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Goals of the meeting

• JWST has been doing science for 1.5 years
• How does what we learned affect the science drivers for 

ELTs?
• How do we use the lessons learned from JWST to optimize 

instrumentation and operations for ELTs?
• One example: the high redshift universe



A bit of history: HST ground based synergy
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ABSTRACT

We have discovered 16 Type Ia supernovae (SNe Ia) with the Hubble Space Telescope (HST ) and have used
them to provide the first conclusive evidence for cosmic deceleration that preceded the current epoch of cosmic
acceleration. These objects, discovered during the course of the GOODS ACS Treasury program, include 6 of the
7 highest redshift SNe Ia known, all at z > 1:25, and populate the Hubble diagram in unexplored territory. The
luminosity distances to these objects and to 170 previously reported SNe Ia have been determined using
empirical relations between light-curve shape and luminosity. A purely kinematic interpretation of the SN Ia
sample provides evidence at the greater than 99% confidence level for a transition from deceleration to accel-
eration or, similarly, strong evidence for a cosmic jerk. Using a simple model of the expansion history, the
transition between the two epochs is constrained to be at z ¼ 0:46 " 0:13. The data are consistent with the
cosmic concordance model of !M # 0:3; !" # 0:7 (!2

dof ¼ 1:06) and are inconsistent with a simple model of
evolution or dust as an alternative to dark energy. For a flat universe with a cosmological constant, we measure
!M ¼ 0:29"0:05

0:03 (equivalently, !" ¼ 0:71). When combined with external flat-universe constraints, including the
cosmic microwave background and large-scale structure, we find w ¼ $1:02"0:13

0:19 (and w < $0:76 at the 95%
confidence level) for an assumed static equation of state of dark energy, P ¼ w"c2. Joint constraints on both the
recent equation of state of dark energy, w0, and its time evolution, dw=dz, are a factor of %8 more precise than
the first estimates and twice as precise as those without the SNe Ia discovered with HST. Our constraints
are consistent with the static nature of and value of w expected for a cosmological constant (i.e., w0 ¼ $1:0,
dw=dz ¼ 0) and are inconsistent with very rapid evolution of dark energy. We address consequences of evolving
dark energy for the fate of the universe.

Subject headings: cosmology: observations — distance scale — galaxies: distances and redshifts —
supernovae: general

On-line material: machine-readable tables

1. INTRODUCTION

Observations of Type Ia supernovae (SNe Ia) at redshift
z < 1 provide startling and puzzling evidence that the ex-
pansion of the universe at the present time appears to be
accelerating, behavior attributed to ‘‘dark energy’’ with neg-
ative pressure (Riess et al., 1998; Perlmutter et al. 1999; for
reviews, see Riess 2000; Filippenko 2001, 2004; Leibundgut
2001). Direct evidence comes from the apparent faintness of
SNe Ia at z # 0:5: Recently expanded samples of SNe Ia have

reinforced the statistical significance of this result (Knop et al.
2003), while others have also extended the SN Ia sample to
z # 1 (Tonry et al. 2003; Barris et al. 2004). Observations of
large-scale structure (LSS), when combined with measure-
ments of the characteristic angular size of fluctuations in the
cosmic microwave background (CMB), provide independent
(although indirect) evidence for a dark energy component (e.g.,
Spergel et al. 2003). An independent, albeit more tentative,
investigation via the integrated Sachs-Wolfe (ISW) effect also
provides evidence for dark energy (Scranton et al. 2003). The
magnitude of the observed acceleration was not anticipated by
theory and continues to defy a post facto explanation. Candi-
dates for the dark energy include Einstein’s cosmological
constant " (with a phenomenally small value), evolving scalar
fields (modern cousins of the inflation field; Caldwell et al.
1998; Peebles & Ratra 2003), and a weakening of gravity in
our 3þ 1 dimensions by leaking into the higher dimensions
required in string theories (Deffayet et al. 2002). These expla-
nations bear so greatly on fundamental physics that observers
have been stimulated to make extraordinary efforts to con-
firm the initial results on dark energy, test possible sources
of error, and extend our empirical knowledge of this newly
discovered component of the universe.

