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ABSTRACT

() _We present the curation and verification of a new combined optical and near infrared dataset for cosmology and astrophysics, derived
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from the combination of ugri-band imaging from the Kilo Degree Survey (KiDS) and ZYJHK,-band imaging from the VISTA Kilo
degree Infrared Galaxy (VIKING) survey. This dataset is unrivaled in cosmological imaging surveys due to its combination of area
(458 deg? before masking), depth (r < 25), and wavelength coverage (ugriZYJHK;). The combination of survey depth, area, and (most
importantly) wavelength coverage allows significant reductions in systematic uncertainties (i.e. reductions of between 10 and 60% in

bias, outlier rate, and scatter) in photometric-to-spectroscopic redshift comparisons, compared to the optical-only case at photo-z
above 0.7. The complementarity between our optical and NIR surveys means that over 80% of our sources, across all photo-z, have

Introduction

Over the last decade observational cosmological estimates
have become increasingly restricted by systematic, rather
than random, uncertainties (Hildebrandt et al.[2016, [2018;
Troxel et al|2018; Hikage et al.|2018} [Planck Collaboration
et al.|[2018). In particular, estimates made using large pho-
tometric samples of galaxies, such as those utilising weak
1 gravitational lensing (e.g. [Bacon et al|[2000; [Van Waer-

— beke et al.|[2000; Wittman et al.|2000; [Rhodes et al.|[2001]),

have moved closer to a regime where increasing sample sizes

« alone are unlikely to cause a significant improvement in esti-

@

* mate constraints (Becker et al.|2016; |Jee et al.|2016; Hilde-
brandt et al.|[2017} [Troxel et al.||2018; Hildebrandt et al.
2018)). Instead, quantification and reduction of systematic
biases is becoming increasingly important, and more fre-
quently is the dominating source of uncertainty in cosmo-
logical inference (Mandelbaum|[2018).

One such systematic limitation/bias for many meth-
ods of observational cosmological inference (and indeed one
that frequently dominates the systematic uncertainty bud-
get; Hildebrandt et al.|2016; Hikage et al.|2018) is also one
of the most fundamental: that of estimation of source po-
sitions in 3-dimensional space. Specifically, localisation of
galaxies along the line-of-sight (i.e. distance) axis is of par-
ticular importance. This localisation is primarily achieved
through relatively low-precision photometric based meth-
ods, referred to as photometric redshift or photo-z (see

significant detections (i.e. not upper limits) in our 8 reddest bands. We derive photometry, photo-z, and stellar masses for all sources
in the survey, and verify these data products against existing spectroscopic galaxy samples. We demonstrate the fidelity of our
= higher-level data products by constructing the survey stellar mass functions in 8 volume-complete redshift bins. We find that these
photometrically derived mass functions provide excellent agreement with previous mass evolution studies derived using spectroscopic
surveys. The primary data products presented in this paper are publicly available at http://kids.strw.leidenuniv.nl/|

Key words. cosmology: observations — gravitational lensing: weak — galaxies: photometry — surveys

Hildebrandt et al.[2010, for a summary of photo-z meth-
ods).

One method for deriving photo-z estimates involves find-
ing the model galaxy spectrum, from a sample of repre-
sentative spectrum templates, which best fits the observed
galaxy flux in a series of wavelength bands (Ilbert et al.
20006}, |Benitez|[2000; [Brammer et al.| 2008 [Bolzonella et al.
2000)). Such estimates are typically restricted by the quality
of the input photometry, the intrinsic redshift distribution
of the source galaxy sample, and the degeneracy between
various galaxy spectrum models as a function of galaxy red-
shift (Ilbert et al.|2009; Laigle et al.|[2019)). In each of these
cases, however, additional information can lead to signifi-
cant benefits in the photo-z estimation process.

For cosmological inference, a weak lensing survey needs
to provide reliable galaxy shapes (see, e.g., Massey et al.
2007) and redshift estimates for a statistically representa-
tive sample of galaxies over cosmologically significant red-
shifts (see, e.g., |Hildebrandt et al.|2018; Troxel et al.[[2018}
Hikage et al||2018). For this purpose there are, therefore,
three main properties that determine any weak lensing sur-
vey’s cosmological sensitivity: survey area, survey depth,
and wavelength coverage. These properties all contribute
to both the statistical and systematic uncertainty on cos-
mological inference. The first two statistics, area and depth,
typically govern the raw number of sources (in a given red-
shift interval) that can be used for inference; a primary
contributor to the statistical uncertainty on cosmic shear
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cosmological inference, and so a key consideration in weak
lensing survey design (de Jong et al.||2015; |Abbott et al.
2016} |Aihara et al.[2018). Similarly, and discussed in more
depth below, the wavelength information dictates the lim-
iting photo-z accessible for tomographic binning (Hilde-
brandt et al.|2018)), which is a driving factor in the final
signal-to-noise of a cosmic shear estimate. As such wave-
length coverage also contributes non-negligibly to the sta-
tistical uncertainty of cosmic shear cosmological estimates.
On the systematic effects side, area and depth aid in the
constraint of many systematics parameters directly, not the
least of which is the intrinsic alignment signal (Joachimi
et al.|[2015). Deeper data allows more galaxy satellites to
be observed, and a better constraint on the galaxy-galaxy
intrinsic alignment signal to be made. The wavelength base-
line is also a primary driving factor in determining the sys-
tematic uncertainty on any cosmological inference, primar-
ily because it dictates the signal-to-noise of the shear signal
of individual cosmic shear sources.

The reason wavelength information is of significant im-
portance in cosmological inference is many-fold. However
we focus on two main reasons, for demonstration: namely
reduction of photo-z bias and influence over the redshift
baseline. We discuss both of these below.

The importance of wavelength information in the re-
duction of photo-z bias is driven mostly by the degeneracy
between galaxy spectrum models. Even with perfect input
photometry, there exist degeneracies between galaxy spec-
trum models at different redshifts over finite wavelength
intervals (see Figure 1 of [Buchs et al|2019, for a nice
demonstration). These degeneracies can lead to consider-
able biases in the source photo-z distribution, when sources
are systematically assigned to incorrect parts of redshift-
space. Moreover, these effects are increasingly problem-
atic as source photometry becomes noisier and the wave-
length baseline becomes shorter. Naturally, the only way to
break such degeneracies is by utilising photometry for these
sources that extends beyond the wavelength range wherein
the degeneracy exists. As such, longer wavelength baselines
are fundamental to the breaking of model degeneracies, and
therefore to reducing the systematic incorrect assignment of
photo-z. Such incorrect assignment can lead to considerable
bias in estimated redshift distributions (Hildebrandt et al.
2018|) which limits cosmological inference, over any given
source redshift baseline.

Furthermore, wavelength information is the primary fac-
tor which determines the useful redshift baseline over which
cosmological inference can be performed. In particular, pho-
tometry that extends redward of the optical bands is essen-
tial for the accurate estimation of photo-z beyond a redshift
of z ~ 1 (for typical ground-based photometric surveys).
This intermediate- to high-redshift information is of partic-
ular importance to weak lensing cosmological inference, as
higher-redshift sources carry considerably more signal-to-
noise than their lower-redshift counterparts. This increased
signal is critical in the quantification of systematic bias as it
allows them to be explored with reduced stacking of sources
(e.g. with finer bins containing more homogeneous samples
of galaxies), which can alleviate additional biases.

To date, the largest joint optical and near infrared (NIR)
dataset for cosmology was a combined Dark Energy Sur-
vey (DES) + VISTA Hemisphere Survey (VHS) analysis
of the DES Science Verification region, covering ~150 deg?
and spanning the griZYJHK; bands (Banerji et al|[2015]).
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In this paper we present the integration of two European
Southern Observatory (ESO) public surveys; the VISTA
Kilo degree INfrared Galaxy (VIKING; |[Edge et al|[2013}
Venemans et al.[|2015]) survey, probing the NIR wavelengths

(8000 — 24000A), and the Kilo Degree Survey (KiDS; Kuij-
ken et al.|2015; |de Jong et al.|2015), probing optical wave-

lengths (3000 — 9000A). These combined data represent
a significant step forward from the previous state-of-the-
art, primarily due to the increase in combined survey area
and optimal matching between the two surveys depth (see

Sect. .

