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The	Milky	Way		

We can study galaxies at different epochs, and with different levels of detail.  All approaches are 
complementary and constrain in different ways the models.   



Reionization and First Galaxies



  

Hydrogen reionization

PRE OVERLAP PHASE
Each galaxy builds a 

region of ionized 
hydrogen around itself, 
the Strömgren sphere

OVERLAP PHASE
Ionized spheres grow 

and start merging

POST OVERLAP PHASE
Large ionized regions 

start to merge and 
reionize the left-over 

neutral islands

Reionization continues
START END

Reionization is inhomogeneous and extended.



  

Thermal evolution of the IGM

CMB temperature
TCMB = 2.7 K (1+z)

Universe expands
→ gas cools adiabatically

UV radiation from :rst galaxies 
heats the IGM to ~2 x 104K

Credits: ERC and EU Research SPR19/P53



  

Sources of reionization

Gravity causes the initial 
Ductuations in the density 
Eeld to grow over time, i.e. 
slightly over-dense regions 
increase their density and 
become more conEned, while 
slightly under-dense regions 
become more under-dense.

Boylan-Kolchin+ 2009 

timeearlier later

Galaxies form in the density 
peaks. The most massive 
galaxies have formed in the 
very Erst density peaks, while 
less massive galaxies have 
formed later.

At each time there are far 
more low massive galaxies 
than very massive galaxies.

most massive galaxies form earlier 
& have more time to grow



  

Sources of reionization

brighter 
galaxies

fainter 
galaxies

Observations of the luminosities of 
the Erst galaxies have conErmed:

                      

Bouwens+ 2019



  

What physical processes aGect the contribution 
of galaxies to reionization?

Emission of ionizing 
photons λ<912Å

Galaxy

Stars

Ionization & heating of 
HI in the intergalactic 

medium (IGM)

1. Only a fraction 
escapes due to HI in 

the interstellar medium



  

Strömgren sphere

Galaxy emits hydrogen ionizing photons (λ < 912Å) at a rate N
ion

 [number/sec]

The intergalactic medium around the galaxy has a number density n
HI

 [cm-3]

N
ion

hydrogen density 
n

HI

What is the size of the ionized 
sphere around the galaxy?
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Key physics - Reionization

trec=[χenH αBC ]
−1

ṅion= f esc ṅion

ISM

The reionization history is expressed through the evolution of the ionization fraction Q
HII

 of hydrogen:

The “ionization rate” describes the growth of the ionized regions due to sources of ionizing photons, 

while the “recombination rate” describes the decrease in the ionized regions due to recombinations 

(p + e → H). Sources of ionizing photons are stellar populations in galaxies; only a fraction (f
esc

) of 

the ionizing photons produced in within the galaxy (n
ion

ISM) can escape into the intergalactic medium 

(IGM) and contribute to reionization. 

The recombination time scale decreases as more ionized atoms and free electrons are present.

dQHII

dt
=

ṅion

nH

−
QHII

trec

ionization rate recombination rate

C=
⟨n2⟩

⟨n⟩2

clumping factor 

of the IGM

Case-B 

recombination 

coe[cient

hydrogen 

density

factor to account for 

excess in free electrons 

due to ionized helium



  

Example: Deriving the reionization history

Assumptions: 1) gas density is homogeneous:  C = 1

2) ionizing emissivity is constant in time:  

3) gas only consists of hydrogen: χ
e
 = 1

dQHII

dt
=

ṅion

nH

−
QHII

trec

number of ionizing 
photons per hydrogen 

atom and time

number of recombinations 
per hydrogen atom and time

trec=[χenH αBC ]
−1

ṅion(t)=ṅion

Volume V with

ṅion=
∑

i

N sources

Ṅ ion ,i

V

nH

[# / (cm3 sec)]

[# / sec]



Evidence for reionisation: Gunn-Peterson trough

  

2. Gunn-Peterson trough

Pettini 2011

Quasar emits 
radiation

Radiation travels as 
Universe expands & 

is redshifted

Neutral hydrogen in the 
IGM absorbs Lyman-α 

always at 1206Å

Quasar spectra shows 
absorption at wavelengths 

shorter than 1206Å1216 1216



Evidence for reionisation: Gunn-Peterson trough

  

2. Gunn-Peterson trough

If the photons of the quasar spectra 
passes the neutral gas in the IGM during 
reionization, they are nearly completely 
absorbed at wavelengths shorter than 

1206Å (in the rest frame of the quasar!)

τGP( z)=τ0

nHI

n̄HI

τ0(z)≡
π e

2
f λα

m
e
c H (z)

≃1.5∗10
−5

h
−1Ωm

−1 /2Ωb h
2

0.019 (1+ z

8 )
3/2

One neutral hydrogen atom out of 
105 can cause complete absorption 

blue-ward of Lyman-α

Fan+ 2006



Evidence for reionisation: Lya emission

  

3. Lyman-alpha emitters

HI

Emission of ionizing 
photons λ<912Å

Lyα

Galaxy

➢ Stars in the galaxy emit HI 
ionizing photons

➢ Ionizing photons are absorbed 
by HI in the interstellar 
medium (ISM)

➢ Ionized hydrogen in dense 
clumps recombines quickly

➢ Lyman-α is emitted as part of 
recombination radiation

ionized hydrogen

Intergalactic 
medium (IGM)

neutral hydrogen

absorbed by HI in the IGM

Lyα line has been redshifted 
out of HI absorption. It is 

transmitted through the IGM.