Astrophysical effects could imitate the direct evidence from
SNe Ia for an accelerating universe. A pervasive screen of
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Jha (2002) data. Consequently, BATM did not converge on
a solution for three sparsely observed SNe Ia (SNe 2002kc,
2003be, and 2002fx) whose MLCS2k2 fits relied on sampling
in the rest-frame U band.

3.1. The Ground-based Discovery Set

We construct the expansion history of the universe by using
this new set of HST-discovered objects, together with pub-
lished observations of supernovae over a wide range in red-
shift. Tonry et al. (2003) have recently compiled the distances
and redshifts for 172 SNe Ia. Using available results from
different light-curve fitting methods (including BATM, MLCS,
!m15, snapshot, and stretch) for each SN Ia, Tonry et al. (2003)
corrected for zero-point differences between methods and
provided best estimates of the distance to each SN Ia from a
median of the distance estimates from individual methods.

Although the Tonry et al. (2003) data set represented the
state of the art in 2003 February, when it was submitted, there
have been some significant developments since then that need
to be included to build the most reliable data set for analyzing
the HST-discovered objects. For the SCP, Knop et al. (2003)

report on a new set of 11 SNe Ia at 0:4 < z < 0:85, as well as
on a reanalysis of the original high-redshift SNe Ia from the
SCP (Perlmutter et al. 1999). In this reanalysis they now ex-
clude 15 of the 42 high-redshift SNe from Perlmutter et al.
(1999) because of inaccurate color measurements and uncer-
tain classification. Knop et al. (2003) flag an additional 6 of the
original 42 SNe, as well as 5 of the new 11 SNe, as likely
SNe Ia but failing a ‘‘strict SN Ia’’ sample cut. For the HZT,
Barris et al. (2004) report on a large set of new high-redshift
SNe (22 in all), with widely varying degrees of completeness
of the spectroscopic and photometric records. Finally, Blakeslee
et al. (2003) report on two new SNe Ia discovered with ACS
on HST. The development of the MLCS2k2 method, which
includes U-band observations when they are available, makes
it worthwhile to revisit the previously published data.

We recompiled a set of previously observed SNe Ia, rely-
ing on large, published samples whenever possible to reduce
systematic errors from differences in calibration. To compile
SNe Ia at 0:01 < z < 0:15 we used the three largest, modern
data sets of such SNe Ia published to date: the Calán-Tololo
Survey (29 SNe Ia; Hamuy et al. 1996a, 1996b), the CfA

TABLE 3

Spectroscopic Data

SN UT Date Instrument

Exposure

(s) z

2002fw .......................... 2002 Sep 31 HST ACS 15000 1.30a,b

2002fx ........................... 2003 Sep 14 Keck II NIRSPEC 2000 1.40c,d

2002hp........................... 2002 Nov 7 Keck I LRIS 7800 1.305c,e

2002 Nov 7 VLT FORS 14000 1.305c,e

2002hr ........................... 2002 Nov 8 Keck I LRIS 7800 0.526b,f

2002kc........................... 2003 Jan 7 Keck I LRIS 1500 0.216b,f

2002kd........................... 2003 Jan 1 Magellan LDSS 7200 0.735b,f

2002ki ........................... 2003 Jan 7 Keck I LRIS 2700 1.141b,f

2003aj............................ 2003 Oct 1–3 VLT FORS2 16800 1.307c,g

2003ak........................... 2003 Sep 11 Keck II NIRSPEC, VLT FORS2 14000 1.551c,d