This extension of the wavelength baseline brings with it
considerable benefits, particularly for cosmic shear analy-
ses. Hildebrandt et al. (2017) presented cosmological in-
ference from cosmic shear using 450 square degrees of
KiDS imaging (referred to as KiDS-450), measuring the
matter clustering parameter (og) and matter density pa-
rameter (), which are typically parameterised jointly as

Sg = 05 VQn/0.3, to a relative uncertainty of ~5%; an error
whose budget was limited essentially equally by system-
atic and random uncertainties. As a result, we expect that
the final KiDS dataset, spanning 1350 deg?, will in fact be
systematics limited in its cosmological estimates (as ran-
dom uncertainties should downscale by a factor of roughly

\/§) Moreover, constraint and reduction of systematic ef-
fects will become of increasing importance in the next few
years, and indeed into the next decade with the initiation of
large survey programs such as Euclid (see, e.g., |Amendola
et al.|2018]). Using the combined dataset presented here en-
ables us to make considerable progress regarding the chal-
lenge of reducing systematics, and that in doing so enables
us to perform an updated cosmic shear analysis which bet-
ter constrains systematic uncertainties and enables the use
of higher-redshift sources (Hildebrandt et al.|2018)).

Importantly, this dataset is not only useful for cosmo-
logical studies. The additional information provided by the
near-IR allows better constraint of fundamental galaxy pa-
rameters such as stellar mass and star formation rates,
which enable the construction of useful samples for galaxy
evolution and astrophysics studies. For example, recent use
of near-IR data in preselection of ultra-compact massive
galaxy candidates (Tortora et al|[2018) has allowed the
spectroscopic confirmation of the largest sample of UCMGs
to date.

As such, this work focusses on the description and ver-
ification of the joint KiDS+VIKING photometric dataset,
and on the derivation of higher-level data products which
are of interest both for weak-lensing cosmological analy-
ses and non-cosmological science use-cases. The KiDS op-
tical and VIKING NIR data and their reduction are de-
scribed in Sect. The multi-band photometry and esti-
mation of photo-z are covered in Sect. Model fitting
to the broadband galaxy spectral energy distributions is
given in Sect. [d] as is the exploration of stellar mass esti-
mates from these fits. We compare the resulting stellar mass
function for our dataset to previous works in Sect. [o} The
paper is summarised in Sect. [6] The primary data prod-
ucts described in this paper are made publicly available at
http://kids.strw.leidenuniv.nl/\


http://kids.strw.leidenuniv.nl/

The KiDS Collaboration: KiDS+VIKING-450

2 Dataset and reduction

In this section we describe the KiDS optical (Sect. and
VIKING NIR (Sect. imaging that is used in this study.
KiDS and VIKING are partner surveys that will both ob-
serve two contiguous patches of sky in the Galactic North
and South, covering a combined area of over 1350 square
degrees (Arnaboldi et al.[|2007; de Jong et al.[[2015; [de Jong
et al||2017)). Observations for KiDS are ongoing, and so
joint analysis of KiDS+VIKING is currently limited to the
footprint of the third KiDS Data Release (de Jong et al.
2017).

The footprint of the post-masking KiDS-450 dataset
presented in [Hildebrandt et al.| (2017)) is shown in Fig.
both on-sky and split into each of the KiDS ‘patches’ (where
each patch contains one of the 5 ~contiguous portions of the
KiDS-450 footprint). These individual patches divide the
KiDS-450 survey area into five sections of (roughly) con-
tiguous data on-sky, centering primarily on fields observed
by the Galaxy And Mass Assembly (GAMA, [Driver et al.
2011)) redshift survey. The geometry of each patch can be
seen in the individual panels of Fig. [, and are named by
the GAMA field on which they are focused. The excep-
tion is the GS patch, which has no corresponding GAMA
field; we nonetheless maintain the naming convention for
convenience. Note, though, that future KiDS observations
will close the gaps both within and between the patches,
and lead to the creation of a contiguous ~10 degx75 deg
stripe in both the Galactic North and South. Observations
of these contiguous stripes in VIKING have already been
completed.

The full (unmasked) KiDS-450 dataset consists of ~49
million non-unique Galactic and extragalactic sources dis-
tributed over 454 overlapping ~1 deg? pointings on sky (see
Sect. . This reduces to ~33.9 million unique mostly-
extragalactic sources after applying masking of stars and re-
moving duplicated data, distributed over ~360 deg?. These
unique post-masking sources are shown in Fig. 1, and so
the masking around bright stars, for example, can be seen
as small circular gaps within the patches. Each source
is coloured by its observational coverage statistics: those
with full photometric KiDS+VIKING observational cov-
erage are shown in green, those with full KiDS observa-
tional coverage but only partial VIKING observational cov-
erage are shown in blue, and those with only KiDS ob-
servational coverage are shown in orange. We define the
combined KiDS+VIKING-450 sample (hereafter KV450)
as those KiDS-450 sources which have overlapping VIKING
imaging (i.e. the green sources in Fig. [1)). Masking the re-
gions with missing near-IR coverage (i.e. the orange and
blue data in Fig. [I)), the full KV450 footprint consists of
447 overlapping pointingg'| covering ~341 deg?, and con-
sists of ~31.9 million unique mostly-extragalactic sources.

2.1 KiDS-450 optical data

The data reduction for the KiDS-450 ugri-band survey data
is described in detail in [Hildebrandt et al. (2017) and |de
Jong et al.| (2017), which we briefly summarise here. As

! There are a number of pointings, particularly at the sur-
vey edges, which have only slight overlap between KiDS and
VIKING. This causes the overall loss in area (~19 deg?®) to be
somewhat larger than the loss of only 7 full pointings would
suggest.

Table 1. Magnitude limits and typical seeing values for each of
the KiDS+VIKING photometric bands. Values reproduced from
de Jong et al.|(2017); [Venemans et al.| (2015)).

Band | Acen  Exp.time (s) Mag Limit PSF FWHM

(A) (s) (2" 50" AB) (1)
u 3550 1000 24.2 1.0
g 4775 900 25.1 0.9
r 6230 1800 25.0 0.7
i 7630 1200 23.6 0.8
Z 8770 480 22.7 1.0
Y 10200 400 22.0 1.0
J 12520 400 21.8 0.9
H 16450 300 21.1 1.0
K 21470 480 21.2 0.9

stated previously, the full optical dataset consists of 454
distinct ~1 deg® pointings of the OmegaCAM, which is
mounted at the Cassegrain focus of ESO’s VLT Survey
Telescope (VST) on Cerro Paranal, Chile. Images in the
ugri-bands are available for all of these pointings, with ex-
posure times of 15—-30 minutes and 50 limiting magnitudes
of 23.8—25.1; precise values are given in|de Jong et al.| (2017)
and are reproduced here in Table[ll The filter transmission
curves for these four optical bands are shown in Fig. 2] along
with the atmospheric transmission typical to observations
at Paranal.

The optical data for KV450 are reduced using the same
reduction pipelines as in KiDS-450. Specifically, the ASTRO-
WISE (Valentijn et al.[2007) pipeline is used for reducing
the ugri-band images and measuring multi-band photome-
try for all sources. Independently, the THELI (Erben et al.
2005}, |Schirmer|2013)) pipeline performs an additional reduc-
tion of the r-band data, which is used for cross-validating
the ASTROWISE reduction and for performing shape mea-
surements for weak lensing analyses.

The only difference between the KiDS-450 and KV450
optical datasets is that the KV450 optical reduction in-
corporates an updated photometric calibration. KiDS-450
invoked only relative calibration across the ugri-bands with
stellar-locus-regression (SLR, |High et al.[2009). The abso-
lute calibration of these data was reliant on nightly stan-
dard star observations and the overlap between u- and r-
band tiles to homogenize the photometry. Since the pub-
lication of Hildebrandt et al.| (2017)), the first data release
from the European Space Agency’s Gaia mission has been
made available (Gaia Collaboration et al.|2016). Gaia offers
a sufficiently homogeneous, well-calibrated anchor that can
be used to greatly improve this absolute calibration. The
calibration procedure is described in |de Jong et al.| (2017
and all optical data used here are absolutely calibrated in
this way.

