rédshi
are available in the SN-X3 field from OzDES as well as several
other spectroscopic surveys as described in Seciion 2e3eTare
~9800 galaxies overlapping our DES+VHS catalogues in thig, fie
all with high confidence spectroscopic redshift measuresné€ut
of these~6800 are in the VHS-5¢ catalogues so the bright galax-
ies are clearly over-represented in this spectroscopipkarela-

For the purposes of this paper, we would like to be able to tive to the full photometric dataset. More than 70% of thesleug
separate stars and galaxies in the DES and VHS cataloguesies are also at < 0.7 which is not representative of the final red-
Within DESDM, star-galaxy separation makes use of the new shift distribution of the DES photometric sample. Fidurd@pthe

spread_model parameter within SExtracto al._4012;
Soumagnac et Al. 2013). Point sources which are unresaiviae i
DES images should have sread_model value close to zero
whereas more extended sources will have largetead_model
values. Several improvements to the classification areentiyr
under investigation (e.g. Soumagnac et al. 2013) and areheot
subject of the current study. In this work we choose to penfor
star/galaxy separation usingspread_model threshold of 0.0028.
We wish to test the effectiveness of the abepecad_model
cut in separating stars from galaxies in the DES+VHS catsdsg
The combination of optical and near infrared photometry e&n
fectively be used for this as stars and galaxies have beemstwo
separate well in thég — ¢) versus(J — K) colour-colour plane
0). We split point sources and extendedcssu
in our catalogue using the criteria:0.003 < i_spread_model <
0.0028 andi_spread_model > 0.0028 respectively. This results
in ~40,000 stellar sources and125,000 galaxies, and the two
populations are plotted in theiJK colour-colour plane in Fig-
ure[8. The figure also shows the stellar locus f etal
@3) which is essentially t 10) locusduso
separate the two populations, with appropriate small tsffigecon-
vert from the UKIDSSK-band to the VISTAK ;-band. As can
be seen from the figure, the majority of the point sources do in
deed fall below the line while the extended sources lie alibge
line. The significant population of point sources with blye— 7)
but red(J — K) colours and that lie above the locus, are mainly
expected to be quasars. Using this colour locus for stagal

separation, we find that 85% of extended sources in DES with

i_spread_-model > 0.0028, lie in the correct portion of theiJ K
colour-colour plane.

magnitude distributions in thé and K ;-bands for both the spec-
troscopic and photometric datasets and clearly illusdrtitis point.
The photometric redshifts presented in this section shitvélicefore
be interpreted with caution as, for the single field used is piot
study, they depend strongly on both the spectroscopic sslngihg
used as well as the photometric redshift algorithm.

For the purposes of this paper, we run a single templatedittin
code: LePharé (llbert et/dl, 2006) on these galaxies in dalas-
sess the photometric redshift performance. LePhare hasdoee-
monly used for the analysis of photometric redshifts in sgdeep
field galaxy surveys such as VIDE013) and-COS
MOS (llbert et al 2009) and use of the same algorithm allos/s u
to benchmark our results against these deeper datasetsoaker
areas of sky. Furthermore, the spectroscopic samples isirilgée
DECam pointing used in this pilot study are currently too knaa
provide robust and independent training, validation astlrig sets
for empirical photometric redshift estimators. A thorougimpar-
ison of different photometric redshift algorithms has bearried
out byl Sanchez et hl, (2014) for the DES Science Verificadimta
and we note here that the results presented in this Sectiootdo
necessarily constitute the best photometric redshifts¢ha cur-
rently be obtained for DES. Training-set based estimatmwdyce
more accurate photometric redshifts than template-fittieghods
like LePhare when large training samples overlapping thetgh
metric sample exist. Rather, the aim here is to look at tha-rel
tive difference in photometric redshift performance for ®&nd
DES+VHS galaxies in this single field.