The larger the ionized regions 
around a galaxy, the higher is its 
fraction of Lyα radiation that is 
transmitted through the IGM.



Evidence for reionisation: Lya emission

  

3. Lyman-alpha emitters
Konno+ 2018

HI in IGM 
increases

Schenker+ 2014

The decrease of galaxies 
with a detected Lyα line 

could be due to a higher HI 
fraction.

The fraction of galaxies showing a 
Lyα line decreases rapidly at z>6. 

EGects of reionization kick in 
between z~6 and 7, and 

reionization is over by z~6.



JWST MIRI detects H-alpha emission at the Epoch of Reionization
 for the first time

Rinaldi, Caputi et al 2023, ApJ 952, 143

Search for other emission lines



  

Outstanding questions in reionization

1. Sources of reionization: Main contribution probably from star-forming 
galaxies but how much do quasars contribute?

2. Ionizing escape fraction from galaxies f
esc

: What are the f
esc

 values? 

And how does f
esc

 depend on the physical processes in the galaxies?

3. How many small mass galaxies are there during reionization? What is 
the “minimum galaxy mass”?

4. How strong is the feedback of reionization on galaxies? How strongly 
is subsequent star formation suppressed?



High-redshift Galaxies



A bit of perspective…

The concept of ‘high redshift’ has changed over time

At the end of 20th century, not much was known about galaxies at z>2-3

(The highest redshifts were proven by radio surveys - most massive galaxies and QSOs)

The advent of HST and large (8m-class) ground based telescopes enabled 
systematic study of high-z Universe



 Selection of SF galaxies at z~2-3

Lyman-break 
selection technique

Introduced by 
Steidel et al. (1996) 

to select star-forming 
galaxies at z~3

Note:  low-z contaminants can be 20-30% of sample

 Picture Credit: http://www.astro.ku.dk/~jfynbo/LBG.html



 Selection of SF galaxies at z~2-3

Lyman-break 
selection technique

Shapley (2011), based on Steidel et al. (2004)

104 Shapley

Figure 1: (From Steidel et al. 2004) Two-color (Un−G vs. G−R) diagram from

one of the UV-selected survey fields, demonstrating the UV-selection technique

described in Section 2.2. The green and yellow shaded regions are the z ∼ 3 LBG

color selection windows, while the cyan and magenta regions are used to select

galaxies at z ∼ 2.0− 2.5 and z ∼ 1.5− 2.0, respectively.



 Selection of SF galaxies at z~4-5

Ouchi et al. (2004)

changing the set of filters, the technique can be extended to select higher-z galaxies

Caveat of this technique: biased against dusty galaxies!



 The spectroscopic confirmation

Shapley et al. (2003)

5

FIG. 2.— A composite rest-frame UV spectrum constructed from 811 individual LBG spectra. Dominated by the emission from massive O and B stars, the overall
shape of the UV continuum is modified shortward of Lyα by a decrement due to inter-galactic HI absorption. Several different sets of UV features are marked:
stellar photospheric and wind, interstellar low- and high-ionization absorption, nebular emission from H II regions, Si II* fine-structure emission whose origin is
ambiguous, and emission and absorption due to interstellar HI (Lyα and Lyβ). There are numerous weak features which are not marked, as well as several features
bluewards of Lyα which only become visible by averaging over many sightlines through the IGM. The composite LBG spectrum is available in electronic form
from http://www.astro.caltech.edu/∼aes/lbgspec/.

stacked spectra of ~800 Lyman-break-selected galaxies



 Ly-break galaxies vs. Ly-alpha emitters

Lyman-break galaxies are not necessarily Lyman-alpha emitters

The Lyman-alpha line profile depends on the ability of Lya 
photons to escape dusty/clumpy interstellar medium

problem: resonant scattering of photons with HI

Pictures Credit: Verhamme et al. (2008); see also Neufeld (1990)

note: if Lya EW > 100 A, then age < 50 Myr
94 A. Verhamme et al.: 3D Lyα radiation transfer. III.

Fig. 2. Line profile fits for the three strongest Lyα emitters of the sample, presenting all a narrow asymmetric emission line: FDF2384 (left),
FDF4454 (middle), and FDF5812 (right). Same symbols as figure in 1. The expansion velocity of the shell is Vexp ∼ 150 km s−1, similar to the
two precedent objects. The dust content is similar too, but NHI is one order of magnitude lower. The intrinsic Lyα EW is also larger, particularly
for FDF5812 (EW(Lyα)int = 280 Å), but these values depend strongly on the continuum determination, which is quite uncertain for these faint
objects. See text for more details.
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Fig. 3. Grid of predicted Lyα line profiles (blue dashed lines) compared to observed spectral line of FDF2384 to illustrate the constraints on the
fit parameters NHI, Vexp, and τa. All models have been computed with the same Doppler parameter (b = 20 km s−1), and the same input spectrum
(a flat continuum+a Gaussian emission line with EW int = 80 Å and FWHMint = 100 km s−1). Left 3 × 3 panel: variations of Vexp (from 100 to
200 km s−1 from top to bottom line) and τa (from 0.5 to 2.0 from left to right) for fixed NHI = 3 × 1019 cm−2. Right 3 × 3 panel: variations of NHI
(from 2 × 1019 cm−2 to NHI = 4 × 1019 cm−2) and τa (from 0.5 to 2.0 from left to right) for fixed Vexp = 150 km s−1.

to cB58 (bcB58 = 70 km s−1) to reproduce the secondary peak
on the elongated red wing. Note the extension of this red wing
over ∼1500 km s−1.