2.2 VIKING infrared data

VIKING is an imaging survey conducted with the Visible
and InfraRed CAMera (VIRCAM) on ESO’s 4m VISTA
telescope. The KiDS and VIKING surveys were designed to-
gether, with the specific purpose of providing well-matched
optical and NIR data for ~1350 square degrees of sky in
the Galactic North and South. As such, the surveys share
an almost identical footprint on-sky, with minor differences
being introduced due to differences in the camera field of
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A&A proofs: manuscript no. KiDS-VIKING-450_data_paper

—=— MW Plane e KiDS-VIKING 450
Ecliptic

G9
o O - - D -— ©

08h
MW Centre
: 178
ch L ; i ]
°F (i) G15 10 ]
5 °© [ . R ]
3 I 18 L h
5‘3 L? :_ L L 1 L | L L L L 1 L L L L | L L _: | E 1 1 | L L L L | L L L L 1 L L L L | L
230 220 210 0 350 340 330
3t 1« Full KiDS+VIKING Coverage
[ ] e Partial KiDS+VIKING Photometry
@b =] KiDS Only Coverage
- 5|0 — 4I0 — 3IO — 2I0 -
RA (deg)

Fig. 1. The footprint of the post-masking KiDS-450 dataset. Top: the distribution of the KiDS-450 fields on-sky, relative to the
Ecliptic and Galactic planes. The Galactic plane is plotted with a width of 20 degrees, which roughly traces the observed width of
the Galaxy thick disk. Lower panels: each of the individually named KiDS-450 patches (on their own scale). The points in each
patch show the distribution of KiDS-450 photometric sources that remain after applying the bright-star mask. Points are coloured
according to their overall observational coverage: green points have full KiDS+VIKING optical and NIR coverage, blue points have
full KiDS optical coverage but only partial VIKING NIR coverage, and orange points have KiDS optical coverage only. As such
the green and blue data show the footprint of the full KiDS+VIKING-450 (KV450) sample.
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Fig. 2. The individual photometric filters (black) that make up the KV450 dataset. Each filter curve is shown as an overall
transmission spectrum incorporating mirror, detector, and filter effects. We also show the typical transmission spectrum of the
atmosphere at Paranal (blue) for modest values of precipitable water vapor (2.2mm) and zenith angle (30 degrees). In addition, we
also show the median LE PHARE spectrum of all KV450 galaxies with photometric redshift Zz = 1.2 and magnitude r ~ 24 (red).
The 68" and 99" percentiles of these models are also shown as shaded red regions. The 1o~ detection limits of each band (orange
chevrons and dotted line, derived from the values in Table are also shown, for reference. These model spectra demonstrate the
complementarity of the KiDS & VIKING surveys; a typical galaxy at the furthest and faintest end of our analysis is still detected
in all bands. It also demonstrates the main benefit of having NIR imaging within this dataset, in that it allows much more accurate
constraint of photometric redshifts for (4000.&) Balmer-break galaxies at redshifts z > 1.

view and observation strategy. VIKING surveys these fields
in five NIR bands (ZYJHK;), whose filter transmission curves
are shown in Fig. [2] and total exposure times in each band
are chosen such that the depths of KiDS and VIKING are
complementary.

A detailed description of the VIKING survey design and
observation strategy can be found in|Edge et al.| (2013) and
[Venemans et al.| (2015). Briefly, VIRCAM consists of 16
individual HgCdTe detectors, each with a 0.2x0.2 square
degree angular size, but which jointly span a ~1.2 square
degree field of view, thus leaving considerable gaps between
each detector. Observations made by VIRCAM for VIKING
therefore implement a complex dither pattern which is able
to fill in the detector gaps while also performing jittered
observations to enable reliable estimation of complex NIR
backgrounds and sampling of data across detector defects.
The observation strategy thus involves taking multiple ex-
posures with small (i.e. much less than detector width) jit-
ter steps, taken in quick succession, which are then stacked
together to create a ‘paw-print’. The stacked paw-print still
has large gaps between the 16 detectors, and so a dither pat-
tern of 6 stacked paw-prints is required in order to create a
contiguous ~1.5 square degree image, called a tile. The re-
duction of the data, and the production of these individual
data products (reduced exposures, stacked paw-prints, and
completed tiles), is carried out by the Cambridge Astron-
omy Survey Unit (CASU, |Gonzalez-Fernandez et al.|2018;
|Lewis et al|[2010]). These reduced data are then transferred
to the Edinburgh Royal Observatory Wide Field Astron-
omy Unit VISTA Science Archive (WFAU VSA, [Irwin et al.
[2004; Hambly et al.|2008} |Cross et al.|2012) where they are
benchmarked and stored.

Through the WFAU database, we are able to retrieve
any of the 3 levels of data-product described above: expo-

sures, paw-prints, and/or tiles. We opt to work with indi-
vidual paw-print level data. This is primarily because the
tile level data are frequently made up of paw-prints with a
range of different point-spread functions (PSFs), and this
can lead to complications later in our analysis (specifically
regarding flux estimation; see Sect. . Therefore, we begin
our combination of KiDS and VIKING by first downloading
all the available stacked paw-prints from the WFAU. We
then perform a recalibration of the individual paw-prints
following the methodology of Driver et al.| (2016) to correct
the images for atmospheric extinction (7) given the obser-
vation airmass (secy), remove the exposure-time (7, in sec-
onds) from the image units, and convert the images from
various Vega zero-points (Z,) to a standard AB zero-point
of 30 (using the documented Vega to AB correction factors,
Xag; |Gonzalez-Fernandez et al|2018) which roughly trans-
lates to an image gain of ADU/e” = 1. The recalibration
factor used is multiplicative, applied to all pixels in each
detector image I:

Lhew = Ioig X 7:r

(1)
and is calculated as:

log,o(Fr) = —0.4[Z, — 2.5log((1/1)
—1(secy— D+ Xap—30]. (2)
This preprocessing of each VISTA detector also involves
performing an additional background subtraction, which
is done using the SWARP software with a
256x256 pixel mesh size and 3x3 mesh filter for the bicu-
bic spline. This allows the removal of small-scale variations
in the NIR background with minimal impact on the source
fluxes (Driver et al.|[2016). Unlike GAMA, however, we do
not recombine the individual paw-prints into tiles or large
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mosaics; we choose instead to work exclusively with the in-
dividual recalibrated detectors throughout our analysis.

After this processing, we perform a number of quality
control tests to ensure that the imaging is sufficiently high
quality for our flux analysis. In particular, we check distri-
butions of background, seeing, recalibration factor (Equa-
tion , and number counts for anomalies. After these
checks, we determined that a straight cut on the recali-
bration factor was sufficient to exclude outlier detectors,
and thus implement the same rejection of detectors as in
Driver et al.| (2016)); namely accepting only detectors with
Fr <5.0.

After this processing and quality control, we transfer the
accepted imaging over to our flux measurement pipeline.
Our final sample consists of 301, 824 individual detectors
across the 5 VIKING filters, drawn from the WFAU pro-
prietary database v21.3, which are spread throughout the
KiDS-450 footprint. This database, however, does not yet
contain the full VIKING dataset, as reduction and inges-
tion of the final VIKING data (taken as recently as Febru-
ary 2018) is ongoing. As such, the final overlap between the
KiDS footprint and VIKING is likely to continue to grow
with future KiDS+VIKING data releases.

3 Photometry and photometric redshifts
3.1 9-band photometry

Multi-band photometry is extracted from the combined
KiDS+VIKING data using the Gaussian Aperture and
PSF (GAaP; [Kuijken| 2008; Kuijken et al.||2015) algo-
rithm. The algorithm generates PSF-corrected Gaussian-
aperture photometry that is particularly well suited for
colour-measurements which are used for estimating pho-
tometric redshift. The GAaP code differs to other standard
photometric codes in that it does not require images to be
pixel nor PSF matched in order to extract matched aperture
fluxes (such as Source Extractor; Bertin & Arnouts||1996)),
and it limits flux estimation to the typically brighter /redder
interior parts of galaxies, unlike codes designed for total
flux photometry (such as LAMBDAR; |[Wright et al. [2016]).
GAaP also utilises purely gaussian photometric apertures
and PSFs (hence the name), and therefore performs the
required image gaussianisation prior to flux measurement.

The algorithm requires input source positions and aper-
ture parameters, which we define by running Source Extrac-
tor (Bertin & Arnouts|1996|) over our THELI r-band imaging
in a so-called hot-mode. This refers specifically to the use
of a low deblend threshold, which allows better deblending
of small sources. This choice can have the adverse effect,
however, of shredding large (often flocculant) galaxies. We
choose this mode of extraction as we are primarily inter-
ested in sources in the redshift range 0.1 < z < 1.2, which
are typically small and have smooth surface-brightness pro-
files. Once we have our extracted aperture parameters, the
algorithm then performs a gaussianisation of each measure-
ment image. This removes systematic variation of the PSF
over the image and allows for a more consistent estimate
of source flux across the detector-plane. This gaussianisa-
tion is performed by characterising the PSF over the input
image using shapelets (Refregier{[2003)), and then fitting a
smoothly varying spline to the shapelet distribution. For
this reason, it is optimal to provide input images that do
not have discrete changes in the shape of the PSF which
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cannot be captured by this smoothly varying distribution.
The smooth function is then used to generate a kernel that,
when convolved with the input image, normalises the PSF
over the entire input image to a single Gaussian shape with
arbitrary standard deviation.

