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Scientific context



The history of our Universe 

REDSHIFT vs AGE OF THE UNIVERSE 

- z=1100 : t=380,000 yrs 
- z=15 : t=300 Myrs 
- z=10 : t=500 Myrs 
- z=7 : t=800 Myrs 
- z=6 : t=1 Gyr  
- z=2 : t=3.3 Gyr 
- z=1 : t=6 Gyr 
- z=0 : t=13.8 Gyr 



The Epoch of Reionisation

Rosdahl et al. (2022), Katz et al. (2022), Maji et al. (2022) 

• The reionisation is the process during which 
the neutral hydrogen formed at the 
recombination epoch is ionised 

• The first stars are massive (up to 1000 ) 
with a short lifetime (a few million years) but 
they emit a large number of  UV photons 

• Each star/galaxy produces ionised bubbles 
that eventually merge increasing the 
transparency of the Universe

𝑀⊙



The Gunn Peterson Trough
Distant galaxyNeutral hydrogen

• Distant galaxies emit UV 
lights  

• The UV photons ionise the 
neutral hydrogen in the 
environment of the galaxy 

• If neutral hydrogen 
remains along the line of 
sight (ie. the emission 
takes place during the 
EoR) then an absorption 
will appear in the spectra 
of the galaxy 



The Epoch of Reionisation : observational probes

• Neutral Hydrogen clouds along the line of 
sight absorb radiation below the Lyman-alpha 
limit : this is the Gunn Peterson effect.  

• To be detected, it requires very high signal-to-
noise ratio.  

• Therefore, this technique can only be applied 
to quasars spectra  

• From distant quasars observations, the end of 
the reionisation epoch is estimated near 𝑧 ∼ 6

Bosman et al. (2018) 

See also Fan et al. (2006)



De la Vieuville et al. (2020) 

See also Stark et al. (2017), de Barros et al. (2019)

The Epoch of Reionisation : observational probes

• The brightest UV rest-frame emission line 
expected in star-forming galaxies is Ly-  

• However, if  Ly-  is emitted by a galaxy 
surrounded by neutral hydrogen, it will be 
absorbed 

• Deep spectroscopic surveys show a strong 
decrease in the detectability of  Ly-  at z>6

𝛼

𝛼

𝛼



The Epoch of Reionisation : observational probes

Robertson et al. (2015) 

• The reionisation of the neutral hydrogen produces free electrons 
that interact with Cosmic Microwave Background (CMB) photons 
and induce polarization 

• Measuring the Thomson optical depth from the CMB gives an 
estimate of the evolution of the neutral fraction over cosmic time 

• Planck observations show that the neutral fraction of the 
hydrogen is negligible at z<6



The Epoch of Reionisation : observational evidences

By z=6, the first population of galaxies has 
produced enough UV photons to ionise the 

neutral hydrogen formed at the 
recombination epoch. 



The Lyman Break technique  
                 to identify the most distant galaxies



The deepest survey  
                        of the Hubble Space Telescope

Bouwens et al. (2015)



The UV photons production 
                        by the most distant galaxies

Laporte et al. (2016)

• Within the last decade, deep surveys 
(eg, CANDELS, Frontier Fields, WUDS, 
UltraVISTA) have discovered 1000s of 
galaxies at z>6 (Bouwens et al. 2015) 

• Assuming that z>6 galaxies have 
similar properties as low-redshift 
galaxies, we cannot explain the end of 
the epoch of reionisation at z=6. 



CANDELS/UDS – Grogin et al. (2011) 

See also McCracken et al. (2012) Lotz et al. (2017), Pelló et al. (2018)  

The Epoch of Reionisation : open questions 

• When did the first galaxies form ?

• How did they form ? 

• When did the first black holes form ?

• How did the first galaxies and black holes evolve over 
the first billion years ?

• What are the physical properties of the first galaxies ?



