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Key facilities for study of early galaxy evolution
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Cosmic History



UltraVISTA



UltraVISTA



14 seasons of UltraVISTA observing



14 seasons of UltraVISTA integration









UltraVISTA proposal history

179.A-2005 “UltraVISTA” 
- original 1800 hr Public Survey proposal (2009)

198.A-2003 “Completing the legacy of UltraVISTA” 
- 750 hr Public Survey proposal to flatten J, H, KS imaging (2016)

LP 1104.A-0643 “Completing UltraVISTA: charting cosmic reionization & preparing for EUCLID”
- 272 hr Large Programme to flatten Y (2019)

DDT 110.25A2 “Completing UltraVISTA”
- 99.5 hr DDT request to refine homogenization of J, H, KS imaging (2022)

Final allocation was curtailed due to VIRCAM observations ceasing on 5/6 March 2023



UltraVISTA proposal history

179.A-2005 “UltraVISTA” 
- original 1800 hr Public Survey proposal (****)

198.A-2003 “Completing the legacy of UltraVISTA” 
- 750 hr Public Survey proposal to flatten J,H,KS (2016)

LP 1104.A-0643 “Completing UltraVISTA: charting cosmic reionization & preparing for EUCLID”
- 272 hr Large Programme to flatten Y (2019)

DDT 110.25A2 - 99.5 hr DDT request to fully homogenize imaging (2022)



UltraVISTA data releases

Andrea Moneti & Henry-Joy McCracken, IAP

Bo Milvang-Jensen, DAWN



UltraVISTA DR5 – May 2023



UltraVISTA DR5 – May 2023

5-sigma limiting magnitude (AB) in 2-arcsec diameters apertures (as 
measured on Ultra-deep columns of DR5)

Deep columns ~0.2 mag shallower in DR5 

Extra observations included in DR6 have removed this difference and have 
increased homogeneous Y-band depth to 26.0.



UltraVISTA DR6 – March 2024

• Will include all UltraVISTA observations from Dec 2009 to Mar 2023 
(when VIRCAM was retired)

• 110,433 images and 2,467 hours of exposure time

• ~10% of frames rejected:   FWHM > 1 arcsec and/or star ellipticity > 0.1 
(peak of ellipticity distribution is at ~0.01)

• Final stacks contain ~175 hr of integration per pixel

• Improved sky subtraction via a proper time-localized sky for each image

• Improved astrometry using GAIA catalogue shifted to observation time

• Full stacks for all 5 filters and a 5-band catalogue



The power of full re-reduction

Demonstrates importance of individual skies



DR4 versus DR5 versus DR6

J band



DR4 versus DR5 versus DR6

Y band



DR5 versus DR6

Y J H               KS

26.0 25.8 25.5 25.1
5-sigma,   2-arcsec diameter apertures



The impact of UltraVISTA

According to https://telbib.eso.org 270 papers have utilized UltraVISTA data

The original survey definition paper (McCracken et al. 2012) has been cited 616 times

The COSMOS 2015 (Laigle et al. 2016) and COSMOS 2020 (Weaver et al. 2022) catalogue 
papers have been cited 813 and 138 times respectively

Papers based on UltraVISTA data have now garnered ~17000 citations in total

https://telbib.eso.org/


Key Science 1: UV-selected Galaxies at high z



Major challenge is distinguishing z = 7 galaxies from T dwarfs

Big problem for ground-based surveys at J ~  25

Crucial importance of deep Y-band, and deep z-band



UltraVISTA robust z ~ 7 galaxies   Bowler et al. (2012, 2014)

Sample includes most massive 
z = 7 galaxies with M* = ~ 1010 Msun

SFR ~ 10 – 40 Msun/yr

Median rest-frame UV slope b = – 2.0



Bright end of z = 7 Luminosity Function (LF)
Bowler et al. (2012, 2014)



Evolving high-redshift UV galaxy luminosity function

Combining space-based and ground-based data – Bowler et al. (2020)

Evolution in shape towards CDM mass function at very high z?