2003az ........................... 2003 Mar 3 HST ACS 6500 1.27a,b

2003bd........................... 2003 Feb 27/28 Keck I LRIS 16500 0.67a,b

2003be........................... 2003 Feb 28 Keck I LRIS 5400 0.64b,f

2003dy........................... 2003 Apr 16 HST ACS 15000 1.34b,h

2003XX......................... 2003 Apr 16 HST ACS 15000 0.935e,h

2003eb........................... 2003 Apr 16 HST ACS 15000 0.899b,h

2003eq........................... 2003 Jun 2 HST ACS 6000 0.839a,b

2003es ........................... 2003 Jun 2 HST ACS 6000 0.954b,h

a From cross-correlation with broad SN features.
b Classified as SN Ia with high confidence from spectrum.
c From narrow features in the host-galaxy spectrum.
d Photometric properties indicate likely SN Ia.
e Classified as SN Ia with high confidence from early-type, red host.
f From both cross-correlation with broad SN features and narrow features in the host-galaxy spectrum.
g Uncertain type.
h From cross-correlation with broad SN features, Cowie et al. (2004), and Wirth et al. (2004).

TABLE 4

!2 Comparison of Gold Set Data to Models

Model !2 (for 157 SNe Ia)

"M = 0.27, "# = 0.73 ................................................................. 178

"M = 1.00, "# = 0.00 ................................................................. 325

"M = 0.00, "# = 0.00 ................................................................. 192

High-redshift gray dust (with "M = 1.00, "# = 0.00) ............... 307

Replenishing dust (with "M = 1.00, "# = 0.00) ........................ 175

Dimming /z (with "M = 1.00, "# = 0.00)............................... 253
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Complementarity of JWST and ELTs

• JWST
• Access to full wavelength 

range (no atmospheric 
opacity, turbolence)

• Low thermal background 
(30K) and no sky 
emission lines

• ELTs
• Higher angular resolution with 

adaptive optics (factors 3.5-6)
• Larger collecting area (factors 

12-36)
• New instruments can be built, 

answering new scientific 
questions and taking 
advantage of new technology

• Lifespan can be extended 
(Palomar 5m is still in 
operation, after amost 75 
years) 



The high redshift universe



First light and reionization



July 14 2022: first data arrive!

Roberts-Borsani et al. 2022; Merlin et al. 2022



July 19 2022: lots of bright galaxies at z>10!

Castellano et al. 2022; see also Naidu et al. 2022, Donnan et al. 2022

Z~12

Search for galaxy candidates at z⇠9-15 in GLASS-JWST–ERS 5

Figure 2. Observed color selection diagrams for LBGs at z⇠9-11 (left, Selection #1) and z⇠9-15 (right,summar Selection
#2) in GLASS-JWST. Green circles indicate the color-selected candidates. Additional photometric redshift candidates at z>9
are shown as purple empty circles. The z⇠9-11 LBGs from the Selection #1 diagram are shown as dark orange crosses in the
Selection #2 one. All error-bars and upper limits are at 1�.

Table 1. Galaxy candidates at z> 9 in GLASS-JWST–ERS

ID R.A.a Deca F444Wa Mb
1600 zEAzY zzphot Selection criterionc

deg. deg.

GHZ1 3.511929 -30.371848 26.19 -21.0 10.740 10.600 1,2

GHZ2 3.498985 -30.324767 25.88 -22.3 12.30 12.35 2

GHZ3 3.528937 -30.363811 26.58 -20.84 11.1478 2.60 1,2

GHZ4 3.513738 -30.351552 27.85 -19.49 10.0814 9.875 1,2

GHZ5 3.494440 -30.307622 26.99 -19.98 9.4055 9.200 1

GHZ6 3.490391 -30.327159 28.14 -18.95 2.7504 9.100 2

GHZ7 3.479054 -30.314924 26.98 -19.67 9.9013 9.125 photo-z

Note— a) coordinates and fluxes from the GLASS-JWST catalog by M22; b) Obtained by
converting the F200W magnitude at the average redshift, except for GHZ3 and GHZ6 where
the only solution at z> 9 was used; c) Selections #1 and #2 in Sect. 3.

