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What are the main reasons to study galaxies in the early 
universe? 

- Characterize how galaxies and stars first form and evolve

- Characterize the build-up of metals and dust within galaxies, as 
well as their gaseous reservoirs

- Investigate the role early galaxy build-up + star formation plays in 
the reionization of the universe



Clues from the Hubble Space Telescope and Spitzer
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Fig. 4.— (upper) Histogram of the # of sources vs. redshift for the HST selections considered here. (lower) Redshift vs. apparent
magnitudes (filled circles) for all sources in the present HST samples (and those of Oesch et al. 2018a). The green filled circles indicate
sources which are spectroscopically confirmed while the blue filled circles indicate sources which have not yet been spectroscopically
confirmed. Due to the large number of sources in our samples, the bulk of the sources shown with circles (and most of the spectroscopically
confirmed galaxies) lie behind other sources. The source at z ! 11.1 and with an H160,AB magnitude of 25.9 mag is GN-z11 (Bouwens et
al. 2010; Oesch et al. 2014, 2016).

of COS910-1, EGS910-9, and EGS910-10, with estimated
P (z > 8) probabilities of 0.97, 0.75, and 1.0, respectively,
and strengthen the case that EGS910-15 is at z > 8, with
P (z > 8) being 0.56.
Our previous z ! 4-10 LF study (Bouwens et al. 2015)

made no use of a separate z ! 9 selection, and there-
fore many z ! 9 galaxies might have been included in
their z ! 7 and z ! 8 samples (which included a tail ex-
tending up to z ! 9). We therefore inspected the z ! 7
and z ! 8 samples from Bouwens et al. (2015) to search
for overlap with our new z ! 9 samples and eliminated
any sources in common (10 candidates). Additionally,
we recomputed the selection volumes from Bouwens et
al. (2015) to explicitly exclude sources that would also
satisfy the present z ! 9 selection criteria.

2.9. Derived Samples of z ! 2-9 Galaxies

Applying our selection criteria to the WFC3/UVIS +
optical ACS + WFC3/IR observations over the GOODS
South and GOODS North fields, we identify a total of

5766 z ! 2 galaxies and 6332 z ! 3 galaxies. The surface
density of sources in our z ! 2 selections as a function
of the apparent magnitude in the V606 band is shown in
Figure 2, while the surface densities of our z ! 3 HDUV,
UVUDF, and ERS samples are presented as a function
of the I814, i775, and I814 band magnitudes, respectively.
These bands probe close to 1600Å in the rest frame.
For comparison, Hathi et al. (2010) identified 66 z !

1.7 UV225 dropouts, 151 z ! 2.1 UV275 dropouts, and 256
z ! 2.7 U336 dropouts over the !50 arcmin2 WFC3/IR
ERS field. Meanwhile, Oesch et al. (2010) find 60 UV225,
99 UV275, and 403 U336 dropouts over the same ERS
field. Combining the individual subsamples, Hathi et al.
(2010) and Oesch et al. (2010) find 473 z ! 2-3 and 562
z ! 2-3 galaxies over the ERS field. While we find a
much larger number of sources over the ERS, i.e., 2307
sources, the z ! 2 and z ! 3 selections of Hathi et al.
(2010) and Oesch et al. (2010) cut o! approximately !1.2
mag brightward of our selections due to their use of more
restrictive selection criteria. If we similarly cut o! our

Loads of Galaxies have been found over the past 20 years and out to z~11+

From HST+Spitzer
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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

Spectroscopically-Confirmed Galaxy at z=11.0
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Fig. 2 Detection of the [C III] l1907 and C III] l1909 emission lines. (a) Part of the K-
band 2D spectrum with the two lines (enclosed by the vermillion circles) detected at a 
significance of 2.6σ and 5.3σ, respectively. The two negative signals enclosed by the blue 
circles are produced by our data reduction for standard ABBA observations (Methods). (b) A 
smoothed version of the 2D spectrum to better illustrate the detection of the lines; a Gaussian 
filter with a size of 2.5 pixels is used. (c) Extracted 1D spectrum. The grey area represents the 
1σ uncertainty region. The hatched area indicates a region affected by skylines. The two 
emission lines are shown in green. The vermillion solid profile is the best-fit Gaussian to the 
C III] l1909 line. The vermillion dashed profile is the same Gaussian profile, but scaled to 
match the [C III] l1907 flux and shifted to match the [C III] l1907 wavelength. (d) Same as 
(c), but of the smoothed 2D spectrum (b). 

Oesch+2016; Jiang+2021

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

Clues from new James Webb Space Telescope Data

Naidu+2022; but see also Castellano+2022
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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

→ z = 10.7

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



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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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/

Naidu+2022; but see also Castellano+2022
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Figure 7. Best-fit solution for the SED and photometric redshift of SMACS_z16a. Upper row: Best-fit SED using the BEAGLE code. Left: Best-fit SED (black
solid curve) with the observed photometric data (blue points) and expected model photometric points (black points) and associated uncertainties (pink areas).
Right: Triangle plot of the posterior probability distribution of the four fitted galaxy parameters: redshift, stellar mass, stellar age and extinction. Bottom
row: Best-fit SED using the EAZY code. Left panel: The best-fit SED over-plotted over the observed flux densities (in dark squares). Model flux densities are
shown in blue circles. The band in which the source is not observed, NIRISS F115W which is not considered in the fit, is marked with a faint gray cross. The
Lyman-break of the SED of this galaxy is estimated at I = 15.8 and the redshift probability distribution function is shown in the right panel. Both codes agree
on a high-redshift solution with a relatively narrow posterior distribution and which does not show a secondary peak at lower redshift.

indicate that an evolved stellar population was already in place at
those early epochs, which is confirmed by the best-fit SED with
a stellar age around ⇠ 400 Myr. An example for our 9 < I < 11
objects is shown in appendix B.

6 DISCUSSION

While observing through a lensing cluster o�ers invaluable flux am-
plification, it also results in a smaller survey area in the source plane.
The field-of-view in the NIRCam image plane is about 9.7 arcmin2,
which translates into 7.23 arcmin2 in the source plane after de-

lensing. Although the area reduction is still reasonable (because
one of the NIRCam modules is less a�ected by magnification),
wide-area surveys are more prone to uncover rare and bright high-
redshift galaxies (e.g. Roberts-Borsani et al. 2016; Oesch et al. 2016;
Bowler et al. 2020; Harikane et al. 2022), while lensing-assisted
surveys are sensitive to the fainter population. While some of our
sources are relatively bright, they all have luminosities around, or
below, the characteristic luminosity "

¢ at I ⇠ 9 � 10 (Oesch
et al. 2018; Bouwens et al. 2021). The highest redshift candidate
in our sample, SMACS_z16, has an intrinsic UV magnitude of
"UV = �21.23± 0.27, which is fainter than previous the very high
redshift candidates Gn_z11 and HD1, and slightly brighter than the

MNRAS 000, 1–?? (2022)
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Table 2. Complete list of our high-redshift candidates identified behind SMACS0723 with their derived parameters.

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

I ⇠ 9 � 11 candidates

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

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

�0.01 8.02+0.01
�0.01 < 1 0.65

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

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

�0.25 7.18+0.68
�0.81 < 1 0.55

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

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

�0.30 7.25+0.73
�0.92 < 1 0.45

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

�0.90 < 1 0.39

I ⇠ 11 � 15 candidates

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

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

�0.33 7.51+0.40
�0.43 < 1 0.28

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

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

�0.48 7.50+0.61
�0.86 < 1 0.34

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

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

�0.47 7.46+0.77
�0.81 4.0 ± 1.0 1.99

I > 15 candidates

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

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

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

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

�0.42 and a stellar age

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

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

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

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

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

�0.39.

In the lowest redshift range, 9 < I < 11, some sources around
I ⇠ 10 show indication of a Balmer break as a clear excess in the
F444W-band. An example is shown in Fig. 10, where flux excess is
observed relative to a flat continuum in the bluer bands. This could
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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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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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Figure 2. Fits of model spectral energy distributions to the observed HST + JWST photometry and constraints on the redshift likelihood distribution.

Figure 3. Fits of model spectral energy distributions to the observed HST + JWST photometry and constraints on the redshift likelihood distribution.

Figure 4. Fits of model spectral energy distributions to the observed HST + JWST photometry and constraints on the redshift likelihood distribution.
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Figure 4. Fits of model spectral energy distributions to the observed HST + JWST photometry and constraints on the redshift likelihood distribution.
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Even Provided Insight into Some z>10 Candidates from the Hubble Ultra Deep Field

z>~10 Candidate from HUDF 
(Bouwens+2011, Nature)

And many other studies:
Adams+2022;  Castellano+2022; Yan+2022;  

Finkelstein+2022; Harikane+2022; Whitler+2022; 
Bradley+2022 — which have identified galaxies at z>=10
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Figure 1. Composite imaging and photometric data for Galaxy ID 04590 at redshift I = 8.50. The distant source appears red with multiple components in
a F090W-F150W-F444W false-color image (upper left; scale bar and compass provided for reference). In the individual NIRCam filters, the varying relative
strength of the rest-frame optical emission of the collective sources is apparent (upper right, middle row). The forcephomodel of the system shows that the top
two components are strong F090W dropout sources, while the bottom source shows weak F090W emission (upper right, top row). The small residuals between
the model and the data demonstrate the e�ectiveness of forcepho in capturing the multiband morphology of the source. forcepho may also be used to model
the source photometry with high-accuracy (bottom right; black points correspond to the top component of the forcepho model. NIRCam filter transmissivity
curves are shown as shaded regions) and is in rough agreement with 0.3” radius aperture photometry. The forcepho photometry is used in conjunction with the
NIRSpec spectrum (lower left; red line. Shaded region shows the chip gap.) to supply the empirical constraints on our Prospector spectral energy distribution
model (lower right; gray line). Both the photometry and emission line strengths are fit simultaneously by Prospector. The resulting SED model reveals a
star-forming galaxy with strong emission line flux contributions to the rest-frame optical light.

fluxes. In Figures 1, 2, and 3 we show examples of the data, model,
and stacked residuals for one draw from the MCMC chain. We have
varied the number of sub-components used for the sources and find
similar total fluxes. Due to uncertainties in photometric calibration
and other factors a�ecting these very early data, we adopt an error
floor of 10% on the photometry.

The forcepho fits to the images also provide size estimates. For
the single component of Galaxy ID 04590 this is taken directly from
the half-light radius of the fitted Sérsic profile. For the other two
Galaxy IDs that have multiple components, we estimate a combined
e�ective half-light radius by generating a model image with the PSF
removed using the F150W fluxes, compute the barycenter, and deter-
mine the radius containing half the combined model flux. This yields
half-light radii of 0.04100 ± 0.004 (0.19± 0.02 kpc), 0.10300 ± 0.010
(0.52± 0.05 kpc) and 0.08000 ± 0.008 (0.40± 0.04 kpc) respectively
for Galaxy ID 04590, 06355, and 10612. The size for Galaxy ID
10612 is driven by the separation between the two dominant compo-
nents, which are each . 0.0300 in half-light radius. We note that we
have not corrected these sizes for lensing distortions (Section 2.5).
We expect this e�ect to be small for Galaxy ID 06355 and 10612,
because they are only weakly magnified. This e�ect could however
be more substantial for Galaxy ID 04590, indicating that our size is
possibly an upper limit.

2.2 NIRSpec spectroscopy

NIRSpec observations for SMACS0723 were carried out using two
disperser/filter combinations, but given the redshift of our targets,
in this work we use only data from the G395/F290LP combination,
covering the wavelength range 2.9–5.2 �m with a spectral resolution
' ⇠ 1000. The observations consist of two pointings, with a total
integration of 8,840 seconds.

In this paper, we use the fully reduced spectra from Curti et al.
(2022)1, which are based on level-2 data from the MAST archive
and were processed using the GTO pipeline (NIRSpec/GTO collab-
oration, in prep.; Ferruit et al. 2022). The data and data reduction
procedure are already described in Curti et al. (2022), so here we
report only a summary.

The GTO pipeline uses a custom flagging and masking algo-
rithm for bad pixels and cosmic rays, which e�ectively removes
all artefacts from the final spectra. The extraction is performed with
a custom aperture, using a boxcar extraction. After inspecting the
exposures of the individual nods, it was found that one of the shut-
ters on which Galaxy ID 04590 was nodded did not open in Obs 7
(Rawle et al. 2018); the a�ected nod positions were discarded before

1 The 1-d spectra are publicly available at https://doi.org/10.5281/
zenodo.6940561

MNRAS 000, 1–14 (2022)
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Å

�
1 ]

[O
II

I]
50

07

H
b

[O
II

I]
43

64

H
38

89

[O
II

I]
49

60

H
eI

58
77

H
eI

44
72

[O
II

]3
72

9
[O

II
]3

72
6

H
d

[N
eI

II
]3

87
0

H
39

70

H
g

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Wavelength [µm]

100

101

102

103

F n
[n

Jy
]

F090W F150W F200W F277W F356W F444W

ForcePho Photometry
r = 0.3” Aperture
Prospector

Figure 2. Same as Fig. 1, but for Galaxy ID 06355 at redshift I = 7.67.

5 kpc

N

E

F090W F150W F444W

Galaxy ID 10612 z = 7.66 F090W F150W F200W F277W F356W

M
od

el

F444W

D
at

a
R

es
id

ua
l

3.0 3.5 4.0 4.5 5.0

Wavelength [µm]

0

1
2

F l
[1

0�
19

er
g

s�
1

cm
�

1
Å
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Figure 3. Same as Fig. 1, but for Galaxy ID 10612 at redshift I = 7.66.
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Spectroscopic Information on Metallicities and Abundance Patterns in z~8 Galaxies
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EUCLID

High-Redshift Universe Appears to Be Full of Large 
Numbers of Star-Forming Galaxies for Euclid to Study



High-Redshift Universe Appears to Contain Many Bright 
Star-Forming Galaxies for Euclid to Study

Naidu+2022

Luminous Galaxies at z ⇡ 11� 13 5

GNz11

HD1

GLz13

GLz11

Figure 3. Absolute UV magnitude vs. Redshift for a representative sample of known galaxies in the first billion years

of the Universe. Galaxies with photometric redshifts, sourced from Bouwens et al. (2022), are shown as points, and those

with spectroscopic redshifts compiled from the literature as squares. The candidates presented in this work are depicted as

purple stars, and populate a hitherto unoccupied region of parameter space. The brightness of these sources present a unique

opportunity to e�ciently extend the spectroscopic frontier to the first few hundred Myrs after the Big Bang.