The latest high-redshift UV galaxy luminosity functions

Results from JWST and UltraVISTA – support shape change at very high z

Donnan et al. (2023a)  MNRAS, 518, 6011                                          Harikane et al. (2023)



Evidence for dust at z ~ 7 ?Physical reasons for change of LF shape – dust and/or quenching?

Dust needed to match models at z = 7
(e.g., Bowler et al. 2015)

Freezing/reversal of M* at z < 4 indicative of quenching?
(Adams et al. 2022)



Implications for high-z SFR density
(and hence cosmic hydrogen reionization)

McLeod et al. (2023)



Implications for high-z SFR density
(and hence cosmic hydrogen reionization)

McLeod et al. (2023)



Key Science 2: The evolving galaxy mass function



Evolving galaxy (stellar) mass function

Major early impact with UltraVISTA DR1

Ilbert et al. (2013) – 826 citations Muzzin et al. (2013) – 756 citations



Evolving galaxy (stellar) mass function
I. Davidzon et al.: The COSMOS2015 galaxy stellar mass function

Fig. 16. Evolution of the SMF between z = 0.2 and 4, for active (upper

panel) and passive (lower panel) galaxies. Same symbols as in Fig. 15.

e↵ect is even more evident in the active SMF (Fig. 16, upper
panel), which does not extend beyond log(M/M�) = 11.5. This
kind of mass-dependent quenching could be caused by inter-
nal processes, for example, AGN feedback or heating via stable
virial shocks (Gabor et al. 2010, and references therein). Without
any assumption regarding the underlying physics, the empirical
model of Peng et al. (2010) shows how a galaxy SMF that is a
power-law function at z = 10 will assume a Schechter profile at
lower z, mainly because of the action of mass quenching. Poten-
tially confirming this picture, the COSMOS2015 SMF, moving
towards higher z, starts to resemble a power law (Eq. (5)). We
caution that this clue may actually be the e↵ect of galaxy inter-
lopers on the high-mass end, however it is not implausible that
the SMF departs from a Schechter function at z & 6, to reproduce
more closely the shape of the underlying dark matter (DM) dis-
tribution (see below). Similarly, Bowler et al. (2015, 2017) find
evidence that the UV LF of z ' 7 galaxies is better fit with a
double power law.

The SMF of NUVrJ-passive galaxies (Fig. 16, lower panel)
agrees with this scenario, with a distinct log(M?/M�) =
10.5�10.8 peak even at z > 3. The most significant growth of
the passive sample, in terms of number density, happens from
z = 2.5 to 1. A substantial increase (by a factor ⇥4) is observed
in particular from 2 < z < 2.5 to 1.5 < z < 2 (i.e. in less than
1 Gyr). This is consistent with previous studies that indicate that

local early-type galaxies with 11 < log(M/M�) < 12 entered
into their quiescent phase between z ' 0.8 and 2.5 (Thomas et al.
2010).

The build-up of passive galaxies corresponds to a transition
of the total SMF from a single to a double Schechter function.
This is only an approximate scheme, because the emerging sec-
ondary component cannot be fully ascribed to quenching. Also,
the active SMF is better fit by a double Schechter function at
least at z < 2.5 (see also Ilbert et al. 2013; Tomczak et al. 2014).
When the active sample is divided into two or more classes –
for example, distinguishing between intermediate and high sSFR
or di↵erent morphologies, as in (Ilbert et al. 2010) – each SMF
is well described by a single Schechter function. From a mor-
phological analysis of z < 0.06 galaxies, Mo↵ett et al. (2016,
GAMA survey) find that the double Schechter profile of the ac-
tive SMF is the sum of the SMF of Sd and irregular galaxies
(dominant at the low-mass end) and the one of Sa to Sc types
(which creates the dip at intermediate masses). With irregu-
lar galaxies being more common in earlier epochs, the result
should be a single Schechter at high z, as observed. Moreover,
Mo↵ett et al. (but also Kelvin et al. 2014) find a precise decom-
position of their local SMF in two Schechter functions by sim-
ply dividing disc- and bulge-dominated galaxies. Without spec-
ulating further, we simply remark that a similar morphological
transformation, characterised by an “inside-out” quenching and
bulge growth, is expected to begin at z ' 2.5 (according to recent
simulations as Tacchella et al. 2016), that is, the epoch when we
observe a secondary low-z component emerge in the SMF.

