
Galaxies: Structure, Dynamics, 
and Evolution

Cosmic Star Formation History 
and Early Galaxy Assembly

Can we construct a picture of how galaxies 
form and evolve across cosmic time?



Layout of the Course

Feb 2:  Course Introduction, Overview, and Galaxy Formation Basics
Feb 9:  Disk Galaxies (I)
Feb 12:  Disk Galaxies (II)
Feb 16:  Disk Galaxies (III) / Collisionless Stellar Dynamics
Feb 23:  Collisionless Stellar Dynamics + Vlasov/Jeans Equations
Feb 26:  Vlasov/Jeans Equations / Elliptical Galaxies (I)
Mar 9:  Elliptical Galaxies (II)
Mar 23:  Dark Matter Halos
Mar 30:  Connecting Galaxies to Dark Matter Halos
Apr 13:  Galaxy Stellar Populations + Lessons from Galaxies at z<0.2
Apr 20:  Lessons from Galaxy Samples at z<0.2 + Evolution with Redshift
Apr 23: Evolution of Galaxies with Redshift + Pushing to z>1.5
May 4:  Cosmic Star Formation History + Galaxy Evolution at z>6
May 11: Galaxy Evolution with JWST / Review for Final Exam

Lectures 



Due on May 11

Problem Set 6

Galaxies: Structure, Dynamics, and Evolution

Problem Set 6

Instructor: Dr. Bouwens

Here is Problem Set 6. The entire problem set will be due before class on

Monday, May 11 (email them to Wout and include GSD in the subject line).

Be sure to pay extra attention to problem 1, as your solution to that problem

will be checked carefully and used in determining your homework grade.

1. Evolution of the mass-to-light ratio. (a) The mass-to-light ratio is roughly

a power-law with time. Measure by hand the coe�cient ↵ for the mass-to-

light ratio M/L = t↵ for the V band from the following figure shown in

lecture (choose the middle line):

(b) The B � V and V � K color of a SSP (simple stellar population) de-

pend more or less linearly on log t for ages about 108 years. Determine this

dependence from the figure shown above (take the middle line again). Use

the result to derive the coe�cient ↵ for the mass-to-light ratio dependence

on time for the B band and the K band.

(c) Use the following figure (also shown in lecture) to derive ↵ for the U -

band (the U band curve is the steepest one):
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2. (a) Assume that the time dependence of the mass-to-light ratio derived

in problem #1 for all t below 10
10

years. The equations above were derived

for single burst stellar populations. Now assume a population with constant

star formation. Calculate the evolution of the M/L ratio with time T for

the U , B, V and K band. Do this by calculating the light from a popula-

tions formed at a time interval t, t+ dt, and then integrating from t = 0 to

t = T , where T varies from 1 to 10 Gyr. The only thing we care about is

the dependence of the M/L ratio with time, not the absolute value of the

M/L ratio.

(b) Use the results obtained in (a) to derive the dependence of the U � B,

B � V , and V � K colors with time. Compare these numbers to the time

dependence of the same colors for an SSP.

3. An important assumption in the analysis of unresolved stellar population

is that of a universal initial mass function. What would be the impact if this

assumption were not true? Consider two cases: the first being a Salpeter

IMF with cut-o↵s at 0.1 M� and 100 M� and the second being a Salpeter

IMF with cut-o↵s at 0.1 M� and 1 M�.
(a) Assume that a galaxy formed stars acording to the two IMFs described.

Very qualitatively, what would the SEDs of galaxies look like like 10 Myr

later and 11 Gyr later? How similar are the SEDs of galaxies in the two

cases at the later time?

(b) How do the SEDs of galaxies evolve in the case of the first IMF vs. the

second IMF? How accurately could one determine the time since the instan-

2

taneous burst of star formation in the two cases?

(c) Let’s suppose that the true IMF of a galaxy corresponded to the sec-

ond case, but let’s suppose one assumed it was the first case. How might

it impact one’s estimates of the total mass locked up in stars based on

the observed SED? How might it impact one’s estimates on the total met-

als ejected as a result of supernovae in the formed stars? Describe each case.

4. Use a modern stellar population synthesis code to predict galaxy spectra.

In this problem you will use the Flexible Stellar Population Synthesis (FSPS)

code through its Python interface (python-fsps). Start early, as installation

and setup may take some time.

(a) Consider a simple stellar population (SSP), in which all stars form in-

stantaneously at t = 0. Using FSPS, generate spectra for a population

with the following parameters:

• Star formation history: instantaneous burst (SSP)

• Metallicity: Z ⇡ 0.004 (subsolar)

• Initial mass function: Salpeter

• No dust attenuation and no nebular emission

Compute spectra over a range of ages from 10
6
to 10

10
years, using log-

arithmically spaced time steps (e.g., ⇠ 100 steps). Plot the spectrum

at approximately 10
7
, 10

8
, 10

9
, and 10

10
years on the same wavelength

range.

Briefly describe how the spectral shape evolves with time.

(b) Using the same model, compute the absolute magnitudes in the V and

I bands as a function of time over the range 10
6
to 10

10
years.

From these results, determine the absolute magnitude in the I band,

MI , either directly or using

MI = MV � (V � I).

Plot MI as a function of log10(t/yr).

Using the stellar mass of the population and the I-band luminosity,

determine how the mass-to-light ratio evolves with time. Assume a

power-law form

M

LI
/ t↵.
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First, let’s review the important 
material from last week



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-9

One can clearly see the red sequence out to z = 1.
This is expected - z = 1 is only 6 Gyr ago - and people
think that ellipticals are much older than that.

This result was obtained earlier by Bell et al 2004 - not
by taking spectroscopic redshifts, but by photomet-
ric redshifts. This method works in the following way.
Take spectra at low resolution - through 17 filters

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-10

One can derive fairly accurate photometric redshifts
this way. See:

The accuracy is at a level of a few percent for galaxies
with high signal-to-noise, and worse for fainter galaxies.

One of the most interesting aspects of the evolution of galaxies with 
cosmic time are changes to the “red sequence” and “blue cloud”:

One can see the existence of the red-sequence out to z~1



How do the colors of galaxies in the red sequence change with 
redshift?

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-13

This figure shows how the colors of the galaxies evolve
with redshift. The evolution one expects from the
models depends in a simple way on the formation red-
shift. This is simply due to the fact that the color
evolution is a simple power-law with time color =
constant ∗ log(t). Hence, if the galaxies formed at
higher redshift, they evolve slower. The slow evolution
suggests that the galaxies formed early (z > 2 ?).

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-14

This figure shows the luminosity function of the red se-
quence at different redshifts. The luminosity functions
are well determined out to z = 0.8.

“Red sequence” galaxies are becoming bluer, as one moves to higher redshift.   This is 
what one would expect if they formed almost all of their stars a long time ago.    
Since the colors of galaxies change as a power law, one can try to use the evolution 
in color to determine when red sequence galaxies formed their stars.



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-15

The characteristic brightness of galaxies increases with
redshift(left), but the density goes down (middle), and
the luminosity density (the integral of the luminosity
function multiplied with the luminosity per galaxy) is
constant. This is a real surprise.

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c08-16

The luminosity density is nearly flat, but models predict
that it should rise. The models assume that galaxies
remain on the red sequence since z = 2. Those galax-
ies are much younger by z = 1 compared to z = 0,
and hence should be brighter. Why not ? This is the
question. Bell speculated that this is due to merging.

Parameterizing the evolution of the luminosity function of “red 
sequence” galaxies using the Schechter function, 

how do the individual parameters evolve? 

How would you interpret these trends?

ɸ(L) = ɸ*e-L/L*  (L/L*)α



How might galaxies move from the blue cloud to red sequence?

There are many possibilities!

Quenching



What is quenching?

A galaxy is “quenched” when it stops forming stars.   It appears that 
most quenched galaxies never form stars again.

It is unknown.   Maybe due to energy coming from black holes at 
the center of a galaxy heating up the gas in and around a galaxy.

How does quenching happen?

Observationally, by noting which galaxies are quenched and which 
are not, we can determine the factors which led to “quenching”:

1)  Mass Quenching -- When galaxies become more massive, 
“quenching” is more likely to happen

(could be due to increased important of AGN in the most massive galaxies)

2)  Environmental Quenching -- When galaxies are in dense 
environments (nearby many other galaxies), “quenching” is more 
likely to happen

(could occur as galaxies become satellites in more massive halos and lose their gas supply)



What about the blue cloud?

Clear relationship between the star formation rate and the stellar 
mass of a galaxy...

Star formation to z > 1 in AEGIS field galaxies 3

Fig. 1.— SFR vs M⋆ for 2905 galaxies in the EGS, in the M⋆ range where the data are > 80% complete; see §2 . The dotted vertical
line marks > 95% completeness. Filled blue circles: Combined SFR from MIPS 24µm and DEEP2 emission lines. Open blue circles: No
24µm detection, blue U −B colors, SFR from extinction-corrected emission lines. Green crosses: Same as open blue circles, but red U −B
colors, mostly LINER/AGN candidates (§3). Orange down arrows: No robust detection of f(24µm) or emission lines; conservative SFR
upper limits shown. There is a distinct sequence formed by fiducial SF galaxies (open and filled circles); galaxies with little or no SF lie
below this sequence. Red circles show the median of log(SFR) in mass bins of 0.15 dex for main sequence galaxies (blue circles). Red
lines include 34% of the main sequence galaxies above and 34% below the median of log(SFR), ±1σ in the case of a normal distribution.
Horizontal black dashed line: SFR corresponding to the 24µm 80% completeness limit at the center of each z bin. 24µm-detected galaxies
above the magenta dot-dashed line are LIRGs (§4.2).

a trend for the slope to flatten to higher z, but the com-
pleteness limits do not allow a robust quantification. A
further important result is that the normalization of the
main sequence evolves strongly over the redshift range of
our sample; the median SFR at fixed M⋆ evolves down-
wards by a factor of 3, measured at 1011M⊙, from the
our highest (median z = 0.98) to our lowest (median
z = 0.36) redshift bin. Importantly, it appears that the
whole of the main sequence shifts downwards with time,
rather than just the upper envelope decreasing, which
was also reported by a recent GALEX study at z = 0.7
(Zamojski et al. 2007). A straightforward interpretation
of these observations is that normal star-forming galax-
ies possess a limited range of SFR at a given M⋆ and z,
which is presumably set by whatever physical processes
regulate SF in quiescent disks. Galaxies that are not on
the main sequence, in categories (2) and (3) above, are
observed during or after quenching of the SF activity,
with either low-level or no current SF, or LINER/AGN
activity.

4. DISCUSSION

4.1. Completeness: Is the Main Sequence Real?

It is obviously crucial to determine whether the “main
sequence” that we have identified is real, or could be
caused by selection effects or observational biases. We
address the following possible causes of incompleteness
or bias in our sample, again restricting the discussion to
the M⋆ range where we claim that the sample is > 95%
complete:

(1) Could the optically selected DEEP2 parent sample
be missing a significant number of galaxies, or are there
galaxies in the DEEP2 sample that lack a successful red-
shift determination because of low S/N? (2) Could we
be significantly underestimating the SFR in galaxies in
our sample due to biases in our SF indicators?

(1) The DEEP2 spectroscopic selection (RAB < 24.1)
has been shown to be complete in the M⋆ ranges in-
dicated in Fig. 1 (vertical lines), from comparisons to
various surveys with spectroscopic and deep photometric
redshifts, including in particular the K-selected K20 sur-

vey, which should be less affected by extinction (Willmer
et al. 2006, Bundy et al. 2006, Cimatti et al. 2006).
For galaxies that are below our 24µm detection limit, we
expect the extinction to be moderate, and would expect
these galaxies to be picked up in K-selected surveys, but
no such population is found to be missed by DEEP2.

More obscured populations can be probed through the
deep Spitzer IRAC 3.6µm data in AEGIS, which at a
given redshift are a proxy for M⋆ yet are barely affected
by extinction. We have compared the distribution of
f(24µm) at a given f(3.6µm) and z in the DEEP2 RAB-
selected sample and an IRAC f(3.6µm)-selected sample
with IRAC-based photometric redshifts. We find no ev-
idence that DEEP2 misses a significant population of
heavily obscured, star-forming galaxies at z ! 1, which
could populate the area above the upper boundary of the
MS. This agrees with the results of Houck et al. (2005)
and Weedman et al. (2006) in the large area NDWFS,
which indicate that such missed f(24µm)-bright, opti-
cally faint galaxies at z < 1 would contribute < 1% of
our sample.

(2) The 24µm completeness limit (horizontal black
dashed line in Fig. 1) intersects the main sequence
in each redshift bin. As discussed in §3, most galax-
ies below the MS are red, early type, non-SF, and/or
LINER/AGN dominated (shown as orange arrows and
green crosses). However, a fraction show spiral/late-type
morphologies or visual signs of possible SF (§3). In prin-
ciple, these red galaxies could have dust-obscured SF,
unrecovered by emission lines, yet lie below the 24µm de-
tection limit. Their true SFRs could then be anywhere
up to the 24µm limit, in which case they may not be a
distinct population, but rather a downward continuation
of the MS. If this were the case, these galaxies would
make up ! 10(20)% of the MS at z < (>)0.7. We can
constrain the maximal effect of missed, dust-obscured SF
in these galaxies on the 1σ range of SFR along the MS
by including in the calculation of σMS all red, 24µm-
undetected galaxies with spiral/late-type morphologies,
and Hα,Hβ, and/or [OII] line emission down to spurious
detections (i.e., 100% error in EW). For the extremes of

Spread in the 
relation is only 
0.3 dex

Suggests that SFR
is proportion to 
stellar mass

Implies 
exponential 
growth of galaxies

Noekse+2007; Salim+2006

called “main sequence 
of star formation” for 
galaxies



What about evolution on the blue sequence?

Clear relationship between the star formation rate and the stellar 
mass of a galaxy...

Star formation to z > 1 in AEGIS field galaxies 3

Fig. 1.— SFR vs M⋆ for 2905 galaxies in the EGS, in the M⋆ range where the data are > 80% complete; see §2 . The dotted vertical
line marks > 95% completeness. Filled blue circles: Combined SFR from MIPS 24µm and DEEP2 emission lines. Open blue circles: No
24µm detection, blue U −B colors, SFR from extinction-corrected emission lines. Green crosses: Same as open blue circles, but red U −B
colors, mostly LINER/AGN candidates (§3). Orange down arrows: No robust detection of f(24µm) or emission lines; conservative SFR
upper limits shown. There is a distinct sequence formed by fiducial SF galaxies (open and filled circles); galaxies with little or no SF lie
below this sequence. Red circles show the median of log(SFR) in mass bins of 0.15 dex for main sequence galaxies (blue circles). Red
lines include 34% of the main sequence galaxies above and 34% below the median of log(SFR), ±1σ in the case of a normal distribution.
Horizontal black dashed line: SFR corresponding to the 24µm 80% completeness limit at the center of each z bin. 24µm-detected galaxies
above the magenta dot-dashed line are LIRGs (§4.2).

a trend for the slope to flatten to higher z, but the com-
pleteness limits do not allow a robust quantification. A
further important result is that the normalization of the
main sequence evolves strongly over the redshift range of
our sample; the median SFR at fixed M⋆ evolves down-
wards by a factor of 3, measured at 1011M⊙, from the
our highest (median z = 0.98) to our lowest (median
z = 0.36) redshift bin. Importantly, it appears that the
whole of the main sequence shifts downwards with time,
rather than just the upper envelope decreasing, which
was also reported by a recent GALEX study at z = 0.7
(Zamojski et al. 2007). A straightforward interpretation
of these observations is that normal star-forming galax-
ies possess a limited range of SFR at a given M⋆ and z,
which is presumably set by whatever physical processes
regulate SF in quiescent disks. Galaxies that are not on
the main sequence, in categories (2) and (3) above, are
observed during or after quenching of the SF activity,
with either low-level or no current SF, or LINER/AGN
activity.

4. DISCUSSION

4.1. Completeness: Is the Main Sequence Real?

It is obviously crucial to determine whether the “main
sequence” that we have identified is real, or could be
caused by selection effects or observational biases. We
address the following possible causes of incompleteness
or bias in our sample, again restricting the discussion to
the M⋆ range where we claim that the sample is > 95%
complete:

(1) Could the optically selected DEEP2 parent sample
be missing a significant number of galaxies, or are there
galaxies in the DEEP2 sample that lack a successful red-
shift determination because of low S/N? (2) Could we
be significantly underestimating the SFR in galaxies in
our sample due to biases in our SF indicators?