Due to the requirement that the input imaging not have
discrete changes in the PSF parameters, we require that
the GAaP algorithm be run independently on subsets of
the data that were taken roughly co-temporally. In the op-
tical this is trivial; the 1.2 square degree stacks of jittered
observations, called ‘pointings’, are always comprised of in-
dividual exposures with small offsets that were taken essen-
tially cotemporally, due to the design of the detector array
and survey observation strategy. This, combined with the
stability of the PSF pattern across the field of view that is
inherent to observations made at the Cassegrain focus of a
Ritchey-Chrétien telescope, means that the stacked point-
ings are optimised for use in GAaP. Using the KiDS point-
ings for optical flux measurements with GAaP results in at
most four flux estimates for any one KiDS source in the
limited corner-overlap regions between adjacent pointings,
or two flux estimates at the pointing edges. However, as
in KiDS-450, we mask these overlap regions such that the
final dataset contains only 1 measurement of all sources
within the footprint, rather than performing a combination
of these individual flux estimates. As such, our final flux
and uncertainty estimates in the optical are simply those
output directly by GAaP.

Conversely, the VISTA tiles are particularly sub-optimal
for use in GAaP, due to the large dithers between succes-
sive paw-prints which are necessary to fill a contiguous area
on-sky. Stacking such exposures with large dithering off-
sets can lead to significant discrete changes in the PSF of
the stacked image, and this problem is exacerbated by the
strong PSF variations over the focal plane inherent to obser-
vations made with such a fast telescope. Therefore, in order
to streamline the data handling and avoid non-contiguous
PSF patterns we decided to extract the VISTA NIR pho-
tometry from single VISTA detector images of individual
paw-prints, as recommended in |Gonzalez-Fernandez et al.
(2018). In practice, the paw-print level data are provided as
individual detector stacks, rather than as a mosaic of the
telescope footprint.

Accordingly, we gaussianise the PSF of each paw-print
detector in the VIKING survey separately, and run GAaP
on these units. As there is no one-to-one mapping between
KiDS pointings and VIKING paw-prints, we are required
to associate individual VIKING detectors with overlapping
KiDS pointings on-the-fly. Furthermore, the VISTA dither
pattern results in anywhere between 1 and 6 independent
observations of a given source within the tile. This typically
results in multiple flux measurements per source and band
as most sky positions within the tile are covered by at least
2 paw-prints in the ZY HK,-bands and at least 4 paw-prints
in the J-band. Therefore, for each source we calculate a
final flux estimate, f, that is the weighted average of the n
individual flux measurements, f;:

_ iy fiwi

ﬁ,
Z?:] w;

(3)

where the weight for each source is the individual GAaP
measurement inverse variance w; = o fz. The final flux un-

i
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Fig. 3. The distributions of individual flux measurements with respect to the final flux estimate and uncertainty in KV450. Here
we show per-band PDFs of o;, which demonstrates the accuracy of the final flux uncertainties for sources in KV450 (see text
for details). We overlay on each distribution a Gaussian model that describes well the core of each distribution, providing the

mean (u), standard deviation (o), and mixture fraction of the

Gaussian given the total PDF (1). We find that the final fluxes

and uncertainties are generally a good description of the individual data, with typically > 70% of all individual (per-detector) flux
estimates being well described by the simple gaussian statistics. The wings of these distributions are caused by the existence of
non-gaussian noise components not encoded by the GAaP uncertainties (e.g. zero point uncertainties). We note that the J-band,
however, has uncertainties that are underestimated by roughly 30%. Each panel is annotated with the kernel used in the PDF
estimation, showing the width of the kernel and its log-bandwidth (bw).

certainty is the uncertainty on this weighted mean flux:

w1
-2
ofp = [Z O'ﬁ_ j} .
i=1

To test whether the GAaP flux uncertainties are suitable
for use in estimating the final flux this way, we examine the
distribution of sigma deviations between the final (weighted
mean) flux and the individual estimates:

_hi-f
Vo,

where n is the number of flux measurements that went into
the computation of f; and o ;. In the limit where the indi-
vidual flux uncertainties o are perfectly representative of
the scatter between the individual measurements, the dis-
tribution of o,; values should be a Gaussian with 0-mean
and a standard deviation of 1. When the flux uncertainties
are not representative of the scatter in the individual mea-
surements, the distribution may deviate in mean, standard
deviation, or both. In particular, systematic bias in the flux
uncertainties as a function of flux will shift the mean of the
distribution away from 0 (and/or give the distribution an
obvious skewness), while over- or under-estimation of the

(4)

(5)

O Ai

uncertainties as a whole will cause the distribution stan-
dard deviation to decrease or increase, respectively. Fig-
ure [3] shows the distributions of o,; for each of the five
VIKING bands. The figure shows that our flux uncertain-
ties in the ZYHKs-bands are appropriate and (for the vast
majority of estimates) Gaussian; roughly 20% of our in-
dividual flux estimates have a scatter that is not well de-
scribed by the simple final Gaussian uncertainty on our flux
estimate, however this is not surprising given that the in-
dividual GAaP flux estimates are purely shot noise; they
do not capture the full uncertainty in cases where there is
considerable zero-point uncertainty, sky background, cor-
related noise, or other systematic effects which contribute
to the flux uncertainty. Figure[3|also demonstrates that our
flux uncertainties tend to be under-estimated in the J-band
by roughly 30%. Encouragingly, however, the distributions
show no sign of systematic bias in the flux uncertainties,
which would be indicated by a significant skewness of these
distributions.

To verify the calibration of our imaging and flux esti-
mates, we compare our estimates for a sample of KV450
stars to those measured by SDSS and/or 2MASS. Stars
are particularly useful for this purpose as GAaP yields not
only reliable colours but also total magnitudes for these
sources (Kuijken et al|2015]), and therefore we need not
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be concerned with aperture effects in the flux compar-
isons. As the CASU pre-reduction assigns a photometric
zeropoint to each VISTA paw-print based on a calibration
with 2MASS, residuals in our multi-band photometry with
2MASS (particularly in the JHK,-bands) would indicate
problems with our pipeline. Similar offsets with respect to
SDSS in the Z-band would also be cause for concern. Hence
these comparisons are used as quality control tests, typ-
ically on the level of a KiDS pointing. The distributions
of the pointing-by-pointing offsets between our GAaP pho-
tometry and SDSS/2MASS are shown in Fig. |4] per band.
The figure shows the PDFs of these residuals, as well as
Gaussian fits to the distributions. In the Z-band, we have
two lines: the solid line is a direct comparison to SDSS,
while the dashed line is an extrapolation of 2MASS J — H
colours to the Z-band. A similar extrapolation is shown in
the Y-band. Both of these extrapolations have significant
colour-corrections, and so should be taken somewhat cau-
tiously. Encouragingly, however, in all the cases where we
have fluxes that can be directly compared to one-another
(i.e. in all but the Y-band), the direct comparison residu-
als are centred precisely on 0. Furthermore, in all cases the
fluctuations between pointings are all within |Am| < 0.02.

As a final test of the fidelity of our fluxes, we com-
pare colours of KV450 stars with the same measured in
2MASS, to demonstrate that our observed colours are con-
sistent with, but less noisy than, those from 2MASS. The
distributions of KV450 and 2MASS J—H and H-K; colours
can be seen in Fig. |5l As expected, the KV450 colours show
considerably less scatter, suggesting that they are a better
representation of the underlying, intrinsic stellar colour dis-
tribution (Wright et al.[[2016), and are therefore superior to
the colours of 2MASS.

Now confident that our fluxes are appropriate, we can
further verify the appropriateness of our sample definition
and effective-area calculations by comparing our measured
galaxy number counts (in our extraction band, r) with pre-
vious works from the literature. Figure [6] shows the r-band
number counts for the KV450 dataset compared to the com-
pendium of survey number counts presented in |Driver et al.
(2016)). We show the KV450 dataset both with and without
the removal of stellar sources described in Sect. .2l Further-
more, we show the number counts for the sample of lensing
sources used for cosmological inference (Hildebrandt et al.
2018). The lensing subset is constructed of sources which
are suitable for shape measurement as described in detail
in Hildebrandt et al.| (2017). This lensing sample consists
of 13.1 million sources, all of which fall within the r-band
magnitude range 20 < m, < 25, are unblended, and are
resolved.

