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When VLT Meets HST: The HUGS Survey
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A new ultra-deep near-infrared imaging
survey has been completed using
the HAWK-I imager at the VLT. It is
named HUGS (HAWK-I Ultra Deep Survey and GOODS Survey) and delivers
the deepest, highest quality images
ever collected in the K-band. HUGS
complements the data delivered by the
HST CANDELS survey over two wellises to open up exciting new opportunities to explore the highest redshift
Universe. The survey is outlined and
faint galaxy number counts and the
search for passive galaxies in the early
Universe are highlighted. The HUGS
data have been completely analysed

and are being made public to the worldwide community.

Ultra-deep imaging surveys are of fundamental importance for advancing our
knowledge of the early phases of galaxy
formation and evolution. In general, each
technological advance in telescopes
and/or detectors has been swiftly applied
to obtain ever deeper images of the
extragalactic sky over a range of wavelengths. An obvious example of this
technology-driven progress is the early

subsequent exploration of the highredshift Universe. Building on the experience of these surveys, the concepts
of colour-selection criteria and photometric redshifts have become commonly
used tools in the exploration of galaxies
at high redshifts. ESO has been major
ous surveys like the New Technology Telescope (NTT) Deep Field (Fontana et al.,
2000), the Very Large Telescope (VLT)

1999) and the near-infrared (NIR) coveral., 2010).
In recent years, the emphasis has started
to shift progressively towards undertaking deep imaging surveys in the NIR,
motivated by the need to sample the
restframe optical (and even ultraviolet
[UV]) emission in highly-redshifted galaxies in the young Universe. The most
recent and spectacular case is the long
campaigns (Illingworth et al., 2013 and
references therein), obtained with the
infrared channel of the Wide Field Camera 3 (WFC3/IR), the latest and most

most ambitious enterprise of this kind.
Treasury (MCT) programme delivering
0.18-arcsecond JF125W and HF160W images
) over

) three-band (Y, J, H)
(within GOODS-South and GOODSNorth). It also delivers the necessary
Surveys (ACS) parallels to complement
the deep WFC3/IR imaging.

statistically useful samples of galaxies at
6 < z < 9; the measurement of the morphology and internal colour structure of
galaxies at z = 2–3; the detection and
follow-up of supernovae at z > 2 for validating their use as cosmological distance
indicators; and the study of the growth of
black holes in the centres of high-redshift
galaxies.
As soon as CANDELS was approved, it
was immediately realised that the addition of an adequately deep K-band coverof this wonderful dataset. It is worth
remembering that, at z = 6, the wavelength gap between H
is comparable to the gap between the
observed Z- and K-bands at z = 3. Thus,
bridging this large spectral range with
deep K-band photometry is crucial for an
accurate determination of the restframe
physical quantities (e.g., stellar age, stellar mass and dust content) of galaxies at
very high redshifts.

The K-band is indeed considered an
excellent proxy for the selection of massselected samples of galaxies at high redshift (Fontana et al., 2006). A primary goal
the evolution of the galaxy mass function
at high redshift, especially at the faint end
where K-band selected samples are required to be as complete in mass as possible. As another example, the wavelength
shift from the HF160W band (the longest
K-band enables us to extend the redshift coverage
of the restframe B-band from z
z
frame optical morphology and spectral
energy distribution of z

the UKIRT Infrared Red Deep Sky Survey
(UKIDSS) Ultra-Deep Survey (UDS), since
the ongoing UltraVISTA survey is already
delivering ultra-deep Y-, J-, H- and
K-band imaging within the COSMOS

The depth of the images in the K-band
has been tuned in order to match the
depth of the WFC3/IR images produced
in the JF125W and HF160W
the target depth was chosen to be
WFC3/IR in HF160W, as appropriate to
match the average (H - K) colour of faint
galaxies.
The pointing strategy is also designed

The data

over the last three years as an ESO Large

overlap that has been used to crosscheck photometric calibration. The cover-

It consisted of 208 hours of observations
K-band. The

CANDELS is more complex, and forced
us to adopt a more complicated pattern

previous imaging programmes that have

observations are deeper in a rectangular
is also located, and shallower in the upper

in the Y-band and K-band. These are an
earlier Large Programme designed to
select z
Fontana; see Castellano et al., 2010) as