(1) The DEEP2 spectroscopic selection (RAB < 24.1)
has been shown to be complete in the M⋆ ranges in-
dicated in Fig. 1 (vertical lines), from comparisons to
various surveys with spectroscopic and deep photometric
redshifts, including in particular the K-selected K20 sur-

vey, which should be less affected by extinction (Willmer
et al. 2006, Bundy et al. 2006, Cimatti et al. 2006).
For galaxies that are below our 24µm detection limit, we
expect the extinction to be moderate, and would expect
these galaxies to be picked up in K-selected surveys, but
no such population is found to be missed by DEEP2.

More obscured populations can be probed through the
deep Spitzer IRAC 3.6µm data in AEGIS, which at a
given redshift are a proxy for M⋆ yet are barely affected
by extinction. We have compared the distribution of
f(24µm) at a given f(3.6µm) and z in the DEEP2 RAB-
selected sample and an IRAC f(3.6µm)-selected sample
with IRAC-based photometric redshifts. We find no ev-
idence that DEEP2 misses a significant population of
heavily obscured, star-forming galaxies at z ! 1, which
could populate the area above the upper boundary of the
MS. This agrees with the results of Houck et al. (2005)
and Weedman et al. (2006) in the large area NDWFS,
which indicate that such missed f(24µm)-bright, opti-
cally faint galaxies at z < 1 would contribute < 1% of
our sample.

(2) The 24µm completeness limit (horizontal black
dashed line in Fig. 1) intersects the main sequence
in each redshift bin. As discussed in §3, most galax-
ies below the MS are red, early type, non-SF, and/or
LINER/AGN dominated (shown as orange arrows and
green crosses). However, a fraction show spiral/late-type
morphologies or visual signs of possible SF (§3). In prin-
ciple, these red galaxies could have dust-obscured SF,
unrecovered by emission lines, yet lie below the 24µm de-
tection limit. Their true SFRs could then be anywhere
up to the 24µm limit, in which case they may not be a
distinct population, but rather a downward continuation
of the MS. If this were the case, these galaxies would
make up ! 10(20)% of the MS at z < (>)0.7. We can
constrain the maximal effect of missed, dust-obscured SF
in these galaxies on the 1σ range of SFR along the MS
by including in the calculation of σMS all red, 24µm-
undetected galaxies with spiral/late-type morphologies,
and Hα,Hβ, and/or [OII] line emission down to spurious
detections (i.e., 100% error in EW). For the extremes of

Constant of proportionality 
between the star formation rate and 
stellar mass evolves with redshift...

Noekse+2007; Salim+2006

Galaxies form stars for a given
stellar mass at high redshift...



Noekse+2007; Salim+2006
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Let’s begin by talking about 
selecting z>1.5 galaxies at 
optical wavelengths (i.e., in 

the rest-frame UV)

We can take advantage of neutral 
hydrogen in the distant universe 
which absorbs light in galaxies 
blueward of 1216 Angstroms 

(Lyman Alpha)

This introduces a very sharp 
break in the spectrum -- which is 
a very characteristic feature that 
is easy to identify in looking at 

light in broad-band images.

Lyman-Break Technique

Credit: Dickinson 1999

Expect very Red U-B colors
and Blue B-V colors



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-5

How to interpret ?

We have to calculate over what redshift range we ex-
pect to find these galaxies. Then we divide the num-
ber of galaxies found by the number of galaxies truely
found in the sample.

The right hand figure shows the U-G and G-R col-
ors for galaxies with different colors. The yellow box
is the selection area in which we define U-dropouts
to lie. The blue galaxies are indicated by the blue
lines, at each redshift interval of 0.1, a blue triangle is
shown. As can be seen, the blue galaxies are found at
many redshifts. This does not hold for the green or red
galaxies, which are much redder (due to age or dust).
Hence we can find red galaxies over a small redshift
interval, but blue galaxies over a much larger.

Overall, one finds that the density of the (bright) Ly-
man breaks at z = 3 is about 1.6 10−2 h3 Mpc−3.
Comparable to that of nearby galaxies ! However, if we
were to put nearby galaxies at high redshift, we would
not detect anything !

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-6

WFPC2+F606W images of LLGs and local galaxies
as HST would observe them if placed at z = 3. We
had to boost their surface brightness 100x to detect
them in 5 hr except NGC 1068, shown before and
after the boost. Panels are 7 arcsec in size and q0 =
0.1.

Hence Lybreaks are very different from nearby galaxies:
the same number densities, (number per Mega parsec)
but much smaller, and forming stars at much higher
rates.

How does such a selection look like in color-color space?

SELECTED 
REGIONtracks show the 

expected colors 
of star-forming 
galaxies with a 
variety of dust 

reddening

colors of nearby 
stars



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-3

These are observed spectra of a U-dropout galaxy
taken with the Keck telescope (Steidel et al. 1996a,b,
2003) - clearly at high redshift. Also shown are the
spectra of local star burst galaxies - note how similar
they are

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-4

This is the redshift distribution of galaxies selected as
“U-dropouts”.

When one takes deep 
spectra at optical 

wavelengths of  Lyman-Break 
selected galaxies (“U-

Dropouts”), one finds the 
spectra to the right:

Notice how similar the 
spectra are to spectra taken 
of starburst (actively star-
forming) galaxies in the 

nearby universe.

Steidel+1996



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-3

These are observed spectra of a U-dropout galaxy
taken with the Keck telescope (Steidel et al. 1996a,b,
2003) - clearly at high redshift. Also shown are the
spectra of local star burst galaxies - note how similar
they are

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-4

This is the redshift distribution of galaxies selected as
“U-dropouts”.

What redshift distribution was found for galaxies selected in this 
way?



21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-7

The spectra look very much like young O stars, with
dust (to make them red)

21-5-12see http://www.strw.leidenuniv.nl/˜ franx/college/galaxies12 12-c09-8

Conclusion: We find a major new popula-
tion of galaxies by looking in the UV. These
galaxies are very different from nearby normal
galaxies
Below we show how they look like in the Hubble Deep
Field

The newly discovered z~3 
population was found to be 

very different from any 
galaxy known in the local 

universe.

It was a major discovery and 
revolutionized extragalactic 

science in 1995-1996.

z~3 galaxies in the Hubble 
Deep Field North

These galaxies are very 
irregular, clumpy, and quite 

small.

Most had sizes of ~1-2 kpc.

This is many times smaller 
than most bright star-
forming galaxies today!



NOW new material for this 
week



Can we construct a picture 
of how galaxies form and 

evolve across cosmic time?

When do galaxies / does the 
universe form most of its 

stars?



When does universe form most of its stars?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Madau & Dickinson 2014



Let’s try to understand this in terms of the 
growth and evolution of dark matter halos

Volume 
Density of 

Halos

Springel+2005
Galaxy Mass



Note ⟹ Integrated Star Formation Efficiency vs.  
Halo Mass

16 BEHROOZI ET AL
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
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Here is another illustration of the same thingGalaxy Formation in CDM – Need Feedback
Semi-analytical models:

Numerical recipe for 
introducing baryons into DM 
N-body simulations and 
predicting observations using 
prescriptive methods for star 
formation &  assembly. Over-
produces luminous & feeble 
galaxies

Classic papers:

• Kauffmann et al 1993 
MNRAS 264, 201

• Somerville & Primack 1999 
MNRAS 310, 1087

• Cole et al 2000 
MNRAS 319, 168

Feedback modes discussed by:

Benson et al (2003) Ap J 599, 38

Croton et al (2006) MNRAS 365, 11

De Lucia et al (2006) MNRAS 366, 499

Halo Mass Function

ENERGY 
INPUT TO SLOW 

STAR FORMATION 
CALLED FEEDBACK

mismatch between 
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mass function



Can we understand the diagram to the right?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson
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But let’s give a bit of history 
in terms of exploration of the 

early universe

But before going into a 
detailed look at the cosmic 

star formation history + 
explaining it 



Here is the evolution of the redshift record



Wide-Area Narrowband Surveys

Hubble Space Telescope 
NICMOS + ACS

Hubble Space Telescope 
Wide-Field Camera 3 IR 

JWST

Bouwens+2026, in prep Technology played a major role



How can we determine which galaxies on deep 
images come from the most distant galaxies?

Spectra of Distant Galaxies
There is a sharp break in 

spectrum of distant 
galaxies due to neutral 

hydrogen in the universe.

As the universe expands, 
this break in the spectrum is 

shifted to redder 
wavelengths (“redshifted”)

By looking for sources with 
breaks at very red 

wavelengths, we identify 
the most distant galaxies.

Most Distant 
 @ 850 Myr 

after Big Bang

Least Distant 
 @ 1800 Myr 

after Big Bang

 @ 1000 Myr 
after Big Bang

Redshift  
“z” = 6

Redshift  
“z” = 8

Redshift  
“z” = 4



How can we determine which galaxies on deep 
images come from the most distant galaxies?



Here is the evolution of the redshift record



Wide-Area Narrowband Surveys

Hubble Space Telescope 
NICMOS + ACS

Hubble Space Telescope 
Wide-Field Camera 3 IR 

JWST

Bouwens+2026, in prep Technology played a major role



Advanced Camera for Surveys Instrument on the 
Hubble Space Telescope

Installed in 2002 on the Hubble Space Telescope
from shuttle servicing mission 3B



Discovery of z~6 Galaxies

DetectionNo Detection

Lyman Break Galaxies and the Star Formation Rate at z ≈ 6 5

v i’ z’

spectroscopically
confirmed z=5.78

1

spectroscopically
confirmed z=5.78

2

spectroscopically
confirmed z=5.78 3spectroscopically
confirmed z=5.78

4

spectroscopically
confirmed z=5.78

5

spectroscopically
confirmed z=5.78

6

spectroscopically
confirmed z=5.78

7

spectroscopically
confirmed z=5.78

8

spectroscopically
confirmed z=5.78

9

J K s

Figure 7. Candidate z > 5.6 galaxies selected to have (i′ − z′)AB > 1.5.
The images shown are 3 arcseconds to a side and represent data from all
three epochs of observation. Note that object 6 is not observed in epochs 1
and 3 due to the nature of the tiling scheme used.

v(F606W) and (where available) J and Ks bands are presented in
Figure 7.

As Figure 5 illustrates most of our (i′ − z′)AB > 1.5 objects
are spatially resolved in the HST/ACS images (6 of the 9). Of the
three compact objects, object 5 has the colours of an L- or T-dwarf
star. We note that object 4 is almost 1 magnitude brighter than the
next brightest object and lies close to the FWHM stellar locus, and
is thus likely to be an AGN.

4 GLOBAL STAR FORMATION AT Z ∼ 6

4.1 The Survey Volume

Galaxies in the range 5.6 < z < 7.0 would be selected by our
colour-cut provided they are sufficiently luminous. However, in
practice we are sensitive over a smaller range of redshifts, because
galaxies become progressively fainter at higher redshift, and so an
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Figure 8. The ‘Madau-Lilly’ plot illustrating the evolution of the comoving
volume-averaged star formation rate, reproduced from Steidel et al. (1999)
and recalculated for our cosmology and higher luminosity limit of 1 L∗ (in-
stead of 0.1 L∗). The luminosity functions for galaxies derived by Steidel
et al. were used to recalculate these values, assuming a slope of α = −1.6
for z > 2 and α = −1.3 for z < 2. Data from the CFRS survey of Lilly
et al. (1996) are shown as open circles; data from Connolly et al. (1997) are
squares; the HDF-North results from Madau et al. (1996) are triangles; and
the Lyman break galaxy work of Steidel et al. (1999) is plotted as crosses.
The result from this work is shown as a filled circle. Note that none of the
data-points on this figure are corrected for extinction.

ever smaller fraction of them are able to satisfy the magnitude limit
of z′

AB = 25.6. There are three main reasons for this:

(i) The selected galaxies lie primarily on the steep exponen-
tial cut-off of the luminosity function (brighter than L∗ for a no-
evolution model), so small changes in the absolute magnitude limit
with redshift will greatly affect the number of galaxies brighter than
the limit.

(ii) Another effect is the k-correction (Section 3.3): as redshift
increases, the z′-band samples light in the rest-frame of the galaxies
at wavelengths that are increasingly far to the blue of 1500 Å, where
the LBGs’ luminosity function was calculated. This k-correction
makes higher redshift galaxies fainter (as LBGs are red, with β >
−2.0), and therefore less likely to satisfy the magnitude limit.

(iii) At redshifts z > 6, Lyman-α absorption from the forest en-
ters the z′-band and makes galaxies fainter still, as there is incom-
plete coverage of the filter by the continuum longward of Lyman-α.

We have followed the approach of Steidel et al. in calculating
the effect of this luminosity bias on our sample of z ∼ 6 LBGs. We
compute an effective survey volume using

Veff(m) =

∫
dz p(m,z)

dV
dz

where p(m,z) is the probability of detecting a galaxy at redshift z
and apparent z′ magnitude m, and dz dV

dz
is the comoving volume

per unit solid angle in a slice dz at redshift z. We integrate over
the magnitude range we are sensitive to, and over the redshift range
5.6 < z < 7.0 from our colour selection. We calculate that for a
spectral slope of β = −2.0 (i.e., flat in fν) the effective comoving
volume is 40 per cent the total volume in the range 5.6 < z < 7.0
(i.e., equivalent to 5.6 < z < 6.1). For our 146 arcmin2 survey
area (after excluding the unreliable regions close to the CCD chip
gaps) this is a comoving volume of 1.8 × 105 h−3

70 Mpc3. For a

V i z

Stanway+2003; Bunker+2004; Bouwens+2003; Dickinson+2004; Yan+2003

Immediately, after the 
first data from ACS became 

available, modest samples of z~6 
galaxies were discovered.

Modest samples were discovered 
both in the GOODS fields and 
in the Hubble Ultra Deep Field.

900 million years after the 
Big Bang



Advent of near-IR imaging capabilities on the 
Hubble Space Telescope

Importantly, NICMOS
gave astronomers the

ability to obtain
sensitive images of

the distant universe.

The NICMOS camera 
was originally installed 
in 1997.   It was given 

new life during the 
2002 servicing mission.



Discovery of z~7 Galaxies
V i z J H

DetectionNo Detection

Bouwens+2004



WFC3

HST

Wide Field Camera 3

Installed 
in 2009

The installation of WFC3/IR on the Hubble significantly 
enhanced our ability to survey the distant universe in 

the near infrared.



Bouwens et al. 2010

Discovery of z ~ 8 galaxies



Bouwens et al. 2011 (NATURE PAPER -- JANUARY 27, 2011)

Discovery of a z~10 Candidate Galaxy
(500 Myr after Big Bang)

Turned out to be the 
most distant galaxy 

found with the Hubble 
Space Telescope.



Spectroscopic Confirmations of z>8 Galaxies in 2010s

6 Oesch et al.
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)

with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is zgrism = 11.09+0.08

�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the
measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J125 � H160 > 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent

Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally

Zitrin+2015

Spectroscopic Redshift:  
z=11.1±0.1 (continuum break)

Break in HST WFC3/IR Grism Data 
(similar to that present in photometric data)

Requires full day of HST Observations

2 Zitrin et al.
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Fig. 1.— Spectroscopic detection of emission in EGSY8p7 with MOSFIRE. Upper panel shows the 2D spectrum below which we plot
the raw (black line) and smoothed (blue line) 1D spectrum and its error (red shading). The red line shows an example best-fit model of
the data (§3).Vertical lines mark OH skyline positions. The upperleft panel shows a normalized signal map extracted along the slit within
a 5-pixel (' 6.5 Å) wide box centered on the line. The pattern of two negative peaks bracketing the positive peak exactly matches that
expected from the dithering scheme used. Arrows show the predicted locations of other lines for a lower redshift interpretation of the line.
Green boxes on the 2D spectrum mark the skyline region typically masked out in our calculations. See §3 for more details.

portant development has been the identification of much
brighter z > 7 candidates from the wider area, some-
what shallower, Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS, Grogin et al.
2011; Koekemoer et al. 2011). Surprisingly, some of these
brighter targets reveal Ly↵ despite lying inside the pu-
tative partially neutral era. Finkelstein et al. (2013,
hereafter F13) reported Ly↵ with a rest-frame equiv-
alent width (EW) of 8 Å at z=7.508 in a HAB=25.6
galaxy; Oesch et al. (2015, hereafter O15) find Ly↵ emis-
sion at z=7.73 with EW=21 Å in an even brighter source
at HAB=25.03; and Roberts-Borsani et al. (2015, here-
after RB15) identified a tentative Ly↵ emission (4.7�)
in a HAB=25.12 galaxy at a redshift z=7.477, which we
have now confirmed (Stark et al, in prep). In addition
to their extreme luminosities (MUV ' �22), these three
sources have red [3.6]-[4.5] Spitzer/IRAC colors, indica-
tive of contamination from strong [O III] and Balmer H�

emission.
Using the Multi-Object Spectrometer For Infra-Red

Exploration (MOSFIRE, McLean et al. 2012) on the
Keck 1 telescope, we report the detection of a promi-
nent emission line in a further bright candidate drawn
from the CANDELS program. EGSY-2008532660 (here-
after EGSY8p7; RA=14:20:08.50, DEC=+52:53:26.60)
is a HAB=25.26 galaxy with a photometric redshift of
8.57+0.22

�0.43 and a red IRAC [3.6]-[4.5] color, recently dis-
covered by RB15. We discuss the likelihood that the line

is Ly↵ at a redshift zspec = 8.68 making this the most dis-
tant spectroscopically-confirmed galaxy. Detectable Ly↵
emission at a redshift well beyond z ' 8 raises several
questions regarding both the validity of earlier claims for
non-detections of Ly↵ in fainter sources, and the physical
nature of the luminous sources now being verified spec-
troscopically. Even if these bright systems are not rep-
resentative of the fainter population that dominate the
ionization budget, they o↵er new opportunities to make
spectroscopic progress in understanding early galaxy for-
mation.
The paper is organized as follows: In §2 we review

the object selection, spectroscopic observations, and data
reduction. The significance of the line detection and its
interpretation as Ly↵ is discussed in §3. We discuss the
implications of the detectability of Ly↵ in the context of
the earlier work in §4. Throughout we use a standard
⇤CDM cosmology with ⌦m0 = 0.3, ⌦⇤0 = 0.7, H0 = 100
h km s�1Mpc�1, h = 0.7, and magnitudes are given
using the AB convention. Errors are 1� unless otherwise
stated.