We also determine the stellar mass density (⇢⇤) as a function
of z. This is usually done by integrating the Schechter function
between 108 and 1013M�. Since ourMlim is larger than 109M�
at z > 2, the computation at high redshift is extremely sensi-
tive to the extrapolation of the low-mass end below our data
point (see Sect. 5.5). We show in Fig. 17 several ⇢⇤ estimates
from COSMOS2015 and other surveys, compared to the stellar
mass density derived via integration of the SFR density (SFRD)
function (as given in Behroozi et al. 2013; Madau & Dickinson
2014). The di↵erence between the two methods is smaller than in
the analogous plot shown in Madau & Dickinson (2014), where
estimates derived from SED fitting are ⇠0.2 dex lower than ⇢⇤
from SFRD (their Fig. 11). As explained in that paper, the level
of consistency also depends on the assumed IMF. Time integra-
tion of the SFRD takes into account the gas recycling fraction
( freturn), which is 0.41 for Chabrier’s and 0.27 for Salpeter’s IMF.
Since we use the former, the resulting stellar mass density is
⇠0.1 dex smaller than the one obtained by Madau & Dickinson
(2014) starting from the same SFRD function.

In Fig. 17 we also see that our fiducial SMF at z > 4 origi-
nates higher ⇢⇤ values than the fit with fixed M?, whose main
di↵erence is indeed the flatter low-mass end. Both estimates
are nonetheless consistent, at within 1� from each other, and
in fairly good agreement with ⇢⇤ from Behroozi et al. (2013)
and Madau & Dickinson (2014). The tension with the SFRD
predictions starts to be evident when considering, for exam-
ple, Santini et al. (2012) or Duncan et al. (2014), whose SMFs
are even steeper.

A precise determination of ↵ is also pivotal in the essen-
tial formalism of those empirical models (e.g. Peng et al. 2010;
Boissier et al. 2010) that try to connect the SMF evolution to
the main sequence (MS) of star forming galaxies (Noeske et al.
2007; Daddi et al. 2007; Elbaz et al. 2007). Reconciling the
galaxy growth predicted by the MS with the redshift evolution of
↵ is an e↵ective way of constraining stellar mass assembly and
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Fig. 17. Redshift evolution of ⇢⇤, as measured in di↵erent pa-
pers by integration of the SMF: Caputi et al. (2011, C+11 in the
legend), Caputi et al. (2015, C+15), Duncan et al. (2014, D+14),
González et al. (2011, G+11), Grazian et al. (2015, G15), Ilbert et al.
(2013, I+13), Mortlock et al. (2011, M+11), Mortlock et al. (2014,
M+15), Muzzin et al. (2013a, M+13), Reddy et al. (2012, R+12),
Santini et al. (2012, S+12), Song et al. (2016, S+16), and Tomczak
et al. (2014, T+14). If ⇢⇤ uncertainties are not quoted in the paper, we
plot approximate error bars by considering the 1� error of the ↵ param-
eter. Red stars are the stellar mass density from our fiducial Schechter,
brown stars are from the fit with fixedM?. By integrating their SFRD
functions, we can plot ⇢⇤(z) from Behroozi et al. (2013, black dashed
line) and Madau & Dickinson (2014, grey solid line). In both integra-
tions we assume freturn = 41% (coherently with Chabrier’s IMF). For
Madau & Dickinson (2014) we also show with a shaded area the ⇢⇤
range enclosed by freturn = 50% and 25% (the latter value is similar to
the one prescribed by Salpeter’s IMF).

quenching mechanisms (e.g. Leja et al. 2014; Steinhardt et al.
2017).

6.2. Dark matter connection

To better understand the evolution of the SMF we investigate the
relation between galaxy stellar mass and DM halo mass assem-
bly. As pointed out by Lilly et al. (2013), galaxy sSFR and the
specific mass increase rate of DM haloes (sMIR ⌘M�1

h dMh/dt,
see e.g. Neistein & Dekel 2008) evolve in a similar way, as ex-
pected if star formation is regulated by the amount of cold gas in
the galaxy reservoir, which in turn depends on the inflow of DM
into the halo (Lilly et al. 2013; Saintonge et al. 2013).