We see that the all-galaxy sample is lacking in number
counts at the brightest magnitudes; we attribute this to our
hot-mode source extraction biasing against the extraction
of the largest, brightest galaxies, as has been noted previ-
ously in earlier KiDS datasets (see, e.g.,(Tortora et al.[2018]).
Otherwise, the observed counts of both the all-galaxy- and
lensing-only-samples are in excellent agreement with the
literature compendium of r-band counts from [Driver et al.
(2016), suggesting that our sample definitions and area cal-
culations are appropriate.

Unlike KiDS-450, we also require the final lensing sam-
ple to have full 9-band photometric coverage; i.e. successful
photometric measurements are required for every source in
all 9 bands. Table [2] provides the photometric measurement
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statistics for the lensing sample in KV450, as a function of
individual band and for combinations of bands. The statis-
tics shown are the fraction of sources with successful GAaP
measurements (fgooa) in all 9 bands, for all sources that fall
both within the area of mutual KiDS+VIKING coverage.

The table demonstrates that GAaP returns a success-
ful flux measurement for greater than 98% of all lensing
sources in all bands. However, as the failures are different
in each band, the full sample ends up with successful es-
timates in all 9-bands for greater than 96% of would-be
lensing sources. Therefore, the requirement of a success-
ful GAaP measurement acts to trim our final lensing sam-
ple down by less than 4%. Furthermore, the lensing sam-
ple has significant detections in all 9-bands for over 66%
of the full sample, and for over 69% of sources that have
no GAaP failures (i.e. where there is data in all 9-bands).
We note, however, that the u-band has the lowest num-
ber of significant detections within the dataset, by a con-
siderable margin, but that this is primarily a reflection of
physics rather than of the imaging depth. The rapidly de-
clining nature of galaxy SEDs in this wavelength range at all
redshifts, conspiring with the lower sensitivity of the band
compared to, say, the g-band, means that the u-band ex-
periences significantly more non-detected sources than any
other band over our redshift window. Explained differently:
the i-band, for example, sees no such dearth in detections
despite being shallower than the wu-band, courtesy of its
probing a typically more luminous part of the galaxy SED
(at z < 1 this is primarily because of the flux increase asso-
ciated with the 4000A break). Removing the u-band from
our considerations of detection statistics, we find that we
have significant detections in the griZYJHK,-bands for 82%
of lensing sources in the dataset. This is a vindication of
the combined KiDS+VIKING survey design, whereby lim-
iting magnitudes were designed specifically with the goal
of sampling the 9-band SEDs of the r-band selected KiDS
sample.

For completeness, we investigate the cause of the GAaP
failures in our dataset. These typically occur when either
there are data missing, or when the algorithm is unable to
compute the measurement aperture given the image PSF.
The latter can occur when the PSF full-widths at half-
maximum (FWHM) of the measurement image is consid-
erably larger than the input (detection) aperture (Kuijken
et al.[2015]). As such, the input aperture size can be a source
of systematic bias in the GAaP flux measurement proce-
dure, as smaller input apertures are more likely to hit the
aperture-PSF limit in one of our non-detection bands. We
conclude, however, that this is unlikely to introduce signif-
icant biases into our subsequent analyses as less than 1.2%
of sources per-band are affected by the GAaP measurement
failure. Nonetheless, in future releases of KiDS+VIKING
data, a recursive flux measurement method will be invoked,
whereby sources that fail in any band due to this effect
are subsequently re-measured with an artificially expanded
GAaP input aperture.

After applying the requirement of successful (i.e. fyood)
9-band photometric estimation, we finish with a final lens-
ing sample of ~12.6 million sources, which are drawn from
an effective area of 341.3 deg? (see Sect. . This is a
slight reduction in the effective area from KiDS-450 (360.3
deg?), however this area will recover somewhat in future
KiDS+VIKING releases, as the final (full) VIKING area is
processed and released by CASU (see Sect. [2.2).
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Fig. 5. Comparison between the colours of KV450 stars and
the same sources measured by 2MASS. The reduction in scat-
ter of the distribution indicates that the KV450 NIR data have
significantly reduced uncertainties.

3.2 Photometric redshifts

Photometric redshifts are estimated from the 9-band pho-
tometry using the public Bayesian Photometric Redshift
(BPZ; Benitez| 2000) code. We use the re-calibrated tem-
plate set of |Capak] (2004) in combination with the Bayesian
redshift prior from [Raichoor et al| (2014); hereafter R14.
We utilise the maximum amount of photometric informa-
tion per source, providing BPZ with both flux estimates
and limits (where available). Finally, input fluxes are ex-
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Fig. 6. r-band number counts for sources in KV450 before (solid
black) and after (dotted black) removal of stars, and for the lens-
ing sample (red). Each of these datasets is presented as raw num-
ber density; i.e. the number counts divided by the area of the
sample (indicated in the legend), without any additional weight-
ing. We compare these to the galaxy number counts from the
literature compendium presented in [Driver et al. (2016]). The
grey region shows the scatter in the data from their literature
compendium, while the solid grey line traces the median of their
compendium. Our number counts are in good agreement with
the literature. At the bright end our hot-mode source extraction
leads to a dearth of the brightest galaxies (causing the dashed
black line to begin to fall downwards at magnitudes brighter
than r~19.5).
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Table 2. Measurement statistics for the 13.09 million lensing
sources that remain after all non-photometry KV450 masks have
been applied, per band and as successive bands are added. The
columns detail the fraction of sources that have successful GAaP
measurements or limits (i.e. where GAaP ran successfully; food),
and the fraction of sources that returned a significant GAaP flux
measurement, and not just an upper limit (fieas)-

Band (S) fgood fmeas
u 0.996 0.794

g 1.000 0.990

r 1.000 1.000

i 1.000 0.954

z 0.991 0.983

Y 0.990 0.965

J 0.999 0.990

H 0.989 0.933

Ks 0.992 0.944
ugri 0.996 0.761
ugriZ 0.987 0.751
ugriZY 0977 0.732
ugriZYJ 0.976 0.728
ugriZYJH  0.967 0.691
ugriZYJHK; 0.963 0.669
griZYJHK;  0.967 0.820

tinction corrected before use within the BPZ code, using
Schlegel et al| (1998]) dust maps and per-band absorption
coeflicients.

We test the accuracy of our KiDS+VIKING photo-z es-
timates using a large sample of spectroscopic redshifts col-
lected from a number of different surveys:

zCOSMOS (Lilly et al.|2009);

— DEEP2 Redshift Survey (Newman et al.||2013);
VIMOS VLT Deep Survey (Le Fevre et al.[|2013);
GAMA-G15Deep (Kafle et al.[|2018);

— ESO-GOODS (Popesso et al.|2009; Balestra et al.|2010;
Vanzella et al.[2008).

This combined spectroscopic calibration sample, matched
to KV450, includes > 33,000 sources extending over a
95% r-band magnitude quantile range of r € [19.76, 24.75].
Within the sample, 96% of sources have full 9-band photo-
metric information returned by GAaP, and 77% have sig-
nificant detections in all 9-bands. This sample is therefore
a reasonable match to the full KV450 dataset, which ex-
tends slightly deeper (r € [20.82,25.18]) and has 96% and
67% coverage and detection fractions, respectively (see Ta-
ble . Detailed information on the collation of this spec-
troscopic calibration sample can be found in |Hildebrandt
et al| (2018).

We note here that, importantly, our testing and qual-
ity verification of the photo-z extend only to the maximum
likelihood point-estimate values returned from the redshift
fitting code: the Z_B values. This is because for the anal-
yses performed with the photo-z within KiDS, only the
point-estimates are ever used; the full photo-z PDFs are
never considered. Therefore, we note here for clarity that
the statistics presented here all extend to the Z_B values
only, and no quality testing of the full photo-z PDF's is pre-
sented.

Figure [7] shows a comparison of our photo-z with the
spectroscopic calibration sample. The figure shows the stan-
dard photo-z vs. spec-z distributions for 3 separate photo-z
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realisations, as well as annotated statistics for each distribu-
tion as a function of photo-z. These statistics are calculated
using the distribution of (z — Zgpee)/(1 + Zspec) = Az/(1 + 2)
values, and are:

— O the normalised median-absolute-deviation of Az/(1+
2);

— n3: the fraction of sources with |Az/(1 + 2)|> 30 n; and

— (o.15: the fraction of sources with |Az/(1 + z)|> 0.15.

