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Accurate knowledge of the redshift dis-
tributions of faint samples of galaxies 
selected by broad-band photometry is  
a prerequisite for future weak lensing 
experiments to deliver precision tests  
of our cosmological model. The most 
direct way to measure these redshift 
distributions is spectroscopic follow-up 
of representative galaxies. For this to  
be efficient and accurate, targets have 
to be selected such that they system-
atically cover a space defined by appar-
ent colours in which there is little varia-
tion in redshift at any point. 4C3R2  
will follow this strategy to observe over 
100 000 galaxies selected by their 
KiDS-VIKING ugriZYJHKs photometry 
over a footprint identical to that of the 
WAVES survey, to constrain the colour- 
redshift relation with high multiplicity 
across two-thirds of the colour space of 
future Euclid and Rubin samples.

Scientific context: the colour-redshift 
relation for weak lensing surveys

Our cosmological model predicts the 
growth of large-scale structure to be 
highly sensitive to the densities and fun-
damental physical laws of the different 
constituents of cosmic energy density, 
among them the elusive dark matter, dark 
energy, and massive neutrinos. Photo-
metric surveys can directly probe the 
large-scale matter density distribution via 
the apparent distortion of the shapes of 
galaxy images. These distortions are 
caused by tidal gravitational forces that 
act on the distant galaxy’s light along its 
path to us, the so-called weak gravita-
tional lensing effect. The strength of the 
distortion depends not only on the matter 
distribution these experiments intend to 
measure, but also on the distances to the 
lensed galaxies. This has motivated the 
development of a range of techniques to 
not just estimate photometric redshifts 
but also accurately calibrate the redshift 
distributions of photometrically selected 

samples of galaxies (see, for example, 
Newman & Gruen, 2022 for a review). The 
direct determination of the redshift 
distribution with spectroscopy is advanta-
geous in multiple ways. However, present 
samples of spectroscopic redshifts allow 
for a calibration of galaxy distances that 
is only scarcely sufficient for the ongoing 
lensing experiments (Hildebrandt et al., 
2021; Myles et al., 2021; Rau et al., 2022). 
The currently required calibration uncer-
tainties on the mean redshift are of order 
|Dz| ~ 0.01. But the next generation of 
surveys by Euclid, Vera C. Rubin Obser-
vatory, and the Nancy Grace Roman 
Space Telescope are predicted to need 
an order of magnitude improvement, with 
the calibrated mean redshift accurate to a 
few parts in a thousand and stringent 
requirements as well on the calibration of 
the width of redshift distributions. We will 
thus be severely limited in testing cosmo-
logical models unless large, systemati-
cally selected and highly complete spec-
troscopic samples can be obtained.

Complete calibration of the colour- 
redshift relation

Direct calibration of redshift distributions 
(for example, Hildebrandt et al., 2017) 
effectively consists of making a histogram 
of spectroscopic redshifts. For this esti-
mate of the redshift distribution to be 
unbiased, the spectroscopic sample has 
to be representative of the set of galaxies 
in question that results from some photo-
metric selection. For the estimate to be of 
sufficiently small statistical uncertainty, 
the spectroscopic sample has to be col-
lected over a large enough volume and 
with high multiplicity. With current instru-
ments this is prohibitively demanding of 
exposure time for weak lensing source 
galaxy samples. This is not just because 
the galaxies in these samples are faint 
and thus their spectroscopic redshifts dif-
ficult to acquire. In addition, the large vari-
ation in the redshifts of galaxies selected 
from noisy, few-broadband photometry 
means (i) that incompleteness can 
strongly bias the sample if the success of 
a spectroscopic observation depends on 
the redshift of a targeted galaxy (for 
example, Gruen & Brimioulle, 2017), and 
(ii) that a very large number of randomly 
sampled spectroscopic redshifts is 
required to achieve a sufficiently small 
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Figure 1 shows the state of spectroscopi-
cally calibrating the median redshift 
across this SOM. The achievable effective 
resolution of this map is limited by photo-
metric noise in the observing survey, as 
galaxies can scatter (also asymmetrically) 
between neighbouring cells.

Specific scientific goals: densely probe 
galaxy colour space with 4MOST spectra

The observing programmes outlined 
above have the common goal of a com-
plete calibration of the colour-redshift 
relation (C3R2) and this survey adds a 
4MOST component to that effort. 
Approximately two thirds of the colour 
bins defined by C3R2 (Masters et al., 
2015) contain galaxies bright enough to 
achieve high redshift completeness with 
4MOST spectroscopy in a feasible expo-
sure time. Unlike many of the deep, 
sparse surveys performed so far, 4MOST 
offers the unique possibility of achieving 
high multiplicity in each of these cells, i.e., 
to probe the full distribution of redshift 
given colour. This will allow us to address 
pressing questions about redshift calibra-
tion with the colour-SOM method, such 
as whether the presence of rare redshift 
outliers at a given observed colour is a 
relevant effect. It also allows the depend-
ence of redshift on magnitude at fixed 
colour to be accurately tested and cali-
brated. The latter is critical for utilising the 
relatively bright subset of galaxies 
observed spectroscopically for calibrating 
the redshift distributions of faint, photo-
metric samples of equal colour. The 
resulting sample will form the broad basis 
for a wedding-cake C3R2 strategy that 
continues to require 8-metre-class and/or 
infrared spectroscopy for the parts of 
 colour and magnitude space inaccessible 
to 4MOST.