Figure 1.
K-band is shown (left image). On
correspond to longer exposure. Overlaid are also the

data (60.A-9284). Our survey targets two
from Paranal, namely GOODS-South and

rectangle), CANDELS-wide (blue rectangle), Early
(smaller green box).

an ambitious programme designed to
make optimum use of the most advanced
NIR imager available at any current
K-band Imager;
Kissler-Patig et al., 2008) at the VLT. On
account of its unprecedented combinais the ideal choice to deliver the ultradeep and wide K-band images that are

ment the WFC3 CANDELS observations,
it is a free-standing survey that will enathanks to the depth of the K-band images.
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ing image is shown in Figure 1, including
the position of the six individual pointings
overlaid upon the WFC3 exposure map
(that also includes the position of the

where the different pointings overlap),
but also against wider area but shallower
surveys (obtained with UKIDSS or the
calibrated at the 1–2 % level.

-

of net exposure time in the most central
still reaches more than 40 hours of exposure time over the remaining part of the
GOODS-Deep area.
All the data have been collected and
analysed. We initially used two pipelines
(one developed in Rome and one in
Edinburgh) to independently reduce the
observations. We then compared the two
pipelines and the resulting reduced

on the VLT is capable of approaching
valled. In the K-band the seeing is exceptional and homogeneous across the
0.38–0.43 arcseconds, the former value
holding in particular in the ultra-deep
area with 85 hours of exposure. In this
deepest region (which includes most of
magnitude limit

obtained high-quality photometric catalogues in both areas. These have been
obtained using the WFC3 H-band image
from CANDELS as the detection image,
obtained using a point spread function
(PSF) matched photometry technique
that takes into account the morphology
of each object during the deblending process. The photometry was accomplished
using the TFIT package (Laidler et al.,
2007).
It may be of some interest to use these
catalogues to show how effective the
useful information on the CANDELSdetected objects, since that is one of the

one magnitude shallower (to match the
correspondingly shallower depth of
the CANDELS images), but also includes
Y-band imaging, which also has an excel-

and this comparison was utilised to help
of the data is presented in Table 1.
Rome pipeline that has been used in the
tually cross-checked the relative calibration, not only internally (in the regions

ble in all aspects to the WFC3 data.

Final images and catalogues

It is immediately appreciated that the
coverage of the GOODS-Deep area is
not uniform, because of the combined
effects of the pointing locations and the

ately appreciated that the depth and

A visual comparison of the WFC3/IR and
we compare the deepest region from

case of GOODS-S, it is seen that as
much as 90 % of the H-band detected
nal-to-noise (S/N) > 1 in the K-band,
down to the faintest limits of the H-band
catalogue, and that nearly 50 % of the
H
H
galaxies) have a solid K-band detection
with S/N > 5. As a practical example, we
show in Figure 3 the spectral energy dis-

Table 1.
Field

Band

Exposure time

Seeing (arcsec)

Lim. mag (AB, 1 arcsec –2)

GOODS-DEEP1,2
GOODS-WIDE1,2,3,4
UDS1,2,3
UDS1,2,3

K
K
K
Y

31.5 hours
11.3–13 hours
12.5–13.5 hours
8 hours

0.38–0.39
0.38–0.42
0.37–0.43
0.45–0.5

27.8
27.3–27.4
27.3–27.4
28.2–28.4

0.04

44

0.16

0.36

0.64

1

1.4
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2

2.6

3.2

0.003

0.012

0.027

Figure 2.
K-band
(left) and with WFC3/IR in the H-band (right). The
displayed area is 1 arcminute wide. Objects encircled have H
H-K
typical of faint galaxies.

0.048

0.075

0.11

0.15

0.19

0.24

Figure 3. Spectral energy distribution of a galaxy
at spectroscopic redshift z
est-redshift galaxies with measured metallicity
(Castellano et al., 2014). The magnitudes (in the
AB system) are H
K
K-band; red points are

and Charlot models with nebular emission
included.

tribution of a galaxy at spectroscopic
redshift z
(adapted from Castellano et al., 2014).
data is crucial to sample, at high S/N, the
region immediately long-ward of the
Balmer break. A full analysis of this and
other z
Castellano et al. (2014).

those obtained by the deepest available
observations so far (Subaru Super Deep
galaxy number counts have been computed from adaptive-optics-assisted
Subaru observations on quite a small
would imply the existence of some exotic
population of primeval galaxies that

depth as the Subaru observations, but
over a much larger area, and are hence
perfectly suited to address this issue.
Number counts have been derived independently from each pointing on both
UDS and GOODS-S images, and a
weighted average of these has then been
After trimming the outer regions of the