2. DATA

The galaxy EGSY8p7 was detected in the Extended
Groth Strip (EGS; Davis et al. 2007) from deep (& 27.0)
multi-band images in the CANDELS survey and first re-
ported as one of four unusually bright (H160 < 25.5)
candidate z > 7 galaxies by RB15. One of these, EGS-
zs8-1, with zphot = 7.92±0.36 was spectroscopically con-

Spectroscopic Redshift:  
z=8.683±0.003 (Lyman α)

Oesch+2016

Detection of Ly-α with
Keck MOSFIRE
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JWST will Revolutionize the Study of Galaxies in the Early Universe

Scientific Justification

Overview. The vital importance of a major, deep, public, extragalactic imaging survey
with JWST in Cycle 1 was first strongly endorsed by the community at the JWST meeting
held at ESA/ESTEC in October 2015 (e.g., Finkelstein et al. 2015). PRIMER is that
survey: early, public, and uniquely powerful (cf the approved GTO and ERS programs).

PRIMER (= Public Release IMaging for Extragalactic Research) is a major, pub-
lic Treasury Program designed to produce an early, large-area, homogeneous JWST NIR-
Cam+MIRI (� = 0.9 � 18µm) imaging dataset with enormous legacy value. This transfor-
mative extragalactic survey will deliver deep, fully-sampled, 10-band, NIRCam+MIRI

imaging of the two equatorial HST CANDELS fields (COSMOS and UDS), in-

creasing by a factor ' 20 the area of comparable-quality deep JWST imaging

available to the astronomical community in Cycle-1.
PRIMER will revolutionize our knowledge of galaxy and black-hole formation/evolution

out to the highest redshifts yet probed. Moreover, executed early in the JWST mission,
PRIMER will yield a wealth of new high-redshift targets for follow-up spectroscopy with
JWST in subsequent cycles, and with the Atacama Large Millimeter Array (ALMA). To
ensure a co-ordinated approach, we have assembled a large, multi-national team with the
expertise to enable the optimal design/execution of this key program, and the prompt pro-
duction/delivery of robust public data products facilitating early science and rapid follow-up.

Below we highlight several key areas in which major breakthroughs can be anticipated,
and which have informed the design of this proposed JWST deep imaging survey.

Figure 1: The transformational power of JWST imaging longward of � ' 2.5µm. Left: a 44 ⇥ 34
arcsec region of the deepest available Spitzer IRAC 3.6µm imaging. Right: a prediction of how
the same region will appear with the PRIMER NIRCam F356W imaging using the empirically
based EGG simulations (Schreiber et al. 2017). These simulations predict that PRIMER will
reveal ' 120, 000 galaxies, ' 70% of which are new (i.e. undetected by HST or Spitzer).

The revolutionary power of NIRCam+MIRI imaging: the key role of PRIMER

The advances o↵ered by JWST for the study of the young Universe are spectacular. Most
uniquely transformative are its capabilities at � � 2µm (in terms of depth+high angular
resolution; Fig. 1), which will never be rivaled from the ground. Crucially, when mapping
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GLASS-z11

log(M★/M☉) = 9.4+/-0.3


    MUV = -21.0+/-0.1

Figure 2. Summary of photometry and redshift solution for GL-z11, similar to Figure 1. Top: GL-z11 is well-detected in all

but the two bluest bands. Bottom left: The best-fit low-z solution (quiescent galaxy at z ⇡ 3) is disfavored by the F115W

image, where a > 5� detection is expected. In addition to the JWST data (dark purple), we measure HST photometry (light

purple) for this source from data acquired by the BUFFALO program (Steinhardt et al. 2020). The HST data are fully consistent

with the JWST data as well as the best-fit SED. Bottom right: The EAZY and Prospector posteriors agree on a z ⇡ 11 galaxy.

the LW filters. Fluxes were measured in small circular
apertures of 0.0032 diameter and were corrected to total
using the AUTO flux measurement from the detection
image. An additional correction of typically a few per-
cent only was applied for remaining flux outside of this
aperture based on the predicted encircled energy for the
JWST point-spread functions. Flux uncertainties were
estimated based on sigma-clipped histograms of circular
apertures placed throughout the images in random sky
positions. These were then used to rescale the drizzled
rms maps. Thus, our uncertainties are as close to the
data as possible. The 5� depths derived in this way are
listed in Table 1.

2.4. Quality Control

Given that JWST is a completely new facility for
which calibration is still ongoing, it is important to test
the resulting images for any issues. Indeed, the NIRCam
data revealed several features that are not accounted for
in the standard pipeline. In particular, the SW data
su↵er from significant scattered light, if there are bright
stars in the vicinity. This is particularly pronounced in
the GLASS parallel field where a 10th mag star just out-
side of the field seems to cause artificial images across
the field. This is particularly pronounced in the F090W
filter in the B4 detector. However, also other detectors
and filters seem to be e↵ected, albeit to a lower extent.
While this issue could be overcome with improved pro-
cessing, or with additional observations at a di↵erent roll
angle, this does not significantly a↵ect the current anal-

ysis. Since we are looking for very high redshift galaxies
that disappear at shorter wavelengths, these data issues
only introduce some level of incompleteness. Most im-
portantly, the areas of the two candidate sources pre-
sented later in this paper are not a↵ected.
Where available, we compared our JWST photome-

try in the shorter wavelength filters with existing HST
data to check both for issues with residual distortion or
with magnitude zeropoint o↵sets. In particular, for the
GLASS parallel field, we used HST images made avail-
able by Kokorev et al. (2022) from the BUFFALO survey
(Steinhardt et al. 2020). However, only a small portion
of the field is covered by both HST and JWST. For the
CEERS data, we make use of re-reductions from the
imaging taken by the CANDELS survey (e.g., Koeke-
moer et al. 2012). No significant o↵sets or issues were
detected. Zeropoint corrections remained small (< 15%;
see next section).

3. SAMPLE SELECTION & METHODS

Photometric redshifts form the basis of our search
for bright z > 10 galaxies. We fit redshifts
using EAZY (Brammer et al. 2008) adopting the
“tweak fsps QSF 12 v3” template set derived from FSPS
(Conroy et al. 2009, 2010; Conroy & Gunn 2010). The
allowed range is 0.1 < z < 20 adopting a flat luminosity
prior, after applying modest (< 15%) zero-point correc-
tions that are derived iteratively. Candidates of interest
are selected to have best-fit redshifts z > 10 along with

4 Naidu & Oesch et al.

GLASS-z11

log(M★/M☉) = 9.4+/-0.3


    MUV = -21.0+/-0.1

Figure 2. Summary of photometry and redshift solution for GL-z11, similar to Figure 1. Top: GL-z11 is well-detected in all

but the two bluest bands. Bottom left: The best-fit low-z solution (quiescent galaxy at z ⇡ 3) is disfavored by the F115W

image, where a > 5� detection is expected. In addition to the JWST data (dark purple), we measure HST photometry (light

purple) for this source from data acquired by the BUFFALO program (Steinhardt et al. 2020). The HST data are fully consistent

with the JWST data as well as the best-fit SED. Bottom right: The EAZY and Prospector posteriors agree on a z ⇡ 11 galaxy.

the LW filters. Fluxes were measured in small circular
apertures of 0.0032 diameter and were corrected to total
using the AUTO flux measurement from the detection
image. An additional correction of typically a few per-
cent only was applied for remaining flux outside of this
aperture based on the predicted encircled energy for the
JWST point-spread functions. Flux uncertainties were
estimated based on sigma-clipped histograms of circular
apertures placed throughout the images in random sky
positions. These were then used to rescale the drizzled
rms maps. Thus, our uncertainties are as close to the
data as possible. The 5� depths derived in this way are
listed in Table 1.

2.4. Quality Control

Given that JWST is a completely new facility for
which calibration is still ongoing, it is important to test
the resulting images for any issues. Indeed, the NIRCam
data revealed several features that are not accounted for
in the standard pipeline. In particular, the SW data
su↵er from significant scattered light, if there are bright
stars in the vicinity. This is particularly pronounced in
the GLASS parallel field where a 10th mag star just out-
side of the field seems to cause artificial images across
the field. This is particularly pronounced in the F090W
filter in the B4 detector. However, also other detectors
and filters seem to be e↵ected, albeit to a lower extent.
While this issue could be overcome with improved pro-
cessing, or with additional observations at a di↵erent roll
angle, this does not significantly a↵ect the current anal-

ysis. Since we are looking for very high redshift galaxies
that disappear at shorter wavelengths, these data issues
only introduce some level of incompleteness. Most im-
portantly, the areas of the two candidate sources pre-
sented later in this paper are not a↵ected.
Where available, we compared our JWST photome-

try in the shorter wavelength filters with existing HST
data to check both for issues with residual distortion or
with magnitude zeropoint o↵sets. In particular, for the
GLASS parallel field, we used HST images made avail-
able by Kokorev et al. (2022) from the BUFFALO survey
(Steinhardt et al. 2020). However, only a small portion
of the field is covered by both HST and JWST. For the
CEERS data, we make use of re-reductions from the
imaging taken by the CANDELS survey (e.g., Koeke-
moer et al. 2012). No significant o↵sets or issues were
detected. Zeropoint corrections remained small (< 15%;
see next section).

3. SAMPLE SELECTION & METHODS

Photometric redshifts form the basis of our search
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Clues from new James Webb Space Telescope Data

Naidu+2022; but see also Castellano+2022
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angle, this does not significantly a↵ect the current anal-

ysis. Since we are looking for very high redshift galaxies
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only introduce some level of incompleteness. Most im-
portantly, the areas of the two candidate sources pre-
sented later in this paper are not a↵ected.
Where available, we compared our JWST photome-

try in the shorter wavelength filters with existing HST
data to check both for issues with residual distortion or
with magnitude zeropoint o↵sets. In particular, for the
GLASS parallel field, we used HST images made avail-
able by Kokorev et al. (2022) from the BUFFALO survey
(Steinhardt et al. 2020). However, only a small portion
of the field is covered by both HST and JWST. For the
CEERS data, we make use of re-reductions from the
imaging taken by the CANDELS survey (e.g., Koeke-
moer et al. 2012). No significant o↵sets or issues were
detected. Zeropoint corrections remained small (< 15%;
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3. SAMPLE SELECTION & METHODS

Photometric redshifts form the basis of our search
for bright z > 10 galaxies. We fit redshifts
using EAZY (Brammer et al. 2008) adopting the
“tweak fsps QSF 12 v3” template set derived from FSPS
(Conroy et al. 2009, 2010; Conroy & Gunn 2010). The
allowed range is 0.1 < z < 20 adopting a flat luminosity
prior, after applying modest (< 15%) zero-point correc-
tions that are derived iteratively. Candidates of interest
are selected to have best-fit redshifts z > 10 along with

→ z = 10.7

Why do we expect early galaxies studies to be very exciting 
in the near future?



Early JWST High-z SelectionsHigh-z Searches Observations from Early JWST Data
Clues from new James Webb Space Telescope Data

Luminous Galaxies at z ⇡ 11� 13 3

GLASS-z13

log(M★/M☉) = 9.0+/-0.4


    MUV = -20.7+/-0.1

Figure 1. Summary of photometry and redshift solution for GL-z13. Top: 4.5”⇥4.5” images spanning ⇡ 0.9� 4.5µm centered

on the z ⇡ 13 candidate highlighted with white crosshairs. The source is well-detected (> 20�) in F200W and all redder bands,

and abruptly drops out in the bluer filters. Bottom left: Photometry for the source is shown in purple, with upper limits for

non-detections plotted at the 1-� level. The best-fit spectral energy distribution (SED) template from EAZY is shown in dark

orange – a Lyman-break galaxy (LBG) at z = 12.4. The best-fit SED from EAZY constrained to lie at z < 6 is plotted in silver,

which corresponds to a quiescent galaxy at z ⇡ 3 whose Balmer break produces a drop-o↵ across F200W and F150W. However,

such a quiescent galaxy is predicted to be easily detected (> 5�) in bluer bands, at odds with the dramatic > 2.5 mag break

observed. Bottom right: Probability distributions for the source redshift derived using EAZY (solid orange) and Prospector

(dashed orange). We adopt a flat prior across the redshift range depicted (z = 0�20). The derived distributions are in excellent

agreement and suggest a redshift of z ⇡ 12.5� 13.5, with no solutions found at z < 10.

The first is the NIRCam parallel field of the ERS pro-
gram GLASS (PID: 1324). This program obtained a
single NIRCam pointing in seven wide filters F090W,
F115W, F150W, F200W, F277W, F356W, and F444W,
observed for 3.3, 3.3, 1.7, 1.5, 1.5, 1.7, and 6.6 hrs, re-
spectively.
We also analyzed the first four NIRCam pointings

from the ERS program CEERS (PID: 1345) that have
been observed to date. The CEERS images include
F115W+F277W, F115W+F356W, F150W+F410M,
and F200W+F444W short- (SW) and long-wavelength
(LW) exposure sets, for a typical integration time of 0.8
hr per filter, except for F115W that obtained double this
integration time.
The combined area of these five NIRCam fields used

in our analysis amounts to 49 arcmin2 reaching an un-
precedented 5� depth that ranges between 28.6 and 29.4
AB mag at 4 µm as measured in 0.0032 diameter apertures
(see Table 1).

2.2. Data Reduction

The JWST pipeline calibrated images up to level
2b were retrieved from the MAST archive and were

then processed with the grizli1 pipeline (v1.5.1.dev65).
This was used to properly align the images to a common
WCS that was matched to the Gaia DR3 catalogs. To
do this, grizli re-computes the traditional SIP distor-
tion headers that were common for HST data. This
allows us to use astrodrizzle as with HST images to
combine the individual frames and produce distortion-
corrected mosaics. Additionally, grizli mitigates the
1/f noise and masks ‘snowballs’ that are most promi-
nent in short-wavelength filters.
The pipeline was used to drizzle images at 20mas /

40mas pixels for the SW and LW data, respectively. In
the following, our analysis is based on pixel-matched
40mas images, however. For more information on the
grizli processing see Brammer et al., (in prep).

2.3. Multi-Wavelength Catalogs

After processing the new NIRCam images, we pro-
duced photometric catalogs in all fields using the
SExtractor software (Bertin & Arnouts 1996). Sources
were detected in dual mode with two di↵erent detec-
tion images: F200W or a weighted combination of all

1 https://github.com/gbrammer/grizli/
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How can we determine which galaxies on deep 
images come from the most distant galaxies?

Spectra of Distant Galaxies
There is a sharp break in 

spectrum of distant 
galaxies due to neutral 

hydrogen in the universe.

As the universe expands, 
this break in the spectrum is 

shifted to redder 
wavelengths (“redshifted”)

By looking for sources with 
breaks at very red 

wavelengths, we identify 
the most distant galaxies.

Most Distant 
 @ 850 Myr 

after Big Bang

Least Distant 
 @ 1800 Myr 

after Big Bang

 @ 1000 Myr 
after Big Bang

Redshift  
“z” = 6

Redshift  
“z” = 8

Redshift  
“z” = 4



Treasure troves for understanding physics of early galaxies

▸ Fainter galaxies only 
confirmed through Lya breaks 

▸ Luminous sources revealed 
strong rest-UV emission lines 
at z>10 

▸ Enables much more detailed 
physical insight beyond 
number densities

A. J. Bunker et al.: JADES Spectroscopy of GN-z11

Fig. 1. 2D (top) and 1D (bottom) spectra of GN-z11 using PRISM/CLEAR configuration of NIRSpec. 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.