Table 1. 5� Depth of JWST Data in

this Analysis

Band GLASS-ERS CEERS-ERS

F090W 28.9 · · ·
F115W 28.9 28.6

F150W 28.7 28.5

F200W 28.9 28.8

F277W 29.0 28.9

F356W 29.0 28.9

F410M · · · 28.2

F444W 29.4 28.6

Note—Measured in 0.0032 diameter circu-
lar apertures.

> 84% of their derived redshift probability distribution
function, p(z), lying at z > 10.
We further require > 10� detections in both F356W

and F444W. These bands sample the rest-frame UV at
z > 10 and are critical in establishing the flux levels
with respect to which we seek strong Lyman breaks.

Table 2. Photometry in

units of nJy

Band GL-z11 GL-z13

F090W 3±3 1±2

F115W 1±3 4±3

F150W 56±6 6±3

F200W 74±3 58±2

F277W 82±3 42±2

F356W 73±2 38±2

F444W 83±8 39±1

Note—We set an error floor of
10% on our measured fluxes
for EAZY and Prospector fits
to account for systematic un-
certainty not reflected in the
errors stated above.

We inspect images of every candidate source for
data quality issues (e.g., contamination from neighbors,
di↵raction spikes, location on the edge of the detec-
tor). In tandem, we examine plausible low-z solutions

z=16.6

Euclid

Donnan+2022; 
Harikane+2022;

Naidu+2022;
Zavala+2022
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Study with Euclid
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cosmological models (e.g., [90,91]) we will determine 
the masses of the typical halos hosting these galaxies. 
Combined with the measured stellar masses, these 
enable us to quantify the efficiency of star formation 
in the first billion years of the universe, and hence 
the evolution in this efficiency with cosmic time (see 
also section 2 above). The clustering measurements 
will also allow us to investigate the likely descendants 
of these massive galaxies at later cosmic times. 

The Euclid Deep Survey images will have 
accompanying slitless spectroscopy data, which will 
allow us to identify which of these massive galaxies at 
z>6 are Lyman-alpha emitters (only these will be 
detected in the slitless spectroscopy). In this way, we 
will quantify the evolution of the Lyman-alpha emitter 
fraction for these galaxies and exploit the information 
this provides on the ionizing emissivity to estimate the 
impact of these galaxies on cosmic reionization.  
Where possible we leverage future JWST data of these 
galaxies to refine our characterization.   We will 
directly compare our results with new simulation 
results. The Euclid Wide Survey (over 15,000 deg2) will 
allow us to explore extending these results to even 
higher mass galaxy at z>6. 

The Euclid data also provide the means to study and model the effects of AGN feedback in detail.  

AGN feedback is invoked by virtually all galaxy evolution models to resolve discrepancies with observations, such as 
overcooling of gas at cluster centres, and overabundance of massive galaxies[92]. There are two flavours of AGN 
feedback, radio mode and quasar mode. Radio model is predicted to dominate at z < 1 and in massive galaxies. Despite 
the central importance of AGN feedback, it remains one of the least understood ingredients of galaxy formation models.  
The subgrid recipes routinely used in simulations need to cover over 9 orders of magnitude in scales, from scales 
resolved in the simulations down to the size of the accretion disk in the AGN. 

With Euclid we will be able to achieve a much better understanding of the impact of AGN feedback on galaxy evolution 
and cosmology, by mapping out the highly complex, multi-dimensional, relations between AGN properties and host 
galaxy properties as a function of cosmic time and environment. Such population studies are the expertise of Röttgering 
and Wang. This endeavour is only possible thanks to the unprecedented statistical power of Euclid, its superb imaging 
quality and extensive array of multi-wavelength data from space and ground, in particular from the LOFAR radio[93] 
and WEAVE spectroscopy[94] surveys. The combination of these massive multi-wavelength data sets is a factor 100-
1000 larger than before. 

Galaxies are ecosystems that exhibit a diverse range of shapes, masses, sizes, stellar populations, gas content, 
metallicities and star-formation histories. Also, a huge variety of AGNs are observed, ranging from weak activity at the 
centres of some galaxies, to explosive events in quasars that produce luminous emission over the entire spectrum. 
Euclid will be of paramount importance for providing unprecedented huge samples of star-forming galaxies and AGNs, 
determining galaxy size and morphology, mass, star-formation rate, host dark matter halo mass and environment. 
LOFAR will detect and map every radio loud AGN in the Universe. The detailed structures of the unprecedented number 
of extended radio sources will provide a unique tool for studying the life cycle of nuclear activity, the transfer of energy 
from the nuclear massive BH to the galaxy as a whole and its possible effects on galaxy star formation and evolution. 
WEAVE will provide spectra for 1 million LOFAR sources, not only giving accurate redshifts, but also a measure of their 
star-formation rate, accretion rate, the ionisation state of the gas and the velocity width of the line – which for broad 
line objects is a measure of BH mass. Combining all three surveys therefore allows us to study 

1. How is the impact of AGN feedback related to the characteristics of the AGN, their host galaxies and environments;  

2. How does the effect of AGN feedback change during the build-up of galaxies and how does it affect the growth of 
black holes throughout the history of the Universe?  

3. How does the impact of the feedback change when radio sources grow from kiloparsec to megaparsec scales?   

Again, measurements will be confronted with the simulations and used to refine them. 

Euclid 
Deep

Euclid 
Wide

Galaxies 
in EuclidQSOs


In Euclid

Galaxies

QSOs

Figure X.  (upper) Plausible Estimate of the 
Volume Density of Extremely Bright, 
Massive Galaxies (red) and QSOs (blue) 
that existed 650 Myr after the Big Bang (at 
z~8) vs. luminosity at rest-frame Ultraviolet 
wavelengths. Overlaid on this figure are  
the volume densities to which Euclid will 
probe in its deep and wide surveys.   
(lower) Number of galaxies and QSOs 
expected to be found at this epoch by 
Euclid vs. UV Luminosity. Only ~10 
galaxies have been found at such 
brightnesses in current surveys, but Euclid 
will reveal thousands, including 100s 
brighter than any galaxies in current 
surveys. Euclid will revolutionise our ability 
to characterise how rapidly stars and black 
holes build up from the earliest times.

Figure 9. (upper) Plausible Estimate of the Volume Density of Extremely 

Bright, Massive Galaxies (red) and QSOs (blue) that existed 650 Myr after 

the Big Bang (at z~8) vs. luminosity at rest-frame Ultraviolet wavelengths. 

Overlaid on this figure are the volume densities to which Euclid will probe 

in its deep and wide surveys. (lower) Number of galaxies and QSOs 

expected to be found at this epoch by Euclid vs. UV Luminosity. Only ~10 

galaxies have been found at such brightnesses in current surveys, but 

Euclid will reveal thousands, including 100s brighter than any galaxies in 

current surveys. Euclid will revolutionise our ability to characterise how 

rapidly stars and black holes build up from the earliest times.  

# of Galaxies Estimated 
from Bouwens+2021 + 
Harikane+2022 UV LFs 

(using wide-area 
HST+Ground Data)

# of QSOs Estimated 
Based on Results from 

Harikane+2022

==> 20,000 Bright z>6 
Galaxies

>100s of Bright z~8 
QSOs



Key Scientific Questions to solve regarding early Galaxy 
Formation with Euclid

- How Efficiently Do Stars Form in the Highest Redshift 
Galaxies?

- How does Mass Build-up in Supermassive Black Holes 
Parallel the Build-up in Stars?

- How do Gaseous Reservoirs, Metals, and Dust Build up 
Occur in Individual Galaxies?



- How Efficiently Do Stars Form in the Highest Redshift 
Galaxies?

Behroozi+2013
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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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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.
Grey shaded regions correspond to the 68% confidence contours of Behroozi et al. (2010).
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Time



- How Efficiently Do Stars Form in the Highest Redshift 
Galaxies?

Stefanon+2022

    

   

Fig. 4.  Ratio of the halo mass density to stellar mass 
density vs. redshift.  Shown are results from Grazian+ 
2015 (violet pentagons), Davidzon+2017 (green 
triangles), McLeod+2021 (blue squares), and 
Stefanon+2021 (red circles). While no significant 
evolution is seen in this ratio from z~10 to z~6, this 
result is uncertain due to possible systematics in 
current measurements of the stellar mass (and/or 
possible incompleteness). Leveraging future 
selections of massive galaxies with JWST and mass 
measurements from the JWST IFU, we will be able to 
test whether there is indeed no strong evolution in the 
halo-to-stellar mass ratio from z>6 to z~0.

20 Stefanon et al.

Table 6. Stellar and dark matter halo mass densities

Nominal redshift Median redshift log(!!/M!/Mpc"3)a log(!h/M!/Mpc"3)b log(Mh,lim/M!)
c log(!h/!!)

d

6 5.80 6.68+0.09
"0.11 8.64+0.10

"0.03 10.46+0.05
"0.11 1.95+0.15

"0.10

7 6.79 6.26+0.13
"0.17 8.20+0.09

"0.05 10.54+0.05
"0.09 1.93+0.19

"0.14

8 7.68 5.73+0.21
"0.33 7.69+0.11

"0.06 10.55+0.08
"0.10 1.96+0.35

"0.22

9 8.90 4.89+0.25
"0.29 6.97+0.20

"0.16 10.47+0.09
"0.12 2.08+0.36

"0.30

10 9.75 3.68+0.52
"0.79 6.04+0.20

"0.22 10.72+0.08
"0.10 2.35+0.81

"0.56

aLogarithm of the stellar mass density, obtained integrating the SMF down to a stellar mass limit of M! = 108M!.

bLogarithm of the dark matter halo mass density, obtained by integrating the HMF down to a halo mass limit of
Mh = Mh,lim (see note c below).

cLogarithm of the halo mass obtained from our abundance matching procedure, used as a lower limit in the measurement
of the halo mass density

dRatio between the measured halo and the stellar mass densities, in log units.

Figure 11. [Left]: Evolution of the stellar mass density (for galaxies with M! ! 108M!) over " 13.5 Gyr. The red filled
circles correspond to our SMD values, with the purple dashed line being the fit to our values for redshifts less than z " 8. The
grey symbols mark existing measurements as indicated by the legend, converted to the Salpeter (1955) IMF where necessary, and
include the compilation of Madau & Dickinson (2014) - see text for details - and measurements from Oesch et al. (2014), Duncan
et al. (2014), Grazian et al. (2015), Song et al. (2016), Davidzon et al. (2017), Bhatawdekar et al. (2019) and Kikuchihara et al.
(2020). The orange curves correspond to the mass density of dark matter halos, rescaled by a factor 1/100, recovered from
abundance matching the SMF from this work at z " 6, 7, 8, 9 and 10 (dark orange curve) and the SMF of Davidzon et al. (2017)
at z < 5 (light orange curve). The additional vertical axis on the right indicates the fraction of the stellar mass density relative
to that in the local Universe. [Right]: Ratio between the Halo mass density and the stellar mass density, computed from our
SMF measurements (filled red circles) and from the SMFs of Grazian et al. (2015), Davidzon et al. (2017) and McLeod et al.
(2021), as indicated by the legend. All HMD and SMD measurements were performed applying the same method (see Sections
7.2 and 7.3.1). We excluded from our analysis the HMD at z " 3.25 of McLeod et al. (2021) and at z " 7 of Grazian et al.
(2015) given that those estimates are essentially undetermined in our analysis. The orange line and shaded region correspond
to the linear fit to the z ! 4 measurements and 68% confidence interval, respectively. These results suggest only a marginal
evolution of the ratio !h/!! " 100 from z " 10 to z " 3# 4, and with minimal change even to z " 0.

some studies have argued for a higher integrated SFE in the early universe (e.g., Behroozi+2013), only    
limited evolution has been found in other studies (e.g., Stefanon+2021a,b), with no significant evolution in 
the efficiency from z~10 to z~6 and the efficiency only changing by <~2x from z~10 to z~0. With 
EMERGE, we will definitively establish the evolution in the integrated SFE of high mass galaxies (Figure 
4).  We will achieve this as follows:

A. Construct a Significant Sample of Especially Massive ISM Reservoirs at z>6 with ALMA: 
Acquisition of the REBELS LP observations will be complete by March 2022 based on the configuration 
schedule, and therefore the first order of business will be to finalise our selection of massive ISM 
reservoirs from the REBELS LP data set.  ~30 massive ISM reservoirs are expected to be found in the LP.  
The total is expected to be ~35 including sources from the pilot programs.

B.  Use the Approved JWST IFU and ALMA LP Data to Establish the Total Stellar Masses and 
SFRs: Stellar mass measurements of z>6 galaxies currently suffer from large systematic uncertainties due 
to the impact of nebular line and continuum emission, which can have a huge (~2x) impact on the 
observed 3-5µm fluxes. With EMERGE, one especially efficient way of resolving these uncertainties is by 
targeting 12 particularly massive z>6 galaxies identified from the LP with JWST NIRSPEC R~100 IFU 
observations to probe between the nebular emission lines and obtain spatially-resolved measurements of 
the stellar continuum light (see Figure 5 for an illustration for the expected S/N of the data).  EMERGE 
will use these observations to accurately measure both the stellar mass densities and stellar masses for the 
most massive ISM reservoirs from the LP, providing us with the required information to quantify the 
build-up in stellar mass for galaxies at z>6.  We will also improve measurements of the SFRs by taking 
advantage of the direct probe ALMA provides us of the dust-continuum light and thus obscured SFRs.

C.  Determine the Stellar Population Ages for Massive Galaxies and Compare that with the 
Expected Ages Based on the Assembly History for Dark Matter Halos: Remarkably,  a few z~7-9 
galaxies have been found which seemingly possess sizeable Balmer breaks, suggestive of significant 
earlier star formation at earlier times (Zheng+2012; Hashimoto+2018; Strait+2019; Roberts-Borsani+ 
2020). The most noteworthy example is the magnified MACS1149-JD (Zheng+2012) galaxy at z = 9.11.  

Fig. 5.  The four panels on the left present simulations, illustrating the expected S/N achieved in different 
wavelength regimes with JWST IFU observations EMERGE will obtain on the massive galaxies is 
characterizing as part of the REBELS LP.  The right panel shows the morphological information we have on 
the gas (as traced by [CII]: blue contours) and dust (yellowish orange contours) which we will have 
available throughout the EMERGE project (e.g., for the physical modelling we will pursue for objective #5).  
As should evident here, the IFU observations will readily allow us to probe the morphologies of both 
continuum (rest-UV and optical) and line emission ([OIII]/Hα).

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.