The templates used for our photometric redshifts have been
optimised for the COSMOS photo-library as described in

Optimum star-galaxy separation criteria for DES sourcds wi  [[lbert et al. (2009). This library is composed of 31 tempdate

be investigated in forthcoming studies and the above @it@re
not intended to give highly pure or highly complete samplés o
either population, which are necessary for example for mafch
the cosmological analysis intended with DES. Neverthelegs

ranging from ellipticals to starbursts. It includes thrdkpgcal

galaxy templates and seven spiral galaxy templates geadebst
I.|_(2_QQ7). In addition, there are 12 starbuwstplates

from|Bruzual & Charlat/(2003) with ages between 0.03 and 3 Gyr

can conclude based on the optical+NIR colours that a simple Additional dust-reddened templates are also construaedhi

i_spread_model > 0.0028 cut is sufficient for the the aims of
this paper, which are to assess the potential of the NIR data f
VHS in enhancing DES science.

7 DES+VHS PHOTOMETRIC REDSHIFTS

In .8) it was demonstrated using early D#E3%$
simulations that the addition of near infrared photometoypfVHS
to the DES optical data can result in a substantial improverime

(© 0000 RAS, MNRASD0Q, 000-000

intermediate and late-type populations using the extinctaw
from [Calzettj et al.[(2000) with E(B-V) values in the rangd 0.
to 0.3. Emission line fluxes have been additionally incoapea
(Ibert et al 2009; Jouvel et al. 2009). The addition of thesis-
sion line fluxes significantly improves the ability to repuoe
colours of star-forming galaxies. Figuré 7 shows that these-
plates overlap the optical+NIR colour-colour plane spanmeour
photometric data and are therefore appropriate for theophet-
ric redshift analysis carried out here. Finally, adaptietometric
offsets are also calculated in each of the photometric pasdsh
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lie below as expected.

using the spectroscopically confirmed galaxies, in ordeotoect
for small systematic offsets in the magnitudes.

We begin by making use of a set of relatively simple metrics to
assess how the VHS photometry impacts the phgberformance.
The aim is to assess the relative difference in photometdshift

performance between the DES only and DES+VHS catalogues. Fo

these purposes, we evaluate the bias on the photometribifteds
< Az/(1+ zs) >, the scatter on the photometric redshift by look-
ing at the normalised median absolute deviation (NMAD) & th
difference between the photometric redshift and speatpsced-
shift:

o.(NMAD) = median <1 48 x |(Zl"+ ZZ:)|> (4
In addition we also define the outlier fraction to be the fi@ciof
objects wher¢Az|/(1+ z) > 0.15. These are standard definitions
employed in several other studies (llbert étlal. 2009; 3aval.

@), that allow us to characterise the photometric rédiseifor-

mance relative to other surveys. With LePhare, we find theabths
decreases from-0.013 with the DES-only data te-0.007 with
DES+VHS. The scatter on the photometric redshift decrefases
0.058 to 0.052 and the fraction of outliers decreasing fr@% 1
to 10%. Inm&@m), photometric redshifts weralie
ated for CFHTLS deep optical data and CFHTLS+VIDEO opti-
cal+NIR data where the scatter decreased from 0.025 to 0023
10% improvement consistent with our results. The outliaction
too dropped from 7% to 4% in that study. Thirty band photometr
redshifts in the deep COSMOS field reach a scatter of 0.012 for
comparison although this scatter increases to 0.06 whendst&
is added|(llbert et &l. 2009).

The above statistics while useful for comparison to othedl-st
ies, are not representative of the accuracy with which phetdc
redshifts will be measurable for all DES+VHS galaxies, gitleat
the spectroscopic sample is highly biased towards briglgnina
tudes and low redshifts. In order to overcome this bias, weeeth
fore adopt a weighting method whereby each galaxy in thetspec
scopic sample is assigned a weight so that the distribufiomag-
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Figure 9. Magnitude distributions (normalised by the total numbegaifixies) for both the spectroscopic dataset used for pteita redshift analysis and
the full photometric dataset produced by our forced photoyr@Epeline. The spectroscopic dataset is clearly biasedtds brighter galaxies with evidence
for a bimodal distribution due to the superposition of gaaxrom bright surveys such as SDSS, 6dF and GAMA and faguereys such as VVDS-Deep

and VIPERS, in our master redshift catalogue.