The faintest galaxies as observed in the
K-band

compute the number counts is 340.58
square arcminutes, i.e. about 1/10th

the number counts. In the K-band, these

est number counts (i.e., those determined
at K > 25) are in practice determined from
a sub-area of 50.17 square arcminutes

been claimed that the total extragalactic
background light (EBL), as measured by
satellite observations, exceeds the integrated contribution of observed galaxies,
if the number counts are as shallow as

Central to a robust determination of the
number counts is a thorough and reliable
estimate of the incompleteness and other
systematics, which must be obtained

Figure 4. The K-band galaxy number counts derived
and other systematic effects as described in the text.
pleteness with point sources; those in red by
extended sources. Data from other deep surveys are
also included.

through the use of simulations. The estimate of the size and magnitude dependence of the correction depends on a
critical assumption, namely the distribution of galaxy sizes. At the exquisite resobetween compact and point-like sources
is indeed measurable. We therefore computed the correction for incompleteness
sources; and ii) assuming a distribution
in size between 0.1 and 0.3 arcseconds,
the typical size that we measure in the
H
ber counts are shown in Figure 4, for
both assumptions about galaxy size (blue
symbols for point sources, red for
ex tended), compared with a number of
recent results from the literature. As
expected, the number counts agree very
well with previous results from the literature. It is immediately appreciated that
depth and statistical accuracy of all previous estimates at faint magnitudes, the
only exception being the very faintest bin
from the SSDF (Minowa et al., 2005).
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Figure 5. Number
counts of passively
evolving galaxies at
z

At the faint limit, it is immediately clear
how dramatic is the impact of the
assumptions on galaxy size. Assuming
ing of the number counts at K
reported by Minowa et al. (2005), in our
case with a much larger statistical accu-

incompleteness), from
illustrated. Comparison
of the observed points
to three different semianalytic galaxy models
(SAM) are shown.

instead a more realistic, typical galaxy
size in the range 0.1–0.3 arcseconds, we
remains essentially unchanged up to
K
Figure 4). If we assume that the steep
holds to even fainter limits, the consequence is that most of the diffuse EBL
observed from space can be ascribed to
ordinary galaxies, without the need to
invoke more exotic populations.

Passive galaxies in the early Universe
have obtained from these data, in conjunction with the other CANDELS data,
is related to the study of passively evolving galaxies at z
pBzK
criterion proposed by Daddi et al. (2004)
to identify such objects, and thanks to
the unprecedented depth of our observations, we have now extended the
selection of these objects at magnitudes
(K
previous analysis. We have demonstrated
we can select passive galaxies down to
K
by incompleteness, and that the latter is
still treatable down to K
Our central result (shown in Figure 5) is
that the pBzK number counts show a
K
K
I-band magnitudes of MI = –23 and –22
respectively. Converted into stellar mass,
our result corresponds to a decrease in
the number density of passive-evolving
galaxies at stellar masses below
1010.8 M! for a Salpeter initial mass function. As judged against the still steeply
rising number counts of the overall galaxy
population at these redshifts, this turnover is fairly abrupt, indicating that at high
redshift the mechanism that quenches
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cient below this mass limit.
Comparing our observed number counts
with a population of quiescent galaxies
extracted from three different theoretical
only two of these models reproduce even
qualitatively the observed trend in the
number counts, and that none of the
models provides a statistically acceptable description of the number density of
quiescent galaxies at these redshifts.
This result clearly shows that the mass
and luminosity distribution of quiescent
galaxies at high redshift continues to
present a key and demanding challenge
for proposed models of galaxy formation
and evolution. Full details are given in a
dedicated paper (Sommariva et al., 2014).

A wealth of data made public
We are fully aware that the data described
here may have a much larger impact if
the whole astronomical community is
allowed access to them. The survey strategy and all the details of data reduction
and the number counts are presented
in Fontana et al. (2014). All the data from
forms — as images for individual point-

ings, as images of full mosaics, as well as
multi-wavelength catalogues. Data are
available from the ASTRODEEP website1
as well as from the ESO archive as Phase
3 data products2. We look forward to
the science that will be possible with this
wonderful dataset.
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Links
1

www.astrodeep.eu

2

observing/phase3.html