Bibliography: Bouwens et al. 2015, ApJ, 803, 34 · Bowler et al. 2015, 452, 1817 · Bowler
et al. 2016, arXiv:1609.00727 · Bowler et al. 2017, MNRAS, 466, 3612 · Bradac et al. 2017,
ApJ, 836,2 · Capak et al. 2015, Nature, 522, 455 · De Looze et al. 2014, A&A, 568, 62 ·
Finkelstein et al. 2015, ApJ, 810, 71 · Ginolfi et al. 2018, MNRAS, 473, 4538 · Graziani
et al. 2020, arXiv:1909.07388 · Grogin et al. 2011, ApJS, 197, 35 · Hashimoto et al. 2018,
arXiv:1806.00486 · Koekemoer et al. 2011, ApJS, 197, 36 · Laporte et al. 2016, ApJ, 420, 69
· Mancini et al. 2015, MNRAS, 451, L70 · Mancini et al. 2016, MNRAS, 462, 3130 · Meurer
et al. 1999, ApJ, 521, 64 · Oesch et al. 2012, ApJ, 745, 110 · Oesch et al. 2013, ApJ, 773,
75 · Oesch et al. 2014, ApJ, 786, 108 · Oesch et al. 2016, ApJ, 819, 129 · Pentericci et al.
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Illustration of this can be 
Seen in the Mass Function 
Results of Stefanon+2022 

to z~10

Ratio of the Stellar Mass 
Density to Halo Mass 

Density Appears to Equal 
~1 / 100 

And not to depend much
On redshift.

See also Harikane+2018, 2022; Tacchella+2018; Mason+2015; Bouwens+2021



- How Efficiently Do Stars Form in the Highest Redshift 
Galaxies?

Bouwens, Stefanon+2022, in prep

New JWST results appear to 
deviate dramatically 

from the predictions of 
constant Star Formation 

Efficiency models

==> Efficiency Might Be Very 
Different at Early Times 

or

the Stars May Have Much 
Lower Mass-to-Light Ratios

EUCLID

Euclid Probes Epoch where 
the Efficiency Might Change

Do these models 
work at z>9



- How does Mass Build-up in Supermassive Black Holes 
Parallel the Build-up in Stars?

Wang+2021

Very Challenging to Grow 
Supermassive Blackholes

Fast Enough to Match Bright 
z>7 QSOs

Need Substantial Blackhole 
Seeds and Eddington 

Growth for Much of Cosmic 
Time

Yet most luminous galaxies 
show little evidence of 

harbouring QSO



Significant Number of z>6.5 Galaxies Show Prominent Dust Emission6 H. Inami et al.

Figure 3. Dust continuum emission (the orange contours) of the REBELS sources. The background images (500 ⇥ 500) are the stacked �� -band images (or
the stacked �� images when  -band is not available). The [C ��] emission is also shown by the thin white contours (plotted only when there is a detection). The
dotted contours indicate negative emission. The contours start from 2f in steps of 1f of the background standard deviation. The white ellipses at the bottom
left are the beam size.

and #neg as functions of iSNR and pSNR after combining all of
the PyBDSF detections of the entire REBELS sample. Our primary
interest is to detect dust emission of the REBELS sources at the
phase centre. Thus, we limit the search area for the positive sources
in a circular area of 1.500 radius centred in the pointing field. The
detections of negative sources, on the other hand, were performed
in the full primary beam area, in order to improve statistics of the
detections. Then, #neg was scaled down to match the search area of
the positive sources.

The purity increases with both pSNR and iSNR. To maximise the
number of reliable detections, we adopted the detection thresholds
of (pSNR, iSNR)= (3.3, 2.0), where the purity reaches 95%, for
identifying the dust continuum of the REBELS targets. We show
#pos, #neg, and ? against pSNR (with iSNR= 2.0) in Figure 2.
The purity of the detections in the entire pointing field (including

serendipitous detections) is also displayed for comparison. In this
case, ? = 95% is reached at pSNR= 4.2.

In total we detected dust continuum emission with � 3.3f in 16
out of the 40 REBELS targets (� 40% 1) in the central A = 1.500 of
the images. The detected sources are displayed in Figure 3 and listed
in Table 1. Among the 16 dust continuum detected sources, three of
them do not yet have an emission line detection (REBELS-04, 06,
and 37). Further ALMA observations for these sources are underway.
The dust continuum detections of non-primary target sources will be
discussed in a forthcoming paper.

1 This is currently a lower limit because out of the six targets whose observa-
tions have not yet been completed, only three at present have a dust continuum
detection.
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Significant Number of z>6.5 Galaxies Show Prominent Dust Emission6 H. Inami et al.

Figure 3. Dust continuum emission (the orange contours) of the REBELS sources. The background images (500 ⇥ 500) are the stacked �� -band images (or
the stacked �� images when  -band is not available). The [C ��] emission is also shown by the thin white contours (plotted only when there is a detection). The
dotted contours indicate negative emission. The contours start from 2f in steps of 1f of the background standard deviation. The white ellipses at the bottom
left are the beam size.

and #neg as functions of iSNR and pSNR after combining all of
the PyBDSF detections of the entire REBELS sample. Our primary
interest is to detect dust emission of the REBELS sources at the
phase centre. Thus, we limit the search area for the positive sources
in a circular area of 1.500 radius centred in the pointing field. The
detections of negative sources, on the other hand, were performed
in the full primary beam area, in order to improve statistics of the
detections. Then, #neg was scaled down to match the search area of
the positive sources.

The purity increases with both pSNR and iSNR. To maximise the
number of reliable detections, we adopted the detection thresholds
of (pSNR, iSNR)= (3.3, 2.0), where the purity reaches 95%, for
identifying the dust continuum of the REBELS targets. We show
#pos, #neg, and ? against pSNR (with iSNR= 2.0) in Figure 2.
The purity of the detections in the entire pointing field (including

serendipitous detections) is also displayed for comparison. In this
case, ? = 95% is reached at pSNR= 4.2.

In total we detected dust continuum emission with � 3.3f in 16
out of the 40 REBELS targets (� 40% 1) in the central A = 1.500 of
the images. The detected sources are displayed in Figure 3 and listed
in Table 1. Among the 16 dust continuum detected sources, three of
them do not yet have an emission line detection (REBELS-04, 06,
and 37). Further ALMA observations for these sources are underway.
The dust continuum detections of non-primary target sources will be
discussed in a forthcoming paper.

1 This is currently a lower limit because out of the six targets whose observa-
tions have not yet been completed, only three at present have a dust continuum
detection.
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Euclid’s Proficiency to Identify Bright Galaxies Will Be 
Essential for Addressing These Scientific Goals

Bright Galaxies will Include Both:

Intrinsically Bright “Monster” Galaxies

Bowler+2017

12 R. A. A. Bowler et al.

Figure 5. Postage-stamp HST/WFC3 images of the final sample of 22 LBGs at z ' 7 (initially selected in Bowler et al. 2014). The
galaxies are ordered by absolute UV magnitude, with the brightest object in the upper left (MUV =�23.1) and the faintest in the lower
right (MUV = �20.7). The colour scale for each stamp has been scaled between a minimum surface brightness of 26mag/arcsec2 and the
peak surface brightness (typically 22mag/arcsec2) to highlight any extended emission. Contours are shown in 0.5mag intervals bright-ward
of 25mag/arcsec2. Each stamp is 3arcsec on the side, with North to the top and East to the left. The images are centred on the coordinates
determined from the ground-based selection, where each stamp displays a single ground-based object. The physical distance in kpc has
been calculated according to the redshift of each galaxy and is displayed as a scale-bar in the upper right of each stamp. Galaxies that
show multiple distinct components at z > 6 are highlighted with the letter ‘m’ in the lower left-hand corner of the stamp.

sults are similar to those found by Kawamata et al. (2015)
in a study of LBGs found within the HFF program, who
found that LBGs at z ⇠ 8 with multiple cores tended to be
at the bright-end of their sample. The depth of our WFC3
data is su�cient to detect if the galaxies in our sample
with 24.5 < mAB < 25.0 consisted of multiple components,
however the most clumpy LBGs are clearly preferentially
found at the bright-end of our sample. At the faint end of
our sample however, our observations are only sensitive to
multiple-component systems without extended/low surface
brightness emission (see the Appendix), and hence deeper
data are required to robustly determine the morphologies
of MUV ' �21 LBGs at z ' 7. We note here that the LBGs
in this sample were selected independently of the surface
brightness profile due to the dominant e↵ect of the relatively
large ground-based PSF, and hence we are not strongly bi-
ased to compact systems.

4.4 Interaction/merger fraction

Visibly disturbed, elongated or clumpy galaxies at high-
redshift have often been interpreted as merging sys-

tems (Conselice 2014). The merger fraction at intermedi-
ate redshift has been calculated by using non-parametric
morphology measurements such as the Concentration-
Asymmetry-Clumpiness (CAS; Conselice et al. 2003) or the
Gini/M20 parameters (Lotz et al. 2004), which when com-
bined with an estimate of the timescale for merger activity
to be visible (200–800Myrs; Lotz et al. 2010a,b), can be con-
verted into a merger rate. At very high redshifts however,
the small size of the galaxies with respect to the PSF re-
sults in biases in these parameters which depend sensitively
on the depth of the imaging (Jiang et al. 2013b; Curtis-
Lake et al. 2016), and hence visual inspection is often em-
ployed to estimate the merger/interaction fraction. In our
sample of bright z ' 7 LBGs, we find 9 galaxies that show
distinct components that could be attributed to a merging
system (7 excluding the known LAEs ‘Himiko’ and ‘CR7’).
These 9 objects are highlighted in Table 2. In addition, sev-
eral of the single component objects show extended emission
or an elongation, and hence we place a lower limit on the
merger fraction of > 40 percent from visual inspection. For
fainter LBGs at z ' 7 however, the disturbed fraction is sig-
nificantly lower (< 10 percent) despite the data being suf-
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cosmological models (e.g., [90,91]) we will determine 
the masses of the typical halos hosting these galaxies. 
Combined with the measured stellar masses, these 
enable us to quantify the efficiency of star formation 
in the first billion years of the universe, and hence 
the evolution in this efficiency with cosmic time (see 
also section 2 above). The clustering measurements 
will also allow us to investigate the likely descendants 
of these massive galaxies at later cosmic times. 

The Euclid Deep Survey images will have 
accompanying slitless spectroscopy data, which will 
allow us to identify which of these massive galaxies at 
z>6 are Lyman-alpha emitters (only these will be 
detected in the slitless spectroscopy). In this way, we 
will quantify the evolution of the Lyman-alpha emitter 
fraction for these galaxies and exploit the information 
this provides on the ionizing emissivity to estimate the 
impact of these galaxies on cosmic reionization.  
Where possible we leverage future JWST data of these 
galaxies to refine our characterization.   We will 
directly compare our results with new simulation 
results. The Euclid Wide Survey (over 15,000 deg2) will 
allow us to explore extending these results to even 
higher mass galaxy at z>6. 

The Euclid data also provide the means to study and model the effects of AGN feedback in detail.  

AGN feedback is invoked by virtually all galaxy evolution models to resolve discrepancies with observations, such as 
overcooling of gas at cluster centres, and overabundance of massive galaxies[92]. There are two flavours of AGN 
feedback, radio mode and quasar mode. Radio model is predicted to dominate at z < 1 and in massive galaxies. Despite 
the central importance of AGN feedback, it remains one of the least understood ingredients of galaxy formation models.  
The subgrid recipes routinely used in simulations need to cover over 9 orders of magnitude in scales, from scales 
resolved in the simulations down to the size of the accretion disk in the AGN. 

With Euclid we will be able to achieve a much better understanding of the impact of AGN feedback on galaxy evolution 
and cosmology, by mapping out the highly complex, multi-dimensional, relations between AGN properties and host 
galaxy properties as a function of cosmic time and environment. Such population studies are the expertise of Röttgering 
and Wang. This endeavour is only possible thanks to the unprecedented statistical power of Euclid, its superb imaging 
quality and extensive array of multi-wavelength data from space and ground, in particular from the LOFAR radio[93] 
and WEAVE spectroscopy[94] surveys. The combination of these massive multi-wavelength data sets is a factor 100-
1000 larger than before. 

Galaxies are ecosystems that exhibit a diverse range of shapes, masses, sizes, stellar populations, gas content, 
metallicities and star-formation histories. Also, a huge variety of AGNs are observed, ranging from weak activity at the 
centres of some galaxies, to explosive events in quasars that produce luminous emission over the entire spectrum. 
Euclid will be of paramount importance for providing unprecedented huge samples of star-forming galaxies and AGNs, 
determining galaxy size and morphology, mass, star-formation rate, host dark matter halo mass and environment. 
LOFAR will detect and map every radio loud AGN in the Universe. The detailed structures of the unprecedented number 
of extended radio sources will provide a unique tool for studying the life cycle of nuclear activity, the transfer of energy 
from the nuclear massive BH to the galaxy as a whole and its possible effects on galaxy star formation and evolution. 
WEAVE will provide spectra for 1 million LOFAR sources, not only giving accurate redshifts, but also a measure of their 
star-formation rate, accretion rate, the ionisation state of the gas and the velocity width of the line – which for broad 
line objects is a measure of BH mass. Combining all three surveys therefore allows us to study 

1. How is the impact of AGN feedback related to the characteristics of the AGN, their host galaxies and environments;  

2. How does the effect of AGN feedback change during the build-up of galaxies and how does it affect the growth of 
black holes throughout the history of the Universe?  

3. How does the impact of the feedback change when radio sources grow from kiloparsec to megaparsec scales?   

Again, measurements will be confronted with the simulations and used to refine them. 

Euclid 
Deep

Euclid 
Wide

Galaxies 
in EuclidQSOs


In Euclid

Galaxies

QSOs

Figure X.  (upper) Plausible Estimate of the 
Volume Density of Extremely Bright, 
Massive Galaxies (red) and QSOs (blue) 
that existed 650 Myr after the Big Bang (at 
z~8) vs. luminosity at rest-frame Ultraviolet 
wavelengths. Overlaid on this figure are  
the volume densities to which Euclid will 
probe in its deep and wide surveys.   
(lower) Number of galaxies and QSOs 
expected to be found at this epoch by 
Euclid vs. UV Luminosity. Only ~10 
galaxies have been found at such 
brightnesses in current surveys, but Euclid 
will reveal thousands, including 100s 
brighter than any galaxies in current 
surveys. Euclid will revolutionise our ability 
to characterise how rapidly stars and black 
holes build up from the earliest times.

Figure 9. (upper) Plausible Estimate of the Volume Density of Extremely 

Bright, Massive Galaxies (red) and QSOs (blue) that existed 650 Myr after 

the Big Bang (at z~8) vs. luminosity at rest-frame Ultraviolet wavelengths. 