3.3.2. FDF2384, FDF4454, and FDF5812

The Lyα fits for these objects are shown in Fig. 2. The profiles
differ from the former by their high EW(Lyα)obs > 70 Å, and
a less extended red wing (∼600 km s−1). This leads to simulated
neutral column densities an order of magnitude lower and higher
escape fractions ( fe > 0.15, cf. Table 2).

To illustrate how well constrained the model parameters are
we will present in detail the fitting of the object FDF2384. In
Fig. 3 a fraction of the model grid we use is shown for a fixed
value b = 20 km s−1, and for several values of Vexp, NHI and τa.
The central profile of each 3 × 3 grid illustrates the best fitting
profile for FDF2384. The observed profile of FDF2384 is over-
layed on each cell. The overall behaviour of the spectra shown
in this figure can be summarised as follows.

When Vexp increases, multi-peaks appear on the extended
red wing. Indeed, the location of the second red-peak related
to “backscattered” photons – photons which are reflected by the

96 A. Verhamme et al.: 3D Lyα radiation transfer. III.

Fig. 5. Line profile fits for FDF4691 (left) and FDF7539 (right), the two double peaked profiles (type B) with static or almost static shells
(Vexp = 10−25 km s−1). The peak separation and the observed EW(Lyα)obs are different for these objects, and so are the other fitting parameters.
FDF4691 is the only object for which a very broad input spectrum is derived from the modelling (FWHM = 1000 km s−1 instead of ∼100 for all
other objects), possibly the signature of a hidden AGN.

However, since their code is not suited to high column den-
sities we searched for other solutions. We find a fit of better
quality – the deep gap between the peaks is better reproduced by
a smaller b, and the red wing is fitted with more accuracy starting
from an input spectrum with a continuum – with a higher col-
umn density (NHI = 8 × 1019 cm−2), and consequently a smaller
b = 20 km s−11 (see Fig. 5 for the fit and Table 2 for a sum-
mary of the parameters). Our best fit is obtained with no dust,
and the fit with τa = 0.1 is less good than the one with no dust,
from which we estimate an upper limit on the dust content of
τa <∼ 0.1. This is consistent with the fact that the Lyα and UV
SFR indicators derived from observations (Tapken et al. 2007)
are similar. To reproduce the very extended wings of the line,
the intrinsic Lyα emission line has to be very broad. It is char-
acterised by a very large value of FWHMint = 1000 km s−1, and
a “st andard” EW(Lyα)int = 90 Å. Radiation transfer effects are
inefficient to broaden the line in a medium with such a low col-
umn density. If interpreted as a result of virial motion, such a
large FWHM seems, however, unphysical. A hidden AGN may
be an explanation for the high FWHM, as suggested by Tapken
(2005).

A solution to reproduce the observed spectrum with a more
realistic intrinsic spectrum (FWHMint = 100 km s−1 and EW int =

80 Å) is to invoke two contributions from two different media:
when we sum emergent spectra from two identical shells except
for the column density (b = 20 km s−1, Vexp = 10 km s−1, no
dust, EW(Lyα)int = 80 Å, and nh = 4. × 1017 cm−2 for one
and NHI = 4. × 1020 cm−2 for the other), we are able to re-
produce a spectrum with narrow peaks close to the center and
broad wings, starting from a “standard” value for the FWHM,
FWHM(Lyα)int = 100 instead of 1000 km s−1 (see Fig. 6).
This could correspond to a physical situation where an initially
thick shell has been stretched until a hole forms, and the diffuse
medium in the hole is still opaque enough to imprint radiative
transfer effects on Lyα photons. The surfaces of the thick shell
and the hole are of equal size in this first model. The parame-
ters listed for FDF4691 in Table 2 are those of the homogeneous
single shell model discussed above.

1 Indeed, the location of the peaks were predicted in static media, and
depend on a combination of NHI and b.

Fig. 6. Fit of FDF4691 with a “two-phase” model, a low density shell
with NHI = 4. × 1017 cm−2 and a high density shell with NHI =
4. × 1020 cm−2. The other parameters of the shells are identical: b =
60 km s−1, Vexp = 12 km s−1, no dust, EW(Lyα)int = 70 Å. This allows
for a more reasonable FWHM(Lyα)int = 100 km s−1 instead of 1000.

3.4.2. FDF7539

For this object the velocity shift between the LIS in absorption
and Lyα in emission was measured: ∆v(em − abs) = 80 km s−1,
which implies a shell velocity Vexp = 80/3 ∼ 27 km s−1,
i.e. almost static as in the case of FDF4691, or at maximum
<∼40 km s−1, in the case of a low column density. Indeed, the
spectrum is also double-peaked as for FDF4691.