The three photo-z realisations include the initial KiDS-450
4-band photo-z as presented in Hildebrandt et al.| (2017)),
an updated version of the 4-band photo-z using the R14
prior, and KiDS+VIKING 9-band photo-z (also with the
R14 prior). Comparing the two 4-band photo-z setups, we
see that the R14 prior is effective in suppressing outliers in
the low photo-z portion of the distribution by over 30%, but
shows worse performance at the highest redshifts, where the
outlier rate and scatter increase by factors of 1.14 and 1.13
respectively. The 9-band photo-z, however, shows significant
improvement over both 4-band setups. In particular, the
inclusion of the NIR data allows us to constrain photo-z
in the zg > 0.9 range (o, = 0.096) to almost the same
level of precision as for the zg < 0.9 sample (o, = 0.061),
an extremely powerful addition to the dataset, particularly
for studies of cosmic-shear where these data carry a very
strong signal. We note that the value of 73 increases slightly
for the high-z portion of the 9-band dataset, however this
is primarily because the value of o, here is reduced by
nearly a factor of two; the higher oy, in the 4-band cases
conceals the non-gaussianity of the distributions, artificially
reducing the value of 53 there.

We can further motivate the importance of having NIR
data for computation of photo-z by exploring how the statis-
tics which describe the photo-z vs spec-z distribution vary
under the addition of NIR data, as a function of spec-z. We
note though, that these statistics as a function of spec-z can-
not be used for the quantification of photo-z performance
for sources selected in discrete bins of photometric redshift
(such as tomographic cosmic shear bins). Rather, these can
be used exclusively to demonstrate the influence the addi-
tional wavelength information has on the data as a function
of true redshift.

Figure [§| shows the change in our 3 parameters of inter-
est as a function of zgpe, for changes in the prior (for the
4-band KiDS-450 data in grey) and under addition of NIR
data (using only the R14 prior in colours). The 3 param-
eters in the figure are as follows: o7, the median bias in
Az/(1 + 2) (ua;), and o 15. Each parameter is shown using
a running median in 20 equal-N bins of zgpe.. The equiv-
alent figure with bins constructed as a function of zg and
r-magnitude are given in Figures [9] and [0}

The statistics as a function of zg.. demonstrate that
it is the combination of all 9-bands which performs the
best across both the full gambit of statistics and the red-
shift baseline. The addition of the Z-band causes a clear
improvement, in all statistics, over the 4-band case when
we move beyond zge. = 0.9. This is because at zgpee = 0.9

4000A-break flux enters the i-band, and in the 4-band case
is therefore poorly sampled and becomes sensitive to noise
fluctuations. With the addition of the Z-band, however,
sampling of this flux is more robust and the statistics uni-
laterally improve. There are further improvements with the
addition of subsequent bands: the Y-band causes a large
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Fig. 7. Photometric redshifts (z) vs. spectroscopic redshifts (zypec) in the deep calibration fields. Left: The original KiDS-450 photo-z
based on ugri-band photometry. Middle: Improved ugri-band photo-z based on the Bayesian prior by Raichoor et al.| (2014)). Right:
KV450 photo-z based on ugriZYJHK, photometry as well as the improved prior. The grey region of the figures indicate sources
beyond the zg limit imposed in the KiDS-450 analysis. Annotated in each panel is: the normalised median-absolute-deviation (o)
of the quantity (zp — Zspec)/(1 + Zspec) = Az/(1 + 2), the fraction of sources with |Az/(1 + 2)|> 30w (173), and the fraction of sources with
[Az/(1 + 2)|> 0.15 (&o.15). Each of these quantities is calculated individually for the sources above and below zg = 0.9. The value of
o, is also displayed graphically in each panel using the black dotted lines. Note the significant improvement in all quantities that
is seen when moving from the 4- to 9-band photometry, and in particular that we are now able to constrain zg > 0.9 sources to
almost the same accuracy as those zg < 0.9 in the original KiDS-450 dataset.

reduction in scatter at z>1, because the same post—40001°k—
break flux is now sampled by 2 or more bands (further de-
creasing the influence of noise). This benefit then saturates
(subsequent bands do not improve the high zge scatter),
however the story nonetheless continues. The J- and H-
bands are primarily responsible for a reduction of outliers
at 0.2 < Zgpee < 0.4, where a model degeneracy (which is con-
siderably worse after the inclusion of the Z-band) populates
a cloud which can be seen in the photoz-specz distribution
(Figure . Finally the K -band helps bring the low-zgpec
scatter down further, and also produces the lowest overall
high-zepe. outlier rate. Indeed, the outlier rate at z > 0.9
reduces continuously with the number of bands added. For
these reasons, we conclude that the full complement of the
9-band data is what is required for the best performance,
especially at zgpec > 0.9.

3.2.1 Binned by zz

Again, we note that these trends shown above and in Figure
are not directly transferable to a sample defined as a
function of photo-z. We show the influence of the individual
bands on photometrically defined samples in Figure [0}

Looking at the effect of the updated prior on the 4-band
photo-z statistics, we see that the new prior has the effect of
greatly reducing scatter at low zg, while also reducing bias
across essentially all zg. There is also a slight increase in the
outlier rate with the new prior at intermediate and high zg,
but this is minor compared to the significant decrease at
B < 0.4.

When combining the NIR data (starting with the Z-
band) with the 4-band photometry, we see an immediate
improvement in the distribution scatter and outlier rate at

high zg > 0.7. In this range, when incorporating all NIR
bands, we see decreases in scatter of between 30 and 60 per
cent, over the 4-band R14-prior case. Of particular note is
the effect of adding the NIR-bands to the outlier rate at zg >
0.7. Here the added data reduce the observed outlier rate by
a factor of ~2. Overall, the distributions demonstrate that
NIR data as a whole are extremely useful in constraining
photo-z for sources in the redshift range 0.7 < zg < 0.9, and
are invaluable for the estimation of photo-z at zg > 0.9.

3.2.2 Binned by r-magnitude

The introduction of the NIR data actually creates an in-
crease in the observed scatter and outlier rate for sources
at the brightest magnitudes. However beyond r = 22, both
the scatter and outlier rate reduce to levels superior to the
4-band data. With the addition of subsequent NIR bands
(i.e. YJHK;), we see a essentially continual improvement in
all statistics over the whole magnitude range. Otherwise,
the distributions show the expected behaviour of photo-z
accuracy as a function of noise; the fainter (and so noisier)
data exhibit higher scatter in their photo-z and similarly
higher outlier rates. We note, though, that this definition of
outlier rate becomes somewhat nonsensical beyond r ~ 25,
where the scatter of the distribution reaches ~ 0.15; i.e. the
outlier criterion.

Of particular interest is the reduction in bias that is
seen with the introduction of the J-band at r = 23. The
sources here show the largest bias in the 4-band case, and
this bias is only partially reduced in the Z and Y band
cases. However the introduction of the J-band data causes
the bias to reduce somewhat. The addition of the H- and
K,-bands do not further reduce the scatter at the faint end,
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Fig. 8. Variation in the photo-z vs spec-z distribution parame-
ters as a function of spec-z, for the 4-band KiDS-450 dataset with
two different priors (grey lines), and as a function of NIR photo-
metric information for the KV450 dataset (coloured lines). The
three panels show the spread in the distribution, determined by
a running normalised-median-absolute-deviation from the me-
dian (o,; top), the median bias in the photo-z distribution (ua.;
middle), and the fraction of sources with |Az|/(1 + zspec) > 0.15
(&o.15; bottom). The addition of the Raichoor et al| (2014) prior
to the 4-band data causes significantly better behaviour at low
zg, while the addition of NIR data improves the population con-
sistency and scatter in particular at high zg. The same properties
as a function of photo-z and magnitude are given in Figures [g]

and [[0

however do produce slightly lower biases at the brightest
magnitudes. Again, we therefore conclude that the com-
bined 9-band dataset is therefore that which provides the
best overall statistics.
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Fig. 9. Variation in the photo-z vs spec-z distribution parame-
ters as a function of photo-z. The figure is constructed the same
as Figure[§

3.2.3 Photo-z distributions per field

Another quality check for the homogeneity of the data is to
compare the distributions of photometric redshift in each of
our 5 fields (shown in Figure . We compare the distribu-
tion of all photo-z estimates for sources within our lensing
sample (Figure @ with r < 23.5. These two cuts allow us
to compare the photo-z distributions per field for samples
of known non-stellar sources in a regime agnostic to the ef-
fects of variable depth from the comparison; a like-for-like
comparison. These distributions per field are shown in Fig-
ure[[Il We can see from the distribution that the fields are
in very good agreement, with only GS appearing slightly
deeper than the other 4 fields. As such, we conclude that
the photo-z among the different KV450 fields demonstrate
satisfactory homogeneity.
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4 Higher-order data products

We can subsequently utilise our photo-z estimates to derive
higher-order data-products. For this work, we choose to ex-
plore the rest-frame photometric properties of a selection
of KV450 sources, as well as examine the fidelity of inte-
grated properties, namely stellar masses. In order to explore
these properties we perform template-fitting to the broad-
band spectral energy distributions (SEDs) of each KV450
source, while maintaining a fixed redshift at the value of zg.