nitudes in this weighted spectroscopic sample is compatatthe
distribution of magnitudes in the final photometric sampleights
are computed using the nearest neighbour estimator of Lima e
(2008) where the spectroscopic galaxy weight is assignsecban
the ratio of the local density of the spectroscopic and phete
ric samples in the multi-dimensional magnitude plane. Mdee
tails can be found ih Sanchez el al. (2014). For comparisdhet
results obtained in_Sanchez et al. (2014) for a variety fémint
photometric redshift algorithms, we also now compute theame
bias, oss parameter and fraction of 2 ando3eutliers as defined
in that paper. To assess how accurately the photometridifeds
distribution reproduces the spectroscopic redshift ithstion, we
calculate the Noisson @nd KS-metrics introduced in Sanchez ét al.
M). Finally, in line with DES science requirements, emove
10% of galaxies with the largest photometric redshift extoefore
these metrics are calculated. With these cuts, our res@ltaralo-
gous to those presented as Testll of Sanchez ét all (20hdygit
we note that our spectroscopic dataset is different fronotigeused
in that work.

We begin by looking at the overall change in the metrics for

and present these in Talle 3. While larger improvementseiiits
and scatter are now seen as expected, the errors on theseepena
are also much larger as these parameters are being estinsatgd
a much smaller number of galaxies.

More interesting perhaps than these overall metrics are the
trends in these as a function of redshift. Figuré 10 shows tha
bias andrss as a function of photometric redshift both for DES and
DES+VHS estimates of the photometric redshift. These @ots
produced after weighting the spectroscopic sample of gedaas
discussed earlier and also after removing 10% of galaxidstive
largest photometric redshift errors. The bias looks red#fi simi-
lar for the two datasets although as noted earlier, this ¢taasbe
estimated with a smaller error when the VHS data are included
the photometric redshift estimates. Looking at the scatefind
that, in this single field there is a significant improvementds in
the redshift binz: ~ 0.4 — 0.5, although these results may be prone
to cosmic variance. At < 0.4 andz 2 1 too there is evidence
for a consistent drop in the scatter on addition of VHS daES,
across multiple redshift bins, although currently the ebars are
large due to small number statistics in this single DECamtpug,

DES and DES+VHS using LePhare. These are summarised in Ta-which does not contain enough spectroscopic galaxies &idyes

ble[3 and errors on these estimates are calculated usingdd®0 b
strap samples. We find that most of the metrics show slight im-
provements with the addition of VHS data with the most signifi
cant improvement seen in the scatter parametgr, The disper-
sion on each of these metrics is however almost always smalle
with the addition of the near infrared data. In other wordsrti-

ties like the bias and scatter can be calculated more rgbwsth

the DES+VHS data than with DES alone. We note that the rela-
tively modest change to the photometric redshift perforceanith

the inclusion of the VHS photometry is expected given theppro
erties of the galaxies that make up the majority of our phetiim
catalogue. In Figurig] 7 we have seen that the average DESygalax
az ~ 0.5 star-forming galaxy with blue optical colours. Given the
significantly deeper DES data relative to VHS, such a galas/ h
much smaller errors on its DES photometry relative to VHSe Th
template-fittingy® minimisation method therefore assigns a much
larger weight to the DES photometry when calculating ph@&bm
ric redshifts. We also calculate the photometric redshétrias for
only those galaxies that are5o detections in the/ and K ;-bands

(© 0000 RAS, MNRASD0Q, 000—-000

of the DES redshift distribution. Inspecting the best-finptates
for those galaxies where the NIR data reduces the photanett
shift scatter, we find that quite often the NIR allows us tdidis
guish between an early-type SED and a reddened starburst SED
The larger scatter at the low and high redshift ends is drimamly
by the poorer sampling of the 408Mmreak by the DES optical fil-
ters in these redshift ranges. At low redshifishand photometry
can help traverse the Balmer break while at higher redstéar
infrared photometry is required. The minimum in the photbioe
redshift scatter occurs at ~0.7 where the 4000 break is in the
middle of the optical filters.

Although the weighting method has been used to try and over-
come biases associated with the available spectroscapigleain
this single field, the statistics may also be strongly infaezhby a
small number of highly weighted galaxies. NeverthelesssdHfirst
results on the photometric redshifts from DES and VHS data ar
encouraging and suggest that the near infrared photometived
from the DES detection images, can be used to improve the DES-
only photometric redshift performance. In the future, wihg the
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Table 3. Summary of the different metrics usedem assess the photometric redshift accuracy both fototates with and without
VHS data. Metrics are computed for the weighted spectrasaample with photometric redshifts from LePhare and afieroving 10% of galaxies with the
largest photox errors. Errors on the metrics are derived using 100 bogtsiaaples.