The quest for Cosmic Dawn 



The “hunt” for the most distant galaxies  
between 1950s and 2022

Humason et al. 1956 
Minkowski 1960 

Spinrad et al. 1975 
Spinrad & Smith 1976 

Smith et al. 1979  
Spinrad 1982  

Spinrad & Djorgovsky 1984 
Lilly 1988 

Chambers et al. 1990 
Lacy et al. 1994 

Petitjean et al. 1996 
Franz et al. 1997 

Day et al. 1998 
Hu et al. 1999, 2002 

Pelló et al. 2004 
Iye et al. 2006 

Fontana et al. 2010 
Vanzella et al. 2011 

Ono et al. 2012 
Shibuya et al. 2012 

Finkelstein et al. 2013 
Oesch et al 2014 
Zitrin et al. 2015 

Oesch et al. 2016 

z=0.2

z=3.39

z=7.51

z=13.27



When did the first galaxies form in the early Universe ? 

1. Direct probe : Search for galaxies at z>12 
	 - How far can we go in redshift and still observe galaxies ?

2. Indirect probe : Determine the age of the most distant galaxies 
	 - What parameters can we used to determine their age ? 
	 - Can we measure the age of all galaxies at very high-z ? 
	 - Are there any examples of ”old” z>8 galaxies ?



Direct probe of “Cosmic Dawn”  
	 	 	 	 	       the highest redshift galaxy

© XUDF team



Wilkins et al. (2017)

Effective Surface N(z>11)

HUDF [4.7 arcmin2 – H=30 AB] 0.5
CANDELS [668 arcmin2 – H=27.5 AB] 0.5
UltraVISTA [1.5 degres2 – H=24.0 AB] 0.0

Oesch et al. (2016)

Only ≈1 z≈11 galaxy is 
expected in the current 
deepest surveys

We found 1  z≈11 galaxy 
candidate in the CANDELS 
survey.

JWST and ELTs are clearly 
needed to increase the 
number of z>11 objects

See also Mason et al. (2015)See also Coe et al. (2013), Salmon et al. (2019), Bowler et al. (2020), Jiang et al. (2020), Harikane et al. (2022)

Direct probe of “Cosmic Dawn”  
	 	 	 	 	       the highest redshift galaxy



As far as Hubble can observe,  
galaxies are seen !



Indirect probe of “Cosmic Dawn”  
	 	 	        the age of the most distant galaxies

Scoville et al. (2015)

Two methods can be used to determine the age of a very 
high-redshift galaxy :  

	 - constraining the size of the Balmer Break 

	 - measuring the dust content 

Definition of the age of a galaxy : period during which a 
galaxy is forming stars  



Indirect probe of “Cosmic Dawn”  
	 	 	                     detecting the Balmer break

• The Balmer break is at 4000  
•  At >8, it is seen at  
	  well above the wavelength range of Hubble

∼ Å
𝑧 (1 + 𝑧) × 4000 = 3.6𝜇𝑚

→

Spitzer  
2003 -2020 

Diameter : 0.85m



Indirect probe of “Cosmic Dawn”  
           determining the age of the most distant galaxies

Roberts-Borsani et al. (2016)

However, strong emission lines at z>8 can mimic the 
Balmer break  and lead to a wrong estimate of the age

Courtesy G. Roberts-Borsani
The Spitzer bands are free from 
contamination at z>9

See also : Labbe et al.(2013), Smit et al. (2014)

Hubble

Spitzer



M1149_JD1 
 

Zheng et al. (2012)
𝑧𝑝h𝑜𝑡 = 9.2+0.3

−0.3 

Optical F160W 3.6µm 4.5µm

M0416-JD 

Laporte et al. (2016)
𝑧𝑝h𝑜𝑡 = 9.3+0..3

−0.4

GN-z10-3 

Oesch et al. (2014)
𝑧𝑝h𝑜𝑡 = 9.6+0.1

−0.9

UVISTA-1212 

Bowler et al. (2019)
𝑧𝑝h𝑜𝑡 = 8.9+0.3

−0.5

GN-z9-1 

Oesch et al. (2014)
𝑧𝑝h𝑜𝑡 = 9.2+0.2

−0.3

GS-z9-2 

Oesch et al. (2014)
𝑧𝑝h𝑜𝑡 = 9.3+0.4

−0.4

The photometric redshift is estimated from a fit of 
the observed photometry with galaxies templates