In the subsections below, we use the spectrum of GN-z11 to
infer physical properties. As well as using empirical diagnostics
from the emission line fluxes and ratios, we also use the beagle
Bayesian SED fitting code (Chevallard & Charlot 2016) on our
full prism spectrum, the exact details and results are presented in
Table 2 and in Appendix A.

3.1. Emission lines and Redshift Determination

The full list of detected lines is given in Table 1. Line wave-
lengths are measured from the grating spectra because they have
higher resolution resulting in less blending and more accurate
line centroids. Line fluxes are measured from both the prism
and gratings. We fit each emission line with a single Gaussian
model, where the local continuum level and error is inferred us-
ing sigma-clipped median and standard deviation measured from
around each emission line. The uncertainties on the Gaussian fit
and the continuum level are then added in quadrature to estimate
the errors on the measured line fluxes.

In determining the redshift from the vacuum rest-frame
wavelengths, we exclude Lyman-↵ (which has a velocity o↵set,
see Section 3.3) and also Mg ii (which is only significantly de-
tected in the low-resolution prism), and do a weighted fit of 9
well-detected emission lines to give a redshift z = 10.6034 ±
0.0013.

The redshift we measure is considerably lower than the pre-
viously reported redshift values of z = 11.09+0.08

�0.012 from HST
grism (Oesch et al. 2016) and z = 10.957 ± 0.001 from Keck
MOSFIRE (Jiang et al. 2021). The 2D HST grism observation
shows flux down to the wavelength we measure for the Ly-
man break (1.41 µm), but due to noise fluctuations their fitted
model break was at a longer wavelength of 1.47 µm. The Keck
MOSFIRE redshift was based on possibles detections of the
[C iii] �1907 and C iii]�1909 lines at 2.2797 µm and 2.282 µm
respectively, at 2.6� and 5.3�. We do not find any signifi-
cant emission lines at these observed wavelengths in our data,
where they would have been detected at 20� and 40� for the
line fluxes quoted in Jiang et al. (2021). Instead, we do detect
C iii] but at a shorter wavelength consistent with our measured
z = 10.603.

3.2. Is GN-z11 an AGN?

GN-z11 has a compact morphology and the continuum spa-
tial extent in our NIRSpec 2D spectroscopy is barely resolved.
In a companion paper, Tacchella et al. (2023) analyze JADES
NIRCam imaging data and derive the best size constraint so
far, finding an intrinsic half-light radius of only 0.016 ± 0.00500
(64 ± 20 pc). The possibility of a significant point source contri-
bution to the total flux leaves open the question of whether some
of the light originates from an AGN. Our data do contain sev-
eral high ionization lines and we wish to explore the excitation
mechanism.

We have detected a large number of emission lines of vary-
ing ionization potential in GN-z11. In particular the N iv] �1486
line (ionization potential E > 47.5 eV) is often a signature of
an AGN (e.g. Vanden Berk et al. 2001; Vanzella et al. 2010) al-
though it has been seen in some star forming galaxies (e.g., Fos-
bury et al. 2003 and McGreer et al. 2018). However, the higher
ionization Nitrogen line N v (E > 77.5 eV), which is a clear sig-
nature of AGN activity, is not detected in either the grating or
the prism spectra. We note that in the prism (R ⇠ 100) spec-
trum we see emission features arising from blended He ii and
[O iii] ��1660, 1666 lines, as well as a P-Cygni type feature from
C iv (see Figure 2). The resolution of the prism at these short
wavelengths is very low, and accurate line flux measurements of
blended lines are not possible. The He ii+ O iii] and C iv lines,
which should otherwise appear to be deblended in the medium
resolution (R ⇠ 1000) grating spectra, are unfortunately below
the detection limit of our grating spectra.

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 3 we plot our 2� lim-
its from the grating spectra on C iii] �1909/He ii �1640 (> 2.6)
versus C iii] �1909/C iv ��1548, 1550 (> 2.7), along with pre-
dictions from photoionization models of Feltre et al. (2016).
Based on these limits, we find that photoionzation by an AGN
is not favoured, and star formation alone may be able to explain
the observed line ratios. Additionally, using the C iii] and He ii
based diagnostics from Nakajima et al. (2018), we find that the
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Figure 1. Observed 2D (top) and 1D (bottom) NIRSpec PRISM spectra of GHZ2. In the bottom panel the gray line shows the noise RMS, and
red dashed lines highlight the wavelength of the UV features discussed in the present paper.

ages with A-PHOT (Merlin et al. 2019) in an aperture with a
diameter two times the PSF full width at half-maximum in-
tensity (FWHM = 0.0028) (see also Merlin et al. 2022; Paris
et al. 2023).

Finally, throughout the work we will derive rest-frame
physical properties taking into account that GHZ2 is a↵ected
by moderate lensing magnification (µ = 1.3) estimated on
the basis of the model by Bergamini et al. (2023). Line ratios
and equivalent widths (EWs) are una↵ected by lensing.

3. UV SPECTRUM OF GHZ2

3.1. Redshift determination, emission-line detection and
flux measurement

The NIRSpec spectrum of GHZ2 (Fig. 1) shows a sharp
Lyman break and clear emission features consistent with
z ⇡ 12.3. We obtain a first measurement of its redshift
(z = 12.33 ± 0.02) from the centroid of the [Ne III] �3868
emission which is the single line measured at the highest
spectral resolution (R = 300) among those detected at high
SNR.

To measure the flux and EW of all the emission lines,
we perform a direct integration of the continuum-subtracted
spectrum in a window centred at the expected wavelength �
and having a width 4 ⇥ �R(�), where �R(�) is the expected
Gaussian root-mean-square (RMS) of a line observed at res-
olution R(�). In the case of partially blended lines we assess
the significance of the entire line complex and of the di↵er-
ent components in narrower windows with width 2 ⇥ �R(�).
The continuum is measured as a linear interpolation of the re-
gions free of potential features closest to each line. To make
sure that the examined lines are not a↵ected by unmasked
artefacts, we inspected all the single-dithered spectra and the
spectra obtained by separately combining the two visits that
were observed at three nodding positions. We consider as
significant every detection with SNR > 5, where the uncer-

tainty takes into account errors in both the integrated flux and
the extrapolated continuum at the line position.

A Gaussian fit of the continuum-subtracted flux is then
performed for all significant emission features using the
specutils package of astropy. Unresolved doublets and
multiplets are treated as a single Gaussian profile, while a
double-Gaussian fit is used for partially blended lines (see
Fig. 2). We let the mean of the Gaussian vary according to a
�z = 0.04 and the Gaussian RMS within 5% of the nominal
�R(�) to account for the uncertainty in the redshift and con-
sidering the potential uncertainty in the centroid and RMS
of unresolved multiplets. We report in Table 1 the measured
fluxes, EWs, and the significance of the lines obtained from
the direct integration test described above. The uncertain-
ties are obtained through a Monte Carlo simulation taking
into account errors in both the Gaussian fit and the contin-
uum, and are thus more conservative than the SNR measured
through direct integration. In the case of not significant lines,
the 3� limits obtained through direct integration are reported.

All lines yield redshift estimates that are consistent within
the relevant uncertainty with the value obtained from the
[Ne III] �3868 line. From a weighted average of the measure-
ments of the best resolved, high-SNR lines (N IV] �1488,
C IV �1549, C III] �1908, and [Ne III] �3868), we obtain
z = 12.342 ± 0.009, which we adopt hereafter.

3.2. UV emission lines

The most prominent line is the unresolved C IV ��1548,
1551 doublet3 which is at close separation from the unre-
solved N IV] ��1483, 1488 doublet. We measured the C IV +
N IV complex with a double-Gaussian fit as described above,

3 In Table 1 and in the discussion we will refer to unresolved doublets and
multiplets as a single line at the relevant central wavelength.
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Fig. 5.— Grism Spectrum of GN-z11. The top panel shows the (negative) 2D spectrum from the stack of our cycle 22 data (12 orbits)
with the trace outlined by the dark red lines. For clarity the 2D spectrum was smoothed by a Gaussian indicated by the ellipse in the lower
right corner. The bottom panel is the un-smoothed 1D flux density using an optimal extraction rebinned to one resolution element of the
G141 grism (93 Å). The black dots show the same further binned to 560 Å, while the blue line shows the contamination level that was
subtracted from the original object spectrum. We identify a continuum break in the spectrum at � = 1.47± 0.01 µm. The continuum flux
at � > 1.47 µm is detected at ⇠ 1 � 1.5� per resolution element and at 3.8� per 560 Å bin. After excluding lower redshift solutions (see
text and Fig 4), the best-fit grism redshift is zgrism = 11.09+0.08

�0.12. The red line reflects the Ly↵ break at this redshift, normalized to the
measured H-band flux of GN-z11. The agreement is excellent. The fact that we only detect significant flux along the trace of our target
source, which is also consistent with the measured H-band magnitude, is strong evidence that we have indeed detected the continuum of
GN-z11 rather than any residual contamination.

tinuum break with J125 � H160 > 2.4 (2�), without
a spectrum, we could not exclude contamination by a
source with very extreme emission lines with line ratios
reproducing a seemingly flat continuum longward of 1.4
µm (Oesch et al. 2014).
The previous AGHAST spectra already provided

some evidence against strong emission line contam-
ination (Oesch et al. 2014), and we also obtained
Keck/MOSFIRE spectroscopy to further strengthen this
conclusion (see appendix). However, the additional 12
orbits of G141 grism data now conclusively rule out that
GN-z11 is such a lower redshift source. Assuming that all
the H-band flux came from one emission line, we would
have detected this line at > 10�. Even when assuming
a more realistic case where the emission line flux is dis-
tributed over a combination of lines (e.g., H� + [O III]),
we can confidently invalidate such a solution. The lower
left panel in Figure 4 compares the measured grism spec-
trum with that expected for the best-fit lower redshift
solution we had previously identified (Oesch et al. 2014).
A strong line emitter SED is clearly inconsistent with
the data. Apart from the emission lines, which we do
not detect, this model also predicts weak continuum flux
across the whole wavelength range. At < 1.47 µm, this is

higher than the observed mean, while at > 1.47 µm the
expected flux is too low compared to the observations.
Overall the likelihood of a z ⇠ 2 extreme emission line
SED based on our grism data is less than 10�6 and can
be ruled out.
Note that in very similar grism observations for a

source triply imaged by a CLASH foreground clus-
ter, emission line contamination could also be excluded
(Pirzkal et al. 2015). We thus have no indication cur-
rently that any of the recent z ⇠ 9�11 galaxy candidates
identified with HST is a lower redshift strong emission
line contaminant (but see, e.g., Brammer et al. 2013, for
a possible z ⇠ 12 candidate).

3.3. Excluding a Lower-Redshift Dusty or Quiescent

Galaxy

Another potential source of contamination for very
high redshift galaxy samples are dusty z ⇠ 2� 3 sources
with strong 4000 Å or Balmer breaks (Oesch et al. 2012;
Hayes et al. 2012). However, the fact that the IRAC data
for GN-z11 show that it has a very blue continuum long-
ward of 1.6 µm, together with the very red color in the
WFC3/IR photometry, already rules out such a solution
(see SED plot in Figure 4). Nevertheless, we additionally
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(fluxes: 2-5e-19 cgs)

JADES-GS-z14-0

JADES-GS-z14-1

Fig. 1 NIRSpec prism spectra of the two z ≥ 14 galaxies, JADES-GS-z14-0 and JADES-
GS-z14-1. The central panel of each target shows the 1D spectrum (black) and the associated 1‡
uncertainty (light blue). The bottom panels display the 2D spectrum of the signal-to-noise ratio to
better highlight the contrast across the break at ≥ 1.8 µm. Inset stamps in the top panels are cutouts
of some of the NIRCam JADES images. The NIRSpec 3-shutter slitlets are shown in red in each
F277W image.
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Fig. 11 The sky around JADES-GS-z14-0 and JADES-z14-1. F444W/F200W/F090W false
color red/green/blue image of the JADES imaging field [4] (background) and F277W/F150W/F115W
false color red/green/blue thumbnail images of the two z ≥ 14 galaxies. The green outline illustrates
the four quadrants of the NIRSpec micro-shutter array of the Cycle 1 NIRSpc 1287 program.

Possible large-scale structure association
JADES-GS-z14-0 and JADES-GS-z14-1 are 1.9Õ apart on the sky (Fig. 11), which is
6.2 comoving Mpc at this redshift. The third candidate completes a roughly equilat-
eral triangle, 1.7Õ and 2.7Õ away from the first two, respectively. These three galaxies
form a mild angular over-abundance of the candidates from [9], a fact that influenced
the selection of this location for the program 1287 deep NIRSpec pointing. The sep-
aration along the line of sight is imprecisely known, given the redshift uncertainties.
If JADES-GS-z14-0 and JADES-GS-z14-1 are separated by 0.42 in redshift, then this
would be about 60 comoving Mpc along the line of sight. However, the galaxies could
be substantially closer, even potentially at the same redshift, if more unusual combi-
nations of neutral hydrogen absorption and Ly– emission were present. Narrow-line
redshifts will be needed to measure this. As galaxies at high redshift are expected to
exhibit a high clustering bias [e.g., 66, 67], supported by numerous findings of inho-
mogeneity at z ¥ 7 [e.g., 68, 69], it seems likely that these galaxies are at least mildly
associated in an extended large-scale structure.
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Fig. 1: The most distant galaxy spectroscopically confirmed by the JWST
Advanced Deep Extragalactic Survey (JADES). This galaxy was initially
selected from ultra-deep NIRCam and MIRI imaging with JWST (F770W-F277W-
F115W shown as an RGB false-color mosaic in the lower right). It was targeted for
NIRSpec MSA follow-up observations and is the first spectroscopically confirmed red-
shift z > 14 system. JADES-GS-z14-0 is to the right and the foreground galaxy
NIRCam ID 183349 to the left. The apparent color of JADES-GS-z14-0 is caused by the
absorption of the NIRCam/F115W flux by the intervening IGM and the rest-optical
nebular emission line excess in the MIRI/F770W flux relative to NIRCam/F277W.

and another low-redshift neighboring object to the south is estimated to be small with
a lensing magnification factor of µ = 1.2 (Carniani et al. 2024). All of the analyses
and results presented here have been corrected for this magnification factor.

Interpreting the ultra-deep MIRI observations in the context of the ultra-deep
NIRCam observations requires measuring the flux density in MIRI relative to the flux
density in one of the long-wavelength NIRCam filters. The FWHMs of the F770W
and F444W point spread functions (PSFs) are 0.269 arcseconds and 0.145 arcseconds,
respectively, which makes separating JADES-GS-z14-0 from 183349 challenging, but
essential. To meet this challenge, we measure photometry by performing model fitting

4

Helton+24

Carniani+24a

JADES-GS-z14

[OIII] 88 micron 
14.1793 ± 0.0007 

NIRSpec/prism lines 
14.44 ± 0.02



Here is the evolution of the redshift record
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Our Multi-Wavelength Census of Early Galaxies
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Figure 2. Detection of [OIII]88µm in GS-z14 at z = 14.1793 ± 0.0007. Left Panel: Contours showing the [OIII]88µm emission
(2, 3, 4 and 5�) overlaid on the F200W imaging (Eisenstein et al. 2023a,b). The [OIII]88µm emission is detected at a peak
significance of 6.6� in the collapsed data-cube. Right Panel: The spectrum of the [OIII]88µm line (blue histogram) extracted
from the >3� emission region in the moment-0 map. The red line shows the Gaussian fit used to measure the spectroscopic
redshift and FWHM of the line. The grey shaded region indicates the 1� uncertainties.
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Figure 3. The luminosity of [OIII]88µm in GS-z14 is con-
sistent with the local relation for metal-poor dwarf galaxies
found by De Looze et al. (2014). For context we also show
the local relation for starburst galaxies (De Looze et al. 2014)
as well as a compilation of z > 6.5 galaxies (Bakx et al. 2020;
Carniani et al. 2020; Harikane et al. 2020; Akins et al. 2022;
Witstok et al. 2022; Algera et al. 2024; Fujimoto et al. 2024).
Even as early as z = 14.1793 ± 0.0007 and for high redshift
galaxies in general, the relation for metal-poor dwarf galax-
ies seems to be a good fit (at SFR . 100M� yr�1).