Az 068 f2o‘ f30‘ Npoisson KS
DES —0.032£0.005 0.086 £0.003 0.055+£0.004 0.025+£0.002 9.473 £0.563 0.147 £ 0.009
DES+VHS —0.038 £ 0.003  0.076 £0.002 0.052 £ 0.003 0.025+0.002 9.126 £0.585  0.139 £ 0.008
DES (J K SNR>5) 0.038 £ 0.007 0.095£0.009 0.049 £0.009 0.019+£0.004 1.963£0.028 0.192 £ 0.019
DES+VHS (J K SNR>5) 0.015 £ 0.007 0.068 £ 0.008  0.059 £0.009 0.026 £0.006 1.371 £0.032 0.129 £0.019

analysis to the full DES+VHS area will enable us to have much
larger sub-samples of both red galaxies as wel gs 1 galaxies,
where the VHS data is expected to result in the most subatamti
provements to the photometric redshift performance. We tiwit
the RMS scatter in the photometric redshiftzat> 1 seen in the
right panel of FigurE0, is entirely consistent with the @ations
from simulations where the VHS data was found to reduce tae sc
ter from~0.2 to~0.15 at these high redshifts (Banerji el al. 2008).
In the low signal-to-noise regime probed by the VHS forced
photometry catalogues, logarithmic magnitude estimatesakso
clearly biased and fluxes and associated errors provide @ omr
biased measure of the galaxy photometry (see e.g. discussio
Appendix A of Mortlock et al. 2012). Adapting existing photet-
ric redshift codes to work with negative flux measurementsas?
sociated errors will therefore undoubtedly improve thest@ints
on photometric redshifts from the combined DES+VHS dataset

8 TARGET SELECTION WITH DES+VHS

The next generation of wide-field spectroscopic surveys e.g
4AMOST [de Jong et &1. 2012) and DESI (Levi éf al. 2013), witl ta
get a wide variety of extragalactic sources in order to caist
both models of galaxy formation and cosmic acceleratiom- Ta
gets for these spectroscopic surveys will need to be selacte
ing photometric data e.g. from DES and V2013
[Schlegel et | 1). There are primarily three types afetir for
which spectroscopic redshifts will be obtained - LuminousdR
Galaxies (LRGs) at < 1.2, Emission Line Galaxies (ELGs) out
to z~1.5 (depending on the red cut-off of the spectrograph) and
quasars at ~ 2 — 3 where optical spectrographs can detect the
Ly« forest. While the blue ELGs can be effectively selected us-
ing optical colours only, the near infrared VHS data sholittl a
the selection of both LRGs and quasars for these next géorerat
wide-field spectroscopic surveys. We investigate thetytif our
DES+VHS catalogues for both LRG and quasar selection here.
As described in Sectidn 2.3, spectroscopic follow-up of DES
targets in the SN fields is currently being conducted as garteo

8.1 Luminous Red Galaxies at High Redshift

We have employed a simple colour-selection in DES+VH%
space to select Luminous Red Galaxies (LRGSs) at high radsifif

z 20.5 which extends the redshift range of currently availaplec-
troscopic samples for photometric redshift calibratior darge
scale structure studies. The colour selection is shownguarei1l,
where we demonstrate that the use of the VHS NIR photometry is
particularly useful for the removal of galactic M-stars,igfhhave
very similar optical colours to the LRGs.

(r—z)>12
(z—K)>1.0 5
1< 215 ®)

i_spread_model > 0.0028

We apply this selection over the SN-X3 field which results in
~2500 LRG candidates over 3 sg-deg. Out of these, there are 811
galaxies in total with spectroscopic redshift measureméoim a
variety of spectroscopic surveys in this field including Ai@&ga
observations obtained as part of OzDES Yr 1 where the specific
LRG selection described above was applied to select taigeten
hundred and nine of the 811 have high confidence redshift mea-
surements. The number of LRG targets with secure redshdfts f
OzDES only is 291, which representgl0% of the secure redshift
sample. The redshift distribution for all 709 galaxies iswh in
Figure[I1. Only 1 target has = 3.33 and is not an LRG and
there are three stars that were selected as LRGs. The rest of o
targets with secure redshifts, are all at9.3 < 1.2 so for the sub-
set of targets for which secure redshift identificationspossible,
the contamination fraction to the colour-selection frorm#dRGs
is <0.5%. We note that there may be a higher proportion of non-
LRGs among those targets for which secure redshifts havieesot
measured and a thorough analysis of the purity and comgssen
of the LRG selection is deferred to future OzDES specific pape