Error bars on the 
p h o t o m e t r i c 
r e d s h i f t a r e 
usually large 

Spectroscopic redshift is needed to confirm that 
the Balmer Break is clearly detected



The need for optical-IR (rest-frame) spectroscopy 

Sun et al. (2019)

Ly−𝜶

OIII

The only way to get reliable constraints on the redshift 
of distant galaxies is by detecting emission lines

The Inter-Stellar Medium (ISM) of galaxies is multi-
phases :  
- Ionised (near the stars) 
- Neutral  
- Molecular

However, Ly-   is a resonant line and is therefore 
absorbed by the neutral hydrogen surrounding galaxies 
in the early Universe

𝛼

One needs to target optical emission lines to confirm 
the redshift of distant galaxies 



ALMA as a redshift machine (before James Webb)



ALMA as a redshift machine (before James Webb)

The first spectroscopic confirmation of a galaxy at z>7 with 
ALMA has been done in 2016 with the detection of [OIII]88𝜇𝑚

Inoue et al. (2016) Tamura et al. (2019)

z=7.21
z=8.31



The most distant spectroscopic confirmation with ALMA

Hashimoto et al. (2018)

The most distant detection with ALMA is a lensed 
galaxy (MACS1149-JD1) with a spectroscopic redshift 
of z=9.11 .

z=9.11



The first detection of a Balmer Break at z>9

Zheng et al. (2014)

By modelling the stellar population of this galaxy, we 
show that : (i) it is composed of 2 stellar populations ; (ii) 
the old stellar population has an age of 290Myr



Pushing back in time the Cosmic Dawn

GNz11

MACS1149-JD1

𝑧 ∼ 15



Pushing back in time the Cosmic Dawn

Doing the same exercise for all galaxies 
showing a Balmer Break at z>9, we can place 
Cosmic Dawn at a redshift 𝑧~15 − 20

Caveats : this conclusion is obtained from only 6 
galaxies (the only galaxies detected by both 
Hubble and Spitzer)

More Balmer breaks candidates or observation 
of z>11 galaxies are needed

Hu
bb

le
 li

m
it





A new telescope to explore the early Universe

- 6.5m diameter mirror 

- 4 instruments  

- 3 modes : imaging, spectroscopy, coronagraph 

- Key questions:  
- The formation of the galaxies 
- The study of exoplanets atmospheres 
- The study of dark energy 



The starting point : december 25th 2021



Within the first month after the release of the 
first images

TIMELINE OF THE FIRST PAPERS 

- 15th July 22 : Pascale et al. (2022) ; Mahler et al. (2022) 
- 18th July 22 : Caminha et al. (2022) 
- 19th July 22 : Carnall et al. (2022) ; Cheng et al. (2022) 
- 20th July 22 : Castellano et al. (2022) ; Naidu et al. (2022) ; 

Ferreira et al. (2022)  
- 21st July 22 : Schaerer et al. (2022) 
- 22nd July 22 : Suess et al. (2022) 
- 25th July 22 : Adams et al. (2022) ; Leethochawalit et al. (2022) 
- 26th July 22 : Atek et al. (2022) ; Roberts-Borsani et al. (2022) ; 

Trump et al. (2022) ; Curti et al. (2022) ; Sun et al. (2022) ; 
Donnan et al. (2022) ; Chen et al. (2022) ; Yan et al. (2022) ; 
Morishita et al. (2022) ; Santini et al. (2022), Merlin et al. (2022) 
ERO SMACS0723 
ERS GLASS 

ERS CEERS 
Lensing  

Comissionning data

Number of publication submitted each day on Astro-pH/galaxies



Hubble’s record broken in less than a week !

GLASS-z13 (Naidu et al. 2022)
CEERS-1749 (Naidu et al. 2022)

z=17

CEERS- 93316  - Donnan et al. (2022)

 
z=16.39±0.27

z=13

See also Atek et al. (2022), Castellano et al. (2022), Fujimoto et al. (2022), Tacchella et al. (2022)



An intriguing result : too distant, too massive !



An intriguing result : too distant, too massive !