Overlaid on this figure are the volume densities to which Euclid will probe 

in its deep and wide surveys. (lower) Number of galaxies and QSOs 

expected to be found at this epoch by Euclid vs. UV Luminosity. Only ~10 

galaxies have been found at such brightnesses in current surveys, but 

Euclid will reveal thousands, including 100s brighter than any galaxies in 

current surveys. Euclid will revolutionise our ability to characterise how 

rapidly stars and black holes build up from the earliest times.  
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Why Is It So Important that Euclid

Finds Very Bright Galaxies?



Bright Galaxies are the Only Sources Amenable to Multi-
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Integrated Study of Especially Bright Galaxies (identifiable in Euclid Data) 
should prove key to making progress on the key questions listed prior:
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(PI: Bouwens, co-PIs: Gonzalez, Inami, Stark)
70-hours of Observations

REBELS ALMA Large Program
Reionization Era Bright Emission Line Survey
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Figure 4. UV luminosities and photometric redshifts of the new sample of bright z > 6.5 galaxies (red pentagons) being
targeted with the REBELS ALMA Large program relative to z > 6.5 sources with spectroscopic redshifts from Ly↵ (dark blue

circles), z > 6.5 sources from pilots to REBELS (light red pentagons), sources over various HST legacy fields (Bouwens et al.
2021: light blue circles), and sources with the ALPINE program (green circles). z > 6.5 sources with redshift determinations
based on Ly↵ and [OIII]88µm lines where the significance is <7� are shown with open blue circles and open light red pentagons,
respectively.

the eazy photometric redshift code a second time on the photometry derived by RB, RE, and MS, but using a di↵erent290

set of SED templates SED4. In particular, instead of using the EAZY v1.0 template set augmented by the Binary291

Population and Spectral Synthesis code (BPASS: Eldridge et al. 2017) v1.1 for sub-solar metallicity (Z = 0.2Z�), which292

include nebular emission from cloudy (Ferland et al. 2017), and 2Gyr-old passively evolving systems with varying293

amounts (AV = 0-8 mag) of dust extinction adopting the Calzetti et al. (2000) law, i.e., SED template set SED1,294

the second eazy runs use the EAZY v1.0 template set augmented by SED templates from the Galaxy Evolutionary295

Synthesis Models (GALEV: Kotulla et al. 2009), i.e., SED template set SED4. Nebular continuum and emission lines296

were included in the latter templates according to the prescription provided in Anders & Fritze-v. Alvensleben (2003),297

a 0.2Z� metallicity, and scaled to a rest-frame EW for H↵ of 1300Å.298

The mean of the six redshift likelihood distributions was then taken and a single distribution derived (Figure 2). Care299

was taken to explicitly verify that none of the candidates considered resulted from the VISTA/VIRCAM electronic300

crosstalk artefact Bowler et al. (2017) identified. Bowler et al. (2017) found that such artefacts occurred at multiples301

of 128 pixel separations from saturated stars in the VISTA/VIRCAM data. Similar crosstalk artefacts are known to302

occur in the UKIDSS/UDS observations (Dye et al. 2006; Warren et al. 2007), and as such, care was taken to confirm303

the reality of sources based on multiple data sets, e.g., with VISTA/VIRCAM, UKIDSS/UDS, and Spitzer/IRAC data.304

Any source suspected to correspond to an artefact was excluded from consideration.305

Sources were then ordered in terms of the likelihood of detecting an ISM cooling line in each. In computing these306

likelihoods, a SFRUV -to-L[CII]158µm
conversion factor of 2⇥107 L�/(M�/yr) was assumed (de Looze et al. 2014), with307

a 0.3-dex scatter. Additionally, z = 6.5-7.2 candidate sources, z = 7.2-7.7 candidate sources, and z = 7.7-9.5 candidate308

sources were assumed to have an allocation of 2, 3, and 6 tunings, respectively. To ensure a good sampling of luminous309

ISM reservoirs as a function of redshift, 20 z = 6.5-7.2 targets, 16 z = 7.2-8.5 targets, and 4 z = 7.8-9.4 targets were310

chosen.311
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Systematic Follow-up of Bright Euclid Samples Will Give Us 
a View of Stars, Gas, Dust, and Metals

Witstok+2022

In addition to [CII], which
mostly trace neutral gas in
photodissociated regions 

(PDRs)

.

Fig. 16.  Spatial distribution of the detected [CII] and [OIII] 
emission (white and red contours, respectively) relative to 
the rest-UV light from HST (WFC3/IR) for two massive star-
forming galaxies at z~6.8 from the first pilot program to 
REBELS.  While the [OIII] emission is well aligned with rest-
UV emission, the [CII] light is much more extended and 
offset. Thanks to the existing [CII] data, incoming JWST IFU 
observations (for 12 sources) probing the rest-UV and Hα, 
and [OIII]88 observations (for 20 sources), EMERGE will be 
able to characterize the connection between star formation 
history in a galaxy and the [CII] and [OIII] morphologies in 
star-forming galaxies at z>6. EMERGE will look to leverage 
insights from the high spatial resolution observations of 19 
massive z=4-6 galaxies from the CRISTAL LP.

Using [Oiii] to reveal the ISM conditions of UV-selected galax-
ies in the Epoch of Reionization

Motivation: The ISM conditions of galaxies in the Epoch of Reionization

The interstellar medium (ISM) of galaxies sets the conditions in which star formation takes place
and is, therefore, an essential part of galaxy growth. To understand how the first galaxies formed
and evolved during the epoch of reionization it is important to study their ISM tracers, and test the
di!erences and similarities with local galaxies, where star-formation processes are studied in detail.

Metal-poor dwarf galaxies in the local Universe are arguably the best reference for galaxies in the
reionization era. While in local metal-rich galaxies [Cii]!158µm is the most dominant cooling line
of the ISM, metal-poor galaxies often show stronger cooling through the highly-ionized [Oiii]!88µm
line (L[OIII]/L[CII] > 1; Brauher et al. 2008, Cormier et al., 2012; 2015, Madden et al., 2013). These
findings can be explained in part by the hardening of the spectra of metal-poor OB stars, which
causes an increased [Oiii] abundance inside [Hii] regions. However, [Oiii]!88µm emission in many
local dwarfs also suggests a large filling factor of di!use, low-density, ionized gas that contributes
significantly to the bright [Oiii] flux (Kawada et al. 2011, Lebouteillier et al. 2012, Cormier et al.
2015, Chevance et al. 2016). Importantly, this implies that the ISM is significantly porous and ionizing
photons can ‘leak’ out of [Hii] regions into the lower density surrounding medium.

Fig. 1. HST/WFC3 stacked imaging with detections of [Cii] (grey contours) and [Oiii] (red
contours) in COS-3018 (left) and COS-2987 (right) at z[CII] = 6.854 and z[CII] = 6.808, respectively,
with ALMA (Smit et al., in prep). Contours start at 3" and beam sizes are indicated in the bottom
left corners. Our new [Oiii] detections (Cycle 6, 2018.1.00429.S, PI: Smit) are starting to reveal the
gas properties of some of the most distant sources ever detected with ALMA. While [Cii] is clearly
extended and o!set from the rest-frame UV continuum seen with HST , [Oiii] appears compact and
well aligned with the UV-bright star-formation. We propose to observe [Oiii] in three new bright and
extended [Cii] emission line sources to reveal the gas physics of galaxies in the Epoch of Reionization.

Identifying this ‘leaky structure’ of the ISM in galaxies above z > 6.5 would suggest a possible
high escape fraction of ionizing radiation and therefore provide physical insight into how galaxies can
contribute to the ionization of neutral hydrogen in the intergalactic medium (IGM). Unlike optical
high-ionization lines such as [Oiii]!5007Å, [Oiii]!88µm has a relatively low critical density, ne !
5 · 102 cm!3, and is therefore uniquely sensitive to the di!use, highly-ionized (E > 35 eV) gas within
and surrounding star-forming regions. Indeed, the first detection of [Oiii]!88µm at z > 6.5 by Inoue
et al. (2016) showed a high L[OIII]/L[CII] >! 12 ratio, based on a non-detection of [Cii]. In contrast,
recent measurements of B14-65666 (‘Three Big Dragons’; Hashimoto et al., 2019), COS-3018 and
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We can obtain our best constraints on the radiation fields + physical conditions of massive z>6     
galaxies by combining observations from multiple facilities. As such, spectroscopy of the LP sample is being 
obtained with Keck/MOSFIRE (8+5 nights: executed+approved), VLT/X-Shooter (50 hours  approved), 
ALMA ([OIII]88 observations approved over 20 targets), and JWST (16 hours).  Observations of the [CII] 
halo also seem likely to be very useful, as outlined below:

A.  Use rest-UV Line Emission to Understand the Physical Conditions and Radiation Fields in 
Massive z>6 Galaxies: Rest-UV spectroscopy on galaxies from REBELS with detected ISM-cooling 
lines would provide a valuable probe of rest-UV lines like Lyα, CIV, HeII, OIII], and CIII] in z>6 
galaxies.  The systemic redshifts we have on REBELS sources from ISM-cooling lines already provide us 
with a huge advantage in quantifying the mean flux and 1σ scatter in these lines, and they will allow us to 
probe rest-UV lines in bright z~7 galaxies in a much more representative way than before.  For deeper 
~8-14 hour integrations with VLT/X-shooter, such as are approved for three very bright z~7 galaxies from 
our pilot or two very bright z~7 galaxies from the REBELS LP, the main rest-UV lines should be detected 
at ~3-5σ significance.  This will allow us to quantify the hardness of the ionization fields and the ionizing 
photon production efficiency ξion (e.g. Stark+2015, 2017), both key parameters for probing cosmic 
reionization (see Figure 15)
B.  Probe the Physical Conditions of Gas in Massive z>6 Galaxies using ISM-cooling Lines: The 
luminosity ratio of various ISM-cooling lines (e.g. [CII]158, [OIII]88, [NII]205, [NII]125) can give valuable 
insight into the physical conditions of the gas in massive z>6 galaxies while probing the metallicities, 
electron densities, and ionization parameters. To better probe the physical conditions of early massive 
galaxies, we will take advantage of our approved observations of the [OIII] cooling lines with 
observations of the other line in order to quantify how the [OIII]88/[CII]158 luminosity ratio (a plausible 
probe of the ionization parameter: Harikane+2020) depends on mass, redshift, and specific star formation 
rate. We will also look to take advantage of the brightness of the REBELS sources to probe fainter lines 
like [NII]122, [NII]206, or [C I] and thus probe quantities like, e.g., the electron density (probed by 
[NII]122/[NII]206 ratio: Herrara-Camus+2016).

C.  Probe the Spatial Extent of [CII] halos in Galaxies at z>6: Important information on the spatial 
extent of the neutral gas and ambient ionization fields around galaxies can be probed by looking at the 
extended [CII] emission out to large radii.  Probing these [CII] halos can be difficult in individual sources 
due to the need to probe to very low surface brightness sensitivities.  Such sensitivities can be reached, 
however, by stacking a large number of sources (in the uv-plane) to look for possible low surface 
brightness components. Recent observations suggest that diffuse and extended [CII] halos are present in 
z∼3-7 galaxies (Fujimoto+2019; Rybak+2019). Our stacking analysis will reveal if such diffuse 
components are ubiquitous in galaxies at z>6.5, providing the first insight into the circumgalactic medium 
at z>6.5.     
D.  Establish the relation between rest-UV/optical emission in galaxies and their [CII] halos: The 
morphology of the [CII] ISM-cooling line provides us with a powerful probe of the ISM conditions. While 
the sizes of [C II] halos are found to be consistently larger (~5x) than that probed by the rest-UV and by 
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Fig. 16.  Spatial distribution of the detected [CII] and [OIII] 
emission (white and red contours, respectively) relative to 
the rest-UV light from HST (WFC3/IR) for two massive star-
forming galaxies at z~6.8 from the first pilot program to 
REBELS.  While the [OIII] emission is well aligned with rest-
UV emission, the [CII] light is much more extended and 
offset. Thanks to the existing [CII] data, incoming JWST IFU 
observations (for 12 sources) probing the rest-UV and Hα, 
and [OIII]88 observations (for 20 sources), EMERGE will be 
able to characterize the connection between star formation 
history in a galaxy and the [CII] and [OIII] morphologies in 
star-forming galaxies at z>6. EMERGE will look to leverage 
insights from the high spatial resolution observations of 19 
massive z=4-6 galaxies from the CRISTAL LP.

Using [Oiii] to reveal the ISM conditions of UV-selected galax-
ies in the Epoch of Reionization

Motivation: The ISM conditions of galaxies in the Epoch of Reionization

The interstellar medium (ISM) of galaxies sets the conditions in which star formation takes place
and is, therefore, an essential part of galaxy growth. To understand how the first galaxies formed
and evolved during the epoch of reionization it is important to study their ISM tracers, and test the
di!erences and similarities with local galaxies, where star-formation processes are studied in detail.

Metal-poor dwarf galaxies in the local Universe are arguably the best reference for galaxies in the
reionization era. While in local metal-rich galaxies [Cii]!158µm is the most dominant cooling line
of the ISM, metal-poor galaxies often show stronger cooling through the highly-ionized [Oiii]!88µm
line (L[OIII]/L[CII] > 1; Brauher et al. 2008, Cormier et al., 2012; 2015, Madden et al., 2013). These
findings can be explained in part by the hardening of the spectra of metal-poor OB stars, which
causes an increased [Oiii] abundance inside [Hii] regions. However, [Oiii]!88µm emission in many
local dwarfs also suggests a large filling factor of di!use, low-density, ionized gas that contributes
significantly to the bright [Oiii] flux (Kawada et al. 2011, Lebouteillier et al. 2012, Cormier et al.
2015, Chevance et al. 2016). Importantly, this implies that the ISM is significantly porous and ionizing
photons can ‘leak’ out of [Hii] regions into the lower density surrounding medium.

Fig. 1. HST/WFC3 stacked imaging with detections of [Cii] (grey contours) and [Oiii] (red
contours) in COS-3018 (left) and COS-2987 (right) at z[CII] = 6.854 and z[CII] = 6.808, respectively,
with ALMA (Smit et al., in prep). Contours start at 3" and beam sizes are indicated in the bottom
left corners. Our new [Oiii] detections (Cycle 6, 2018.1.00429.S, PI: Smit) are starting to reveal the
gas properties of some of the most distant sources ever detected with ALMA. While [Cii] is clearly
extended and o!set from the rest-frame UV continuum seen with HST , [Oiii] appears compact and
well aligned with the UV-bright star-formation. We propose to observe [Oiii] in three new bright and
extended [Cii] emission line sources to reveal the gas physics of galaxies in the Epoch of Reionization.