We confirm through visual inspection of the spectra of the
0.3 < z < 1.2 targets, that these are mostly early type galax-
ies with a prominent Balmer break. The median redshift i20.7
and the mediar;-band magnitude is 18.9. We can see that the
DES+VHS colour-selection is therefore effectively pidakihigh
redshift LRGs. Optical colour selection of LRGs for examipléhe

OzDES survey. OzDES can therefore serve as a pilot study for BOSS survey, results in a sample with a lower median redshift

designing and honing photometric target selection methsitsg
DES+VHS data, for the next generation of wide-field specwp&
surveys. Once again we therefore make use of the OzDES fedshi
catalogue in order to assess the effectiveness of simptmbgtlIR
target selection criteria for isolating both high redshiRGs and
quasars. These are meant to serve as illustrative examipths o
feasibility of using DES+VHS data for target selection fature
surveys. In the future, these selection criteria will nezdbe fur-
ther improved to produce the target densities necessadjfferent
science applications.

~0.5 [White et al[ 2011), albeit using a smaller optical tetee,
which is less sensitive at red wavelengths than DECam. Hexyvev
atz ~ 0.7, contamination from galactic M-stars can be an issue
for optical only selection methods. Indeed Ross Etal. (pood
that optical only colour selection methods suffer frem6-30%
contamination from these M-stars and the NIR photometrgse
effectively alleviate this problem. As mentioned abovengshe
NIR selection,<0.5% of spectroscopically confirmed LRG targets
are found to be galactic M-stars. Similar target selectioteica
can therefore be applied to the combined DES+VHS data negult
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Figure 10. The bias on the photometric redshift (left) and the scattgy, (right) in bins of photometric redshift for both the DES anBE®*+VHS estimates of
the photometric redshift. Galaxies have been weighted t@ilett in Sectiof]7 before constructing these plots and 1D#teogalaxies with the largest errors
on their photometric redshift have been removed. Errorierpbints are computed using 100 bootstrap samples.
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Figure 11. Left: Source density plot showing galaxies in the SN-X3 field in B€S+VISTA (r — z) versus(z — K) colour-colour plane. The red line
represents the colour of a typical early-type galaxy temdmm@l@g) in the redshift ran@e< z < 2 while the blue line shows a late-type
galaxy template from the same work. The green squares denate representative colours of early-type M-stars . O), which have
very similar optical colours to LRGs but are significantlyiét in terms of their infrared colour. Markers indicate faftssteps of 0.4 in these tracks. Our
high-redshift LRG selection box for OzDES is representedhaytop right of the plotRight: Redshift distribution of all LRG targets in the field that bav
secure redshift identifications. The median redshift oR@s7imarked with a vertical line.

from the final 5 year survey in order to select extragaladRGliar-
gets for wide-field spectroscopic surveys like 4AMOST and DES

8.2 Quasars

Next-generation wide-field spectroscopic surveys such BSID
also aim to obtain spectra for quasarszat- 2 — 3 in order to
measure the Baryon Acoustic Oscillations (BAO) at high hiftis
through the Ly forest. Bright quasars illuminate the intergalactic
medium at these redshifts enabling detailed measuremérie o
clustering properties of clumps of neutral hydrogen gasglkhe
line of sight between us and the quasar, which show up as@bsor
tion features in the quasar spectra. Bright quasars therefed to
be isolated as targets for spectroscopic surveys from piettec
catalogues like DES+VHS.

Quasars can be distinguished from similarly blue star-
forming galaxies through morphological classificationeTight-

(© 0000 RAS, MNRASD0Q, 000—-000

est quasars suitable for kyforest measurements, appear as unre-
solved, nuclear point sources in imaging data and are esesjly
arated from extended sources like galaxies. More difficulthie
separation of quasars from stars which substantially ool the
quasars in terms of their space density on the sky, partiguda
bright magnitudes. The optical colourszof- 2—3 quasars closely
resemble those of stars and the best separation is seenmgithe
colour-colour plane where the well-known UV-excess of quss
relative to stars, can be used as a discriminant betweennibe t
populations|(Richards etlal. 2002). However, in the soathemi-
sphere, DES lacks-band coverage. Alternative selection criteria
therefore need to be devised, for example using quasartbildyia
to distinguish them from sta 011).