Wavelength

Galaxy 1

Galaxy 2

Galaxy 3

Galaxy 4

Galaxy 5

Galaxy 6



An intriguing result : too distant, too massive !

Limiting Stellar Mass

St
el

la
r d

en
sit

y

expected

observed

To explain this results within the standard cosmology, 
galaxies must have an 100% efficiency in converting 
gas to stars

Labbe et al. (2023)



An intriguing result : too distant, too massive !

GLASS-z13 (Naidu et al. 2022)
CEERS-DSFG-1 (Finkelstein et al. 2022)

z=17

Donnan et al. (2022)

z=16.39±0.27
z=13



An intriguing result : too distant, too massive !

Before questioning the standard 
model, it is important to look at 
whether the estimates of distances 
(redshift) or stellar masses are correct.

REDSHIFT STELLAR MASSES

Spectroscopy Models

Labbe et al. (2023)



An intriguing result : too distant, too massive !

The first galaxies are 
forming a lot of 
stars, and could 
therefore be more 
ionising than local 
galaxies. 

STELLAR MASSES

Labbe et al. (2023)

Endsley et al. (2023)



At lower redshift ( ) a higher SFE𝑧~5 − 6

A team from the Geneva Observatory has recently 
measured precisely the stellar masses of a sample of 
spectroscopically confirmed galaxies at  

Conclusion : their star formation efficiency is 

𝑧~5 − 6

~50%

STAR FORMATION EFFICIENCY

Xiao et al. (2023)



Labbe et al. (2023)

An intriguing result : too distant, too massive !

REDSHIFT

Spectroscopic observations of 
one of the most massive 
galaxies from Labbe’s sample is 
at lower redshift, and therefore 
its stellar masse has been 
overestimated 

Kocevski et al. (2023)

More interestingly, this source 
seems to be an AGN at z=5.7 !



Why the  of this galaxy is wrong ?𝑧𝑝h𝑜𝑡



Dust is an important component of the ISM. It accounts for  
- 50% of the heavy elements 
- 1% of the baryonic mass of a galaxy 
- 40% of the luminosity of a galaxy 

Dust grains are produced by stars at the end of their 
life (e.g., after SNe). Their size is ranging from 1nm to 
1  with a mean size of about 0.1 . This explains 
why dust grain absorb mainly at optical wavelength.

𝜇𝑚 𝜇𝑚

The smallest dust grains are just large molecules such 
as PAHs, the larger are amorphous grain of silicates 
and carbon, but with an icy surface layer

Why the  of this galaxy is wrong ?𝑧𝑝h𝑜𝑡



Heating and Cooling

Typically, dust heated by UV emission 
reaches temperature of 100K in star-
forming regions.  

If there is a significant amount of dust, 
then the ISM is optically thick and leads in 
efficient cooling.

Why the  of this galaxy is wrong ?𝑧𝑝h𝑜𝑡



When did the first galaxies form in the early Universe ?

GLASS-z13 (Naidu et al. 2022)
CEERS-DSFG-1 (Finkelstein et al. 2022)

z=13
z=17

Bakx et al. (2022)
Zavala et al. (2022)

See also Castellano et al. (2022), Donnan et al. (2022), Fujimoto et al. (2022), Tacchella et al. (2022)

Donnan et al. (2022)

z=16.39±0.27

Arrabal Haro et al. (2023)



Spectroscopic redshifts are key to study the early Universe

However, getting a 
spectroscopic redshift is time 
consumming.
Ideally, we want to get the 
spectra of 100s of galaxies per 
pointing. 
Spectrographs on board space 
observatories usually have a 
small field of view and a 
limited number of targets can 
be observed simultaneously. 

Ground-based spectrographs 
are ideal !