4. DISCUSSION

4.1. Constraints on the ISM of GS-z14

Luminosity ratios of emission lines are invaluable di-
agnostic tools to probe the conditions of the ISM in
galaxies. Although the NIRSpec spectroscopy of GS-z14
does not show significant emission lines, its detection in
the MIRI F770W band places a constraint on the com-
bined [OIII]��4959,5007Å+H� flux. Following Helton
et al. (2024) we assume that the flux excess in F770W
is 27.5±5.6 nJy based on a flat underlying continuum
emission.

The [OIII]�5007Å luminosity (hereafter [OIII]) can
subsequently be calculated based on an assumed
[OIII]/H� ratio and be compared to the luminosity of
OIII as measured by ALMA. We repeat this calculation
106⇥, drawing random [OIII]/H� ratios from probabil-
ity distribution from the SED fitting by Helton et al.
(2024), where we combine the probability distributions
from the three star formation history assumptions. In
this process we also account for the uncertainty in the
line luminosities from ALMA and JWST by drawing
random values from a Gaussian error distribution.

The resulting constraints on the [OIII]/[OIII]88µm

versus [OIII]/H� line ratios are shown in Figure 4.
For context we show a grid of ISM models for a large
range of conditions based on Cloudy models (Ferland
et al. 2017). The models consist of an HII region that
smoothly transitions to a Photo Dissociation Region
(PDR) until a fixed optical depth (AV =10) in a plane
parallel geometry. For more details on the model we re-

[OIII] 88 micron 
14.1793 ± 0.0007 

Schouws+24; Carniani+24b

Treasure troves for understanding physics of early galaxies

Zavala+24

▸ Fainter galaxies only confirmed 
through Lyα breaks 

▸ Luminous sources revealed strong 
rest-UV emission lines at z>10 

▸ Follow-up with MIRI and ALMA 
spectroscopy 

▸ Enables much more detailed 
physical insight beyond number 
densities

See also Álvarez-Márquez+23, Hsiao+24, Bakx+23, Yoon+23  

ALMA  

Spectroscopy with MIRI Instrument on JWST



To z>15 and beyond!
▸ Pushing the cosmic frontier would 

allow us to rule out some of the 
proposed models 

▸ Remarkable chemical maturity (~20% 
solar metallicity) and brightness imply 
an extended star-formation history in 
GSz14. 

▸ Progenitors (at z~15-20) should be 
easily detectable! 

▸ First photometric samples are 
reported! (Kokorev+25, Perez-
Gonzalez+25, Castellano+25)

Adapted from Carniani+24



Pushing to z>15 has proven challenging howeverClues from new James Webb Space Telescope Data

Donnan+2022

The galaxy UV LF at I = 8 � 15 11
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Figure 4. The highest-redshift object in our sample, CEERS 93316. The NIRCam photometric measurements are plotted in the SED plot as golden hexagons,
while 200 ⇥ 200 postage-stamp images in each band are shown above the SED. The Bagpipes model we fit in Section 6.2 is shown in green. The posterior
distribution for redshift is shown in the inset panel, which is centred on I = 16.6, but is fully consistent with the value of I = 16.7 quoted in Table 5 from Eazy.
The fortuitous positioning of the F200W and F277W bands relative to the Lyman break allows such a precise redshift estimate. The rest-frame near-UV slope,
V = �2.2±0.1 indicates no evidence for an unusual (i.e. Population III dominated) stellar population. The galaxy has a stellar mass of log10 ("⇤/M�) = 9.0±0.4.

Our results confirm that the high-redshift LF evolves into a form
that is best described by a double power-law (rather than a Schechter)
function, and that the LF and the resulting derived dUV (and thus
dSFR), continues to decline gradually and steadily over this redshift
range (as anticipated from previous studies which analysed the pre-
existing data in a consistent manner).

We provide details of the 55 high-redshift galaxy candidates, with
full photometry, SED fits, and multi-band postage-stamp images pre-
sented in Appendices A and B. Our sample contains 6 galaxies at
I � 12, one of which is the galaxy at I = 12.4 independently reported
by Naidu et al. (2022) and Castellano et al. (2022). However, the most
distant object is one which appears to set a new redshift record as an
apparently robust galaxy candidate at I ' 16.7. Given the apparently
extreme nature of this source, we consider its physical properties and
plausibility in detail.

The advances presented here emphasize the importance of achiev-
ing high dynamic range in studies of early galaxy evolution, and
re-a�rm the enormous potential of forthcoming larger JWST pro-
grammes to transform our understanding of the young Universe.
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Our results confirm that the high-redshift LF evolves into a form
that is best described by a double power-law (rather than a Schechter)
function, and that the LF and the resulting derived dUV (and thus
dSFR), continues to decline gradually and steadily over this redshift
range (as anticipated from previous studies which analysed the pre-
existing data in a consistent manner).

We provide details of the 55 high-redshift galaxy candidates, with
full photometry, SED fits, and multi-band postage-stamp images pre-
sented in Appendices A and B. Our sample contains 6 galaxies at
I � 12, one of which is the galaxy at I = 12.4 independently reported
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apparently robust galaxy candidate at I ' 16.7. Given the apparently
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→ z = 16.6

Why do we expect early galaxies studies to be very exciting 
in the near future?

Donnan+23

Bright z~16.6 Identified in Early ERS Data over CEERS

Haro-Arrabal+23

But proved to be an 
extreme emission 

line galaxy at 
z=4.91



What about z>15?

Kokorev+25

Two examples of possible z>15 candidate galaxies from Asada+25 and 
Glimpse (Kokorev+25), F200W dropouts (see also Gandolfi+25)

6 Asada et al.

P (z < 7) = 0.005

zphot = 15.43

P (z < 7) = 0.13

Figure 1. The highest redshift candidate of CANUCS-3214552 at zphot ⇠ 15.4. Top: cutouts of the source in all NIRCam filter
images, except for the two narrow band filters. Cutouts are 1.006 on the side. Bottom: the SED and the PDZ of CANUCS-3214552.
The SED shows a clear dropout between F210M and F200W, and the sharp drop between this narrow wavelength range strongly
supports the high-z solution template (black solid curve in the bottom left panel) and results in negligible low-z probability
(blue curve in the bottom right panel). There is no variability between Cycle 1 and Cycle 2 observation with 1 year separation
(blue and red squares in bottom left), which rules out the possibility of z ⇠ 4 SN contamination. If MB data were not available,
the SED could also be fit by a low-z solution (gray curve in bottom left) and the PDZ would have a non-negligible secondary
peak at z ⇠ 4 (gray dashed line in bottom right). Only multiple-epoch rich MB+BB observations can secure this galaxy as a
very robust z ⇠ 15 galaxy candidate.

ration and the NIRCam photometry agrees well between
the two epochs (e.g., F335M and F360M taken in Cycle
1 vs. F356W taken in Cycle 2).
CANUCS-3214552 is thus one of the most reliable

high-z galaxy candidates at z > 15, which could have
been secured only with the multi-epoch, full NIRCam
MB+BB observations. The galaxy shows a relatively
red rest-UV color, in contrast to recent reports of very
blue colors for the most of faint highest-z galaxies (e.g.,
F. Cullen et al. 2024), and it could suggest the galaxy
represents a galaxy population that has been missed in
previous surveys using the standard NIRCam BB config-
uration. We provide a detailed discussion on this point
later (Sec. 5.3.2).

3.2. Completeness simulation

A luminosity function estimation requires computa-
tion of the e↵ective volume that has been searched, tak-
ing account of the e↵ect of detection and selection com-
pleteness. Our selection criteria (equation 1) are fully
automated and we do not apply additional cuts based

on visual inspection. Thus, we can estimate the com-
pleteness by inserting simulated sources into our data
and repeating the detection and selection procedure to
measure the recovered fraction. We follow the complete-
ness simulation prescription of C. J. Willott et al. (2024)
with a few modifications.
For the simulated galaxy size distribution, C. J.

Willott et al. (2024) used a redshift-dependent size-
MUV relationship derived from a photometric-redshift-
selected sample of high-z galaxies from T. Morishita
et al. (2024). As we show in Sec. 5.3.1, the z > 9.5
galaxies from the current study plus those from the JOF
that also includes MB photometry (B. Robertson et al.
2024) have sizes considerably smaller (median o↵set 0.6
dex) than that of the T. Morishita et al. (2024) relation-
ship. Therefore, we o↵set the T. Morishita et al. (2024)
relationship by 0.6 dex for the size distribution of the
simulated galaxies.
The SEDs of the simulated galaxies incorporate the

updated Larson templates and IGM absorption used in
deriving photometric redshifts (Sec. 2.2), as described

GLIMPSE Discovery of z > 16 galaxies 7

Figure 3. Most secure z & 16 candidates from GLIMPSE. For each source we show 1.005 cutouts in all broad and medium
band NIRCam filters, plus a detection (F277W+F356W+F444W) LW stack. On each cutout we overlay the extraction aperture
(D=0.002) in green. On the SED plot, we show the best fit high-z vs low-z EAZY models (maroon and blue), as well as the same
for BEAGLE (dashed orange and green). The colored circles represent the integrated flux density for each solution. Detections
are shown as black squares, 3� upper limits are shown as downward arrows. We explicitly highlight the di↵erence between a
low-z interloper and high-z EAZY solution with a �BIC statistic on each panel, as discussed in Section 3.3. In the inset panel
we show the p(z) for both EAZY and BEAGLE fits with a free redshift solution. Finally, we display the probability of these
candidates being at z > 14 as derived from multiplying EAZY and BEAGLE redshift distribution.
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Asada+25

See also Perez-Gonzalez+25; Castellano+25



Unprecedented Samples of Galaxies with Spectroscopic Redshifts
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Can we understand the diagram to the right?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.
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FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).
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Rychard Bouwens / Leiden

But first let us remind ourselves 
about luminosity functions…
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One of the most fundamental measures of 
galaxy growth is from the Luminosity Function...
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Bright Faint
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Can Calculate SFR Density from UV Luminosity Function

Bouwens+2011

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Cosmic Star Formation History

UV Luminosity is from newly 
formed O+B stars in last 100 Myr

SFR = LUV  x conversion factor

Integrate 
Luminosity 

Functions to  
Derive SFR 

Density



Impact Dark Matter Halo Have on the Density of Galaxies with 
Various Properties

Evolution of Dark Matter
Halo Mass Function

10

Fig. 5.— The stepwise LF constraints (solid circles)) we derive
on the UV LFs at z ∼ 2, z ∼ 3, z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7,
z ∼ 8, and z ∼ 9 based on our comprehensive blank-field searches
with HST (shown in grey, blue, magenta, green, cyan, black, red,
orange, and dark purple, respectively). The recent stepwise LF
constraints at z ∼ 10 from Oesch et al. (2018a) are shown with
the dark purple circles. The best-fit Schechter LFs are shown with
the grey, blue, magenta, green, cyan, black, red, orange, and dark
purple lines, respectively.

photometry. Contamination is estimated and included
in a very similar way to that done in Bouwens et al.
(2015). In the Bouwens et al. (2015) study, contami-
nation rates were estimated by performing degradation
experiments on the deepest HST observations. Bona-fide
high-redshift sources and low redshift contaminants were
first identified in those data. Noise was then added to
the observations to emulate the properties of the shal-
lower observations, and sources were selected from these
shallower data. The contamination rate was determined
by determining which fraction of selected sources in the
shallower data were clearly at lower redshift in the deeper
data. The typical contamination fractions are estimated
to be !5% but reach contamination fractions as high as
∼10% in the faintest magnitude bin.
In deriving constraints on the UV LF from a compre-

hensive set of search fields, we rely on the same sam-
ple of sources that Bouwens et al. (2015) utilize over
all fields, while also including constraints from the new
data sets. Combining the new samples with the z ∼ 2-9
samples from Bouwens et al. (2015) and Bouwens et al.
(2016), our new analysis contains contains 5766, 6332,
7240, 3449, 1066, 601, 246, and 33 sources at z ∼ 2,
z ∼ 3, z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7, z ∼ 8, and z ∼ 9,
respectively.
In deriving our new LF constraints, we adopt the same

approach as we describe in Bouwens et al. (2015) where
we find the binned LF which maximizes the likelihood L
of matching the binned number counts in all of our fields

L = ΠfieldΠip(mi) (1)

where i runs over all magnitude intervals in each of our
search fields. For our z ∼ 2-8 samples, we take the prob-
ability p(mi) to be

p(mi) =

(

nexpected,i

Σjnexpected,j

)nobserved,i

(2)

for all sources in our z = 2-8 samples, where nexpected,i

and nexpected,j the expected number of sources in mag-
nitude intervals i and j and nobserved,i is the observed
number of sources in magnitude interval i. As such, our
z = 2-8 LFs are computed using the standard stepwise
maximum likelihood procedure (Efstathiou et al. 1988)
to take advantage of the modest number of sources found
in each search field and overcome large-scale structure
uncertainties.
Given the much smaller number of sources that are

available per search field to determine the shape of the
UV LF for our z ∼ 9 samples, we compute the probabil-
ities in this redshift range assuming that the counts are
Poissonian distributed:

p(mi) = Πje
−nexpected,j

(nexpected,j)nobserved,j

(nobserved,j)!
(3)

For our stepwise LFs, we generally adopt a width of 0.5-
mag for our z = 2-8 and 0.8-mag for our LFs at z = 9-10.
We compute the expected number of sources in a given

magnitude interval nexpected,i as

nexpected,i = ΣjφjVi,j (4)

where Vi,j is the effective volume over which a source of
absolute magnitude j might be expected to be found in
the observed magnitude interval i. The effective volume
Vi,j is computed from extensive Monte-Carlo simulations
where we add artificial sources of absolute magnitude j
to the real observations and then quantify the fraction of
these sources that will be both selected as part of a given
high-redshift samples and measured to have an apparent
magnitude i.
In deriving nobserved,i from our large z ∼ 2, 3, 4, 5, 6, 7,

8, and 9 selections, we use the measured total magnitude
of sources in the V606, I814, i775, z850, Y105, J125, H160,
and H160, respectively, since those magnitudes lie closest
to rest-frame 1600Å. For some search fields and redshift
samples, flux measurements are not available in these
bands. For our HFF selections, magnitude measurements
in the I814, Y105, and Y105 bands, respectively, are used
for our z ∼ 4, z ∼ 5, and z ∼ 6 selections. For the wide
CANDELS fields, flux measurements in the J125 band
are used for our z ∼ 5, z ∼ 6, and z ∼ 7 selections. For
z ∼ 3 sources over the UVUDF, flux measurements in
the i775 band are used.
In making use of the search constraints to derive LF

results, we only consider results to specific limiting mag-
nitudes to avoid having the results be significantly im-
pacted by uncertain completeness corrections or contam-
ination rates. We adopt the same limiting magnitudes as
Bouwens et al. (2015), except in the cases of the new sam-
ples considered here, including our z ∼ 2-3 samples from
the ERS, HDUV, and UVUDF data sets where 26.5 mag,
28.0 mag, and 29.0 mag, respectively, our z ∼ 4-9 HFF
parallel samples where 29.0 mag limits are used, and our
new z ∼ 9 XDF, HUDF09-1, and HUDF09-2 samples
where 30.0, 29.0, and 29.0 mag, respectively, are used.
Finally, over the HFF parallel fields, we accounted

for the estimated magnification factors using the lens-
ing models from Merten (2016). The approximate lens-
ing magnification that we applied in magnitudes for each
parallel field is provided in Table 3 for sources at z ∼ 6.
The magnification factors at other redshifts are very sim-

Evolution of Luminosity 
Function at UV Wavelengths

Springel+2005
Bouwens+2021
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Perhaps we can match the evolution of the UV LFs 
by lighting up dark-matter halos?



Rychard Bouwens / Leiden

How can we match the evolution of the UV LFs 
by lighting up dark-matter halos?

2Bouwens+2021; Oesch+2018



In doing so, we will want to take advantage of 
processes we know are important at z~0Galaxy Formation in CDM – Need Feedback

Semi-analytical models:

Numerical recipe for 
introducing baryons into DM 
N-body simulations and 
predicting observations using 
prescriptive methods for star 
formation &  assembly. Over-
produces luminous & feeble 
galaxies

Classic papers:

• Kauffmann et al 1993 
MNRAS 264, 201

• Somerville & Primack 1999 
MNRAS 310, 1087

• Cole et al 2000 
MNRAS 319, 168

Feedback modes discussed by:

Benson et al (2003) Ap J 599, 38

Croton et al (2006) MNRAS 365, 11

De Lucia et al (2006) MNRAS 366, 499
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012), and from cluster catalogs (Yang et al. 2009a; Hansen et al. 2009; Lin & Mohr 2004). Grey shaded regions correspond to
the 68% confidence contours of Behroozi et al. (2010). The one-sigma posterior distribution for our model is shown by the red error bars.
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FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).
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First, the simplest approach:

Luminosity(Halo) ∝ Mass(Halo)

2

Perhaps we can match the evolution of the UV LFs 
by lighting up dark-matter halos?