The large peaks separation (Vp ± 500 km s−1, larger than for
FDF4691) implies a high column density. Presumably, the rather
low observed EW(Lyα)obs also implies the presence of dust in
the shell. Indeed, the best fit shown in Fig. 5 has a high column
density (NHI = 5× 1020 cm−2), and dust (τa = 0.3). It is compat-
ible with the canonical value for the intrinsic Lyα spectrum. The
resulting escape fraction is fe = 0.28.

For comparison, Tapken et al. (2007) proposed a fit of sim-
ilar quality for this object, but the velocity of the shell they de-
rive from their modelling is high (Vexp = 190 km s−1), which
is in contradiction to the observed small velocity shift between
Lyα and LIS (∆v(em − abs) = 80 km s−1), and surprising for
a double-peaked profile. As their investigation is restricted to
low column densities, the only solution they have to produce

most common profile in high-z galaxies 



 Optical vs Near-IR Galaxy Surveys

for many years, the search of z>1.5 galaxies has been performed on optical images

but the advent of near-IR surveys showed that optical surveys miss a significant
fraction of high-z galaxies 

 Picture Credit: http://ned.ipac.caltech.edu/level5/Sept01/Malkan/Malkan2.html

Why?

http://ned.ipac.caltech.edu/level5/Sept04/Stern/Stern1.html


λo= λe x (1+z)

Photometric 
redshift

Age Stellar 
Mass

Dust
Extinction

Credit: STScI

‘cheap’ alternative
 to spectroscopic 

redshifts

 Galaxy selection through photometric redshifts



 Spectroscopic galaxy surveys

Large and relatively 
deep spectroscopic 
surveys have been 

possible over the past 
decade

Although biased 
towards optically-bright 
galaxies, they are very 

important to:

- calibrate zphot
- outline large-scale structure 

at high z
- study ISM properties



Galaxy luminosities: theory vs. observations

e.g. Springel et al. (2005); Somerville et al. (2008)

Observations vs. Theory

observed galaxy 
luminosity function...

...is in major disagreement w/ 
CDM simulations

Somerville et al. 2008, Springel et al. 2005

under the assumption that dark matter 
halos host gas: need to find mechanisms 
why conversion to stars is less efficient in 
low and high mass systems

either gas can never cool or gas gets 
reheated/removed

 theory w/
 no feedback

AGN 
feedback

SN
feedback



Observational constraints - the SFR-M* plane

Rinaldi et al. (2022)

11

Figure 6. The SFR�M⇤ plane (left) and the sSFR�M⇤ plane (right) for our entire sample (M0416 + A2744 + A370) of
galaxies at z = 2.8 - 6.5. In both panels, we compare our data points with the lower envelope of starburst galaxies adopted in
Caputi et al. (2021). We also show the evolution of Speagle’s MS prescription (Speagle et al. 2014) as a function of redshift
(z = 3� 6.5). The error bars indicate average uncertainties. The pale blue squares indicate upper limits.

Table 3. Main Sequence and Starburst best-fit parameters.

Redshift ↵ (MS) � (MS) ↵ (SB) � (SB)

2.8  z < 4 0.62 ± 0.01 �5.18 ± 0.10 1.00 ± 0.01 �7.29 ± 0.04

4  z < 5 0.60 ± 0.03 �4.93 ± 0.31 0.99 ± 0.01 �7.03 ± 0.10

5  z  6.5 0.59 ± 0.05 �4.79 ± 0.55 1.00 ± 0.02 �7.22 ± 0.12

Note—The errors on ↵ and � have been estimated adopting the bootstrap
resampling method.

Figure 7. The SFR � M⇤ plane, populated with all sources (HFF + SMUVS) considered in this work, divided according
to redshift interval as indicated. The error bars indicate the average uncertainty estimates. The yellow region indicates for
reference the lower envelope of starburst galaxies adopted in Caputi et al. (2021).

In Fig. 9 we show our separate main sequence and
starburst cloud fittings at z = 2.8 � 4, z = 4 � 5, and

z = 5 � 6.5. We find that there is no or very marginal
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If SFR << 0.01 Msun/yr - quiescent galaxies 



 The cosmic SFR density

Galaxy formation and growth was much more efficient in the past

10 BEHROOZI ET AL
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FIG. 3.— Top panel: Evolution of the stellar mass function from z = 0
to z = 8 in the best fitting model (colored lines), compared to observations
(points with error bars; for clarity not all data is shown). Bottom panel:
Observational constraints on the cosmic star formation rate (black points),
compared to the best-fit model (red solid line) and the posterior one-sigma
distribution (red shaded region).

I) used in this work.