Identifying this ‘leaky structure’ of the ISM in galaxies above z > 6.5 would suggest a possible
high escape fraction of ionizing radiation and therefore provide physical insight into how galaxies can
contribute to the ionization of neutral hydrogen in the intergalactic medium (IGM). Unlike optical
high-ionization lines such as [Oiii]!5007Å, [Oiii]!88µm has a relatively low critical density, ne !
5 · 102 cm!3, and is therefore uniquely sensitive to the di!use, highly-ionized (E > 35 eV) gas within
and surrounding star-forming regions. Indeed, the first detection of [Oiii]!88µm at z > 6.5 by Inoue
et al. (2016) showed a high L[OIII]/L[CII] >! 12 ratio, based on a non-detection of [Cii]. In contrast,
recent measurements of B14-65666 (‘Three Big Dragons’; Hashimoto et al., 2019), COS-3018 and
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our pilot or two very bright z~7 galaxies from the REBELS LP, the main rest-UV lines should be detected 
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left corners. Our new [Oiii] detections (Cycle 6, 2018.1.00429.S, PI: Smit) are starting to reveal the
gas properties of some of the most distant sources ever detected with ALMA. While [Cii] is clearly
extended and o!set from the rest-frame UV continuum seen with HST , [Oiii] appears compact and
well aligned with the UV-bright star-formation. We propose to observe [Oiii] in three new bright and
extended [Cii] emission line sources to reveal the gas physics of galaxies in the Epoch of Reionization.
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Additionally,  gas from high-redshift galaxies emit brightly in more than one ISM cooling line

there is bright [OIII] 
emission which traces the 
highly ionised gas in [HII] 

regions.

Two Bright Galaxies at z~6.8

There are significant differences in the spatial profiles of these lines



JWST IFU Data are approved for the ALMA data just presented and will 
soon become available.

Metals

Fig. 3.  (leftmost 4 panels) Simulations illustrating the expected S/N achieved in different wavelength regimes with the 
JWST IFU observations we are obtaining on 12 massive galaxies identified from the REBELS LP. (right panel) Spatial 
distribution of gas (as traced by [CII]: blue contours) and dust (yellowish orange contours) in massive galaxies derived 
from the incoming REBELS LP data.  Our approved IFU observations will probe the morphologies of continuum (rest-UV and 
optical) and line emission (i.e., [OIII] and Hα), effectively complementing the information we have with ALMA.

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Fig. 3.  (leftmost 4 panels) Simulations illustrating the expected S/N achieved in different wavelength regimes with the 
JWST IFU observations we are obtaining on 12 massive galaxies identified from the REBELS LP. (right panel) Spatial 
distribution of gas (as traced by [CII]: blue contours) and dust (yellowish orange contours) in massive galaxies derived 
from the incoming REBELS LP data.  Our approved IFU observations will probe the morphologies of continuum (rest-UV and 
optical) and line emission (i.e., [OIII] and Hα), effectively complementing the information we have with ALMA.

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Fig. 3.  (leftmost 4 panels) Simulations illustrating the expected S/N achieved in different wavelength regimes with the 
JWST IFU observations we are obtaining on 12 massive galaxies identified from the REBELS LP. (right panel) Spatial 
distribution of gas (as traced by [CII]: blue contours) and dust (yellowish orange contours) in massive galaxies derived 
from the incoming REBELS LP data.  Our approved IFU observations will probe the morphologies of continuum (rest-UV and 
optical) and line emission (i.e., [OIII] and Hα), effectively complementing the information we have with ALMA.

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Fig. 3.  (leftmost 4 panels) Simulations illustrating the expected S/N achieved in different wavelength regimes with the 
JWST IFU observations we are obtaining on 12 massive galaxies identified from the REBELS LP. (right panel) Spatial 
distribution of gas (as traced by [CII]: blue contours) and dust (yellowish orange contours) in massive galaxies derived 
from the incoming REBELS LP data.  Our approved IFU observations will probe the morphologies of continuum (rest-UV and 
optical) and line emission (i.e., [OIII] and Hα), effectively complementing the information we have with ALMA.

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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from the incoming REBELS LP data.  Our approved IFU observations will probe the morphologies of continuum (rest-UV and 
optical) and line emission (i.e., [OIII] and Hα), effectively complementing the information we have with ALMA.

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Resolving the kinematic structure of galaxies in the first 800

million years of cosmic time
Motivation: the evolution of star-forming galaxies across cosmic time

Looking back 10 billion years in cosmic time the global star-forming properties of galaxies change

significantly, for example the typical star formation rate (SFR) of L⇤ star-forming galaxies rises from

⇠10 M�/yr at z=0 to 100 M�/yr at z = 2 (e.g. Bothwell et al., 2011,Sobral et al., 2014). Similarly,

the dynamical properties of star-forming galaxies at redshift z = 2 appear to di↵er strongly from

locally observed galaxies; observations indicate z = 1 � 3 galaxies have high gas fractions, highly

turbulent disks and high gas pressures in the interstellar medium (e.g. Forster Schreiber et al., 2009,

Genzel et al., 2011, Gnerucci et al., 2011, Swinbank et al., 2012, Stott et al., 2016).

Furthermore, beyond z = 2, the SFR of L⇤ galaxies declines by a factor of 10⇥ in just 3 billion

years up to z = 7 (e.g. Smit et al., 2012), equalling the SFR density observed today, while the

specific SFR of galaxies continuously increases towards the highest redshifs. This rapid evolution

raises fundamental questions such as; when do the first rotationally supported disks form in typical

star-forming galaxies? is the rapid build-up of the first galaxies driven by a high merger rate? or does

smooth accretion of gas along filaments of dark matter drive the build-up of the first galaxies?

Fig. 1. [Cii] kinematics of COS-3018, a ‘normal’ star-forming galaxy (SFRUV+IR = 35M�/yr) at

z = 6.854, from deep, high-resolution observations in Cycle 5/6 (Smit et al., in prep). The left panel

shows the velocity field obtained from Gaussian line fitting of [Cii]. The beam-size is indicated in grey

in the bottom right corner, while white contours indicate -100, 50, 0, 50 and 100 km/s . The middle

and right panel show the [Cii] rotation curve and velocity dispersion respectively. This is the first

unambiguous galaxy disk observed in the EoR to date, suggesting a smooth build-up of the baryonic

mass in the system through accretion from the cosmic web. To understand if this mode of growth is

typical for such early systems we propose follow-up of two new bright [Cii] emitters in the EoR.

The emergence of the first galaxy disks in the epoch of reionization

The first generation of galaxies form during the so-called epoch of reionization (EoR) at z > 6.5

and therefore understanding the physics of star-formation in these nascent systems is considered the

ultimate frontier of galaxy formation. However, our understanding of the dynamics of these distant

galaxies is hampered by the fact that bright rest-frame optical emission-line tracers such as H↵ and

[Oiii]��4959,5007Å, which are traditionally used to measure the properties of the ISM, are shifted to

observed mid-infrared wavelengths for sources at z > 3.

With the commissioning of ALMA, the bright and abundant ISM cooling line [Cii]�158µm has

become available as a powerful new alternative for optical emission lines at high redshift. The potential

of [Cii] as a dynamical tracer was first demonstrated by, e.g., De Breuck et al. (2014), who revealed

a turbulent, rotating gas disk in a dusty starburst at z ⇠ 5. Recently, we have been able to push such

analyses to z ⇠ 7, with high angular-resolution ALMA follow-up of the bright [Cii] emitter COS-3018

(Smit et al., in prep). These observations are shown in Figure 1 and reveal an unambiguously

resolved, regularly rotating disk, the first such discovery in the Epoch of Reionization.

Fig. 6. Illustration of the quality of kinematic maps we are obtaining 

for massive z>6 galaxies from REBELS using a z~7 galaxy from a 

pilot program (left panel; Smit+2018, Nature) and when higher spatial 

resolution follow-up data (R. Smit 2021, in prep) are obtained (right 

panel). The red/blue shading indicates the differential motion, while the 

grey ovals shows the spatial beam. Leveraging new high spatial-resolution 

observations of 3 massive galaxies from our pilot program and approved 

high spatial-resolution observations of another from the LP, we will 

characterize the kinematic structure of massive galaxies at z>6.

REBELS Spatial Resolution

Figure 5.  Illustration using COS-3018555981 (Smit+2015) of the kinematic constraints we can 

derive on massive z~6-10 galaxies from REBELS depth data (left panel: from Smit+2018) and 

from subsequent higher spatial resolution follow-up efforts (right panel: from R. Smit 2019, in 

prep).   REBELS will provide us with modest S/N information on the kinematics of all 40 targeted 

sources where lines are detected, based on both the widths of the lines and velocity gradients.   

Through higher spatial resolution follow-up of bright ISM-cooling lines in z>6 galaxies (one source 

with observations, two more with approved observations), my collaborators and I should be able 

to obtain tight constraints on the total masses and range of gas motions in z>6 galaxies, while 

looking at prevalence of major / minor mergers in forming galaxies.

Figure 3 | Velocity structure of the detected [C II] in the two galaxies from this study. The

velocity field measured in our galaxies COS-3018555981 (a) and COS-2987030247 (b). The ob-

servations are spatially resolved, as shown by the beamsize of the observations indicated by the

grey ellipse in the bottom right corner and reveal a projected velocity difference over the galaxy

of 111± 28 and 54± 20 kms�1 respectively. Given the low angular resolution of the observa-

tions, the detected velocity gradients can be interpreted as disk rotation or potentially a merger

with two or more velocity components.
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galaxies is hampered by the fact that bright rest-frame optical emission-line tracers such as H↵ and
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raises fundamental questions such as; when do the first rotationally supported disks form in typical

star-forming galaxies? is the rapid build-up of the first galaxies driven by a high merger rate? or does

smooth accretion of gas along filaments of dark matter drive the build-up of the first galaxies?

Fig. 1. [Cii] kinematics of COS-3018, a ‘normal’ star-forming galaxy (SFRUV+IR = 35M�/yr) at

z = 6.854, from deep, high-resolution observations in Cycle 5/6 (Smit et al., in prep). The left panel

shows the velocity field obtained from Gaussian line fitting of [Cii]. The beam-size is indicated in grey

in the bottom right corner, while white contours indicate -100, 50, 0, 50 and 100 km/s . The middle

and right panel show the [Cii] rotation curve and velocity dispersion respectively. This is the first

unambiguous galaxy disk observed in the EoR to date, suggesting a smooth build-up of the baryonic

mass in the system through accretion from the cosmic web. To understand if this mode of growth is

typical for such early systems we propose follow-up of two new bright [Cii] emitters in the EoR.

The emergence of the first galaxy disks in the epoch of reionization

The first generation of galaxies form during the so-called epoch of reionization (EoR) at z > 6.5

and therefore understanding the physics of star-formation in these nascent systems is considered the

ultimate frontier of galaxy formation. However, our understanding of the dynamics of these distant

galaxies is hampered by the fact that bright rest-frame optical emission-line tracers such as H↵ and

[Oiii]��4959,5007Å, which are traditionally used to measure the properties of the ISM, are shifted to

observed mid-infrared wavelengths for sources at z > 3.

With the commissioning of ALMA, the bright and abundant ISM cooling line [Cii]�158µm has

become available as a powerful new alternative for optical emission lines at high redshift. The potential

of [Cii] as a dynamical tracer was first demonstrated by, e.g., De Breuck et al. (2014), who revealed

a turbulent, rotating gas disk in a dusty starburst at z ⇠ 5. Recently, we have been able to push such

analyses to z ⇠ 7, with high angular-resolution ALMA follow-up of the bright [Cii] emitter COS-3018

(Smit et al., in prep). These observations are shown in Figure 1 and reveal an unambiguously

resolved, regularly rotating disk, the first such discovery in the Epoch of Reionization.
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Fig. 3.  (leftmost 4 panels) Simulations illustrating the expected S/N achieved in different wavelength regimes with the 
JWST IFU observations we are obtaining on 12 massive galaxies identified from the REBELS LP. (right panel) Spatial 
distribution of gas (as traced by [CII]: blue contours) and dust (yellowish orange contours) in massive galaxies derived 
from the incoming REBELS LP data.  Our approved IFU observations will probe the morphologies of continuum (rest-UV and 
optical) and line emission (i.e., [OIII] and Hα), effectively complementing the information we have with ALMA.

Figure 8: [Left] Recent works suggest the existence of evolved stellar population at early cosmic times 
(e.g., Hashimoto+2018), which would presumably result from an early stage of exceptionally efficient 
star formation. However, the age of the stellar populations has been inferred from low-resolution broad-
band photometry (Spitzer/IRAC) and large uncertainties still exist. Our program will be able to quantify 
the age of the stellar population from direct observations of the Balmer break. [Right] The combination 
of source brightness and JWST sensitivity will allow us to map the sSFR to ~2x effective radius. 
Comparison between the spatial dependence of the sSFR recovered from emission lines and from rest-
frame UV will provide constraints on the duty cycle of star-formation.

Figure 9: The four panels on the right present an illustrative simulation of results from our IFU 
observations, informed by the SEDs in our sample, at different wavelengths. The contours from the 
different panels are overlaid on the currently available data from HST for one of the REBELS sources 
(left most panel). Only with the spatial resolution enabled by the IFU will we be able to probe the 
morphologies of our targets in terms of their rest-UV/optical continuum and [OIII]/Halpha line emission.
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Figure 10: Towards high-S/N kinematic maps of z>6 

galaxies. Illustration using a z~7 galaxy from a pilot 

program to REBELS of the type of kinematic maps we 

are collecting for massive z>6 galaxies from REBELS 

(left panel; Smit+2018, Nature) and when higher spatial 

resolution follow-up (R. Smit 2021, in prep) is obtained 

(right panel). The red/blue shading indicates the 

differential motion, while the grey circle in the lower 

right hand corner shows the spatial beam.  Leveraging 

new high spatial-resolution observations of three 

galaxies from our pilot program and approved high 

spatial-resolution observations of another particularly 

massive z>7 galaxy from the LP, we will be able to 

obtain detailed constraints on the kinematic structure of 

massive galaxies at z>6.

Resolving the kinematic structure of galaxies in the first 800

million years of cosmic time

Motivation: the evolution of star-forming galaxies across cosmic time

Looking back 10 billion years in cosmic time the global star-forming properties of galaxies change

significantly, for example the typical star formation rate (SFR) of L ⇤
star-forming galaxies rises from

⇠10 M�/yr at z=0 to 100 M�/yr at z =
2 (e.g. Bothwell et al., 2011,Sobral et al., 2014). Similarly,

the dynamical properties of star-forming galaxies at redshift z =
2 appear to di↵er strongly from

locally observed galaxies; observations indicate z =
1 �

3 galaxies have high gas fractions, highly

turbulent disks and high gas pressures in the interstellar medium (e.g. Forster Schreiber et al., 2009,

Genzel et al., 2011, Gnerucci et al., 2011, Swinbank et al., 2012, Stott et al., 2016).