We evaluate potential contamination with two di↵er-
ent mock catalogs perturbed with realistic noise repro-
ducing the depth of our data. As a first test, we use
the mock catalog described in Sec. 3 based on EGG and
known UV LFs from the literature. We find that each
of our color criteria would select ⇠0.6 interlopers on an
area equivalent to our. As expected (e.g., Vulcani et al.
2017), the interlopers are mostly faint (F444W⇠28), red
galaxies at z⇠2-3 (see Fig. 1). As a second test we use

the mock catalogs from the JAdes extraGalactic Ultra-
deep Artificial Realizations (JAGUAR) (Williams et al.
2018), including predicted NIRCam fluxes for objects
at 0.2< z <15 and stellar mass log(M/M�)>6. The
potential contamination from objects in the JAGUAR
catalog turns out to be much lower than in the previous
case, i.e. <0.1 objects per selection, per field. In con-
clusion, both tests suggest that residual contamination
should be small, albeit with some uncertainty. This is



July 19 2022: bright galaxies at z>10

Castellano et al. 2022; see also Naidu et al. 2022, Donnan et al. 2022
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Figure 3. The two high-quality bright high-redshift candidates from the GLASS-JWST NIRCAM field taken in parallel to
NIRISS. Photometry and best-fit SEDs at the best-fit redshift are given in the main quadrant. Redshift probability distributions
(PDF(z)) from zphot (grey) and EAzY (red) are shown in the inset. Thumbnails, from left to right, show the objects in the
F090W, F115W, F150W, F200W, F277W, F356W and F444W bands.

Figure 4. As in Figure 3, for fainter high-redshift candidates from GLASS-JWST. These candidates need further verification
owing to the non-negligible probability of a low-redshift solution. Upper limits are reported at the 1� level, including a
conservative estimate of the error budget, especially in the bluest bands (M22).

(0.2) assuming a constant (evolving) UV LF as above,
and to 0.26 on the basis of Mason et al. (2015).
Considering the incompleteness of our sample, as es-

timated above, we conclude that the total number of
detected sources is roughly in line with the expectations
of a non-evolving LF.

What is most remarkable of this first search is that
we have found two bright (F200W⇠ 26) sources, one at
z ⇠ 10 and one at z⇠12, well beyond the expectations
based on the extrapolation of the LF at lower redshift.
Clearly it is premature to draw broad conclusion based
on a single field, considering cosmic variance, clustering

Z~10 Z~12

We expected 0.1!



Galaxies form earlier and faster than we 
thought!

Mason, Trenti & Treu 2022; see also Ferrara et al. 2022
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2022), implying our assumption of star formation tracing halo mass
accretion is reasonable.

Most semi-empirical models of the UV LF considered only a single
star formation timescale (e.g., Trenti et al. 2010; Mason et al. 2015;
Park et al. 2019). Here, we will sample timescales from Equation 4
to calculate SFRs (Equation 1). As discussed by Ren et al. (2019)
and Mirocha et al. (2021), adding scatter to the relation between
UV luminosity and halo mass requires recalibrating nSF to ensure
models match the observed UV LFs. In this work we neglect this
recalibration, as the e�ect only becomes significant for halos with
masses > 1011"� , for which we expect very few at I > 10. We thus
use the nSF ("⌘) calibrated by M15 at I ⇠ 5 and do not expect this
to have a strong impact on our results.

The UV luminosity function is then:

�("��) = q("⌘)
���� 3"⌘

3"��

���� (6)

where 3"⌘/3"�� = ln 10"⌘/2.5 and we can invert the ! ("⌘)
relation in Equation 2 above. In the following we assume the Reed
et al. (2007) halo mass function (HMF) which was simulated specif-
ically for I ⇠ 10� 30 halos, and is consistent with other HMFs (e.g.,
Sheth et al. 2001) at lower redshifts. We use the python package hmf
(Murray et al. 2013) to calculate the halo mass function and use the
Eisenstein & Hu (1998) matter transfer function.