5. RESULTS

The method presented above results in a posterior distribu-
tion for the set of parameters describing models that match
observed stellar mass functions, specific star formation rates,
and cosmic star formation rates from z = 0 to z = 8. All data
results in this paper are available for download online.4 Our
best-fitting parameters with one-sigma limits are as follows:

Intrinsic Parameters:

ν = exp(!4a2)
log10(ϵ) =!1.777+0.133

!0.146+ (!0.006+0.113
!0.361(a!1)+ (!0.000+0.003

!0.104)z)ν +
!0.119+0.061

!0.012(a!1)
log10(M1) = 11.514+0.053

!0.009+ (!1.793+0.315
!0.330(a!1)+ (!0.251+0.012

!0.125)z)ν
α=!1.412+0.020

!0.105+ (0.731+0.344
!0.296(a!1))ν

δ = 3.508+0.087
!0.369 + (2.608+2.446

!1.261(a!1)+!0.043+0.958
0.071 z)ν

γ = 0.316+0.076
!0.012 + (1.319+0.584

!0.505(a!1)+0.279+0.256
!0.081z)ν

log10(Mh,ICL) = 12.515+0.050
!0.429+ (!2.503!0.202

!2.078)(a!1)

4 http://www.peterbehroozi.com/data.html

0 0.5 1 2 3 4 5 6 7 8
z

10-10

10-9

10-8

Sp
ec

ifi
c 

SF
R 

[y
r-1

]

M* = 109 MO•

0 0.5 1 2 3 4 5 6 7 8
z

10-10

10-9

10-8

Sp
ec

ifi
c 

SF
R 

[y
r-1

]

M* = 1010 MO•

0 0.5 1 2 3 4 5 6 7 8
z

10-10

10-9

10-8

Sp
ec

ifi
c 

SF
R 

[y
r-1

]

M* = 1010.5 MO•

FIG. 4.— The best fitting model (red line) and posterior one-sigma distri-
bution (red shaded region) for the evolution of the specific star formation rate
from z = 0 to z = 8, compared to observational estimates (black points).

ρ0.5 = 0.799+0.028
!0.355

Systematic Parameters:

µ=!0.020+0.168
!0.096+0.081+0.078

!0.036(a!1)
κ= 0.045+0.110

!0.051 + (!0.155+0.133
!0.133)(a!1)

ξ = 0.218+0.011
!0.033 +!0.023+0.052

!0.068(a!1)
σ = 0.070+0.061+0.017

!0.008(z!0.1)
ci(z) = 0.273+0.103

!0.222(1+ exp(1.077+3.502
!0.099! z))!1

b= 0.823+0.043
!0.629

Our total χ2 error for the best-fit model from all sources
(observational and theoretical) is 245. For the number of ob-
servational data points we use (628), the nominal reduced χ2

is 0.4. While the true number of degrees of freedom is not

Behroozi et al. (2013); Madau & Dickinson (2014)

3.2 Gyr

~40% today’s 
stellar mass density

?



Dust in the young Universe

Rujopakarn et al. (2016)

Maiolino et al. (2015)

z~7

z~2

Dust is rare in the first billion years, but evidence of 
dust has been found in galaxies up to z~7-8.

Dust was very common in 
galaxies at z~2-4 (Universe 

was 1.5-3.5 Gyr old)



Some First JWST Highlights



Highest-redshift galaxy candidates with JWST 7

Table 2. Complete list of our high-redshift candidates identified behind SMACS0723 with their derived parameters.

ID RA Dec Iphot "UV V log("¢/M�) log(Cage/yr) = Ae [kpc]

I ⇠ 9 � 11 candidates

SMACS_z10a 7:23:26.252 -73:26:56.940 9.92 ± 0.09 �20.11 ± 0.24 �2.07±0.05 8.94+0.02
�0.04 8.66+0.01

�0.01 < 1 0.22
SMACS_z10b 7:23:22.709 -73:26:06.183 9.79 ± 0.20 �21.19 ± 0.22 �1.21±0.07 9.90+0.01

�0.01 8.02+0.01
�0.01 < 1 0.65

SMACS_z10c 7:23:20.169 -73:26:04.233 9.94 ± 0.10 �20.55 ± 0.23 �1.99±0.04 9.58+0.01
�0.01 8.66+0.01

�0.01 < 1 0.41
SMACS_z10d 7:22:46.696 -73:28:40.898 9.98 ± 7.97 �19.44 ± 0.30 �2.10±0.12 7.85+0.56

�0.25 7.18+0.68
�0.81 < 1 0.55

SMACS_z10e 7:22:45.304 -73:29:30.557 10.44 ± 8.34 �18.62 ± 0.33 �1.84±0.15 7.23+0.44
�0.49 7.51+0.61

�0.74 < 1 0.33
SMACS_z10f 7:22:57.303 -73:29:16.522 10.47 ± 0.47 �19.17 ± 0.33 �2.21±0.37 7.86+0.57

�0.30 7.25+0.73
�0.92 < 1 0.45

SMACS_z11a 7:22:39.505 -73:29:40.224 10.75 ± 0.28 �19.09 ± 0.30 �1.98±0.37 8.70+0.23
�0.69 8.19+0.31

�0.90 < 1 0.39

I ⇠ 11 � 15 candidates

SMACS_z11b 7:22:53.848 -73:28:23.348 11.22 ± 0.56 �22.40 ± 0.33 �1.88±0.22 9.20+0.48
�0.42 7.36+0.63

�0.90 4.4 ± 0.5 7.96
SMACS_z11c 7:23:01.604 -73:26:54.908 11.22 ± 0.32 �19.56 ± 0.28 �2.13±0.16 7.76+0.31

�0.33 7.51+0.40
�0.43 < 1 0.28

SMACS_z11d 7:22:36.753 -73:28:09.203 11.28 ± 3.89 �21.79 ± 0.41 �1.87±0.01 9.02+0.36
�0.42 7.54+0.48