We compare the SMF of COSMOS2015 galaxies to the
halo mass function (HMF) provided in Tinker et al. (2008)9.
Recently, a discrepancy between these two quantities has been
highlighted by Steinhardt et al. (2016): the most massive galax-
ies observed at z > 4 seem to be too numerous compared to
the haloes that should host them. Such an excess, if confirmed,
would call into question either theoretical aspects of the ⇤CDM
model or some fundamental principle of galaxy formation (we
refer to the discussion about these “impossibly early galaxies”
in Steinhardt et al. 2016).

9 The HMF has been computed in our z-bins and cosmological frame-
work (�8 = 0.82) by means of the code HMFCalc (Murray et al. 2013).
The code allows us to choose among alternate models (e.g. Sheth et al.
2001; Tinker et al. 2010; Angulo et al. 2012) without any significant
impact on our conclusions.

The co-evolution of SMF and HMF between z = 0.2 and
5.5 is shown in Fig. 18. For a synoptic view, we superimpose
the HMF on the SMF, rescaling Mh by a constant factor equal
to 0.018. This scaling factor is the stellar-to-halo mass ratio
(SMHR ⌘ M/Mh) provided in Behroozi et al. (2013, see their
Eq. (3)) for a typicalM?h halo at z = 010. We emphasise that the
same rigid translation is applied in each z-bin, simply to ease the
comparison between the HMF and the SMF shapes. A thorough
link between haloes and galaxies, for example via abundance
matching, is deferred to future work.

At z < 2, Fig. 18 (upper row of panels) illustrates a well-
known result. The shape of stellar and halo mass functions do
not coincide, at neitherM <M? norM >M?. Reconciling the
observed SMF with the DM distribution has required the intro-
duction of quenching mechanisms in galaxy formation models
(Baugh 2006, for a review). Star formation of low-mass galaxies
is assumed to be halted via stellar feedback, for example, stel-
lar winds or supernova explosions that heat/eject gas (Larson
1974; Dekel & Silk 1986; Leitherer et al. 1999). In galaxies at
M > M?, hot halo gas is removed or prevented from cool-
ing (e.g. by AGN outflows, Fabian 2012) or virial shock heating
(Dekel & Birnboim 2006).

As for the transition from single to double Schechter func-
tion, the epoch of a key change is z = 2�3. In fact, the tension
between SMF and HMF lessens at z > 2 (Fig. 18, lower panels).
In the high-mass regime, the SMF exponential tail moves closer
to the rescaled HMF, until they overlap at z > 3. Considering the
crude rescaling (i.e. the 0.018 factor) and the SMF uncertainties
at high z, the match between massive galaxies and massive DM
haloes is excellent. At 4.5 < z 6 5.5, the massive end of our
fiducial SMF is slightly higher than the HMF, but still compati-
ble within the errors. Such an excess of observed galaxies does
not challenge the theoretical framework, since small modifica-
tions, for example, to the HMF scaling factor (which has been
fixed to the SHMR at z = 0) would be enough to reconcile the
two functions.

To show that there is no substantial inconsistency between
the two functions, we derive from the HMF an upper limit
for the SMF. Starting from the present baryon density ⌦b,0 =
0.0486 (Planck Collaboration XIII 2016), we assume ⌦b/⌦m as
a SHMR with a baryon-to-stellar mass conversion of 100%.
Rescaling the HMF accordingly, we obtain the maximal SMF
physically allowed (grey shaded area in Fig. 18). The observed
SMF is always below this upper limit. In other words, we
do not find any impossibly early galaxy, at least at z < 6.
Steinhardt et al. (2016) discuss this critical issue relying on UV
LFs up to z ⇠ 10 (Bouwens et al. 2015; Bouwens 2016). In this
respect, Mancuso et al. (2016) claim that the tension between the
observed number density of massive galaxies and the predicted
abundance of their host haloes is mainly due to the dust cor-
rections applied to UV data. When including far-IR data to de-
termine the SFR function, they find that the formation of stars
in z > 4 massive haloes is not required to start as early as ar-
gued in Steinhardt et al. (2016). This kind of bias does not af-
fect our comparison, which however probes z < 6. Conclusive