Furthermore, beyond z =
2, the SFR of L ⇤

galaxies declines by a factor of 10⇥ in just 3 billion

years up to z =
7 (e.g. Smit et al., 2012), equalling the SFR density observed today, while the

specific SFR of galaxies continuously increases towards the highest redshifs. This rapid evolution

raises fundamental questions such as; when do the first rotationally supported disks form in typical

star-forming galaxies? is the rapid build-up of the first galaxies driven by a high merger rate? or does

smooth accretion of gas along filaments of dark matter drive the build-up of the first galaxies?Fig. 1. [Cii] kinematics of COS-3018, a ‘normal’ star-forming galaxy (SFR
UV+IR =

35M�/yr) at

z =
6.854, from deep, high-resolution observations in Cycle 5/6 (Smit et al., in prep). The left panel

shows the velocity field obtained from Gaussian line fitting of [Cii]. The beam-size is indicated in grey

in the bottom right corner, while white contours indicate -100, 50, 0, 50 and 100 km/s . The middle

and right panel show the [Cii] rotation curve and velocity dispersion respectively. This is the first

unambiguous galaxy disk observed in the EoR to date, suggesting a smooth build-up of the baryonic

mass in the system through accretion from the cosmic web. To understand if this mode of growth is

typical for such early systems we propose follow-up of two new bright [Cii] emitters in the EoR.

The emergence of the first galaxy disks in the epoch of reionization

The first generation of galaxies form during the so-called epoch of reionization (EoR) at z >
6.5

and therefore understanding the physics of star-formation in these nascent systems is considered the

ultimate frontier of galaxy formation. However, our understanding of the dynamics of these distant

galaxies is hampered by the fact that bright rest-frame optical emission-line tracers such as H↵ and

[Oiii]��4959,5007Å, which are traditionally used to measure the properties of the ISM, are shifted to

observed mid-infrared wavelengths for sources at z >
3.

With the commissioning of ALMA, the bright and abundant ISM cooling line [Cii]�158µm has

become available as a powerful new alternative for optical emission lines at high redshift. The potential

of [Cii] as a dynamical tracer was first demonstrated by, e.g., De Breuck et al. (2014), who revealed

a turbulent, rotating gas disk in a dusty starburst at z ⇠
5. Recently, we have been able to push such

analyses to z ⇠
7, with high angular-resolution ALMA follow-up of the bright [Cii] emitter COS-3018

(Smit et al., in prep). These observations are shown in Figure 1 and reveal an unambiguously

resolved, regularly rotating
disk, the first such

discovery in
the Epoch

of Reionization.
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Figure 5.  Illustration using COS-3018555981 (Smit+2015) of the kinematic constraints we can 

derive on massive z~6-10 galaxies from REBELS depth data (left panel: from Smit+2018) and 

from subsequent higher spatial resolution follow-up efforts (right panel: from R. Smit 2019, in 

prep).   REBELS will provide us with modest S/N information on the kinematics of all 40 targeted 

sources where lines are detected, based on both the widths of the lines and velocity gradients.   

Through higher spatial resolution follow-up of bright ISM-cooling lines in z>6 galaxies (one source 

with observations, two more with approved observations), my collaborators and I should be able 

to obtain tight constraints on the total masses and range of gas motions in z>6 galaxies, while 

looking at prevalence of major / minor mergers in forming galaxies.

Figure 3 | Velocity structure of the detected [C II] in the two galaxies from this study. The

velocity field measured in our galaxies COS-3018555981 (a) and COS-2987030247 (b). The ob-

servations are spatially resolved, as shown by the beamsize of the observations indicated by the

grey ellipse in the bottom right corner and reveal a projected velocity difference over the galaxy

of 111± 28 and 54± 20 kms�1 respectively. Given the low angular resolution of the observa-

tions, the detected velocity gradients can be interpreted as disk rotation or potentially a merger

with two or more velocity components.
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[Oiii]��4959,5007Å, which are traditionally used to measure the properties of the ISM, are shifted to

observed mid-infrared wavelengths for sources at z >
3.

With the commissioning of ALMA, the bright and abundant ISM cooling line [Cii]�158µm has

become available as a powerful new alternative for optical emission lines at high redshift. The potential

of [Cii] as a dynamical tracer was first demonstrated by, e.g., De Breuck et al. (2014), who revealed

a turbulent, rotating gas disk in a dusty starburst at z ⇠
5. Recently, we have been able to push such

analyses to z ⇠
7, with high angular-resolution ALMA follow-up of the bright [Cii] emitter COS-3018

(Smit et al., in prep). These observations are shown in Figure 1 and reveal an unambiguously

resolved, regularly rotating
disk, the first such

discovery in
the Epoch

of Reionization.

REBELS-like Kinematic Maps

Deeper, Higher Spatial 

Resolution Follow-Upbeam

Figure 5.  Illustration using COS-3018555981 (Smit+2015) of the kinematic constraints we can 

derive on massive z~6-10 galaxies from REBELS depth data (left panel: from Smit+2018) and 

from subsequent higher spatial resolution follow-up efforts (right panel: from R. Smit 2019, in 

prep).   REBELS will provide us with modest S/N information on the kinematics of all 40 targeted 

sources where lines are detected, based on both the widths of the lines and velocity gradients.   

Through higher spatial resolution follow-up of bright ISM-cooling lines in z>6 galaxies (one source 

with observations, two more with approved observations), my collaborators and I should be able 

to obtain tight constraints on the total masses and range of gas motions in z>6 galaxies, while 

looking at prevalence of major / minor mergers in forming galaxies.

Figure 3 | Velocity structure of the detected [C II] in the two galaxies from this study. The

velocity field measured in our galaxies COS-3018555981 (a) and COS-2987030247 (b). The ob-

servations are spatially resolved, as shown by the beamsize of the observations indicated by the

grey ellipse in the bottom right corner and reveal a projected velocity difference over the galaxy

of 111± 28 and 54± 20 kms�1 respectively. Given the low angular resolution of the observa-

tions, the detected velocity gradients can be interpreted as disk rotation or potentially a merger

with two or more velocity components.

14

Resolving the kinematic structure of galaxies in the first 800

million years of cosmic time

Motivation: the evolution of star-forming galaxies across cosmic time

Looking back 10 billion years in cosmic time the global star-forming properties of galaxies change

significantly, for example the typical star formation rate (SFR) of L ⇤
star-forming galaxies rises from

⇠10 M�/yr at z=0 to 100 M�/yr at z =
2 (e.g. Bothwell et al., 2011,Sobral et al., 2014). Similarly,

the dynamical properties of star-forming galaxies at redshift z =
2 appear to di↵er strongly from

locally observed galaxies; observations indicate z =
1 �

3 galaxies have high gas fractions, highly

turbulent disks and high gas pressures in the interstellar medium (e.g. Forster Schreiber et al., 2009,

Genzel et al., 2011, Gnerucci et al., 2011, Swinbank et al., 2012, Stott et al., 2016).

Furthermore, beyond z =
2, the SFR of L ⇤

galaxies declines by a factor of 10⇥ in just 3 billion

years up to z =
7 (e.g. Smit et al., 2012), equalling the SFR density observed today, while the

specific SFR of galaxies continuously increases towards the highest redshifs. This rapid evolution

raises fundamental questions such as; when do the first rotationally supported disks form in typical

star-forming galaxies? is the rapid build-up of the first galaxies driven by a high merger rate? or does

smooth accretion of gas along filaments of dark matter drive the build-up of the first galaxies?Fig. 1. [Cii] kinematics of COS-3018, a ‘normal’ star-forming galaxy (SFR
UV+IR =

35M�/yr) at

z =
6.854, from deep, high-resolution observations in Cycle 5/6 (Smit et al., in prep). The left panel

shows the velocity field obtained from Gaussian line fitting of [Cii]. The beam-size is indicated in grey

in the bottom right corner, while white contours indicate -100, 50, 0, 50 and 100 km/s . The middle

and right panel show the [Cii] rotation curve and velocity dispersion respectively. This is the first

unambiguous galaxy disk observed in the EoR to date, suggesting a smooth build-up of the baryonic

mass in the system through accretion from the cosmic web. To understand if this mode of growth is

typical for such early systems we propose follow-up of two new bright [Cii] emitters in the EoR.

The emergence of the first galaxy disks in the epoch of reionization

The first generation of galaxies form during the so-called epoch of reionization (EoR) at z >
6.5

and therefore understanding the physics of star-formation in these nascent systems is considered the

ultimate frontier of galaxy formation. However, our understanding of the dynamics of these distant

galaxies is hampered by the fact that bright rest-frame optical emission-line tracers such as H↵ and
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REBELS-like Kinematic Maps

Deeper, Higher Spatial 

Resolution Follow-Upbeam

Schematically, such a data set might look as follows:

==> With future Euclid targets, the scientific potential should be even higher.



By finding especially bright galaxies with Euclid,  we can look at Galaxies at very 
high spatial resolution.

(which will provide us with a much more detailed physical picture)

Smit+2018; Smit+2022, in prep

Low Spatial Resolution View of [CII] Gas Kinematics
for 2L* z~7 Galaxies

First low-resolution kinematic measurements

Smit et al., 2018, Nature

Smooth accretion from the cosmic web as an 
important mechanism for galaxy growth at z~7? 

Resolving the kinematic structure of galaxies in the first 800

million years of cosmic time

Motivation: the evolution of star-forming galaxies across cosmic time

Looking back 10 billion years in cosmic time the global star-forming properties of galaxies change
significantly, for example the typical star formation rate (SFR) of L⇤ star-forming galaxies rises from
⇠10 M�/yr at z=0 to 100 M�/yr at z = 2 (e.g. Bothwell et al., 2011,Sobral et al., 2014). Similarly,
the dynamical properties of star-forming galaxies at redshift z = 2 appear to di↵er strongly from
locally observed galaxies; observations indicate z = 1 � 3 galaxies have high gas fractions, highly
turbulent disks and high gas pressures in the interstellar medium (e.g. Forster Schreiber et al., 2009,
Genzel et al., 2011, Gnerucci et al., 2011, Swinbank et al., 2012, Stott et al., 2016).

Furthermore, beyond z = 2, the SFR of L⇤ galaxies declines by a factor of 10⇥ in just 3 billion
years up to z = 7 (e.g. Smit et al., 2012), equalling the SFR density observed today, while the
specific SFR of galaxies continuously increases towards the highest redshifs. This rapid evolution
raises fundamental questions such as; when do the first rotationally supported disks form in typical
star-forming galaxies? is the rapid build-up of the first galaxies driven by a high merger rate? or does
smooth accretion of gas along filaments of dark matter drive the build-up of the first galaxies?

Fig. 1. [Cii] kinematics of COS-3018, a ‘normal’ star-forming galaxy (SFRUV+IR = 35M�/yr) at
z = 6.854, from deep, high-resolution observations in Cycle 5/6 (Smit et al., in prep). The left panel
shows the velocity field obtained from Gaussian line fitting of [Cii]. The beam-size is indicated in grey
in the bottom right corner, while white contours indicate -100, 50, 0, 50 and 100 km/s . The middle
and right panel show the [Cii] rotation curve and velocity dispersion respectively. This is the first

unambiguous galaxy disk observed in the EoR to date, suggesting a smooth build-up of the baryonic
mass in the system through accretion from the cosmic web. To understand if this mode of growth is
typical for such early systems we propose follow-up of two new bright [Cii] emitters in the EoR.

The emergence of the first galaxy disks in the epoch of reionization

The first generation of galaxies form during the so-called epoch of reionization (EoR) at z > 6.5
and therefore understanding the physics of star-formation in these nascent systems is considered the
ultimate frontier of galaxy formation. However, our understanding of the dynamics of these distant
galaxies is hampered by the fact that bright rest-frame optical emission-line tracers such as H↵ and
[Oiii]��4959,5007Å, which are traditionally used to measure the properties of the ISM, are shifted to
observed mid-infrared wavelengths for sources at z > 3.

With the commissioning of ALMA, the bright and abundant ISM cooling line [Cii]�158µm has
become available as a powerful new alternative for optical emission lines at high redshift. The potential
of [Cii] as a dynamical tracer was first demonstrated by, e.g., De Breuck et al. (2014), who revealed
a turbulent, rotating gas disk in a dusty starburst at z ⇠ 5. Recently, we have been able to push such
analyses to z ⇠ 7, with high angular-resolution ALMA follow-up of the bright [Cii] emitter COS-3018
(Smit et al., in prep). These observations are shown in Figure 1 and reveal an unambiguously

resolved, regularly rotating disk, the first such discovery in the Epoch of Reionization.

Higher Spatial Resolution View
Of Same Sources

Such a high spatial resolution view is 
essential to dissect the physical 

processes going on within galaxies.

Euclid will identify the sources 
which allow this to be done best.



Systematic Follow-up of Bright Euclid Samples Will Give Us 
a View of Stars, Gas, Dust, and Metals

Fudamoto+2022
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Stacked [CII]

Stacked Cont.

z~7

v3: Boot strap results  
added scale bar in the figures

Figure 2. Left panel: Normalized surface brightness pro-
files of the stacked [CII] emission (blue points with shaded re-
gion), stacked dust continuum (gray squares with error bars),
and synthesized beams at z ⇠ 7. While the stacked contin-
uum is only barely resolved, the stacked [CII] emission is
well resolved and has a physical extent of re ⇠ 2.2 kpc. This
shows that the [CII] emitting region is significantly more
extended than the continuum region. Right upper panel:
Stacked [CII] 158µm emission line map. Right lower panel:
Stacked dust continuum map. In the maps, contours show
3, 4, 5, 6� (solid) and �3� (dashed). Red contours show po-
sitions having signals half of their peak values. Synthesized
beams are shown in the lower left corners.

The radial profile of the stacked dust continuum is
consistent with the stacked synthesized beam (Fig. 2).
This indicates that the dust continuum is, on-average,
much smaller than the current spatial resolution of
⇠ 1.300. Using GALFIT, we find the dust continuum
e↵ective radius of re�cont. = 1.14 ± 0.27 kpc (0.22 ±
0.06 arcsec), where re�cont. is estimated by the median
GALFIT outputs and the uncertainties are based on
16th and 84th percentiles. We note, however, that the
estimated re�cont. is highly uncertain as continua are
only barely resolved using the synthesized beam FWHM
of ⇠ 1.300. We treat the estimated continuum size as a
tentative measurement in the following. Higher reso-
lution observations are required to measure continuum
sizes more accurately.
The stacked [CII] emission line is, on the other hand,

well resolved and is clearly more extended than the syn-
thesized beam (Fig. 2). The stacked profile is well rep-
resented by a single component of [CII], and we do not
detect the secondary, more extended component found
in Fujimoto et al. (2019). As a result of the boot-
strap resampling, we find the [CII] e↵ective radius of
re = 2.21+0.23

�0.19 kpc (0.42± 0.04 arcsec), where re and er-
rors are estimated in the same manner as the continuum
size.