It has been known for some time that in addition to the well-
known UV excess in quasar spectral energy distributioresy, #tso
display an excess in th&-band relative to star al.
@b), a property that has been exploited to conduct wide-fie
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quasar surveys using the near infraled (Maddox et al. 2@x08)2 redshifts and target selection with DES+VHS data but welkjgh
As shown in_Maddox et al! (2012), the KX quasars are actually that the joint photometry catalogue produced from the twoests
more effective than the UVX method in selecting complete-sam will also enable a range of other investigations which witjnéf-
ples at2 < z < 3 where the optical quasar colours begin to run icantly enhance the science possible from DES alone. We have
into the stellar locus. Our DES+VHS catalogues may theeclier shown in Sectiohl6 that the VHS near infrared colours coulddse
useful for photometric quasar selection given the lack:dfand ful for star-galaxy separation in DES. The inclusion of ne&ared
data in DES|_Maddox et Al. (2008) used a simple colour selecti  photometry will also result in improved stellar mass estasdor
in the gJK colour-colour plane to photometrically select quasars DES galaxies as the older long-lived stellar populationgalaxies
from the SDSS+UKIDSS. Here we present a very simjlak” se- that contribute most to their total mass, are redder in colelg.
lection with the added advantage that at fainter magnitiiceskes ~ [Bell et al.[2008] Drory et al. 2004). Even for the bluest gaax
use of the higher signal-to-noigeband data from DES. We also  near infrared photometry can help break degeneracies itrape
make use oM SE photometryO) at 3un (W1) energy distribution fit parameters ((ﬂBnon-
and 4.6.m (W2) to further discriminate between quasars and stars. strating the utility of the VHS data in constraining stellaasses of
We note that th&V1SE data contains quasars out to the highest red- DES galaxies. DES is also capable of potentially identdyuery
shifts 3) and can therefore effectively lsedito massive (M > 10'?M,) galaxies at > 4, should they exist, and
target bright quasars at all redshifts. The selection fasqus is the near infrared data will be useful in distinguishing thgalaxies
defined as follows: from other contaminant populatioris (Davies ét al, 2013).

(g —1)aB < 1.1529 X (iaB — Kvega) — 1.401
(W1-w2)>0.7

9.1 Extremely Red Objects

) (6) The VHS data will also be more sensitive than DES to rare pop-
—0.003 < i_spreadmodel < 0.0028 ulations of extremely red objects such as high redshift apsas
i <215 (Mortlock et al.[ 20111 Venemans et al. 2007; Willott et/al 09h

Applying the DES+VHS colour and morphology selection to €00} dwarfs in our own Milky Way (e.g. Bumingham et al. 2013;
our o&?cglﬁ\llR catalogue in the SN-X3 figld, wgeyfind1800 '2) as well as the dustiest quasars whicterepr
i < 21.5 candidates over the 3 sg-deg. These are then matchedSent supermassive black-holes in the process of formagan (
to WISE data from theAll WISE release with~75% yieldingW SE Banerji eta l;ﬂi_izo 3). Many of these will be undetecteex®
counterparts. Applying the/1 SE colour selection, we are leftwith ~ rémely faintin DES but the optical photometry is nevergissinec-
200 candidates over the 3 sg-deg. In order to test whetheethe- essary in order to verify the extreme colours of these raneces
tion has been effective in isolating luminous quasars, veeagain ~ and discriminate between them and other contaminant popusa
make use of the OzDES master redshift catalogue which ieslud Initial investigation of the colours of high redshift quesin
quasars from VVDS-Deep, VIPERS, spectroscopic follow-fi-0 the DES+VHS Science V(_erlflcatl_on data shows tha_t the fortt_:mai p
ray selected AGN froa@lO) as well as AAOmega tometered VHS fluxes still provide useful colour |nforma1t|to)_r
observations of the field. Out of the 200 targets, 127 curéraive io:ergdqgastﬁ:asb gzzd(lula:fz:]c?:ﬂgi .jj(gzjsgaerog3? gva;n(:ilsl'-es at
high confidence redshift measurements. Fifty one of the p2é-s Verea by _ wall touasar survey :
troscopic objects are quasardat < z < 3.5and only 13 are stars @ redshift ofz = 6.20 2009). It is the only ex-
representing a stellar contamination fractiondf0% for those ob-  1Sting high redshift quasar to overlap the DES Science \éeifi
jects with secure redshifts. In addition, there are 5 gataand the ~ 1iON observations. The search for and discovery of new high r
remaining objects are all lower redshift quasars. Althothgnum- _shﬂt quasars |n_the DES S_uence Verification d_ata are ptede_n
bers are small over this single DECam pointing, we conclade t 1N Reed et al. (in preparation). From the DES imaging, we find
the DES+VHS catalogues together WiASE data are proving ef- that CFHQS02270605 is undetected in the DESband anc_zl has
fective in photometrically selecting quasars. These ogteds have @ #-band PSF magnitude of 22.16. We measure colours in a 1 arc