Rychard Bouwens / Leiden

Halo Mass Functions (expressed as UV LFs)

Fixed M/L ratio (all halos)

2
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UV Luminosity Functions (to be matched)

3Bouwens+2021; Oesch+2018



Rychard Bouwens / Leiden

Model z=4-10 UV Luminosity Functions

Lesson #1:

Higher Redshift Halos Must Be Brighter
(to match UV LF evolution)

Mhalo/LUV  ∝ tff  ∝ (1+z)-3/2

(since dynamical time for Schmitt-Kennicutt 
relationship is smaller)

3
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UV Luminosity Functions (to be matched)

3Bouwens+2021; Oesch+2018



Rychard Bouwens / Leiden

Lesson #2:

Faint-Slope Shallower than in Halo-Mass Function

Mhalo/LUV Ratio is higher for fainter galaxies,
due to SNe feedback (M/L ∝ M-0.25)

(time-independent)

Model z=4-10 UV Luminosity Functions

3
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UV Luminosity Functions (to be matched)

3Bouwens+2021; Oesch+2018



Rychard Bouwens / Leiden

Lesson #3:

Need to Introduce a Cut-off at the Bright End of the 
Luminosity Function

Physical Cause: Quenching / Dust Extinction

Cut-off Introduced at Fixed Halo Mass
(time-independent)

Model z=4-10 UV Luminosity Functions

3
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Model z=4-10 UV Luminosity Functions

3
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RJB et al. 2015, in prep; Oesch+2015, in prep

UV Luminosity Functions (to be matched)

3
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Required Physics

Lesson #1:   Higher Redshift Halos Must Be Brighter
(Star Formation More Efficient)

Lesson #2:  Faint-Slope Shallower than in Halo-Mass Function,  
Mhalo/LUV higher for fainter galaxies, due to SNe feedback

Lesson #3: Must be a Cut-off at the Bright End of the Luminosity 
Function above some Fixed Mass (Quenching / Dust Extinction)

These Physics Implemented in Many 
Simple Analytical Theoretical 
Models:  e.g., Cooray+2006, 

RJB+2008, Trenti+2010, 
Mashian+2015, Trac & Cen 2015, 

Mason+2015, Tacchella+2013, 
Cai+2014, Stark+2007, etc.

Independent of Halo Mass

Independent of Redshift / Cosmic Time
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FIG. 14.— Comparison of our best-fit model at z = 0.1 to previously published results. Results compared include those from our previous work (Behroozi et al.
2010), from abundance matching (Moster et al. 2013; Reddick et al. 2012; Moster et al. 2010; Guo et al. 2010; Wang & Jing 2010), from HOD/CLF modeling
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1011 1012 1013 1014 1015

Mh [MO• ]

0.0001

0.001

0.01

0.1

M
* / 

M
h

Behroozi et al. (2010)
Wang & Jing 2009 (AM+CC)
Moster et al. 2010 (AM)
Moster et al. 2013 (AM)
Wake et al. 2011 (HOD)
Zheng et al. 2007 (HOD)
Conroy & Wechsler 2009 (AM)
Yang et al. 2012 (CL)
Behroozi et al. 2013

z = 1.0

1011 1012 1013 1014 1015

Mh [MO• ]

0.0001

0.001

0.01

0.1

M
* / 

M
h

Behroozi et al. 2010
Moster et al. 2010 (AM)
Moster et al. 2013 (AM)
Yang et al. 2012 (CL)
Yang et al. 2012, SMF2 (CL)
Behroozi et al. 2013

z = 3.0

FIG. 15.— Comparison of our best-fit model at z = 1.0 and z = 3.0 to previously published results. Results compared include those from our previous
work (Behroozi et al. 2010), from abundance matching (Moster et al. 2013, 2010; Conroy & Wechsler 2009; Wang & Jing 2010), and from HOD/CLF modeling
(Zheng et al. 2007a; Yang et al. 2012; Wake et al. 2011). Yang et al. (2012) reports best fits for two separate stellar mass functions, and we include both at z = 3.0.
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2

Do such models appear to explain the new galaxies 
found by JWST at the earliest times?



See also Finkelstein+22; Bouwens+23

28 Harikane et al.

Figure 16. Cosmic SFR density evolution. The red
circles represent the cosmic SFR densities obtained by our
study, with the double power-law luminosity functions inte-
grated down to MUV = �17 mag. The black circles indicate
the cosmic SFR densities derived by Madau & Dickinson
(2014), Finkelstein et al. (2015b), McLeod et al. (2016), and
Bouwens et al. (2020). The orange circles are results in Don-
nan et al. (2022). The blue dashed curve is the best-fit func-
tion of the cosmic SFR densities in Harikane et al. (2022b,
their Equation 60). In Harikane et al. (2022b), they assume
the constant star formation e�ciency at z > 10, resulting
in the power-law decline with ⇢SFR / 10�0.5(1+z). The gray
dashed curve shows the best-fit function at z . 8 determined
by Madau & Dickinson (2014) extrapolated to z > 8. All re-
sults are converted to those of the Salpeter (1955) IMF.

morphologies (Section 3.5). Thus the fraction of
AGN radiation dominated galaxies is as small as
⇠ 10% (= 1/8) and 50% (= 1/2) at z ⇠ 12 and
17, respectively. Although the excessive SFR den-
sity estimate at z ⇠ 17 is unclear due to the small
statistics, the one at z ⇠ 12 cannot be explained
by AGN activity.

(C) Pop III-like stellar population with a top-heavy

IMF. The third possibility is an overestimate of
the SFR density due to the Population III (Pop
III) stellar population with a top-heavy IMF. In
our estimate of the SFR density, we use the canon-
ical UV luminosity-to-SFR conversion factor of
KUV = 1.15 ⇥ 10�28 M� yr�1/(erg s�1 Hz�1),
which is for the Salpeter (1955) IMF, while KUV

depends on star-formation history, metallicities,
and IMFs (e.g., Madau & Dickinson 2014; Tac-
chella et al. 2018). Indeed in the early universe,
the IMF is expected to be more top-heavy because
of a lower metallicity and a higher Jeans mass, es-

pecially for Pop III stellar populations (e.g., Hi-
rano et al. 2014, 2015). To test whether this ef-
fect can explain the observed densities, we calcu-
late the UV-to-SFR conversion factor, KUV, for
di↵erent metallicity and IMF assumptions using
Yggdrasil (Zackrisson et al. 2011). Figure 18
presents KUV for di↵erent metallicities and IMFs
as a function of stellar age. We find that Pop III
stellar populations with top-heavy IMFs (PopIII.1
and PopIII.2 in Yggdrasil) produce ⇠ 3 � 4
times more UV photons than the canonical as-
sumption given the SFR, because nebular contin-
uum emission boosts the UV luminosity as dis-
cussed in previous studies (e.g., Zackrisson et al.
2008; Schaerer & de Barros 2009, 2010). This low
conversion factor reduces the SFR density esti-
mates at z ⇠ 12�17 as shown in the right panel of
Figure 17, resulting the SFR densities consistent
with the constant star formation e�ciency model.

Based on these discussions, we conclude that (A) no

star formation suppression at pre-reionization epoch or
(C) Pop III stellar population with a top-heavy IMF can
explain the observed high SFR densities at z ⇠ 12� 17.
These possibilities can be further investigated by follow-
up observations with JWST/MIRI covering a longer
wavelength than the Balmer break to obtain the ro-
bust stellar mass measurements and star formation his-
tory, or with JWST/NIRSpec and MIRI spectroscopy to
search for signatures of Pop III-like stellar populations
and AGN activity.

6.2. Properties of Luminous Galaxy Candidates

In this study, we have found several luminous galaxy
candidates at the early epoch of z ⇠ 11� 17, when the
age of the universe is only ⇠ 200 � 400 Myrs after the
Big Bang. Here we discuss physical properties of these
luminous galaxy candidates.
Table 10 summarizes SFRs and stellar masses of six

galaxy candidates whose UV magnitudes are brighter
than MUV = �19.5 mag, constrained by the SED fitting
in Section 3.3 assuming the Chabrier (2003) IMF. Our
estimates of SFRs and stellar masses agree with previous
estimates by Naidu et al. (2022), Donnan et al. (2022),
and Finkelstein et al. (2022b), indicating that these lu-
minous galaxies are very massive with stellar masses as
high as M⇤ ⇠ (1� 10)⇥ 108 M� at z ⇠ 11� 17. While
the contributions from AGN radiation to the SEDs may
be suspected in two of the objects, GL-z12-1 and S5-
z17-1 (see Sections 3.5 and 6.1), at least the rest of the
objects (i.e. ⇠ 70% of the bright z ⇠ 11 � 17 galaxies)
would be truly stellar massive. Although the NIRCam
photometry is limited to < 5 µm and does not trace the

Significant Excess of UV Luminous Galaxies at z>9 (relative to constant efficiency 
models)

Harikane+23
Donnan+23



Significant Excess of UV Luminous Galaxies at z>9 (relative to constant efficiency 
models)

Credit: Guido Roberts-Borsani &  
Breakthrough Workshop 2024 Team: 
“The First Billion Years according to JWST”  
Adamo et al. 2025, see also Harikane+23
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Figure 17. Cosmic SFR density evolution. The red diamonds represent the spectroscopic constraints on the cosmic SFR
densities obtained in this study integrated down to MUV = �18.0 mag (corresponding to SFRUV = 0.8 M� yr�1, based on the
Salpeter (1955) IMF with a conversion factor of SFR/LUV = 1.15⇥ 10�28 M� yr�1/(erg s�1 Hz�1)). These measurements are
firm lower limits because 1) only spectroscopically-confirmed galaxies without AGN signatures are used and 2) the measurements
are not corrected for dust extinction. The error includes both the 1� Poisson error and the cosmic variance. The blue curves
are predictions of the constant star formation (SF) e�ciency models of Harikane et al. (2018, 2022b, solid), Mason et al. (2015,
2023, dashed), and Sun & Furlanetto (2016, dotted). The obtained lower limit of the SFR density at z ⇠ 12 is higher than
the model predictions. Note that the predictions of Harikane et al. (2018, 2022b) and Mason et al. (2015, 2023) are integrated
down to MUV = �18.0 mag, while that of Sun & Furlanetto (2016) is down to MUV = �17.7 mag. The gray open symbols
are estimates of previous studies using photometric samples: Harikane et al. (2023a, diamond), Donnan et al. (2023b, circle),
Pérez-González et al. (2023b, hexagon), Bouwens et al. (2020, left-pointong triangle), Bouwens et al. (2022b, cross), Bouwens
et al. (2022a, square), Finkelstein et al. (2015, pentagon), Coe et al. (2013, plus), and Ellis et al. (2013, star). Our spectroscopic
constraints are consistent with these photometric estimates, especially those in Ellis et al. (2013) and Coe et al. (2013), which
are based on the photometric candidates at z ⇠ 11� 12 that are confirmed with JWST, GS-z11-0 and MACS0647-JD.

in a high star formation e�ciency at z & 10 com-
pared to one at z . 10, as discussed in Harikane
et al. (2023a). Also, high redshift galaxies are ex-
pected to be compact and dense. Several simu-
lations predict that such galaxies form stars e�-
ciently, with star formation e�ciencies sometimes
higher than 10% (e.g., Fukushima & Yajima 2021).
Dekel et al. (2023) also discuss that high densities
and low metallicities in galaxies at z & 10 result in

a high star formation e�ciency with feedback-free
starbursts.

(B) Presence of AGN activity. Another possibility is
that a part of the observed UV luminosity densities
at z > 10 is produced by AGN, and there are no
excessive SFR densities at z > 10 beyond the con-
stant star-formation e�ciency model. Although
the quasar luminosity function shows a very rapid
decline at z > 4 compared to that of galaxies

Only Based on Spec-z Redshifts



The stunning abundance of UV-bright galaxies

• 10-100x more bright 
galaxies versus (literature-
averaged) pre-launch 
predictions seen in 
photometric datasets. 

• Initial results borne out by 
~4 years of imaging e.g., talks 
by Andrea Weibel & Christian Kragh 
Jespersen tomorrow

• Now spectroscopically 
confirmed out to z~14-15

Naidu+26
Spectroscopic luminosity function at z~14-15



Three Classes of Possible Solutions
▸ Increased UV luminosity at given stellar mass 

▸ Top-heavy IMF (e.g. Schaerer+24, Inayoshi+22; Trinca+24; Yung+24; Mauerhofer+25) 
▸ Bursty star-formation (e.g, Mason+23; Shen+23; Sun+23; Yung+24; Gelli+24)  
▸ Younger ages (Donnan+24) 
▸ Evolution in dust attenuation (e.g, Ziparo+23; Ferrara+23, 24)  
▸ Contribution/contamination by active galactic nuclei (e.g, Inayoshi+22; Volonteri+23; 

Trinca+24)  

▸ Increased star-formation efficiency at early times 
▸ “Feedback-free” star-bursts due to very short free-fall times (Dekel+23, Li+24) 
▸ Efficient star-formation due to increased gas densities (e.g. Somerville+25)  

  

▸ Change of cosmology? 
▸ e.g., early/evolving Dark Energy (Menci+22,24), extra small scale power to the primordial 

power spectrum (Hirano & Yoshida 2024), primordial black holes (Liu & Bromm 2022; 
Colazo+24) or cosmic strings (Koehler+24) or …



When does universe form most of its stars?

from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by
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What fraction of SFR is obscured + unobscured?

Madau & Dickinson 2014
Figure 8: (Left panel) SFR densities in the FUV (uncorrected for dust attenuation) and in the FIR.
The data points with symbols are given in Table 1. All UV and IR luminosities have been converted to
instantaneous SFR densities using the factors KFUV = 1.15 × 10−28 and KIR = 4.5 × 10−44 (cgs units)
valid for a Salpeter IMF. (Right panel) Mean dust attenuation in magnitudes as a function of redshift.
Most of the data points shown are based on ultraviolet spectral slopes or stellar population model fitting.
The symbol shapes and colors correspond to the data sets cited in Table 1, with the addition of Salim
et al. (2007) (cyan pentagon). Two versions of the attenuation factors are shown for UV-selected galaxies
at 2 < z < 7 (Reddy & Steidel 2009, Bouwens et al. 2012a) (offset slightly in the redshift axis for
clarity): one integrated over the observed population (open symbols), the other extrapolated down down
to LFUV = 0 (filled symbols). Data points from Burgarella et al. (2013) (olive green dots) are calculated
by comparing the integrated FIR and FUV luminosity densities in redshift bins, rather than from the UV
slopes or UV-optical SEDs.

Driver et al. (2008). We note that the estimates of UV attenuation in the local Universe

span a broad range, suggesting that more work needs to be done to firmly pin down this

quantity (and perhaps implying that we should be cautious about the estimates at higher
redshift). Several studies of UV-selected galaxies at z ≥ 2 (Reddy & Steidel 2009, Bouwens

et al. 2012a, Finkelstein et al. 2012b) have noted strong trends for less luminous galaxies as

having bluer UV spectral slopes and, hence, lower inferred dust attenuation. Because the
faint-end slope of the far-UV luminosity function (FUVLF) is so steep at high redshift, a

large fraction of the reddened FUV luminosity density is emitted by galaxies much fainter
than L∗; this extinction–luminosity trend also implies that the net extinction for the entire

population will be a function of the faint integration limit for the sample. In Figure 8,

the points from Reddy & Steidel (2009) (at z = 2.3 and 3.05) and from Bouwens et al.
(2012a) (at 2.5 ≤ z ≤ 7) are shown for two faint-end integration limits: These are roughly

down to the observed faint limit of the data, MFUV < −17.5 to −17.7 for the different

redshift subsamples and extrapolated to LFUV = 0. The net attenuation for the brighter
limit, which more closely represents the sample of galaxies actually observed in the study,

is significantly larger than for the extrapolation – nearly two times larger for the Reddy &
Steidel (2009) samples, and by a lesser factor for the more distant objects from Bouwens

et al. (2012a). In our analysis of the SFRDs, we have adopted the mean extinction factors

inferred by each survey to correct the corresponding FUV luminosity densities.
Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation
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Loads of Obscured Galaxies are Found

Nature of Infrared Bright, Optically Dark Galaxies with JWST 3

Figure 2. Examples of four HST-dark galaxies at z ⇠ 2.5, 4, 6, 8 that represent the variety of physical properties and morphologies that we find in our sample
(see also Nelson et al. 2022). (Top panels) Postage stamps in the optical/NIR for four examples of HST-dark galaxies, where the sources show no significant
detections in the HST-filters. The first row shows HST images with the bands F606W, F814W, F850LP, F125W, F140W, F160W and the Spitzer bands IRAC1,
IRAC2 at 3.6and4.5µm respectively. The second row shows new NIRCam JWST images: F115W, F150W, F200W, F277W, F356W, F410M, F444W. The
extraordinary improvement in both depth and resolution of JWST at 3� 5µm compared to the IRAC images is obvious. Most of these sources would not
have been easily selected in previous data and they would have potentially been missing from our cosmic census. (Bottom panels) Posterior spectral energy
distributions (yellow; median with 16-84 percentile uncertainties) with the photometry (red dots). Orange points indicate the expected model fluxes from the
posterior SEDs. The probability distribution function of the photometric redshift is shown in the lower right part of the panel. In general, HST-dark sources are
found to be dust-obscured, massive, star-forming galaxies at z ⇠ 2�8.

mag in F140W. While the HST NIR data are shallower, they still
provide additional multi-wavelength constraints. Most importantly
using the F160W filter allows us to use HST-dark galaxy selections
analogous to previous HST+Spitzer searches (see next section).