�0.55 5.0 ± 0.5 11.90
SMACS_z11e 7:22:49.279 -73:27:44.621 11.52 ± 9.76 �19.23 ± 0.33 �1.90±0.32 7.87+0.49

�0.48 7.50+0.61
�0.86 < 1 0.34

SMACS_z12a 7:22:47.380 -73:30:01.785 12.03 ± 0.28 �20.07 ± 0.28 �2.60±0.32 8.18+0.64
�0.33 7.64+0.41

�0.39 < 1 0.47
SMACS_z12b 7:22:52.261 -73:27:55.497 12.35 ± 0.68 �21.10 ± 0.40 �2.71±0.58 9.37+0.59

�0.47 7.46+0.77
�0.81 4.0 ± 1.0 1.99

I > 15 candidates

SMACS_z16a 7:23:26.393 -73:28:04.561 15.97 ± 0.37 �21.23 ± 0.27 �3.01±0.17 8.36+0.43
�0.42 7.55+0.52

�0.59 1.1 ± 0.2 0.40
SMACS_z16b 7:22:39.439 -73:30:08.185 15.70 ± 0.70 �21.75 ± 0.39 �2.09±0.55 8.78+0.64

�0.33 7.20+0.80
�0.85 2.8 ± 0.6 1.17
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Figure 6. Cutout images of SMACS_z16a in the JWST bands centered on the source. The left-most column shows the LW-stack detection image (cf. section 2)
and the source partition map. The following columns show the seven NIRCam and NIRISS science images in the top rows, best-fit model image in the middle
rows and the residual in the bottom rows. The science and model images are scaled using a linear-stretch normalization, with minimum value equal to zero
and maximum value 10 times the 2f-clipped standard deviation. The residuals are scaled linearly between ±7 times the 2f-clipped standard deviation. The
NIRISS image covers only half of the NIRCam field-of-view (i.e. the cluster core), thus the corresponding cutout is empty if the source is outside of the NIRISS
coverage.

more flexibility in this range of galaxy templates. In order to obtain
a more accurate estimate of the physical properties of our galax-
ies, we ran a second round of SED-fitting with BEAGLE using a
prior in redshift from the PDF of EAZY (cf. section 5.1). We de-
rive a stellar mass of log("¢/M�) = 8.36+0.43

�0.42 and a stellar age

of log(Cage/yr) = 7.55+0.52
�0.59 for SMACS_z16a. This galaxy is also

very compact as can be seen in Fig. 6, with an estimated size of
⇠ 0.4 kpc based on the model fitting of SE++ (cf. section 3.1) and
after correcting for the lensing distortion.

In the next lower redshift range, one of the two most robust
candidates, SMACS_z12a, is presented in Fig. 8. Again, the source
is well detected in all four filters and shows a clear continuum break.
Similarly, there is a good agreement between the two photometric

redshifts I = 12.03 ± 0.28 (EAZY) and I = 12.02 ± 0.19 (BEAGLE).
The PDF from EAZY is also broader, because of the challenge in
matching the blue colors (V ⇠ �2.60 ± 0.32) of this object (Fig. 9).
This source is also among the highest-redshift candidates identified
photometrically in the literature (e.g. Harikane et al. 2022; Naidu
et al. 2022; Castellano et al. 2022), around 360 Myr after the Big
Bang. The derived are very similar to SMACS_z16a, with a stellar
mass of log("¢/M�) = 8.18+0.64

�0.33, and an age of log(Cage/yr) =
7.64+0.41

�0.39.

In the lowest redshift range, 9 < I < 11, some sources around
I ⇠ 10 show indication of a Balmer break as a clear excess in the
F444W-band. An example is shown in Fig. 10, where flux excess is
observed relative to a flat continuum in the bluer bands. This could
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   Galaxy candidates to z~16 (!) behind SMACS 0723

Consider with caution! — JWST photometric calibration still under review

There may be degeneracies not properly taken into account,
 e.g. very dusty galaxies at lower redshifts

Atek et al. (2022)



   Very dusty galaxy at z~5 confused for z~18 galaxy

Zavala et al. (2022)

4 The CEERS collaboration
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Figure 1. A 3.000⇥ 3.000 composite image centered at the po-
sition of CEERS-DSFG-1; the JWST/NIRCam F115W ob-
servations are in blue, F277W in green, and F444W in red
(the data has been smoothed to roughly match the F444W
resolution for better visualization). The 1.1 mm NOEMA
signal-to-noise ratio levels starting at 2.5� to 10� (in steps
of 2.5�) are represented by the white contours, clearly in-
dicating that the dust thermal emission detected at submil-
limeter/millimeter wavelengths corresponds to the position
of CEERS-DSFG-1.

submillimeter-selected galaxy, CEERS-DSFG-1, in the
JWST/NIRCam observations (see Figure 1). As can be
seen in Figure 2, CEERS-DSFG-1 is well-detected in the
longer wavelength filters (F277W and redder bands) but
abruptly drops out in F200W and shorter wavelength fil-
ters. The drop-out nature of this galaxy may satisfy
simple selection criteria to identify very high-redshift
galaxies at z > 15 based on these colors. In contrast,
the identification of this source as a DSFG is counterin-
tuitive to such a very high-redshift solution, given that
the highest redshift dust continuum detections ever re-
ported are at z ⇠ 7 � 8 (Laporte et al. 2017; Strandet
et al. 2017; Marrone et al. 2018; Tamura et al. 2019;
Inami et al. 2022). Moreover, the (sub)millimeter selec-
tion would imply an extreme IR luminosity in excess of
⇠ 1013 L�.