10 M?h is the characteristic halo mass that marks the peak at which the
integrated star formation is most e�cient. At z = 0 it is about 1012M�
(Behroozi et al. 2013). Roughly speaking,M?h separates the SHMR be-
haviours at low and high halo masses. In Behroozi et al. (2013) theM-
Mh relation is calibrated against 0 6 z 6 8 data (several SMF, spe-
cific SFR, and cosmic SFR estimates) through a Markov chain Monte
Carlo. We verified that adopting the SHMR of Moster et al. (2013), con-
strained via galaxy-halo abundance matching, di↵erences are within the
1� error bars.
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Evolving galaxy (stellar) mass function

McLeod et al. (2021)

Growth of mass density c.f. theory

Galaxy mass function                         

Quiescent mass function                         

now well established out to z ~ 3.5

Mass quenching then environmental quenching? – e.g. Peng, Lilly, et al. (2010)



Key Science 3: Dust-enshrouded star formation



SCUBA2-CLS  >  A2COSMOS  >  A3COSMOS

Geach, Dunlop et al. (2017),  Simpson et al. (2020), Chen et al. (2022)



ALMA follow-up of SCUBA-2 sources

Untapered ~ 0.2 arcsec



ALMA follow-up of SCUBA-2 sources

Tapered ~ 0.5 arcsec



Evolution of specific star-formation rate

Koprowski et al. (2016)



Evolution of dust-enshrouded cosmic star-formation rate density

A3COSMOS – Traina et al. (2023) arXiv:2309.15150



Key Science 4: Time variability



Long time-base now enables variability studies

AGN: Sanchez et al. (2017) Superluminous SN: Hueichapan et al. (2022)



Key Science 5: Rare objects



Large area enables discovery of unusual/extreme sources

Triply-lensed background z~2 galaxy, lensed by foreground elliptical galaxy
Muzzin et al. (2012)



UltraVISTA – future relevance



Legacy 1
UltraVISTA underpins a whole series of ESO spectroscopic surveys

• z-Cosmos

• VUDS

• LEGA-C

• ALPINE ALMA large programme exploiting VUDS

• MOONRISE



Legacy 2
UltraVISTA is vital for: 

• Euclid – essential for photometric redshift work,
indeed results on high-z galaxies drove   
the selection of the blue grism for Euclid

• JWST – high-z target selection, 
especially for NIRSpec follow-up

Extensive future data use and citations are assured



UltraVISTA and JWST



COSMOS-Web Casey et al. (2023)

~0.5 sq deg



UltraVISTA and Euclid



UltraVISTA and Euclid



Conclusions
• UltraVISTA has been, and continues to be a powerful/productive public survey
• Now ultilised in essentially all studies of the COSMOS field

• Breakthrough results on bright high-redshift galaxies, into the reionization era at z ~ 5 - 8
• State-of-the-art galaxy stellar mass functions out to z ~ 4
• Key role in identifying and studying dusty star-forming galaxies

• Completes l coverage with Chandra/XMM/CFHT/Subaru/Spitzer/Herschel/SCUBA-2/VLA
• Provides crucial boost in dynamic range when combined with HST and Hawk-I surveys
• Proving a powerful lever for HST, ALMA, VLT and now JWST follow-up
• With Subaru HSC, can study high-z evolution of Ly-a emission, tracing cosmic reionization

• UltraVISTA already played a key role in informing the design of the Euclid Deep Survey
• It is  also playing a key role as a calibration field for Euclid photometric redshifts 

In many ways UltraVISTA was a “no-brainer”: VISTA’s field-of-view was well matched to the 
COSMOS field, and all extragalactic studies need homogeneous deep near-IR imaging.

Consistent high data quality, sustained ESO observing support, rigorous data reduction, 
and ERC, STFC (CASU, WFAU) + ultimately Euclid funding have been key to its success.