The multi-wavelength photometric catalogs were derived with
SExtractor (Bertin & Arnouts 1996). Sources were detected in
the F444W image and photometry in other bands was measured in
dual-image mode. In particular, we measure the fluxes in circular
apertures of 0.0032 diameter, before correcting them to total using the
AUTO flux measurement in the F444W image, which is based on
Kron-like apertures. The input rms maps were normalized to match
the true flux uncertainties measured in random sky positions. To
account for systematic uncertainties in the photometry we apply an
error floor of 5% for all flux measurements.

The final catalog includes about 17,000 sources with photometry
in 12 bands, spanning 0.6 to 4.4 µm.

2.2 HST-dark Galaxy Color Selection with JWST

Previous HST-dark galaxy studies were based on analyses of
HST+Spitzer/IRAC data (e.g., Wang et al. 2016, 2019; Alcalde Pam-
pliega et al. 2019). These selections were limited by two factors: (1)
the very broad PSF of the IRAC data of ⇠ 1.7 00 and (2) the limited
depth of available IRAC imaging. Hence, typical HST-dark samples
were limited to very bright sources with [4.5] . 24.5mag. Now, with
the unparalleled high-resolution, deep JWST data, we can push such
analyses to much fainter sources. Nevertheless, in this first paper,
we focus on sources that are identified using very similar selection

MNRAS 000, 1–7 (2022)
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Which galaxies would we expect to contain the most 
dust?

i.e. those with the most metals (i.e., the mass ones):

From lecture 11:



Ratio of Obscured SFR to UV SFR vs. Stellar Mass
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Contribution of Dusty Galaxies to Star Formation Rate Density

REBELS: The Infrared Luminosity Function at z ⇠ 7 7

Figure 4. Star formation rate density against redshift for the REBELS sample at z ⇠ 7 and several works in the literature. The black line shows the total SFRD
from Madau & Dickinson (2014) whereas the orange shaded region shows the obscured SFRD (Zavala et al. 2021). Our results show a moderate SFRD calculated
from the fitted IRLF (red triangle) which increases if the two serendipitous normal dusty REBELS galaxies from Fudamoto et al. (2021) are taken into account
(orange dot). Similarly, Algera et al. (2022) obtains a larger contribution to the obscured star formation but in agreement within 1� error (dark orange dot).
DSFGs from the ALMA 2 mm photometric blind survey show a decrease in SFRD over redshift (purple squares; Casey et al. 2021). The 1.3 mm ALMA blind
survey presented in Dunlop et al. (2017) shows a obscured SFRD at 1 < z < 4.5 that decreases at z > 2 (purple diamonds). Khusanova et al. (2021) shows the
SFRD from the ALPINE survey at z ⇠ 5 (brown area). Also from ALPINE, Gruppioni et al. 2020 present a larger obscured SFRD which is decreasing at z > 3
(pink area) with the last redshift bin at z > 4 containing only one source (dashed pink area). Similarly, Wang et al. (2019a) shows a decreasing SFRD (light
purple area) with large uncertainty in the last bin at z ⇠ 4 (dashed light purple area). Koprowski et al. (2020) presented a constrained SFRD up to z ⇠ 4 (purple
area). REBELS results shows the presence of dust at z ⇠ 7 even in UV-selected galaxies.

most extreme SFRD described in the literature could be reproduced.
We also discuss the likely causes of these variances.

First, we investigate changes in the IRLF slope. Lower redshift
studies frequently find a slope of ↵ = �1.3, including more galaxies
with lower infrared luminosities (Hammer et al. 2012), but some high
redshift studies report shallower faint-end slopes of ↵ = �0.4 (Ko-
prowski et al. 2017; Zavala et al. 2021). In Figure 5, we compute the
IRLF for these two extreme cases by using ↵ = �2 and ↵ = �0.4,
respectively. Additionally, we used a wider luminosity range for
the integration than in previous sections of this work, allowing for
8 < log(LIR/L�) < 13 as in (Gruppioni et al. 2020). Nevertheless, we
cannot recreate values close to their SFRD, even in the most extreme
scenario (↵ = �2), yielding a SFRD ⇠ 6 ·10�3M�/Mpc3/yr.

This SFRD is, however, consistent with the findings of Talia et al.
(2021) (SFRD ⇠ 5 ·10�3M�/yr/Mpc3 at z ⇠ 5). It should be noted
that the analysis of Talia et al. (2021) was conducted using radio
galaxies with median LIR = 2.3±0.5⇥1012L�, and is thus based on
a di�erent set of assumptions than our IR-based estimates.

Despite the fact that it is common to compute the obscured SFRD
using the IRLF, some studies directly calculate it by using the indi-
vidual SFRs. For instance, the MORA survey performed blind 2mm
ALMA observations (Casey et al. 2021), and identified a number
of z ⇠ 4�6 DSFGs. They find SFRD ⇠ 10�3 M�/yr/Mpc3 at z ⇠ 6,
which is far lower than the previously mentioned studies such as
Talia et al. (2021) or Gruppioni et al. (2020). The key distinction is
that their photometric redshift estimates are based on submillimetre
data, which can be degenerate with dust temperature. Generally, how-
ever, the findings of Casey et al. (2021) are in good agreement with
ours, and their obscured SFRD is compatible with a z ⇠ 6 extension
of our SFRD at z ⇠ 7. This agreement also extends to the 1.3 mm
ALMA serendipitous sources at z < 4.5 from Dunlop et al. (2017).
Both Dunlop et al. (2017) and Casey et al. (2021) present a decrease
of obscured SFRD at z > 3 which likely continues beyond z > 6, as
suggested by our data.

Even if several obscured SFRD present large values at z ⇠ 5 (i.e.
Wang et al. (2019a); Gruppioni et al. (2020); Khusanova et al.

MNRAS 000, 1–9 (2022)
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Figure 7. The inferred dust-obscured star formation history is illustrated by the orange shaded region in the bottom panel.
For comparison, we plot independent measurements from the literature based on IR/sub-mm and UV surveys (orange circles
and blue squares, respectively) and the average unobscured star-formation derived from rest-frame UV optical surveys (i.e. not
corrected for dust attenuation; blue shaded region; Finkelstein et al. 2015). The total inferred SFRD derived in this work is
shown in gray. The uncertainties in our estimation include those from the best-fit parameters and cosmic variance. The middle
panel represents the fraction of obscured star formation, SFobs/(SFobs +SFunobs), and its associated uncertainty (lighter shaded
area). The contribution of dust-obscured galaxies, which dominates the cosmic star-formation history through the last ∼ 12Gyr,
rapidly decreases beyond its maximum, reaching values that are comparable to the unobscured star formation traced by the
rest-frame UV/optical surveys by z ≈ 4− 5. The top panel represents the contribution from galaxies with different luminosity
ranges to the dust-obscured SFRD, being dominated by ULIRGs (ultra-luminous infrared galaxies; 1012 < LIR < 1013 L⊙) and
LIRGs (1011 < LIR < 1012 L⊙).
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The rest-frame EW of various nebular emission lines   
(e.g. Hα) increases dramatically towards earlier times
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Shift in emission line properties among z > 9 galaxies

• Median Hβ EW increases by ~ 2× from 
6 < z < 9 to z > 9

Tang+26a
Tang+2026a (from JWST)

This is due to the evolution of SFR / M* = specific star formation rate
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Table 4
The slopes of the mass-size relation. The lower-redshift values are
from van der Wel et al. (2014) values, derived for the late-type
star-forming galaxies in their sample. The slopes for the Mosleh
et al. (2012), Grazian et al. (2012) and Ono et al. (2013) samples
were derived by us based on the derived masses (using the Stark
et al. 2013, conversions), without assuming any evolution in the
nebular emission EWs. The intercept (R0) is fixed at a mass of

1.⇥ 109M�

Redshift Intercept Slope Reference
(z) (R0, kpc) (�)

0.25 2.72 ± 0.04 0.25 ± 0.02 (1)
0.75 2.55 ± 0.04 0.22 ± 0.01 (1)
1.25 2.12 ± 0.04 0.22 ± 0.01 (1)
1.75 1.82 ± 0.04 0.23± 0.01 (1)
2.25 1.50 ± 0.04 0.22 ± 0.01 (1)
2.75 1.60 ± 0.04 0.18 ± 0.02 (1)
6 0.75 ± 0.18 0.14 ± 0.20 (2)
7 0.64 ± 0.05 0.24 ± 0.08 (3)
7 0.27 ± 0.07 1.35 ± 0.34 (4)
9-10 0.57 ± 0.05 0.12 ± 0.06 This work.

(1) van der Wel et al. (2014)
(2) derived by us from the Mosleh et al. (2012) data.
(3) derived by us from the Grazian et al. (2012) data.
(4) derived by us from the Ono et al. (2013) data.

the size evolution of star-forming galaxies to z ⇠ 10. Fig-
ure 8 shows the evolution of mean e↵ective radius with
redshift for luminous (> 0.3L⇤

z=3) and lower-luminosity
(< 0.3L⇤

z=3) galaxies. It is important to be mindful of lu-
minosity limits across redshift in examining size-redshift
evolution (see e.g., Cameron & Driver 2007). For com-
parison, we include the mean size measurements from
Bouwens et al. (2004), Oesch et al. (2010), Ono et al.
(2013), and Kawamata et al. (2014). We refer the reader
to Shibuya et al. (2015) for a discussion on the size evo-
lution using parametrizations other than the mean (e.g.,
mode).
As the best-fit trend may be partially driven by the

small uncertainties on the lower-redshift points, the value
of our new z ⇠ 9�10 size measurements for constraining
the size evolution is somewhat limited assuming a fixed
size-redshift scaling. Including our new z ⇠ 9 � 10 size
measurements and assuming a (1 + z)�m scaling of size
with redshift, the best-fit size-redshift scaling m we find
is 1.04 ± 0.09. Rederiving the scaling without our new
constraints at z ⇠ 9 � 10, we find 1.01 ± 0.10. Previ-
ously, Bouwens et al. (2004, 2006) and Oesch et al. (2010)
found a very similar dependence of mean size on red-
shift (see also Shibuya et al. 2015). For lower-luminosity
(< 0.3L⇤

z=3) galaxies, the evolution is much less certain
(m = 0.8 ± 0.1), though the (1 + z)�1.32 relation from
Oesch et al. (2010) also provides a reasonable fit. Such a
dependence is a generic expectation of theoretical mod-
els (e.g., Somerville et al. 2008; Wyithe & Loeb 2011;
Stringer et al. 2014, and others).
While we note only marginal improvements in our de-

termination of the best-fit scaling including our new mea-
surement, this is in the context of a model where galaxies
are assumed to scale as a power of 1 + z at all redshifts.
It is conceivable that at early enough times galaxy sizes
could scale di↵erently (e.g., due to the impact of the UV
ionizing background on gas cooling). In this context, we

Figure 8. The e↵ective radius as a function of redshift for our
sample for both bright (L > 0.3L⇤

z=3, top panel) and lower-
luminosity galaxies (L < 0.3L⇤

z=3, bottom panel). For comparison,
we show the mean sizes from earlier epochs from Bouwens et al.
(2004), Oesch et al. (2010), Ono et al. (2013), and Kawamata et al.
(2014). The mean size of the six potential interlopers to a z ⇠ 9�10
selection (see §4.1) is well above any expected relation at z ⇠ 9.
We do not include the Bouwens et al. (2011a) z ⇠ 2/z ⇠ 12 can-
didate as there is considerable doubt as to whether it is at z ⇠ 12
(Ellis et al. 2013; Brammer et al. 2013; Bouwens et al. 2013; Ca-
pak et al. 2013; Pirzkal et al. 2013). The dotted line shows the
best fits from Oesch et al. (2010). The dashed lines are our fits
to the Bouwens et al. (2004) and Oesch et al. (2010) values com-
bined with our mean size constraints at z ⇠ 9 � 10. We exclude
the Ono et al. (2013), and Kawamata et al. (2014) points because
these were derived using di↵erent methods. The solid gray line the
best fit for the high redshift (z > 5) points alone. The mean size
of L > 0.3L⇤

z=3 galaxies scale as (1 + z)�1.

have provided the first published constraints on the size
evolution of luminous galaxies from z ⇠ 10 to z ⇠ 8.
To illustrate, one can fit the evolution at the earliest

epochs (z � 5), where the statistical weight is no longer
in the lowest redshift points. We do so with and with-
out our z ⇠ 9 � 10 constraint for both the luminous
(> 0.3L⇤) and lower-luminosity samples. We plot these
fits to di↵erent redshift ranges in Figure 8 and provide
the best fit parameters in Table 5. Because so much
weight is in the lower redshift points (z < 5), the er-
rors are obviously the smallest if one includes the full
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Table 4
The slopes of the mass-size relation. The lower-redshift values are
from van der Wel et al. (2014) values, derived for the late-type
star-forming galaxies in their sample. The slopes for the Mosleh
et al. (2012), Grazian et al. (2012) and Ono et al. (2013) samples
were derived by us based on the derived masses (using the Stark
et al. 2013, conversions), without assuming any evolution in the
nebular emission EWs. The intercept (R0) is fixed at a mass of

1.⇥ 109M�

Redshift Intercept Slope Reference
(z) (R0, kpc) (�)

0.25 2.72 ± 0.04 0.25 ± 0.02 (1)
0.75 2.55 ± 0.04 0.22 ± 0.01 (1)
1.25 2.12 ± 0.04 0.22 ± 0.01 (1)
1.75 1.82 ± 0.04 0.23± 0.01 (1)
2.25 1.50 ± 0.04 0.22 ± 0.01 (1)
2.75 1.60 ± 0.04 0.18 ± 0.02 (1)
6 0.75 ± 0.18 0.14 ± 0.20 (2)
7 0.64 ± 0.05 0.24 ± 0.08 (3)
7 0.27 ± 0.07 1.35 ± 0.34 (4)
9-10 0.57 ± 0.05 0.12 ± 0.06 This work.