Here we conduct a more thorough investigation as to
the possible redshift of CEERS-DSFG-1 using JWST
constraints alone, (sub-)millimeter constraints alone,
and a combination of both JWST constraints and long-
wavelength millimeter data (see Table 1 for all the avail-
able photometric constraints). The results are highly
dependent on the available photometric constraints and
the inferred redshifts differ significantly. Figure 3 shows
a comparison between the best-fit SEDs against the

Table 1. Measured Photometry of CEERS-DSFG-1

Instrument/Filter Wavelength Flux Density

NIRCam/F115W 1.15µm �4.6±4.2 nJy
NIRCam/F150W 1.50µm �2.3±6.4 nJy
NIRCam/F200W 2.00µm 4.1±4.0 nJy
NIRCam/F277W 2.77µm 113.5±4.2 nJy
NIRCam/F356W 3.56µm 209.7±5.1 nJy
NIRCam/F410M 4.10µm 329.8±10.1 nJy
NIRCam/F444W 4.44µm 379.1±6.7 nJy
PACS/100µm 100µm 0.11±0.51mJy
PACS/160µm 160µm 0.1±3.5mJy
SPIRE/250µm 250µm -1.1±5.8mJy
SPIRE/350µm 350µm -4.5±6.3mJy
Scuba-2/450µm 450µm -2.5±1.7mJy
SPIRE/500µm 500µm -1.0±6.8mJy
Scuba-2/850µm 850µm 2.25±0.36mJy
NOEMA/1.1mm 1.1mm 1.36±0.11mJy

Note—CEERS-DSFG-1 is formally not detected in
F115W, F150W, F200W, all of the Herschel bands
from 100–500µm, as well as SCUBA-2 450µm.

JWST photometry alone and the predicted SEDs when
using fits from the near-infrared through the millime-
ter. The respective best-fit redshift probability density
distributions are shown in Figure 4. Below, we discuss
in detail the performed SED fittings, the inferred photo-
metric redshifts, and the physical characteristics implied
by the adopted best-fit solution.

3.1. SED fitting procedure and redshift constraints
3.1.1. EAZY

We first fit the SED of CEERS-DSFG-1 to
JWST/NIRCam photometry alone using the eazy

(Brammer et al. 2008) spectral energy distribution
(SED) fitting code. The fitting was performed in an
identical fashion as in Finkelstein et al. (2022). To sum-
marize, EAZY makes use of a user-supplied template
set to generate linear combinations of stellar populations
that fit the data and generate redshift probability distri-
butions. The template set used in our case includes the
“tweak_fsps_QSF_12_v3” set of 12 templates as well
as six additional templates that span bluer colors (R.
Larson, in prep). No luminosity prior is used and colors
are measured in a Kron-aperture and corrected to total
fluxes. The best fit photometric redshift using EAZY

DSFGs masquerading as ultra-high redshift galaxies 5

Figure 2. 1.008⇥1.008 cutouts around CEERS-DSFG-1 from the CEERS JWST/NIRCam bands. The source is undetected in
F115W, F150W, and F200W (the source’s position is indicated with the red circle in the stacked F115W+F150W and F200W
images, the dropout bands). The galaxy is well-detected in bluer filters with a red spectral shape. All images follow the same
color-code with a maximum value equal to 15⇥ the sky RMS and a minimum value of �1.5�.
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Figure 3. The full near-infrared through millimeter spectral energy distribution of CEERS-DSFG-1 overplotted with several of
the best-fit SEDs described in § 3 along with the current photometric constraints (the detections used in the fits are represented
by the solid circles while 2� upper limits are illustrated by the downward arrows). We show the CIGALE fit to NIR data only
in red, EAZY to NIR data only in orange, CIGALE joint fits in light green, an alternate configuration of CIGALE parameters
in teal, and Prospector fit in light blue. Fits that include both the near-infrared JWST photometry as well as (sub-)mm
constraints are shown on the full SED – all of which favor a redshift solution z ⇠ 4� 6 – whereas the inset plot zooms in to the
near-infrared portion of the spectrum only, highlighting the fits performed on JWST photometry alone (which favor z ⇠ 18).
For clarity on the full shape of a z ⇠ 18 template, we also add the EAZY fit to the NIRCam data alone to the full SED panel.
There is a significant discrepancy between the best predicted redshifts produced by JWST photometry alone vs all photometric
constraints out to the millimeter regime, as clearly illustrated in Figure 4.

is z
EAZY

= 18.2+1.2
�0.7 with more than 99% probability of

being at z > 15 (see full redshift distribution in Figure
4 and the best-fit SED in the inset plot of Figure 3).