3 RESULTS

3.1 An upper limit on the UV LF

To derive an upper limit on the UV LF we follow Behroozi & Silk
(2018) and consider the case of maximally e�cient star formation,
where all the gas is converted into stars "¢ = 51"⌘ , i.e. the star
formation e�ciency is nSF = 1. Thus for the case of constant star
formation history over one short period Cage, SFR = 51"⌘/Cage. We
assume Cage = 107 Myr as the majority of UV continuum photons
are emitted during this period (e.g., Schaerer 2003). This results in
a specific star formation rate (sSFR) 100 Gyr�1, which is consistent
with the highest sSFR at I ⇠> 6 (Stark et al. 2013; Santini et al. 2017;
Endsley et al. 2021). We calculate the maximum UV LFs at I ⇠ 8�20
using Equations 2 and 6 above, assuming 100% star formation
e�ciency.

Our resulting LF is plotted in Figure 2. We also plot the UV
LF modelled using a mass-dependent, but redshift-independent ef-
ficiency, nSF ("⌘), as derived by M15, with and without dust at-
tenuation. The maximum theoretical LF is at least four orders of
magnitude higher than the observations and the M15 model, and
the ratio between the maximum limit and the mass-dependent ef-
ficiency model increases with increasing redshift. This is because
in our model galaxies have lower masses but younger ages at fixed
"��, and thus the star formation e�ciency is lower at fixed "��
with increasing redshift.

We can also see dust attenuation is the dominant factor in the
Schechter function shape of our model LF. In the M15 model we
use the Meurer et al. (1999) attenuation law �UV = 4.43 + 1.99V,
modelling UV slope V("��, I) empirically from observations by
Bouwens et al. (2014). Past the limits of these observations we assume
V("��, I > 8) = V("��, I = 8). However, in the early universe, it is
plausible that limited dust has been produced in the majority of young
galaxies. Simulations of very low metallicity / ⇠ 0.01/� galaxies
predict limited dust formation by core collapse supernovae and UV
slopes V ⇠ �2.5 (Jaacks et al. 2018). Early JWST observations
have also found evidence for such blue UV slopes at 4 < I < 7

Figure 2. UV luminosity function assuming 100% star formation e�ciency
(thick solid lines) from I ⇠ 8�20. For illustration, we also show a model which
assumes a lower, halo mass-dependent, star formation e�ciency (extending
the M15, model to I > 16). Solid lines show the model including dust
attenuation, dashed lines show the model without dust attenuation. Also
shown (datapoints with errorbars) are recent constraints on the UV from
HST, UltraVista and JWST at I =⇠ 8 � 10 by Bouwens et al. (2021, circles)
and I =⇠ 8 � 14 by Donnan et al. (2022, triangles).

(Nanayakkara et al. 2022). For V ⇠ �2.5 the attenuation is negligible,
resulting in the dashed lines in Figure 2, where the model follows
the power-law shape of the HMF more closely. Thus a reduction in
dust attenuation may play an important role in explaining excesses of
bright I ⇠> 8 galaxies (e.g., Bowler et al. 2020). Indeed, we note that of
the brightest I ⇠> 11 candidates found with JWST, all show very blue
UV slopes V⇠< � 2.1, indicating negligible dust attenuation (Naidu
et al. 2022; Atek et al. 2022; Donnan et al. 2022). Though c.f. recent
ALMA detections of dust continuum in ‘normal’ I ⇠ 7 galaxies
(e.g., Watson et al. 2015; Inami et al. 2022; Schouws et al. 2022).
Clearly, an approved understanding of dust attenuation is crucial for
interpreting high redshift galaxy observations.

3.2 The brightest galaxies are the youngest

While the above upper limit is a useful illustrative constraint, 100%
star formation e�ciency is very unlikely. Observational constraints
on the stellar-to-halo mass relation and most theoretical models re-
quire n(� ⇥ 51 ⇠ 1% (e.g., Behroozi et al. 2013).