4.1 SED fitting

To estimate the rest-frame properties of our KV450 sources,
we perform SED fitting with the LE PHARE (Arnouts et al.
1999; Tlbert et al.|2006) template-fitting code, using a stan-
dard concordance cosmology of Q,, = 0.3, Qs = 0.7, Hy = 70
km s~! Mpc™!, (Chabrier| (2003) IMF, (Calzetti et al.| (1994)
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Fig. 11. Distributions of photo-z within each of our 5 sur-
vey fields (shown in Figure . The figure shows the PDF es-
timated using a width= 0.1 top-hat kernel for each of the 5 fields
(coloured lines). The tomographic bins used in KiDS are shown
by the grey shading and black dashed lines. Sources plotted here
are those within the KV450 lensing selection (Figure @ and with
an additional r < 23.5 magnitude selection, to remove the effect
of variable depth on the comparison. The figure demonstrates
that, in a like-for-like comparison between the fields, the KV450
photo-z are homogeneous.

dust-extinction law, Bruzual & Charlot| (2003 stellar popu-
lation synthesis (SPS) models, and exponentially declining
star formation histories. Input photometry to LE PHARE is
as described in Sect. [3] including the per-band extinction
corrections as used in BPZ. We fix the source redshift to be
the value of zg returned from BPZ. We opt to fit SEDs to
all > 45 million KV450 sources, regardless of masking, so
that any/all subsequent subsamples of KV450 data may in-
corporate our stellar mass estimates. This requires that we
also allow SEDs to be fit with QSO and stellar templates,
for which we use the internal LE PHARE defaults.

4.2 Star-galaxy separation

One advantage of fitting all photometric sources in this way
is that we are able to use the higher-order data products to
assist with star-galaxy separation. In particular, by fitting
all sources with templates for QSOs, stars, and galaxies,
we are able to identify stellar contaminants that otherwise
would make it into our overall sample. To do this, we iden-
tify all sources that are best fit by a stellar template in
LE PHARE and which have an angular extent that is point-
like; specifically a flux-radius of 0.8 arcseconds or smaller.
Using this simple cut, we are able to produce an excep-
tionally clean galaxy-only sample (as shown in Fig. [6]). We
note, however, that this rejection has no effect on the lens-
ing sample as the high-fidelity point-source rejection that
is already performed during shape-fitting is very effective
at removing stellar contaminants. Indeed, all sources that
are identified as stars using our SED based selection are
also flagged as stars during shape-fitting. Furthermore, for
the sources with g < 21, we can cross-reference our stellar
classification with that from the GAIA DR2 (Gaia Collab-
oration et al.[[2018) point-source catalogue. Comparing to
GAIA we find that 99.1% of our sources classified as stars
(and which are brighter than the g < 21 GAIA magnitude
limit) are also classified as stars by GAIAH Again, this

2 Should the GAIA catalogue have contamination by truly-
extended galaxies, this would indicate a galaxy contamination
within our star sample in the same proportion.
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further increases our confidence in the stellar classification
possible using our SED products.

4.3  Stellar mass estimates

For this work, we are primarily interested in assessing the fi-
delity of stellar masses that are estimated using the KV450
dataset. Our stellar masses, estimated by LE PHARE, are
calculated as the mass of stars required to produce the ob-
served galaxy SED given the best-fit stellar population, as-
suming the combination of models given in Sect.[£.1} There-
fore, in order to recover a fair estimate of the galaxy stel-
lar mass, the observed SED must be representative of the
total light emitted from the galaxy. Our aperture fluxes,
however, have been intentionally optimised for high-fidelity
colours, rather than for the recovery of total fluxes. This
means that our mass estimates here will be systematically
below what would be recovered with a total flux aperture,
primarily as a function of source size. In order to remedy
this systematic effect, we opt to use our quasi-total Source
Extractor AUTO flux estimates (measured during our ini-
tial source extraction) to correct our masses. To do this,
we implement a correction akin to the fluxscale correction
discussed in [Taylor et al. (2011); Wright et al.| (2017)), al-
though the implementation there was designed to correct
for systematic bias in [Kron| (1980]) apertures for changing
galaxy profile shapes.

Here our fluxscale factor, ¥, is a multiplicative correc-
tion defined as the linear ratio of the quasi-total Source Ex-
tractor r-band AUTO flux to the non-total GAaP r-band
flux: F = fauto/fGaap. This correction is applied post-facto
to the LE PHARE stellar mass estimates. The correction de-
vised is such that our final SEDs will be fixed to the AUTO
flux estimate, and our SEDs themselves will be reflective
of the flux contained within the GAaP apertures. This can
lead to systematic biases. For example, if there are signifi-
cant colour gradients within the galaxies in our sample, such
that the colours within and beyond our apertures differ con-
siderably, then our SEDs will tend to be non-representative
of the true integrated galaxy spectrum. Admittedly, how-
ever, this is only likely to be a significant effect for galaxies
whose size is significantly larger than the PSF; i.e. low-
redshift galaxies for which our analysis pipeline is already
sub-optimal.

For validation purposes, we compare our fluxscale-
corrected stellar mass estimates to those also estimated
by GAMA (Wright et al|2017) and G10-COSMOS (An-
drews et al[[2017; Driver et al.||2018]) in Fig. Both of
these studies utilise spectroscopic redshifts, and implement
the same cosmology, SPS models, dust-law, and IMF as
used in this work when estimating stellar masses. They
also use total matched aperture fluxes. These similarities
allow direct comparison of our mass estimates, despite the
use of different algorithms and wavelength bandpasses for
the mass estimation. We perform this comparison both for
the KV450 masses described above and for masses esti-
mated in the same way but utilising only 4-band photo-
metric information (i.e. the KiDS-450 equivalent masses).
The GAMA dataset here is sky-matched to our KiDS-
450/KV450 dataset within a 1 arcsec radius, for GAMA
galaxies with redshift z > 0.004, GAMA redshift quality
flag nQ> 2, and for KiDS-450/KV450 sources with zg < 0.7
(so as to avoid spurious matches to the much deeper KiDS-
450/KV450 catalogues). The G10-COSMOS sample is sub-
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set such that it contains only sources with spectroscopic
redshifts (i.e. those with G10-COSMOS flag z,s < 3) and is
also sky-matched to KiDS-450/KV450 with a 1 arcsecond
radius. Note that there is no requirement for consistency be-
tween matched sources photo-z and spec-z values. As such,
the scatter here is a reflection of the scatter in the mass es-
timates due to, jointly, systematics in our photometric data
and photo-z estimation.

We see that the KiDS-450 masses show significant
scatter in the comparison distributions (Fig left pan-
els), particularly for the COSMOS dataset which extends
to significantly higher redshift than the GAMA sample
(o0 = 0.464). Conversely, we see very good agreement with
the same sample when using masses derived with KV450;
o = 0.202. We note that the scatter in the mass compari-
son with the GAMA sample increases slightly when moving
from KiDS-450 to KV450. This increase in scatter between
masses estimated in KV450 and by GAMA is slightly larger
than the typical scatter induced by slightly different mass
estimation methods (~0.2 dex; see |Wright et al.|2017, for
a detailed discussion of such comparisons and systematic
effects), and is induced by the updated photo-z prior imple-
mented here (Sect. . This is not surprising, given that
this prior is optimised for analysis of the full KiDS sample,
which is COSMOS-like. The variation between KV450 and
GAMA is highly correlated with systematic differences be-
tween the GAMA spec-z and KV450 photo-z, which shows
roughly a factor of two stronger bias than we see in the
main survey spectroscopic calibration sample (i.e. Fig. [7),
again due largely to our updated prior. Importantly, we see
no such systematic variations in our comparisons with G10-
COSMOS (in mass or photo-z) for KV450. This is in stark
contrast to the significant bias and scatter that is evident
in the KiDS-450 to G10-COSMOS comparisons. In particu-
lar, we note that the bias in the G10-COSMOS comparison
decreases by nearly an order of magnitude when moving
from KiDS-450 (up = —0.213) to KV450 (up = 0.041). Fur-
thermore, we note that the scatter in the comparison be-
tween KV450 and G10-COSMOS is reduced to oa = 0.208;
consistent with the 0.2 dex typical uncertainty induced by
different mass estimation methods agnostic of variations in
input photometry and redshifts. As such, we conclude that,
for our KV450 sample, the 9-band stellar mass estimates are
equivalent in quality to those that can be estimated using
significantly more accurate spectroscopic redshift surveys.