also been used for target selection of quasars for reveitreraap- sec aperture ofi — 2)=3.66 and(z — J)=0.42 where the latter
ping monitoring as part of the OzDES project and the largesgu comes from the forced photometry DES+VHS catalogue. We note

catalogue over the wider field-of-view, will be presentediran et here that unlike the forced photometry catalogues in thex3N-
al. (in preparation). field presented in this paper, the joint DES+VHS forced phmto

try catalogue overlapping CFHQS J0227480530 uses theiz
combined image for object detection and is therefore deadib
objects that are not detected in thdvand. As mentioned in Sec-
tion[2:1 however, these-band drop-outs are extremely rare and

9 OTHER APPLICATIONS

In this first paper describing the optical + near infrarechlogjues use of ther-band for detection does not affect the conclusions of
from DES and VHS, we have demonstrated that these catalogueshis paper.

can be effectively used to improve photometric redshiftsrfithe CFHQS J022743060530 is among the faintest = 6
DES-only data as well as for target selection for wide-figlelctro- quasars currently known and has a signal-to-noise-dfin our

scopic surveys. Through simple colour selection critdrat have J-band forced photometry catalogues. The- .J) colour is typi-
been applied to the joint catalogues from the DES Science Ver cally used to rule out a cool star classification as cool dsvarbur
ification period, we have shown that DES+VHS can be used for own Milky Way are the main contaminants in high redshift guas
the selection of both broad-line quasars as well as Lumiftac searches. Despite the low signal-to-noise, we find that #esored
Galaxies at high redshifts of ~ 0.7. In future work, these se-  (z — J) colour of this source is consistent with that of a high red-
lection criteria will be honed to provide purer and more ctete shift quasa9). A higher signal-to-redetection
samples of these populations. in the J-band leading to a redd¢r — .J) colour, would favour a
The current work has focussed in particular on photometric cool star identification for this object. Even in the low sadto-
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noise regime, limits on the near infrared photometry oletdinsing
the DES detections can therefore help set important contstran
the colours for the identification of high redshift quasars.

10 CONCLUSIONS

We have described the construction of a joint optical and irea
frared @rizY JK) photometric catalogue from the Dark Energy
Survey and VISTA Hemisphere Survey over a single 3 sg-deg DE-
Cam pointing centred at 02h2®4d36 targeted as part of the DES
Science Verification period. The availability of ancillamulti-
wavelength photometric data as well as large spectroscapiples

in this field, allows us to validate the quality of our photdriecat-
alogues and assess their utility for a range of science agijins.

DES+tVHS 15

ticularly when larger samples with higher fractions of bbigh-
redshift and intrinsically red galaxies become available.

We introduce a simple DES+VHS colour selection scheme for
the identification of high redshift Luminous Red Galaxiesar @ro-
posed selection in the: K colour-colour plane gives-900 targets
per sg-deg down to a magnitude limit 6f< 21.5. By match-
ing these targets to existing spectroscopic databases lhsasve
AAOmega observations of this field obtained as part of the E&D
project, we verify that the selection proves extremely afie in
isolating high redshift LRGs with a median redshift of 0.Zan-
tamination from non-LRGs is estimated to £1€.5% for those ob-
jects with secure redshifts although we note that the cointion
may be higher for the subset of objects where secure reddéift
tifications were not possible. This contamination is coasably
lower than found using optical-only colour selection methand
the additional VHS fluxes are shown to be useful for discratiimg