We now consider the hypothesis that the majority of galaxies
observed at I ⇠> 10 are outliers in the populations, with very rapid
star formation rates and young ages. This hypothesis has already been
suggested as an explanation for the highest redshift spectroscopically
confirmed galaxy, GNz11 (Oesch et al. 2016; Mutch et al. 2016). To
test this hypothesis we now use the distribution of halo formation
times (Equation 4) to calculate SFRs.

Figure 3 shows halo mass versus UV magnitude at a range of
redshifts. Here we sample 1000 halos with mass "⌘ > 107"� and
draw halo formation timescales for each halo in order to calculate
SFRs and UV luminosity as described in Section 2. We compare these
sampled galaxies to the "UV�"⌘ relation obtained using the median
halo mass distribution. We note that we expect UV luminosities to
increase at fixed mass with increasing redshift, as they assemble
faster (see Figure 1).

We see the majority of galaxies that are observable within current
limits are outliers in the "��-"⌘ relation, as previously shown by
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ABSTRACT
Recent JWST observations suggest an excess of I & 10 galaxy candidates above most theoretical models. Here, we explore how
the interplay between halo formation timescales, star formation e�ciency and dust attenuation a�ects the properties and number
densities of galaxies we can detect in the early universe. We calculate the theoretical upper limit on the UV luminosity function,
assuming star formation is 100% e�cient and all gas in halos is converted into stars, and that galaxies are at the peak age for
UV emission (⇠ 10 Myr). This upper limit is ⇠ 4 orders of magnitude greater than current observations, implying these are
fully consistent with star formation in ⇤CDM cosmology. In a more realistic model, we use the distribution of halo formation
timescales derived from extended Press-Schechter theory as a proxy for star formation rate (SFR). We predict that the galaxies
observed so far at I & 10 are dominated by those with the fastest formation timescales, and thus most extreme SFRs and young
ages. These galaxies can be upscattered by ⇠ 1.5 mag compared to the median UV magnitude vs halo mass relation. This likely
introduces a selection e�ect at high redshift whereby only the youngest (. 10 Myr), most highly star forming galaxies (specific
SFR⇠> 30 Gyr�1) have been detected so far. Furthermore, our modelling suggests that redshift evolution at the bright end of the
UV luminosity function is substantially a�ected by the build-up of dust attenuation. We predict that deeper JWST observations
(reaching < ⇠ 30) will reveal more typical galaxies with relatively older ages (⇠ 100 Myr) and less extreme specific SFRs
(⇠ 10 Gyr�1 for a "UV ⇠ �20 galaxy at I ⇠ 10).

Key words: cosmology: theory – cosmology: dark ages, reionisation, first stars – galaxies: high-redshift; – galaxies: evolution

1 INTRODUCTION

Discovering when and how the first galaxies formed is still a major
unsolved problem in modern astrophysics. Theoretical models pre-
dict the formation of the first sources, so-called, ‘Cosmic Dawn’ was
underway within the first few hundred million years of the universe’s
lifetime, I ⇠ 20 � 40 (e.g., Trenti & Stiavelli (2009)).

The Hubble Space Telescope has allowed us to observe galaxies
out to I ⇠ 10, finding some that are relatively bright at rest-frame
UV wavelengths (e.g., Zheng et al. 2012; Coe et al. 2013; Oesch
et al. 2016; Morishita et al. 2018; Bagley et al. 2022). The rest-frame
UV continuum is produced primarily by young (⇠ 10 Myr), massive
stars, and therefore the UV luminosity function (LF) traces recent
star formation. Most I ⇠< 8 observations of the UV LF can be readily
explained under the assumption of no redshift evolution in the star
formation e�ciency (e.g., Trenti et al. 2011; Mason et al. 2015;
Tacchella et al. 2018). However, relative to most theoretical models,
an excess of bright galaxies is observed at I ⇠> 8 (Bowler et al. 2020;
Leethochawalit et al. 2022a).