5 Stellar Mass Function

Given the accuracy of our observed stellar mass esti-
mates when compared to the G10-COSMOS survey, we are
prompted to explore whether we can reproduce complex
redshift-dependent mass functions using these estimates.
Such mass functions typically require spectroscopic redshift
estimates and/or high-accuracy photo-z estimates derived
from 20+ broad and narrow photometric bands (see, e.g.,
Andrews et al|[2017; [Davidzon et al|[2017; [Wright et al.
2018)). However, given the apparent fidelity of our mass
and photo-z estimates, we wish to explore whether we can
derive sensible mass-evolution distributions from our rela-
tively low-resolution photo-z estimates alone.
Fluxscale-corrected stellar masses from LE PHARE are
shown in Fig. for all galaxies in the KV450 footprint,
as a function of zg. The distribution shows an underdensity
of high-mass sources at low-redshift, and also a consider-
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z (i.e.with H12 prior) and only ugri photometry. Both KiDS datasets are shown with masses which have been corrected using
our fluxscale parameter. Sources in the comparison samples are selected for comparison only if their masses have been estimated
using spectroscopic redshifts. The figure demonstrates the significant improvement in mass estimates that is made when using 9-
band photometric information. In particular, significant reduction on the scatter of the deep G10-COSMOS dataset is particularly
important. Scatter in the highest-mass GAMA sources is due to the updated photo-z prior, which is optimised for sources fainter

than many high-mass GAMA galaxies.

able amount of structure as sources approach the detec-
tion limit. This structure is a form of redshift focussing,
and is caused by sources systematically dropping below the
detection limit in particular bands as a function of galaxy
SED shape. Otherwise, the distribution is well bounded and
fairly uniform, showing little evidence of photo-z dependent
biases.

We wish to use this distribution of stellar masses to
estimate a series of volume-complete galaxy stellar mass
functions (GSMFs) for the KV450 dataset. To do this, we
first define the mass limit of the dataset as a function of
photo-z. We take the same method of estimating the mass
limits as described in [Wright et al.| (2017)), using the turn-
over points in both number counts and photo-z to estimate
the mass-completeness limit. Briefly, the mass limits as a
function of photo-z are constructed assuming that any ob-
served down-turn in number-density is due exclusively to in-
completeness; i.e. that the mass function, over the redshifts
and masses probed here, has no true down-turn. Using this
assumption we estimate the completeness limit as a func-
tion of photo-z as being the point at which either comoving
number density and/or stellar mass number density starts
to fall. The procedure is shown graphically in Figure C1 of
[Wright et al| (2017). The calculation of the completeness
limit is done in a series of overlapping bins of photo-z and
stellar mass, and the resulting limit estimates are fit with
a fifth-order polynomial. This derived mass limit is shown
in Fig.[13|as a dashed red line. The mass limit can be seen
to effectively select against sources in the redshift-focused
low-SNR portions of the distribution, and suggests that the
mass estimates of KV450 can be considered to be volume
complete down to M, > 10'°M,, for sources with zg < 1.

Using these mass limits, we define a series of volume-
complete bins in stellar mass and redshift, and calculate

the resulting mass functions in these bins. These are shown
in Fig. [I4] For our binning, we choose to use the same to-
mographic redshift limits as are implemented in our cosmo-
logical analysis (Hildebrandt et al.|[2018), out to zg = 1.2.
The mass functions are calculated using a simple volume
calculated using the survey area and the redshift limits an-
notated in each bin, and we show the mass functions de-
rived with and without the implementation of the fluxs-
cale correction, for reference. For comparison, we also show
the model evolutionary mass functions presented in Wright
(2018)), derived using a compilation of consistently
analysed GAMA, G10-COSMOS, and 3D-HST data over
the redshift range 0.1 < z < 5. For demonstration, the
|[Wright et al.| (2018)) model is shown both as the model ex-
pectation at the mean redshift of the bin (grey line), and as
the range of model values (grey shading) that would be ex-
pected when allowing for: photo-z bias |Azg|< 0.2, additional
systematic bias in our stellar mass estimation (JAM, s/< 0.2
dex), and Eddington bias (|AMy eqal= 0.2 dex).

The first photo-z bin shows a mass function that has a
clear deficit in number density for the highest mass sources.
This deficit, we argue, is again caused by our pipelines opti-
misation for small-angular scale sources: the largest sources
on sky will also be the most massive at low redshift, and
our analysis methods are biased against accurate extraction
of these sources. In the subsequent bins, however, the mass
functions from our sample are in good agreement with the
evolutionary model of [Wright et al.| (2018)). This is partic-
ularly noteworthy, given the coarseness of our photo-z esti-
mation and that no correction for the redshift distribution
bias (such as is done in cosmic shear analyses; see
[brandt et al|2017) has been attempted. The mass func-
tions, however, clearly suffer from considerable Eddington
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Fig. 13. Distribution of all KV450 galaxy stellar mass estimates
as a function of photo-z. The data is shown as a 2D-histogram
with logarithmic scaling. The distribution is fairly consistent
with what is expected of a magnitude limited galaxy sample,
although the incompleteness at low-z is worth noting. The dis-
tribution is fairly uniform above the mass limits (red dashed
line). Below the limits we see signs of systematic incomplete-
ness and redshift focussing (caused by the typically noisier data
there).

bias in their masses (i.e. our mass functions are biased to-
ward higher masses).

6 Summary

In this work we present a new photometric dataset for astro-
physics and cosmology, KiDS+VIKING-450. The dataset
builds on the optical dataset of KiDS-450 with the inclusion
of 5-band near-IR data from the VIKING survey, reduced
and analysed in a way entirely consistent with the optical
dataset.

We discuss the reduction of the VIKING dataset, and
the derivation of relevant data products such as photome-
try. We demonstrate that the products derived are robust,
consistent with, and superior to previous photometric esti-
mates of sources from overlapping surveys such as 2MASS.

Using our photometry, we derive new 9-band photomet-
ric redshifts for the full KV450 sample, and compare these
new photo-z to those presented previously in
et al| (2017). We find that the new photo-z exhibit a re-
duced scatter in Az/(1+z) (especially at high photo-z; down
by ~ 40% compared to the ugri-only case), a lower over-
all bias (down 50%), and allow us to dramatically improve
our ability to accurately estimate photo-z beyond zg = 0.9,
with the outlier rate reducing by over 40%. The improve-
ment is sufficiently dramatic as to motivate the inclusion
of a higher-redshift bin in KiDS cosmic shear studies using
this dataset (Hildebrandt et al.[2018]), and to motivate us
to explore whether our photo-z alone are able to be used to
constrain galaxy evolution parameters of interest (such as
the stellar mass function) out to high redshift.

Using the SED fitting code LE PHARE, we estimate stel-
lar masses for all sources in the KV450 footprint. We com-
pare these mass estimates to previous samples from GAMA
(Wright ot al| 2017) and G10-COSMOS
2017), finding good agreement between the datasets. Our
comparison to G10-COSMOS (a sample that matches the
overall KV450 dataset well) demonstrates negligible bias in

—
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our mass estimates (ux = 0.041) and a scatter that is equiva-
lent to that seen inherent to stellar mass estimates agnostic
of changes to photometry and redshift (o = 0.202;
let al|/2017; |Taylor et al||2011). Furthermore, we demon-
strate that the SED fits allow us to perform a high-fidelity
star-galaxy separation, and thereby clean the full sample of
contaminating sources.

Using our mass estimates, we calculate the mass-
completeness limit of the dataset, deriving an empirical
mass limit that suggests the sample is volume complete
above M, > 10'°My at zz < 1. We bin the data into eight
volume complete samples spanning 0.1 < zg < 2 and plot
the resulting galaxy stellar mass functions for these bins.
Comparing these bins to the evolutionary model of the
GSMF from [Wright et al| (2018), we find agreement in
the range of 0.3 < zg < 2. The lowest photo-z bin shows
considerable incompleteness at high-masses, which we at-
tribute to our extraction pipeline being optimised for small-
angular-size sources. In the regime where our pipeline is op-
timised, we demonstrate that we are able to reproduce the
results of previous studies which utilised spectroscopic red-
shifts and/or significantly more photometric data than we
use here. Future KiDS+VIKING releases, containing three
times the on-sky area utilised here, will further push the
boundaries of studies that are possible with photometric-
only data.
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