To examine galaxy sizes in di↵erent wavelengths, we
performed a stacking analysis of the rest-frame UV im-
ages using the method of Bowler et al. (2017). We
stacked publicly available J-band images from the Ultra-
VISTA survey (McCracken et al. 2012) and the VIDEO
survey (Jarvis et al. 2013); the resulting stack has a
point spread function FWHM of ⇠ 0.900. Using GAL-
FIT to fit to the exponential disk profile, we found
the stacked rest-frame UV image has an e↵ective ra-
dius of re�UV = 0.83± 0.07 kpc. The result shows that
the rest-frame UV sizes of our sample are, on average,
& 2⇥ smaller than the [CII] sizes. We note, however,
that the stacked rest-frame UV image is only marginally
resolved as only ground-based data are available (see
Bowler et al. 2022 for HST observations of a subset of the
REBELS targets). We report the rest-frame UV size as
a tentative measurement. See §4.3 for discussions about
possible systematic uncertainties of our rest-frame UV
size measurement.
The extended [CII] emission and the compact dust

continuum show that at z ⇠ 7 the [CII] emitting gas
is, on average, more extended than the star-forming re-
gions. These results are consistent with previous find-
ings using star-forming galaxies at z ⇠ 4� 6 (Fujimoto
et al. 2019, 2020; Herrera-Camus et al. 2021). Combined
with previous studies, our results suggest that the [CII]
emitting gas is spatially more extended than actively
star-forming regions over a wide redshift range.

4.2. Non-Evolution of [CII] Sizes from z ⇠ 7 to z ⇠ 4.5

Similar to z ⇠ 7 galaxies, the stacked [CII] emission of
z ⇠ 4.5 and z ⇠ 5.5 galaxies from ALPINE survey are
well resolved as the radial profiles of the stacks are more
extended than the stacked synthesized beams (FWHM
of ⇠ 1.100). To compare the shape of radial profiles more
directly, we convolved the stacked images at z ⇠ 4.5
and z ⇠ 5.5 with Gaussians that have �2 = �2

z⇠7
�

�2

z⇠4/z⇠5
, where �z⇠4/z⇠5/z⇠7 are the sigma of Gaussian

fits to the respective beams of each stacked images. We
note that the Gaussian convolutions resulted in similar
beams for all redshift bins. We find that there is no
noticeable di↵erence in the radial profiles of all [CII]
stacks for galaxies from z ⇠ 4.5 to z ⇠ 7 (Fig. 3).
Additionally, to test a possible bias from the sample

selection, we also stacked [CII] emission of 4 < z < 6
galaxies which have the same UV luminosity range as
our z ⇠ 7 galaxy sample. These UV luminosity matched
galaxies at 4 < z < 6 have �23.0 < MUV < �21.4.
The stack of the UV luminosity matched 4 < z < 6
sample shows re = 2.17+0.16

�0.18 kpc, meaning that there is
no clear change in the measured size of [CII] from z ⇠ 7
(Tab. 1). This suggests that the non-evolution we find is

Radial Profile of 
Gas + Dust

[CII] halos are so 
much more 

extended than 
stars + dust



Systematic Follow-up of Bright Euclid Samples Will Give Us 
a View of Stars, Gas, Dust, and Metals

Average [CII] 158µm sizes of Star-Forming Galaxies between z ⇠ 7 and z ⇠ 4 5

matched-[CII] PSF

z~7

z~5.5
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Figure 3. Left Panel: The stacked radial profiles of the
beam matched [CII] 158µm emission from galaxies in three
redshift bins. The lines show median profiles of galaxies at
z ⇠ 7 (blue dashed), z ⇠ 5.5 (red dashed dot), and z ⇠ 4.5
(green solid), and the hatched profile shows the matched
beam. All stacked profiles have significant excesses from the
stacked beams, showing that stacked [CII] lines are well re-
solved spatially, and all profiles have consistent angular sizes
and shapes. Right Panels: 500⇥500 stamps of the stacked [CII]
moment-0 maps in di↵erent redshift bins. White solid (dot-
ted) contours show 2 to 5 � (-2�) signals if present. White
bars in the lower right corners show 100 scales. Red contours
show positions having signals half of their peak values.

not strongly a↵ected by sample selection in the di↵erent
ALMA programs (Fig. 4).
Overall, the measurements show that the average [CII]

emission sizes have little or no evolution between z ⇠ 7
and z ⇠ 4 (Fig. 4). The non-evolution of [CII] emission
sizes are in contrast with the previously found evolution
of the rest-UV continuum sizes, scaling as / 1/(1 + z)
(e.g., Shibuya et al. 2015, however see also e.g., Curtis-
Lake et al. 2016 for possible non-evolution). Pizzati
et al. (2020) showed that the extended [CII] emission
can be explained by star formation driven outflow that
have outflow velocity ⇠ 170 km/s and high mass-loading
factor of ⌘ = 3.1 defined as Ṁ = ⌘ SFR (see also
Graziani et al. 2020 for metal/dust enrichment through
galactic winds). We indeed detected the outflowing
[CII] emission through the secondary broad line of the
stacked [CII] spectrum showing the velocity FWHM of
vFWHM ⇠ 500 km/s (REBELS collaboration in prep.).
This feature is consistent with an outflow scenario of the
extended [CII] emission found in previous studies (e.g.,
Gallerani et al. 2018; Ginolfi et al. 2020). Based on the
outflow model of Pizzati et al. (2020), the di↵erential
evolution between star-forming regions and gas reservoir
surrounding them suggest less mass-loaded (i.e., smaller

[CII]

UV

v4; added UV stack results + median UV size of ALPINE + Added Fujimoto+20 results

evolution 

median re-UV

Figure 4. E↵ective radius (re) as a function of redshift
as measured from the [CII] 158µm emission line and rest-
UV continuum. The e↵ective radius of [CII] emission (red
squares) shows little change between z ⇠ 4.5 and z ⇠ 7, while
the rest-UV continuum, on average, is smaller at higher red-
shift (gray dots and line from Shibuya et al. 2015, and blue
open circles from Fujimoto et al. 2020 and this work). The
non-evolution of the [CII] size at z ⇠ 4 � 7 remains present
when we use a UV luminosity matched sample of galaxies at
z ⇠ 5 (yellow open square). This suggests that high-redshift
galaxies might be morphologically dominated by gas, and
that star formation activity occupies a progressively smaller
fraction of the volume in galaxies towards the highest red-
shifts.

Table 1. Stacked [CII] Sizes

Redshift† # of galaxies r[CII] [kpc]

4.54 31 2.46+0.18
�0.18

5.57 21 2.23+0.25
�0.20

6.95 28 2.21+0.23
�0.19

MUV matched 4 < z < 6 galaxies††

4.95 39 2.17+0.16
�0.18

† Median redshifts of each bin.

†† �23.0 < MUV < �21.4 galaxies at 4 < z < 6 (see §4.2)

⌘) outflows at higher redshift to reach to the larger ra-
dius from star forming regions. A detailed analysis of
the outflow properties in comparison with theoretical
models will be presented in future work. If the di↵er-
ential evolution will be confirmed, it suggest that high-
redshift galaxies might be morphologically dominated
by gas, and star formation activity occupies a progres-
sively smaller fraction of the volume in galaxies towards
the highest redshifts.

Fudamoto+2022

Limited evolution is 
observed in the sizes of 
[CII] halos with redshift.

Yet substantial variations 
are observed in the [CII] 
halo sizes from source-

to-source.

Physical driver is 
uncertain, but may 

become clear by making 
use of new information 

from JWST



With high spatial resolution views of gas outflows (with ALMA), we can probe
feedback from Star Formation

Herrera-Camus+2021

Herrera-Camus et al.: A kiloparsec view of a typical star-forming galaxy when the Universe was ! 1 Gyr old

Fig. 2. (Left) [C ii] 158 µm integrated intensity of HZ4. The contours start at 2! (dotted line) and then increase from 3! to 17! in steps of two
(solid lines). The ALMA synthesized beam (" = 0.39"" # 0.34"") is shown in the bottom-left corner. (Center) Dust continuum emission at rest-
frame 160 µm. The contours level are 2 (dotted brown line), and 3, 3.5 and 4! (solid brown lines). (Right) Contours of rest-frame UV emission as
observed by HST/WFC3 F160W (Barisic et al. 2017) on top of the [C ii] integrated intensity map. The contour levels are 2 (dashed black line), 3,
5, 10 and 20! (solid black lines). The contours are shifted in the direction of the black arrow from the original position marked by the black dot.
The HST WFC3 F160W point-spread function (PSF) is shown in black in the bottom left corner next to the ALMA beam in white.

3. Results

3.1. [C ii] line and dust continuum emission in the
main-sequence star-forming galaxy HZ4

HZ4 is a Lyman break selected galaxy in the COSMOS field
(Koekemoer et al. 2007) with a [C ii]-based spectroscopic red-
shift of z = 5.54 (Capak et al. 2015; Hasinger et al. 2018;
Béthermin et al. 2020). As Figure 1 (left panel) shows, with a
stellar mass of log10(M#/M$) = 10.15+0.13

%15 and a star forma-
tion rate of SFR = 40.7+35

%15 M$ yr%1 (Faisst et al. 2020), HZ4
lies on the main-sequence of star-forming galaxies at z ! 5
(e.g., Speagle et al. 2014). The gray circles show galaxies be-
tween 5 & z & 6 detected in [C ii] line emission as part
of the ALMA ALPINE Large Program (Le Fèvre et al. 2019;
Béthermin et al. 2020). In contrast to our deep, high-resolution
observation, ALPINE galaxies have typical on-source integra-
tion times of only t ! 15% 25 min with angular resolution in the
range "beam ! 0.8 % 1.5"".

Figure 1 (right panel) shows the global [C ii] spectrum of
HZ4 extracted within a circular aperture of 0.9""(! 5.4 kpc) ra-
dius centered at the peak of the [C ii] emission (RA 09:58:28.5,
Dec. +02:03:06.6). The line is detected with a global signal-to-
noise ratio of S/N ' 16. The best single Gaussian fit is cen-
tered at an observed frequency of $0 = 290.471± 2# 10%3 GHz,
which corresponds to a redshift of z = 5.543, consistent with
previous measurements. The peak flux density and linewidth
( full width at half maximum; FWHM) are 4.79 ± 0.22 mJy
and 232 ± 8 km s%1, respectively. The total flux measured is
S [CII] = 1.12 ± 0.07 Jy km s%1. This is similar to the flux
measured by Capak et al. (2015) of S [CII] = 1.14 Jy km s%1

based on observations with an angular resolution of "beam =
0.90"" # 0.48"", and about 20% larger than the total flux mea-
sured based on observations from the ALPINE survey (under
the name DEIMOS_COSMOS_494057; Le Fèvre et al. 2019;
Béthermin et al. 2020) with an angular resolution of "beam =
1.01"" # 0.85"". Most likely due to the high S/N of our obser-

vations, we do not observe a lower [C ii] global flux in our high
angular resolution data as reported in other high-redshift galax-
ies due to the e!ect of surface brightness dimming discussed by
Carniani et al. (2020).

The left panel of Figure 2 shows the [C ii] line intensity map
integrated in the velocity range between %300 and +300 km s%1,
which corresponds to the region in the spectrum of Figure 1
filled in orange. The galaxy morphology resembles an extended
disk that looks slightly warped in the southwest region. A
two-dimensional Gaussian fitting yields a deconvolved size (at
FWHM) of 0.80"" # 0.47"" (±0.05"") (4.9# 2.9 kpc) with the ma-
jor axis at a PA of 17.7o ± 5o.

Together with the [C ii] transition, we also detect the dust
continuum of HZ4 at rest-frame 160 µm. The middle panel of
Figure 2 shows the integrated intensity map. The total dust con-
tinuum flux is S cont,160 µm = 0.15± 0.03 mJy. The distribution of
the dust emission is aligned with the morphological major axis
of the [C ii] line emission, but is significantly less extended in the
direction of the minor axis, although this depends on the sensi-
tivity of the observations. A two-dimensional Gaussian fitting
yields a deconvolved size (at FWHM) of 0.93"" #0.18"" (±0.20"")
(5.6# 1.1 kpc) with the major axis at a PA of 27.9o ± 5o. In Sec-
tion 3.2 we discuss how the di!erences in the spatial distribution
of the dust and the [C ii] line emission can shed light on the phys-
ical conditions of the gas, and in Section 3.4 we compare in more
detail the light distribution from the [C ii] and dust emission.

In the last panel of Figure 2 we show the rest-frame UV emis-
sion observed with HST/WFC3 (F160W; Barisic et al. 2017)
plotted on top the [C ii] line integrated emission. In principle, we
expect the [C ii] and UV emission to trace each other well as they
correspond to important cooling and heating channels of the ISM
(e.g., Wolfire et al. 2003). However, the original HST UV peak
emission is centered at the position marked with a black dot,
shifted with respect to the ALMA dust continuum and [C ii] peak
emission by ! 0.3"". Spatial o!sets of this magnitude between
H% or UV and dust emission have been observed in z ! 2%3 sub-
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Fig. 5. Evidence for an outflow in HZ4. The left panel shows the [C ii] line integrated intensity contours with S/N! 3 (yellow). The spectra
extracted from the 7 apertures placed across the disk are shown in Appendix B, except for apertures 1 and 2 (in purple), for which they are shown
in the right panels. In these cases the best Gaussian fit to the spectra involves two components: a narrow component which we associate with the
disk (green), and a broad component that we associate with outflowing gas (purple). The purple arrow in the [C ii] map shows the direction in the
disk were we find evidence for outflowing gas, which is almost along the galaxy minor axis (gray arrow).

3.3. Outflows: evidence for an outflow along the minor axis

So far, the strongest evidence for neutral outflows in typical, star-
forming galaxies at z " 5 comes from the stacking of [C ii] spec-
tra (Gallerani et al. 2018; Ginolfi et al. 2020b) or metal absorp-
tion lines (Sugahara et al. 2019). In the case of the analysis of
the ALPINE galaxies, the stacked [C ii] spectra of galaxies with
SFR > 25 M# yr$1 show a high-velocity tail that can be fit-
ted by a broad Gaussian component of FWHM " 680 km s$1

(Ginolfi et al. 2020b). The mass outflow rate, although uncertain
for reasons we discuss below, is comparable to the SFR of the
stacked systems.