The James Webb Space Telescope (JWST) is pushing our ob-
servational horizon even further, expanding our view to 5`m (with

¢ E-mail: charlotte.mason@nbi.ku.dk

the NIRCam instrument, Rieke et al. 2005), making it possible to
observe rest-frame UV emission from I ⇠< 30 galaxies, when the uni-
verse is just 100 Myr old. Interestingly, recent works have shown
JWST to preliminarily confirm HST galaxy counts at I ⇠ 7 � 9
(Leethochawalit et al. 2022b) but claimed discovery of a relatively
high number of galaxy candidates at I ⇠ 10 � 17 from early re-
lease science observations, suggesting the excess of sources relative
to UV LF predictions extends to higher redshifts (Castellano et al.
2022; Naidu et al. 2022; Adams et al. 2022; Morishita & Stiavelli
2022; Donnan et al. 2022; Atek et al. 2022; Finkelstein et al. 2022).
It is too early to draw definitive conclusions, as these sources are
not spectroscopically confirmed and the photometric candidates are
based on reductions using preliminary calibrations (indeed, some of
the same sources are reported with significantly di�erent fluxes by
di�erent groups), and cover small fields subject to cosmic variance
(e.g., Trenti & Stiavelli 2008). Nevertheless, it is exciting to consider
what the theoretical upper limit is on the UV LF at high redshift and
how to interpret these early observations.

In the standard ⇤ Cold Dark Matter (⇤CDM) paradigm, galaxies
form as gas accretes into dark matter halos (e.g. for recent reviews
see, Somerville & Davé 2015; Wechsler & Tinker 2018). However,
the conversion of gas into stars appears to be ine�cient, likely due to
processes which heat and expel gas, generally described as ‘feedback’

© 2015 The Authors
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On the stunning abundance of super-early, massive galaxies revealed by JWST
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ABSTRACT

The earliest JWST observations have revealed an unexpected abundance of super-early (z > 10),
massive (M⇤ ⇡ 109M�) galaxies at the bright-end (MUV ⇡ �21) of the ultraviolet luminosity function
(UV LF). We present a minimal physical model that explains the observed galaxy abundance at
z = 10 � 14. The model primarily combines (a) the halo mass function, with (b) an obscured star
formation fraction prescription that is consistent with findings of the ALMA REBELS dusty galaxy
survey. It has been successfully tested on well-known UV LFs up to z = 7. The weak evolution from
z = 7 to z ⇡ 14 of the LF bright-end arises from a conspiracy between a decreasing dust attenuation,
making galaxies brighter, that almost exactly compensates for the increasing shortage of their host
halos. The model also predicts that galaxies at z >⇠ 11 should contain negligible amounts of dust. We
speculate that dust could have been e�ciently ejected during the very first phases of galaxy build-up.

Keywords: galaxies: high-redshift, galaxies: evolution, galaxies: formation

1. INTRODUCTION

Hierarchical models of galaxy formation based on the
standard ⇤CDM cosmological model have been very
successful in predicting the properties and evolution of
galaxies across a wide range of redshifts (for a recent
review, see Dayal & Ferrara 2018).
A number of theoretical approaches, ranging from nu-

merical simulations (e.g. Vogelsberger et al. 2014; Schaye
et al. 2015; Rosdahl et al. 2018; Pillepich et al. 2018;
Hopkins et al. 2018; Davé et al. 2019; Trebitsch et al.
2021; Pallottini et al. 2022) to semi-analytic models (e.g.
Dayal et al. 2014; Somerville & Davé 2015; Lacey et al.
2016a; Mutch et al. 2016; Behroozi et al. 2020; Dayal
et al. 2022) have now been developed to study the for-
mation and evolution of galaxies through cosmic time.
These have been invaluable in shedding light on issues

ranging from the (feedback-driven) assembly, composi-
tion (stellar, dust and black hole masses) and kinemat-
ics of early galaxies to their interplay with large-scale
processes including reionization. However, observational
data is crucial in both base-lining and testing the valid-
ity of such models.