(1) van der Wel et al. (2014)
(2) derived by us from the Mosleh et al. (2012) data.
(3) derived by us from the Grazian et al. (2012) data.
(4) derived by us from the Ono et al. (2013) data.

the size evolution of star-forming galaxies to z ⇠ 10. Fig-
ure 8 shows the evolution of mean e↵ective radius with
redshift for luminous (> 0.3L⇤

z=3) and lower-luminosity
(< 0.3L⇤

z=3) galaxies. It is important to be mindful of lu-
minosity limits across redshift in examining size-redshift
evolution (see e.g., Cameron & Driver 2007). For com-
parison, we include the mean size measurements from
Bouwens et al. (2004), Oesch et al. (2010), Ono et al.
(2013), and Kawamata et al. (2014). We refer the reader
to Shibuya et al. (2015) for a discussion on the size evo-
lution using parametrizations other than the mean (e.g.,
mode).
As the best-fit trend may be partially driven by the

small uncertainties on the lower-redshift points, the value
of our new z ⇠ 9�10 size measurements for constraining
the size evolution is somewhat limited assuming a fixed
size-redshift scaling. Including our new z ⇠ 9 � 10 size
measurements and assuming a (1 + z)�m scaling of size
with redshift, the best-fit size-redshift scaling m we find
is 1.04 ± 0.09. Rederiving the scaling without our new
constraints at z ⇠ 9 � 10, we find 1.01 ± 0.10. Previ-
ously, Bouwens et al. (2004, 2006) and Oesch et al. (2010)
found a very similar dependence of mean size on red-
shift (see also Shibuya et al. 2015). For lower-luminosity
(< 0.3L⇤

z=3) galaxies, the evolution is much less certain
(m = 0.8 ± 0.1), though the (1 + z)�1.32 relation from
Oesch et al. (2010) also provides a reasonable fit. Such a
dependence is a generic expectation of theoretical mod-
els (e.g., Somerville et al. 2008; Wyithe & Loeb 2011;
Stringer et al. 2014, and others).
While we note only marginal improvements in our de-

termination of the best-fit scaling including our new mea-
surement, this is in the context of a model where galaxies
are assumed to scale as a power of 1 + z at all redshifts.
It is conceivable that at early enough times galaxy sizes
could scale di↵erently (e.g., due to the impact of the UV
ionizing background on gas cooling). In this context, we

Figure 8. The e↵ective radius as a function of redshift for our
sample for both bright (L > 0.3L⇤

z=3, top panel) and lower-
luminosity galaxies (L < 0.3L⇤

z=3, bottom panel). For comparison,
we show the mean sizes from earlier epochs from Bouwens et al.
(2004), Oesch et al. (2010), Ono et al. (2013), and Kawamata et al.
(2014). The mean size of the six potential interlopers to a z ⇠ 9�10
selection (see §4.1) is well above any expected relation at z ⇠ 9.
We do not include the Bouwens et al. (2011a) z ⇠ 2/z ⇠ 12 can-
didate as there is considerable doubt as to whether it is at z ⇠ 12
(Ellis et al. 2013; Brammer et al. 2013; Bouwens et al. 2013; Ca-
pak et al. 2013; Pirzkal et al. 2013). The dotted line shows the
best fits from Oesch et al. (2010). The dashed lines are our fits
to the Bouwens et al. (2004) and Oesch et al. (2010) values com-
bined with our mean size constraints at z ⇠ 9 � 10. We exclude
the Ono et al. (2013), and Kawamata et al. (2014) points because
these were derived using di↵erent methods. The solid gray line the
best fit for the high redshift (z > 5) points alone. The mean size
of L > 0.3L⇤

z=3 galaxies scale as (1 + z)�1.

have provided the first published constraints on the size
evolution of luminous galaxies from z ⇠ 10 to z ⇠ 8.
To illustrate, one can fit the evolution at the earliest

epochs (z � 5), where the statistical weight is no longer
in the lowest redshift points. We do so with and with-
out our z ⇠ 9 � 10 constraint for both the luminous
(> 0.3L⇤) and lower-luminosity samples. We plot these
fits to di↵erent redshift ranges in Figure 8 and provide
the best fit parameters in Table 5. Because so much
weight is in the lower redshift points (z < 5), the er-
rors are obviously the smallest if one includes the full

size ∝ (1+z)-1.1

Holwerda, RJB, +2015 (see also Shibuya+2015)

How do the Sizes of the Star-Forming Regions  
in Galaxies Evolve?
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Shibuya+15 Size ∝ (1+z)-1.1
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Strong NIV] + Compact

MoM-z14

GNz9p4
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Fig. 5.— A size-abundance bimodality among bright z > 10 galaxies. Figure adapted from Harikane et al. (2025) who reported
this trend (see also Schaerer et al. 2024). Two types of sources are evident in the size-redshift plane (left) and size-EW plane (right) –
compact N iv] emitters such as MoM-z14 (purple, navy) and extended sources with weak N iv] such as JADES-GS-z14-0 (orange). The
extrapolated size evolution from Shibuya et al. (2015) (silver band) is shown in the left panel for guidance. MoM-z14 joins GNz11 and
GLASSz12/GHz2 as extremely compact outliers at z > 10, with sizes < 5 � 10⇥ what would be expected from the scaling relation. The
measurements shown here are compiled from the following sources: GNz11 (Tacchella et al. 2023a; Bunker et al. 2023), GLASS-z12/GHz2
(Castellano et al. 2024), GNz9p4 (Schaerer et al. 2024), JADES-GS-z14-0 (Carniani et al. 2024), Maisie’s Galaxy (Finkelstein et al. 2023;
Arrabal Haro et al. 2023), RXCJ2248-ID (Topping et al. 2024), Gz9p3 (Boyett et al. 2024), and CEERS2-588 (Harikane et al. 2024a).

pact despite showing high UV luminosity (Fig. 5 shows
the scaling for MUV ⇠ �21 mag sources; Shibuya et al.
2015). Further, as we will discuss in §4.3, MoM-z14
shows similar indications of super-solar nitrogen suggest-
ing a common evolutionary channel for these compact
sources. However, it is worth noting that, while compact,
MoM-z14 is not dominated by a central point-source un-
like these objects that disfavor an AGN as the dominant
source of the UV light (Tacchella et al. 2023a; Ono et al.
2023; Maiolino et al. 2024).

3.2.2. SED Modeling

We model the SED using the prospector Bayesian
modeling framework (Leja et al. 2017, 2019; Johnson
et al. 2021). Our setup closely follows the choices val-
idated in Tacchella et al. (2022); Naidu et al. (2022c,
2024). We use FSPS (Conroy et al. 2009, 2010; Conroy &
Gunn 2010b) with the BPASS stellar models (Stanway &
Eldridge 2018), in particular the v2.2 -bin-imf135all

100 models that assume a Salpeter (1955) IMF with a
100M� cuto↵. Nebular emission is modeled with the
CLOUDY (Ferland et al. 2017) grid produced in Byler et al.
(2017). The parameters we fit include seven bins describ-
ing a non-parametric star-formation history, the total
stellar mass, stellar and gas-phase metallicities, nebular
emission parameters, and a flexible dust model (Kriek &
Conroy 2013). We adopt a “bursty continuity” prior for
the star-formation history (Tacchella et al. 2022) with
the time bins logarithmically spaced up to a formation
redshift of z = 20. We hold the first two bins fixed at
lookback times of 0-5 and 5-10 Myr to capture bursts
that power strong emission lines (e.g., Whitler et al.
2022; Tacchella et al. 2023b) that are increasingly ubiq-
uitous towards the Epoch of Reionization and beyond
(e.g., Matthee et al. 2023; Meyer et al. 2024; Covelo-Paz
et al. 2025; Lin et al. 2025). Posteriors are sampled using
dynesty (Speagle 2018). It is important to note that sys-

tematic uncertainties loom over our model assumptions.
For example, it is unclear whether our adopted IMF is
applicable to a luminous z = 14.44 galaxy (e.g., Cameron
et al. 2024; Hutter et al. 2025; Yung et al. 2024). The
SED fitting results must therefore be viewed as a baseline
set of quantities derived under canonical assumptions.
We fit the model at fixed redshift to the NIRCam pho-

tometry and the integrated C iii] emission line flux. Of
all the lines observed, C iii] is modeled best by the Byler
et al. (2017) grid. The other lines are interpreted in the
following section using a more flexible model (Cue; Li
et al. 2024a) that is capable of capturing, e.g., super-
solar [N/O] to produce strong nitrogen lines. The pos-
teriors of the SED and star-formation history (SFH) are
shown in Fig. 6. The quality of the fit is reasonable
(�2/N = 1.2), with the key area for improvement be-
ing the C iii] line flux that is underestimated by 0.3 dex.
We note that this disagreement is 2⇥ worse when using
the MIST (Choi et al. 2017, 2020) stellar library with a
Chabrier (2003) IMF.
We infer MoM-z14 to be a relatively low-mass galaxy,

comparable to the present-day Small Magellanic Cloud
(⇡ 108M�; van der Marel et al. 2009). There is neg-
ligible dust attenuation, as evidenced by the blue UV
slope (�UV ⇡ �2.5). We are observing this source dur-
ing a burst phase, wherein the star-formation rate may
have increased by up to an order of magnitude in a short
span of ⇡ 10 Myr. We have verified that the high C iii]
EW is driving this rise in the SFH – a fit without this
line returns a prior-dominated, relatively flat SFH. In-
deed, dedicated grids built to explore C iii] show that
⇡ 15Å EWs signal . 5 Myr bursts, high ionization pa-
rameters (logU & �2), and low gas-phase metallicities
(. 10%Z/Z�) (e.g., Jaskot & Ravindranath 2016; Naka-
jima et al. 2018). While the galaxy is in the throes of a
burst, we cannot rule out the presence of even older stel-

Naidu+2025 (to z~14.5)

Mirrors the 
evolution of the 

halo sizes



How do the Sizes of the Star-Forming Regions  
in Galaxies Evolve?

Observations: 
size ∝ (1+z)-1.1

Consistent with expectations from 
lecture 8:

rdisk = λR200 / 21/2From lecture 2:



Do Galaxies Drive Cosmic Reionization? 



Cosmic Reionization: Evidence

Fraction of Neutral Hydrogen > 0.1% at z>6 

Gunn-Peterson Trough

Fan+2006

Absorption studies of bright z>5.9 
quasars: Reionization is likely completed 

around z~6



Planck Thomson optical depth τ 
measurements: 0.055 ± 0.009

(Integral Constraint on electron column density “ionized material” from 
z~1000 to z~0)

Planck Consortium+2016

Cosmic Reionization History:
 Beginning: z>10, 
Mid-point: z~8, 

Completion: z~6

Cosmic Reionization: Evidence



GOAL: Photons to
Reionize Universe

1.  ρUV (UV luminosity density)

Product of 3 Factors

2.  ξion (conversion factor from UV to ionizing photons)

3.  fesc (fraction of ionizing photons that escape into the 
IGM)

Uncertain, but let’s assume 10%

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

Ionizing Emissivity from Galaxies:



FAINTBRIGHT

Integrate the UV Luminosity Function to 
calculate the total emissivity in UV 
photons from galaxies vs. redshift

GOAL: Photons to
Reionize Universe

RJB+2015

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

Illustrative Results
at z~6
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1.  ρUV (UV luminosity density)

Assume normal
ξion and fesc ~ 10%



Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

Leverage observations from the Hubble 
Frontier Fields Program

Identify some ~300 z~6 galaxies behind the 
HFF clusters 

Frontier	Fields

6	clusters	+	6	parallel	fields:

840	orbits	of	truly	remarkable	
ACS	and	WFC3/IR	data	

1000	hours	of	Spitzer	IRAC

Three Cycle-22 Programs to Better Constrain 
Prevalence of z~9-10 Galaxies

Frontier Fields Program:

Bouwens+2015 CANDELS 
Follow-Up Program

Frontier

Trenti+2015 BoRG[z910]

(480 orbit program)

Leverage 1000 arcmin2 in search area (full 
CANDELS + 500 arcmin2 in additional search 

area) to search for bright z~9-10 galaxies 
6 bright z~9-10 galaxies (Oesch+2014) 

 ➞ 20 bright z~9-10 galaxies
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Leverage 12 ultra-deep blank + 
cluster HST WFC3/IR fields to 
look for faint z~9-10 galaxies

>20-30 z~9-10 GalaxiesRJB+2017; Lotz+2017; Coe+2015

combine power of gravitational lensing with 
long exposures with HST



FAINTBRIGHT

Three Cycle-22 Programs to Better Constrain 
Prevalence of z~9-10 Galaxies

Frontier Fields Program:

Bouwens+2015 CANDELS 
Follow-Up Program

Frontier

Trenti+2015 BoRG[z910]

(480 orbit program)

Leverage 1000 arcmin2 in search area (full 
CANDELS + 500 arcmin2 in additional search 

area) to search for bright z~9-10 galaxies 
6 bright z~9-10 galaxies (Oesch+2014) 

 ➞ 20 bright z~9-10 galaxies
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IG
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T

Leverage 12 ultra-deep blank + 
cluster HST WFC3/IR fields to 
look for faint z~9-10 galaxies

>20-30 z~9-10 Galaxies

Introducing a curvature parameter and 
forward-modeling lensing

errors (important for coping with 
magnification uncertainties) we derive 

68-95% confidence intervals.  

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

In deriving constraints on the LF, we give 
special attention to the impact that 
uncertainties in the source size
distribution have on the result.

RJB+2017
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FAINTBRIGHT

Integrate the UV Luminosity
Function to calculate the total

HUDF
GOAL: Photons to
Reionize Universe

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

RJB+2017
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Assume normal
ξion and fesc ~ 10%





FAINTBRIGHT

Integrate the UV Luminosity
Function to calculate the total

GOAL: Photons to
Reionize Universe

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

Atek+2026
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Fig. 7.— The rest-frame UVLF at z ⇡ 7 derived using three inde-
pendent gravitational lensing mass models to evaluate systematic
uncertainties (see Section 4). The data points and corresponding
Schechter function fits represent results based on the mass model-
ing of Furtak et al. (in prep) Beauchesne et al. (2024) and (Richard
et al. 2014b). Each model derivation self-consistently incorporates
lensing-related corrections, including individual source magnifica-
tion factors, completeness functions, and the e↵ective source-plane
area as a function of magnification. The divergence observed at all
magnitudes highlights the impact of mass-model systematics on
the determination of the faint-end slope ↵.
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Ishigaki+18 z = 7

Fig. 8.— Same as Figure 5 but using a modified Schechter func-
tion allowing a rollover of the UVLF at the faint end.

6.1. Comparison with Cosmological Simulations

The observed disagreements primarily stem from the
varying implementations of feedback and numerical res-
olution in simulations:

6.1.1. Radiative and SN Feedback

The Sphinx simulations (Rosdahl et al. 2018) align
more closely with our observed steep faint-end slope, al-
beit with a flattening beyond MUV=�13. Using high-
resolution radiation hydrodynamics, these simulations
achieve a physical resolution of approximately 10 par-
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Fig. 9.— Same as Figure 6 but using a modified Schechter func-
tion allowing a rollover of the UVLF at the faint end, providing
two additional parameters, the turnover magnitude Mturn and the
turnover curvature �.

secs and a star-particle mass resolution of 103M�. This
level of precision allows for a detailed treatment of the
interstellar medium, capturing the complex interplay be-
tween radiation and gas at the scales where individual
star clusters form and interact with their surroundings.
Because internal feedback mechanisms take precedence
over global radiative heating in these simulations, small
galaxies continue forming stars even in the presence of a
UV background, mirroring the continuous rise in galaxy
counts down to MUV⇡ �13 seen in current observations.
In the case of a steep faint end rather than a turnover
at MUV⇡ �12, the feedback prescriptions, specifically
the calibrated strength of radiative and supernova feed-
back, may still require fine tuning for the most dwarf-like
systems.

The CROC (Cosmic Reionization On Computers) sim-
ulations (Gnedin 2016) model the epoch of reionization
across large statistical volumes. Unlike higher-resolution
suites, CROC operates at a coarser physical resolution
of ⇠ 100 pc, which is insu�cient to resolve the internal
structure of the interstellar medium or individual star-
forming regions. To compensate for this, CROC, like
numerous simulations, relies on sub-grid recipes for star
formation and feedback. These recipes are calibrated
against the UVLFs to ensure the simulation produces a
realistic number of galaxies, just like the SN feedback in
the Sphinx simulations is calibrated to reproduce pre-
JWST z ⇠ 6 UVLF. However, because these calibrations
are based on the brighter galaxies, the model’s physics
remains largely untested in the extremely faint galaxy
regime (MUV> �13). If the model’s star formation ef-
ficiency is too low for a given halo mass, it will under-
predict the number density (�) at such observed magni-
tudes.

The ENZO-based Renaissance simulations (O’Shea

Including deep 
JWST data



GOAL: Photons to
Reionize Universe

RJB+2016

Bluer 
Galaxies

Red 
Galaxies

Ionizing Photons per UV-continuum Photons

Incorporate Impact of Stronger 
than Expected Line Emission in 

z>=2 Galaxies

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

2.  ξion (conversion factor from UV to ionizing photons)

Assume fesc ~ 10%



GOAL: Photons to
Reionize Universe

Now including new JWST results 
(From Simmonds+2026 talk)

Ionizing Photons per UV-continuum Photons

Incorporate Impact of Stronger 
than Expected Line Emission in 

z>=2 Galaxies

Do galaxies produce enough UV / ionizing photons 
to reionize the universe?

2.  ξion (conversion factor from UV to ionizing photons)

Assume fesc ~ 10%

  

The Cosmic Ionising Budget

e.g., Maseda+2020; Endsley+2021,2024; Stefanon+2022; Ning+2023; Prieto-Lyon+2023; 
Rinaldi+2023; Simmonds+2023,2024a,c; Tang+2023; Harshan+2024; Kumari+2024; Pahl+2024; 

Saxena+2024;Choustikov+2025

SMF x fesc x nion UVLF x fesc x ξion

Integral of properties that depend on redshift, 
stellar mass and/or MUV 

Ionising emissivity
[photons s-1]

ionising photon production efficiency 
[Hz erg-1] 

bright

faint

bright

faint

Stefanon+2022 includes measurements from Stark+2015,2017, Marmol-Queralto+2016, Nakajima+2016, 
Bouwens+2016, Matthee+2017, Harikane+2018, Shivaei+2018, DeBarros+2019, Lam+2019, Faisst+2019, 

Tang+2019, Nanayakkara+2020, Emami+2020,Endsley+2021, Atek+2022, Naidu+2022  

c

coloured points = LAEs and ELGs

Evolution of ionising photon production efficiency