First light : 2032



The first JWST ”redshift record” 

Curtis Lake et al. (2023)

z=10.37 z=11.48

z=12.63 z=13.17

455 Myr 395 Myr

346 Myr 326 Myr



A puzzling detection of Ly-  deep into the Reionisation𝛼

Bunker et al. (2023)

z=10.60

Ly-   is a resonant line and is therefore strongly absorbed by the neutral hydrogen surrounding 
galaxies in the early Universe

𝛼

De la Vieuville et al. (2020)



Interacting galaxies are numerous in the early Universe

Using NIRCam/JWST data, we demonstrate that all galaxies at 
z>7 with Ly-  emission are interacting galaxies. 𝛼

Witten et al. (2023)

Callum Witten (IoA/Cambridge)



Interactions between galaxies blow away the neutral gas

Witten et al. (2023)



The first AGN and stars



Evidence for massive black holes in the early Universe

Feltre et al. (2016)

The high radiation field of massive black hole 
(Active Galactic Nuclei – AGN) leads to the 
detection of peculiar emission lines (NV, NeIV)



Evidence for massive black holes in the early Universe

Larson et al. (2023)

z=8.68
• Mstar  

• SFR = 30 /yr  

• MBH 

∼ 3 × 109𝑀⊙

𝑀⊙

∼ 1 × 107𝑀⊙

The large number of AGN detection at z>7 was unexpected by current models of galaxy formation. 
Within the first 6 months of JWST observation, many AGN have been identified at z>7.

See also Laporte et al. (2017), Maignali et al (2018)



Evidence for massive black holes in the early Universe

Bunker et al. (2023), Maiolino et al. (2023)

The most distant galaxy identified by the Hubble Space Telescope host a massive black hole  
(although there is still an active debate) just 400 Myr after the Big-Bang∼

z=10.60

Detection of NeIV tracing high 
gas density (>1010 cm-3)

This super-massive black hole ) may have been accreting at super-Eddington over the 
last 100 Myr and could have originated from a stellar mass seeds at 

(~3 × 106𝑀⊙
𝑧 ∼ 15



An X-ray detected AGN at ?𝑧 = 10.1 

Bogdán et al. (2023)

 
 

 

𝑧𝑝h𝑜𝑡 ∼ 10.3
𝐿𝑏𝑜𝑙 ∼ 5 × 1045𝑒𝑟𝑔 /𝑠
𝑀𝐵𝐻 ∼ 4 × 107𝑀⊙

𝑀𝐵𝐻

𝑀⋆
∼ 0.1%



An X-ray detected AGN at ?𝑧 = 10.1 

Goulding et al. (2023)

JWST/NIRspec spectrum confirm the 
redshift of this AGN candidate (z=10.1). 

However, the resolution of NIRSpec-prism 
( ) is not sufficient to detect any 
high-ionisation potential emission line and 
therefore confirm the AGN nature of this 
source.

𝑅~100

High-resolution ground-based 
spectroscopy is needed !



Are these Super Massive Black Holes expected ?

Bennett al. (2023)

Using zoom-in simulations, we can 
demonstrate that super-Eddington accretion is 
needed to explain such SMBH at z>8

So far only 3 black holes at z>8 have been 
spectroscopically confirmed within the first 
year of JWST suggesting they are not rare. 



The future of AGN in the early universe studies 

Planned launch : 2035

Two instruments :  
- X-IFU 
(spectrograph) 
- WFI (imager)



An AGN at the core of a protocluster at z=10.6 ? 

Recent DDT observations with NIRSpec-IFU/JWST 
shows that several Ly-  emitters are detected in the 
vicinity of GNz11 (the most distant object with 
detected Ly- )

𝛼

𝛼

A preliminary analysis of this field shows that the 
overdensity parameter is at least 27, the densest field 
at such high-redshift 

More JWST observation to follow in February 2024 !

Scholtz et al. (2023)



Another example of AGN at the core of a protocluster ?

Laporte et al. (2022)

Two galaxies separated by 10’’ are 
at the same redshift (z=7.66)

Looking for galaxies with similar 
properties in the entire field, we 
identified 25 objects including 8 in 
a 40’’x40’’ region

The total dark matter haloe mass of this protocluster agrees well 
with the expectation from the evolution of a Coma-like cluster. 



Another example of AGN at the core of a protocluster ?

Brinchmann (2022)

One member 
o f t h i s 
p ro to c l u ste r 
may host an 
AGN at z=7.66



The next frontier : the first stars (population III)

The first stars form from pristine gas mostly 
composed of neutral hydrogen and helium

They are extremely massive (up to 3000 ) 
but with a very short lifetime (<10 Myr)

𝑀⊙

The metallicity of these stars should be 
very low (<0.02 )𝑍⊙

To detect them, we need to observe them 
at the right epoch….