Corresponding author: Andrea Ferrara

andrea.ferrara@sns.it

Observationally, most of our statistical knowledge of
galaxy populations in the Epoch of Reionization (red-
shift z > 6) has, so far, been acquired by analyzing the
UV Luminosity Function (LF) collected by the Hub-
ble space Telescope (HST), Spitzer and ground-based
telescopes. These have been now reliably determined
up to z ' 9 (Bouwens et al. 2021), and have allowed
the derivation of key quantities such as the evolution
of the cosmic stellar mass density and star formation
rate density (SFRD), among others. These data are
constantly augmented and complemented by targeted
Atacama Large Millimetre Array (ALMA) far-infrared
observations. The recently completed ALMA REBELS
program (Bouwens et al. 2021; Inami et al. 2022) has
firmly established that galaxies at z ⇡ 7 are already
dust- and metal-enriched to unexpected levels (Ferrara
et al. 2022). This discovery has raised thorny questions
on the amount of star formation that is missed due to
dust obscuration (Fudamoto et al. 2021). Such e↵ect
dramatically impacts on LF and SFRD determinations,
particularly at the highest masses, where we do expect
dust extinction to be more severe (Dayal et al. 2022;
Sommovigo et al. 2022).
The James Webb Space Telescope (JWST), is already

starting to revolutionize the field. However, as it is often
the case, better observations pave the way for even more
puzzling questions. Among the earliest results (Naidu
et al. 2022; Donnan et al. 2022; Finkelstein et al. 2022;
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What are the implication for the formation of 
supermassive black holes? Does it mean they have 
more time as well?



High-z Galaxies are 
extremely compact out  to 

optical rest frame

4 Treu et al.

Figure 2. Single band images of galaxies at z > 7 selected by Castellano et al. (2022, Paper III) and Leethochawalit et al.
(2022, Paper X), in order of increasing wavelength of observation. The galaxies are identified by the ID used in papers III and
X. Each postage stamp is 2.2.00 on a side. The images are at their native resolution. Missing stamps are due to artefacts and
edge e↵ects. The white continuous lines delimitate the binary detection mask. The circles in the bottom right corner of each
band are representative of the PSF FWHM size. In this first part of the figure are shown galaxies at z ⇠ 9� 12 from paper III
(Castellano et al. 2022).

Treu et al. 2023; Yang et al. 2022b

• Galaxies at z>7 are galaxy scale starbursts
Run Run Run as  Fast as you Can!



A sub-L* galaxy at Z=9.79
Roberts-Borsani et al. 2023

(a)

(b)



A sub-L* galaxy at Z=9.79
Roberts-Borsani et al. 2023

1 NIRSPEC-IFU pixel
FWHM of TMT @ 2𝛍m = 16mas

IRIS pixels 4-50mas

Magnified by a factor of 13



A bright and massive galaxy at z=9.3 (109 Msun)
Boyett et al. 2023

500 Myrs after Big Bang

NIRSPEC MSA slit

Magnification ~1.5



• The synergy between HST and 8-10m telescopes from the ground has been 
tremendously productive in the past 30 years

• JWST discoveries highlight the need for extremely large telescope to 
complement it and follow it-up
• Larger collecting area 
• Higher angular resolution (with adaptive optics)
• ELT can have multiple generations of instruments, taking advantage of technological and 

scientific developments 
• Background is higher than in space, so in some configurations JWST will remain unsurpassed

• For example: JWST discovered that galaxies form earlier and faster than we 
previously thought. Plenty of galaxies just a few 100Myrs after the Big Bang at 
z>10. These galaxies are extremely compact with typical sizes of order 10-100pc, 
often smaller than a single NIRSpec spaxel. ELTs AO-fed integral field 
spectrographs will be needed to study their internal composition and kinematics.

Summary



The end