3.1.2. CIGALE

We also fit the photometry using CIGALE (Bur-
garella et al. 2005; Noll et al. 2009; Boquien et al.
2019) assuming a delayed star formation history (SFH):
SFR(t) / t exp(�t/⌧) with stellar models from Bruzual

& Charlot (2003) (BC03). Dust attenuation is also
added following the dust attenuation law from Calzetti
et al. (2000) for the stellar continuum. The nebular
emission (continuum and lines) is attenuated with a
screen model and an SMC extinction curve (Pei 1992).
During the SED fitting, the same E(B-V) is used, both
for the stellar and nebular emissions. Finally, the dust
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Fig. 2. 2D (top) and 1D (bottom) spectra of GN-z11 using PRISM/CLEAR configuration of NIRSpec. The 1D spectrum has been extracted using
a 3 pixel wide aperture that leads to improved S/N in this highly compact object. Prominent emission lines present in the spectra are marked. The
signal to noise ratio (SNR) of the continuum is high and the emission lines are clearly seen in both the 1D and 2D spectra.

C iv (see Figure 3), with redshifted emission and blueshifted ab-
sorption relative to the systemic redshift. civ emission with a P-
Cygni-like profile is also detected in the grating, along with a low
S/N tentative detection (3�) of of He ii and [O iii] ��1660, 1666.

The reliable detection of C iii] and N iii] lines in the grat-
ing spectra, however, enables us to investigate rest-UV line ra-
tios that can be compared with predictions from photoionization
models to di↵erentiate between an AGN or a star-formation ori-
gin (e.g. Feltre et al. 2016). In Figure 4 we plot the line ratios
C iii] �1909/He ii �1640 versus C iii] �1909/C iv ��1548, 1550,
along with predictions from photoionization models of Feltre
et al. (2016) for type 2 AGN, and Gutkin et al. (2016) for star
formation. We consider a density range of log(nH/cm�3) range
of 2 � 4, and metallicities in the range Z = 0.001 � 0.002, cor-
responding to Z/Z� = 0.066 � 0.131 (based on Z� = 0.0152
assumed by Feltre et al. 2016), which is consistent with the gas-
phase metallicity inferred from SED fitting using beagle (Section
A), and the estimates from emission line ratios in Section 3.5.

We find that neither AGN nor SFG model predictions are
able to conclusively explain the observed line ratios in GNz11.
As previously noted, there is C iv absorption visible in the spec-
trum, blueshifted from the systemic redshift. However, it is un-
clear how much of the nebular component of the C iv line flux
is being attenuated by this blueshifted absorption as there is not
enough S/N in the grating to disentangle the nebular and stel-
lar components of C iv. If a significant amount of nebular C iv
emission is also being absorbed, then the data point would move
downwards on the y-axis in Figure 4.

Additionally, using the C iii] and He ii based diagnostics from
Nakajima et al. (2018), we find that the observed strength of
C iii] emission and the C iii]/He ii ratio once again lie between
photoionization model predictions due to type-2 AGN and star-
formation. Nakajima et al. (2018) found a parameter space in
their diagnostic plots where both AGN and star-forming mod-
els could overlap due to low metallicities and high C/O ratios,
which is where the measurements from GN-z11 suggest it could
lie. We note that when considering the photoionization models
of Nakajima & Maiolino (2022), the limit on C iii]/C iv we de-
rive is compatible with the envelope of expectations from AGN
over a range of metallicities.

A ratio of N iii]/He ii⇡ 3.3 is consistent with photoionization
due to star-formation (e.g. Hirschmann et al. 2019), and interest-
ingly, no type 2 AGN scenario in the models of Hirschmann et al.
(2019) predicts a N iii]/He ii ratio greater than 1. Composite mod-
els containing contribution from both AGN and star-formation
can achieve N iii]/He ii ratios ⇠ 1, but only star-formation is
favoured at ratios > 1.

Overall, we find that the C iii] and N iii] emission and their
ratios with respect to He ii and C iv do not obviously favour pho-
toionization due to AGN. However, the presence of other rare
lines (e.g. N iv]) that have previously been observed in the spec-
tra of AGN makes ruling out the presence of an AGN less ob-
vious (see Übler et al. 2023, for example). Given the expected
extreme nature of GN-z11, together with a lack of any obser-
vational insights into the expected spectroscopic properties of
AGN at z > 10, we are unable to draw definitive conclusions
about the dominant source of photoionization in GN-z11.

Finally, we note that the grating spectra do not show obvious
evidence for the presence of a broad component of permitted
lines (see Figure 3), which would be ascribed to the Broad Line
Region (BLR) of an AGN. This is not necessarily conclusive
proof against the AGN scenario, as the BLR is often obscured
along our line of sight in most AGN, however it is another ele-
ment consistent with the lack of dominant contribution from an
AGN.

3.3. Lyman-↵ Emission

The prism spectrum shows a near-total Gunn-Peterson trough
at wavelengths below Lyman-↵, consistent with a highly neutral
intervening IGM (Gunn & Peterson 1965). Although the spectral
break is fairly sharp in wavelength at the low dispersion of the
prism, we do see some evidence of a damping wing absorption.

In spectra from the bluest G140M grating, an emission line
is seen at 14132 Å, close to the sharp Lyman break observed
with the prism. Taking the systemic redshift of GN-z11 to be
z = 10.6034 (see Section 3.1), the rest-frame wavelength is
1217.92 Å, consistent with being Lyman-↵ in emission, but with
the line centroid redshifted by 555 ± 32 km s�1 (see Figure 5).
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