Target selection and survey area: 
synergies with KiDS-VIKING and WAVES

Photometry in the ugriZYJHKs bands  
from the Kilo-Degree Survey and the 
VISTA Kilo degree Infrared Galaxy survey 
(KiDS-VIKING) provides the basis for 
selecting targets across a highly informa-
tive colour space and over an unprece-
dented volume for a photometric redshift 
calibration survey. 4C3R2 does this from 

map, relatively few spectroscopic obser-
vations of relatively bright galaxies con-
strain the statistical relation between col-
our and redshift. For surveys observing  
in a smaller or slightly different set of pho-
tometric bands, or observing at higher 
noise levels, any selection of galaxies can 
still be approximately expressed as a 
 linear combination of the original SOM 
cells, and thus its redshift calibration can 
be related to the SOM’s colour-redshift 
relation (Buchs et al., 2019; Myles et al., 
2021). This has motivated a set of optical 
and near-infrared spectroscopic surveys 
to sparsely cover the cells of this par-
ticular SOM (Masters et al., 2017, 2019; 
Euclid Collaboration et al., 2020), in addi-
tion to survey data from the Dark Energy 
Spectroscopic Instrument (McCullough  
et al., in preparation). The right panel of 

statistical error (for example, Newman & 
Gruen, 2022, their section 3.3).

A much more efficient strategy is to bin 
galaxies by colour in a set of bands such 
that in each bin there is as little scatter in 
redshift and as little evolution of redshift 
with apparent magnitude as possible. A 
technique that has been used for this 
extensively in the literature involves 
so-called self-organising maps (SOMs). 
These are few-dimensional grids of colour 
values contiguously embedded into the 
high-dimensional space of observed gal-
axy colours. The embedding is optimised 
in such a way that each galaxy can be 
assigned to a grid cell with small colour 
separation. Figure 1 shows the SOM of 
Masters et al. (2015). By appropriately 
sampling each bin, i.e., each cell of the 
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Figure 1. The ugriZYJHKs colour space of galaxies is 
discretised by the self-organising map (SOM) of 
Masters et al. (2015) that is shown in two ways here. 
The left panel illustrates which cells of the SOM con-
stitute the colour selections for 4C3R2-Wide/Deep 
and parts of colour space covered by the preliminary 
WAVES-Wide/Deep selections, which are not always 

cell-complete. The right panel shows the median 
redshift of existing archival samples across the same 
SOM. Of importance for our selections are the 
z = 0.2 and z = 0.8 transitions where WAVES-Wide/
Deep become incomplete by design, and above 
which 4C3R2 selects representative subsets of gal-
axies for targeting.



30 The Messenger 190 | 2023

representative but incomplete sampling 
over a wider redshift range and to some-
what fainter objects.
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galaxies, for example the low-redshift 
(z < 0.2) filament that runs across the 
right half of the left panel of Figure 1. This 
results in a complementary proposal of 
acquiring redshifts that are representative 
(4C3R2) by colour and magnitude where 
they cannot be complete (as for the 
WAVES selection) for as much of the 
physical manifold of colour and redshift 
as possible. Specifically, 4C3R2 aims to 
sample targets from cells whose redshifts 
have a high probability of being within the 
range of 0.2 < z < 1.55 in wide, and simi-
larly 0.8 < z < 1.55 in deep. The lower 
limit is motivated by the WAVES selection, 
while the upper limit is constrained by 
spectroscopic features redshifting out of 
4MOST’s sensitivity wavelength range. 
While colour-redshift calibration is the 
 primary purpose of 4C3R2, the survey 
data will thus also optimally complement 
WAVES. 4C3R2 empirically determines 
the targeting incompleteness of WAVES 
over the redshift ranges the latter intends 
to cover. In addition, the 4C3R2 sample 
extends the subset of galaxy evolution 
science cases that can be studied with 

the same photometric catalogue and over 
the same area as the Wide Area Vista 
Extragalactic Survey (WAVES), spanning 
more than 1170 square degrees (Driver et 
al., 2019). Unlike the high completeness 
strategy of WAVES, 4C3R2 requests only 
a small subset of the potential targets. 
This allows for flexible fibre assignment 
and a high degree of synergy. The two 
surveys are currently optimising their joint 
selection through simulations, including 
an exploration of whether entirely dis- 
junct target selections or partial overlap 
between the two surveys’ samples is the 
most efficient option. The preliminary 
choice of the limiting magnitude of 
z = 21.6 in 4C3R2-Wide is slightly deeper 
than WAVES, with a z = 22 selection in 
4C3R2-Deep that matches WAVES-Deep. 
The left panel of Figure 1 depicts the 
 colour selection of 4C3R2 targets for both 
the wide and deep surveys. Cells that 
contain WAVES targets, estimated accord-
ing to existing photometric redshifts, are 
indicated by light colours. 4C3R2 inten-
tionally does not select from areas in the 
map that are dominated by low-redshift 
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In this picture, Venus is shining brightly over ESO’s 
La Silla Observatory in Chile. The picture was taken 
just before dawn, towards the East, and also fea-
tures the diffuse zodiacal light — sunlight scattered 
by dust particles in the Solar System. The three 
domes to the left of the road are the BlackGEM 

telescopes, built by Radboud University, 
the Netherlands Research School for Astronomy 
(NOVA), and KU Leuven in Belgium. BlackGEM will 
search for the afterglow of some of the most dra-
matic events in the Universe, such as the collision  
of black holes and neutron stars.
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