The VHS forced photometry catalogues are shown to be robust between LRGs and galactic M-stars.

to within a few per cent to changes in the photometric prangss
pipeline and the errors on the photometry are dominateddoatin
dom sky noise. We demonstrate that using the deep DES dgtecti
images to extract fluxes from the VHS images at the DES paositio
results in a factor of~4.5 increase in the number of sources with
optical+NIR photometry. While a simple catalogue matchween
DES and VHS provides-10,000/ded galaxies with joint optical
and NIR photometry, performing forced photometry allowstas
increase this number te-45,000 galaxies/dégalbeit now with
lower average signal-to-noise in the infrared. Almost 7(BES
sources in this field have useful NIR flux measurements throlog
forced photometry. We show that the near infrared colougat#x-
ies in this forced photometry catalogue are consistent weith-
plates generated from deep photometry in the COSMOS field. By
matching our catalogue to deep near infrared data from tiSa NI
VIDEO survey, we show that the number counts agree very well
with the VIDEO data over the magnitude range over which the tw
surveys overlap but the DES detections allow us to probé mag
deeper in the near infrared compared to the VS &talogues. In
this paper we assess how useful this joint catalogue is fanger
of science applications, concentrating in particular ootpinet-
ric redshifts and target selection for future wide-fieldatpescopic
surveys.

The addition of near infrared VHS data to DES photometry
results in a modest improvement in the overall photometrishift
performance in particular reducing the scatter on the phetadc
redshift by~7-12% (depending on the metric used to compute this
scatter). We find that the VHS data allow us to quantify both th
bias and scatter on the photometric redshift to better acguhan
with DES alone and note that there is some evidence that tte VH
data are particularly helpful in reducing the photometgdshift
scatter at < 0.5 andz > 1. While these results are encouraging,
we caution that they are currently affected by the small nrermb
statistics of available spectroscopic samples overlapibia single
field where we have conducted our analysis and are also isensit
to the photometric redshift algorithm used. Our spectrpgcoata-
logues are over-represented at low redshifts and brighhinates
where galaxy photometric redshifts are already well estohaith
optical data. While we have attempted to correct for this g
weighting the spectroscopic sample such that it has the szage
nitude distribution as our photometric sample, in this krfeeld,
the results could be strongly influenced by a small numbeigbiiin
weighted galaxies. Nevertheless, the photometric redahélysis
conducted here suggests that the VHS forced photometriely li
to improve the photometric redshift estimates from DES a/qar-
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For the purposes of quasar selection we propose the use of
DES, VHS andM SE catalogues. As DES will not haveband ob-
servations, quasars cannot be separated from stars usitigadh
tional UVX method which exploits the excess seen in quasec-sp
tra relative to stars at UV wavelengths. Instead, we makeite
KX method and propose a simplg K colour selection together
with aWISE colour cut for the identification of luminous quasars.
Our proposed selection gives a target density @0 bright quasars
per sg-deg. Once again utilising the many spectroscopasdts
over this field, we show that a large fraction40%) of the bright
quasar targets with secure redshifts lid & < z < 3.5 and will
therefore be suitable for lyforest measurements. Contamination
from stars and low redshift galaxies is estimated to-e1% for
the subset of quasar targets with robust redshift measutsraad
most of the remaining sources with secure redshift ideatifios
correspond to quasars ak 1.8.

We conclude that the DES+VHS catalogues will form an im-
portant dataset for obtaining good photometric redshfftataxies
in the southern hemisphere as well as aiding target sefefciidu-
ture wide-field spectroscopic surveys. The VHS data wilb a&s-
able a range of other science investigations that will nqidssible
from DES alone e.g. improved stellar masses for DES galatkies
identification of high redshift and highly reddened quasars the
discovery of cool, low-mass stars in our own Milky Way. Jghb-
tometry from DES and VHS at the pixel level will eventuallypuét
in an optical+NIR catalogue of more than 200 million galaxaad
~70 million point sources over 4500 sq-deg of the southern sky
Constructing these joint catalogues will therefore enbahe sci-
ence possible from both surveys and contribute signifigaatthe
landscape of wide-field photometric surveys in the southemi-
sphere over the next decade.
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