A first robust detection of pop III stars ? 

Vanzella et al. (2023)

The strong detection 
of hydrogen lines (H
, Ly , etc..) and the 

absence of Carbon 
or Oxygen l ines 
suggest t hat t h is 
objec t i s a ver y 
metal poor galaxy. 

𝛼 𝛼

T h e r e d s h i f t i s 
puzzling. Can we 
h a v e b u b b l e o f 
p r i s t i n e g a s a t 
z=6.64 ?



Maiolino et al. (2023)

Another tentative detection at higher redshift (z=10.6)

The line ratio in 
this galaxy seems 
consistent with 
what is expected 
for popIII stars. 

The absence of 
constrain from 
other hydrogen 
lines makes this 
de t ec t i on s t i l l 
strongly debated.



The challenge of identifying popIII stars in the early Universe

Katz et al. (2023)

According to hydrodynamic simulations, the luminosity 
of hydrogen and helium lines is maximum for only 2 
Myr, and decreases very rapidly after. 



Conclusions





The JWST will not address all the questions on the 
early Universe : other instruments will be needed !

➢ When did the first galaxies form in the early Universe, and start 
to ionise the neutral hydrogen  ? 

☑ Recent observations show evidence of star-
formation at z>15, confirmed with the first JWST 
observations ! 

☑ High-resolution of these “old” objects at z>9 
indicates they may have a disk, although the merger 
hypothesis could not be totally excluded 

➢ How common are AGN at z>8 and what are their properties ? 
➢ Frequency of AGN detection at high- z 

☑ After ~2 years of JWST observations, most of the 
brightest galaxies identified with HST host a black 
hole 

☑ But the sensitivity of JWST may not be sufficient to 
identify fainter AGN 

➢ How can we explain SMBH at z>8 
☑ Super Eddington accretion is needed from stellar 

mass seeds at z>15

The shape of Ly-  at 
z=6-7  with high-

resolution spectrograph 

𝜶 The continuum of 
z=6-7 galaxies by 

stacking 1000s 
spectra

The spatial distribution of 
ionising sources by identifying 

ionised bubbles at z>6

Identifying AGN 
candidates at z>6 

in its large 
surveys  

Direct observations of 
Cosmic Dawn  

Number densities of 
the faintest galaxies 

at z>8

The metallicity of 
1000s of z>6 galaxies 
with extremely Large 

Telescope 

Direct detection 
of AGN at high-

redshift



Dust content of galaxies in the early Universe

Laporte  et al. (2017)

A2744_YD4 

• Redshift :  
• Age of the Universe : 650 

Myr 

• Mass :   
• Dust mass : 

𝒛 ∼ 𝟖

𝟐  × 𝟏𝟎𝟗 𝑴⊙
𝟔 × 𝟏𝟎𝟔𝑴⊙



Indirect probe of “Cosmic Dawn”  
	 	 	        the age of the most distant galaxies

Scoville et al. (2015)

Two methods can be used to determine the age of a very 
high-redshift galaxy :  

	 - constraining the size of the Balmer Break 

	 - measuring the dust content 

Definition of the age of a galaxy : period during which a 
galaxy is forming stars  



Dust content of galaxies in the early Universe

Laporte  et al. (2017)

A2744_YD4 

• Redshift :  
• Age of the Universe : 650 

Myr 

• Mass :   
• Dust mass : 

𝒛 ∼ 𝟖

𝟐  × 𝟏𝟎𝟗 𝑴⊙
𝟔 × 𝟏𝟎𝟔𝑴⊙Age : 300 Myr 



Indirect probe of “Cosmic Dawn”  
	 	 	         the age of the most distant galaxies

Tamura  et al. (2018)

MACS0416-Y1 The amount of dust 
produced per supernova is 
still uncertain
It varies between : 
𝟎 . 𝟓 𝑴⊙  − >  𝟐 𝑴⊙ 

T h i s m e t h o d i s n o t 
accurate !