HZ4 has a total SFR of " 40 M# yr$1, comparable to the
SFR in the group of stacked galaxies in Ginolfi et al. (2020b)
that show evidence for outflows. Taking advantage of the high
spatial resolution and sensitivity of our observations, we search
for outflow signatures on "kiloparsec scale regions across the
disk of HZ4. Figure 5 shows the distribution of seven circular
apertures where we search for outflow signatures in the spec-
trum. Spectra from regions 3 to 7 (Appendix B) look symmet-
ric. For each spectrum from region 3 to 7, a single Gaussian fit
was strongly preferred over fitting a double Gaussian distribu-
tion based on the reduced chi-squared value. We also find that
the residuals from the single Gaussian fit do not show any clear
evidence of flux excess over the entire velocity range. Spectra
from apertures 1 and 2, on the other hand, require two Gaussian
components for an optimal fit: a narrow component that can be
associated with the star forming disk, and a broad component as-
sociated to a potential outflow. The right panel of Figure 6 shows
the result of the double Gaussian fit. The FWHM of the broad
components of apertures 1 and 2 are 406 and 326 km s$1, respec-
tively. These values are a factor %1.6 $ 2 lower than the FWHM
of the broad component in the stacked [C ii] spectrum of main-
sequence galaxies at z " 4 $ 5 (Ginolfi et al. 2020b), QSOs at
z " 6 (Stanley et al. 2019), and about a factor of 5 lower than the
FWHM in the powerful AGN-driven outflows detected in QSOs
at z ! 5 (Maiolino et al. 2012; Bischetti et al. 2019).

It is interesting to note that the broad component features
observed in Region 1 and 2 become diluted in the global [C ii]
spectrum shown in Figure 1. In that sense, it is only due to our
ability to spatially resolve the [C ii] emission with high sensi-
tivity that we can detect the outflow signatures. Additional evi-
dence in favor of the outflow interpretation of the broad compo-
nent comes from two signatures also observed in nearby galaxy
outflows: (1) the outflow in HZ4 is located at the peak of the
gas velocity dispersion (see Paper II; Herrera-Camus et al. in
prep.), and (2) the outflow extends nearly aligned with the mi-
nor axis (the path of least resistance through the disk; e.g.,
Chen et al. 2010; Leroy et al. 2015; Roberts-Borsani et al. 2020;
Herrera-Camus et al. 2020).

Table 1. ![CII](n,T,Z): [C ii] luminosity-to-mass conversion factor

T = 102 K T = 103 K T = 104 K
Z = Z#

n = 102 cm$3 38.1 13.2 7.2
n = 103 cm$3 5.8 2.7 2.0
n = 104 cm$3 2.6 1.6 1.5a

Z = 0.5Z#
n = 102 cm$3 117.5 40.6 22.16
n = 103 cm$3 17.9 8.3 6.3
n = 104 cm$3 7.9 5.0 4.7

Z = 0.1Z#
n = 102 cm$3 1.0 % 103 358.9 195.7
n = 103 cm$3 157.6 73.0 55.7
n = 104 cm$3 69.6 44.4 41.7

(a) Maximal excitation case

To further explore the outflow scenario, we compare the
properties of the potential outflow in HZ4 with those observed
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Fig. 5. Evidence for an outflow in HZ4. The left panel shows the [C ii] line integrated intensity contours with S/N! 3 (yellow). The spectra
extracted from the 7 apertures placed across the disk are shown in Appendix B, except for apertures 1 and 2 (in purple), for which they are shown
in the right panels. In these cases the best Gaussian fit to the spectra involves two components: a narrow component which we associate with the
disk (green), and a broad component that we associate with outflowing gas (purple). The purple arrow in the [C ii] map shows the direction in the
disk were we find evidence for outflowing gas, which is almost along the galaxy minor axis (gray arrow).

3.3. Outflows: evidence for an outflow along the minor axis

So far, the strongest evidence for neutral outflows in typical, star-
forming galaxies at z " 5 comes from the stacking of [C ii] spec-
tra (Gallerani et al. 2018; Ginolfi et al. 2020b) or metal absorp-
tion lines (Sugahara et al. 2019). In the case of the analysis of
the ALPINE galaxies, the stacked [C ii] spectra of galaxies with
SFR > 25 M# yr$1 show a high-velocity tail that can be fit-
ted by a broad Gaussian component of FWHM " 680 km s$1

(Ginolfi et al. 2020b). The mass outflow rate, although uncertain
for reasons we discuss below, is comparable to the SFR of the
stacked systems.

HZ4 has a total SFR of " 40 M# yr$1, comparable to the
SFR in the group of stacked galaxies in Ginolfi et al. (2020b)
that show evidence for outflows. Taking advantage of the high
spatial resolution and sensitivity of our observations, we search
for outflow signatures on "kiloparsec scale regions across the
disk of HZ4. Figure 5 shows the distribution of seven circular
apertures where we search for outflow signatures in the spec-
trum. Spectra from regions 3 to 7 (Appendix B) look symmet-
ric. For each spectrum from region 3 to 7, a single Gaussian fit
was strongly preferred over fitting a double Gaussian distribu-
tion based on the reduced chi-squared value. We also find that
the residuals from the single Gaussian fit do not show any clear
evidence of flux excess over the entire velocity range. Spectra
from apertures 1 and 2, on the other hand, require two Gaussian
components for an optimal fit: a narrow component that can be
associated with the star forming disk, and a broad component as-
sociated to a potential outflow. The right panel of Figure 6 shows
the result of the double Gaussian fit. The FWHM of the broad
components of apertures 1 and 2 are 406 and 326 km s$1, respec-
tively. These values are a factor %1.6 $ 2 lower than the FWHM
of the broad component in the stacked [C ii] spectrum of main-
sequence galaxies at z " 4 $ 5 (Ginolfi et al. 2020b), QSOs at
z " 6 (Stanley et al. 2019), and about a factor of 5 lower than the
FWHM in the powerful AGN-driven outflows detected in QSOs
at z ! 5 (Maiolino et al. 2012; Bischetti et al. 2019).

It is interesting to note that the broad component features
observed in Region 1 and 2 become diluted in the global [C ii]
spectrum shown in Figure 1. In that sense, it is only due to our
ability to spatially resolve the [C ii] emission with high sensi-
tivity that we can detect the outflow signatures. Additional evi-
dence in favor of the outflow interpretation of the broad compo-
nent comes from two signatures also observed in nearby galaxy
outflows: (1) the outflow in HZ4 is located at the peak of the
gas velocity dispersion (see Paper II; Herrera-Camus et al. in
prep.), and (2) the outflow extends nearly aligned with the mi-
nor axis (the path of least resistance through the disk; e.g.,
Chen et al. 2010; Leroy et al. 2015; Roberts-Borsani et al. 2020;
Herrera-Camus et al. 2020).

Table 1. ![CII](n,T,Z): [C ii] luminosity-to-mass conversion factor

T = 102 K T = 103 K T = 104 K
Z = Z#

n = 102 cm$3 38.1 13.2 7.2
n = 103 cm$3 5.8 2.7 2.0
n = 104 cm$3 2.6 1.6 1.5a

Z = 0.5Z#
n = 102 cm$3 117.5 40.6 22.16
n = 103 cm$3 17.9 8.3 6.3
n = 104 cm$3 7.9 5.0 4.7

Z = 0.1Z#
n = 102 cm$3 1.0 % 103 358.9 195.7
n = 103 cm$3 157.6 73.0 55.7
n = 104 cm$3 69.6 44.4 41.7

(a) Maximal excitation case

To further explore the outflow scenario, we compare the
properties of the potential outflow in HZ4 with those observed
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Herrera-Camus et al.: A kiloparsec view of a typical star-forming galaxy when the Universe was ! 1 Gyr old

Fig. 6. (Left) Outflow velocity (vout) versus star formation rate surface density (!SFR) observed in apertures 1 and 2 of HZ4 (orange circles) and in
the stacked !kiloparsec scale star-forming regions in z ! 2 main-sequence galaxies (blue lines; Davies et al. 2019). (Right) Local neutral mass
loading factor as a function of !SFR for HZ4 (orange circle) and stacked galaxies from the MANGA survey based on the Na D !!5889,5895 Å
absorption doublet (green diamonds; Roberts-Borsani & Saintonge 2019).

in the outflows of other local and high-z star-forming galaxies.
We first estimate the projected maximum velocity of the out-
flowing gas following vout ! |"v| + FW10%/2 (e.g., Lutz et al.
2020), where "v shift of the centroid of the broad Gaussian line
component for the outflow with respect to the systemic veloc-
ity, and FW10% is the full width at a tenth of the maximum of
the broad outflow component. The projected outflow velocities
we obtain for apertures 1 and 2 are vout,A1 " 415 km s#1 and
vout,A2 " 320 km s#1, respectively. These velocities are most
likely lower limits as we are not considering projection e#ects.
Based on the axial ratio b/a of the deconvolved size of the [C ii]
image, we infer an inclination for HZ4 of approximately " " 45o.
If we assume that the outflows are perpendicular to the disk, then
the deprojected velocities are a factor 1/cos(45o) " 1.4 larger,
i.e., vout,A1 " 590 km s#1 and vout,A2 " 445 km s#1, respectively.

Next, we calculate the star formation rate surface density
(!SFR). For region 1 this can be done based on the FIR lumi-
nosity or the combination of the FIR and UV continuum emis-
sion. Within the uncertainties these two are comparable. For re-
gion 2, which is not detected in the 160 µm continuum map,
we estimate the SFR from the UV luminosity following the cal-
ibration by Murphy et al. (2011). On average, the star forma-
tion rate surface densities of regions 1 and 2 are in the range
!SFR " 0.3 # 1 M$ yr#1 kpc#2. This value is comparable to
the threshold value found by Newman et al. (2012) for the oc-
currence of strong outflows in z ! 2 star-forming galaxies.
Davies et al. (2019) expanded the work of Newman et al. (2012)
by studying the ionized outflow properties of stacked ! 1#2 kpc
size star-forming regions in z ! 2 main-sequence galaxies (sim-
ilar spatial scale as our ALMA observations). As Figure 6 (left
panel) shows, Davies et al. (2019) find a positive correlation be-
tween the outflow velocities and !SFR consistent with trends
from rest-UV absorption features tracing winds at z ! 1 # 3
(e.g., Weiner et al. 2009; Kornei et al. 2012). Both regions 1 and
2 in HZ4 follow this relation within the uncertainties, which
provides additional support for the outflow interpretation of the
broad component in the [C ii] spectra.

Another relevant quantity to study in the outflow scenario is
the mass outflow rate (Ṁout). For this, we first need to estimate
the atomic gas mass in the outflow based on the [C ii] luminos-
ity of the broad Gaussian component. As we describe in detail
in Appendix C, the conversion factor #[CII] (MH = #[CII] % L[CII])
depends on the neutral gas density, temperature, and metallicity
of the gas. Figures C.1 and C.2 in Appendix C show the varia-
tion in the value of #[CII] as a function of the neutral gas density
(0.1 & nH & 105 cm#3), temperature (10 & T & 104 K), and
metallicity (7 & 12 + log10(O/H) & 9). Table 1 lists a subset of
values relevant for the physical conditions that could be found
in the outflowing gas of nearby and high-z galaxies. In the case
of maximal excitation (T ' 91 K, n ' ncrit ! 103 cm#3) and
gas with solar metallicity, the mass-to-light ratio is #[CII] " 1.5.
This e#ectively represents a lower limit to the amount of gas in
the outflow traced by the [C ii] line emission (see also discussion
in Veilleux et al. 2020). If the metallicity of the gas decreases to
half or one tenth solar, then #[CII] increases approximately by a
factor %3 or %27, respectively.

To estimate the outflow mass in HZ4 we follow a conserva-
tive approach and assume #[CII] " 1.5 (i.e., maximal excitation
and solar metallicity). This results in a neutral gas mass in the
outflow of Mout,1 " 1.2 % 108 M$ and Mout,2 " 8.5 % 107 M$
for regions 1 and 2 respectively. It could be argued based on
Spitzer color-based metallicities (Faisst et al. 2017), or the mass-
metallicity relation at z ! 5, that the metallicity of HZ4 is about
half solar or lower (e.g., Mannucci et al. 2009; Laskar et al.
2011; Torrey et al. 2018). This represents an additional reason
to believe these mass outflow estimates correspond to lower lim-
its.

Based on the outflow mass, we estimate the mass outflow
rate as Ṁout = Mout % vout/Rout. If we use the projected outflow
velocity and extent of the outflow (Rout ! 2 kpc), the neutral
mass outflow rates for regions 1 and 2 are Ṁout,1 " 22 M$ yr#1

and Ṁout,2 " 12 M$ yr#1, respectively. If we consider inclina-
tion e#ects, the mass outflow rates increase by tan("), so the
values remain the same as tan(45o) = 1. Taking into account
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With such a detailed, high-spatial resolution 
view, we should also be better positioned to 
probe super massive black holes in galaxies.



Other important tools to probe the physical characteristics 
of bright galaxies at high redshift:

1) Use of Statistical Weak Lensing Constraints to Probe Halo Masses

2) Using Clustering Measurements and the Prevalence of Companion 
Galaxies as a Second Probe on Their Halo Mass

Neeleman+2019

Three Examples of Companion Galaxies Found in the Immediate Neighbourhood of Bright z>6 QSOs

Searches for Companion Galaxies around Bright Euclid Souces Might Provide Another Useful Selection 
of Massive High-SFR Galaxies to Use in Assessing Galaxy Build-up in a. Less Biased Way



Summary

Future Science on z>=8 Galaxies with Euclid seems very bright given the 
Large Number of Luminous Galaxies Discovered at z>=8 with HST and 

now with JWST 

While the new sources discovered with Euclid will be extremely useful 
for a definitive characterisation of the bright end of the UV LF,  they wlll 

be especially useful for providing targets for a thoroughout multi-
wavelength characterisation of both intrinsically bright + fainter targets.

Simple Estimates Suggest We Should Discover >20,000 Bright Galaxies at 
z>=6 Leveraging both the Wide and Deep Surveyss with Euclid

Among other science goals, follow-up data should allow for a a 
significantly improved characterisation of the star formation efficiency at 
z>~8,  a better understanding of build-up of mass in stars and the central 
massive black holes, and deeper insight into the build-up of dust, metals, 

and gaseous reservoirs in the earliest generation of galaxies.


