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A B S T R A C T 

We present the first constraints on the pre v alence of z > 10 galaxies in the Hubble Ultra Deep Field (HUDF) leveraging new 

NIRCam observations from JEMS ( JWST Extragalactic Medium-band Surv e y). These NIRCam observations probe redward of 
1.6 μm, beyond the wavelength limit of HST , allowing us to search for galaxies to z > 10. These observations indicate that the 
highest redshift candidate identified in the HUDF09 data with HST , UDFj-39546284, has a redshift of z > 11.5, as had been 

suggested in analyses of the HUDF12/XDF data. This has now been confirmed with JWST NIRSpec. This source is thus the most 
distant galaxy disco v ered by HST in its > 30 yr of operation. Additionally, we identify nine other z ∼ 8–13 candidate galaxies 
o v er the HUDF, two of which are new disco v eries that appear to lie at z ∼ 11–12. We use these results to characterize the 
evolution of the UV luminosity function (LF) from z ∼ 15 to z ∼ 8.7. While our LF results at z ∼ 8.7 and z ∼ 10.5 are consistent 
with previous findings o v er the HUDF, our new LF estimates at z ∼ 12.6 are higher than other results in the literature, potentially 

pointing to a milder evolution in the UV luminosity density from z ∼ 12.6. We emphasize that our LF results are uncertain given 

the small number of z ∼ 12.6 sources and limited volume probed. The new NIRCam data also indicate that the faint z ∼ 8–13 

galaxies in the HUDF/XDF show blue UV -continuum slopes β ∼ −2.7, high specific star formation rates ∼24.5 Gyr −1 , and 

high EW ( ∼1300 Å) [O III ] + H β emission, with two z ∼ 8.5 sources showing [O III ] + H β EWs of ∼2300 Å. 

K ey words: galaxies: e volution – galaxies: high-redshift – Cosmology: dark ages, reionization, first stars. 
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 I N T RO D U C T I O N  

ne of the most interesting frontiers in extragalactic astronomy
oncerns the formation and growth of galaxies in the early universe.
ignificant open questions exist regarding the efficiency of star
ormation in the early universe (e.g. Behroozi, Wechsler & Conroy
013 ; Stefanon et al. 2017 ), when cosmic reionization began in
arnest (e.g. Bouwens et al. 2015b ; Robertson et al. 2015 ; Robertson
022 ), and the o v erall timeline of stellar assembly (e.g. Madau &
ickinson 2014 ). Leveraging the capabilities of the Hubble Space

elescope (HST) and Spitzer , significant progress was made in
dentifying galaxies to z ∼ 11 (Coe et al. 2013 ; Oesch et al. 2016 ;
iang et al. 2021 ) and probing the build-up of stellar mass from z
 E-mail: bouwens@strw .leidenuniv .nl 

r  

a  

b  

Pub
10 (e.g. Stark et al. 2009 ; Gonz ́alez et al. 2011 ; Duncan et al.
014 ; Grazian et al. 2015 ; Song et al. 2016 ; Bhatawdekar et al. 2019 ;
ikuchihara et al. 2020 ; Furtak et al. 2021 ; Stefanon et al. 2021 ,
023 ). Now, with the initial studies with the JWST , large numbers
f galaxies have been identified with redshifts in excess of z ∼
0 (e.g. Adams et al. 2023 ; Atek et al. 2023 ; Bradley et al. 2022 ;
astellano et al. 2022 ; Finkelstein et al. 2022a ; Labbe et al. 2023 ;
aidu et al. 2023 ; Rodighiero et al. 2023 ; Yu-Yang Hsiao et al.
022 ) with plausible redshifts as high as z ∼ 17 (e.g. Atek et al.
023 ; Donnan et al. 2023 ; Harikane et al. 2023 ; Naidu et al. 2022 ;
an et al. 2023 ; Zavala et al. 2023 ). 
In the midst of all the excitement surrounding the disco v ery of
any plausible z ≥ 10 galaxies, significant questions have persisted

egarding how robust various high redshift candidates from JWST
re. Of concern has been the limited depth of the imaging data just
lue ward of v arious putati ve Lyman breaks, the only modest o v erlap
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 

http://orcid.org/0000-0001-5851-6649
http://orcid.org/0000-0003-2871-127X
http://orcid.org/0000-0003-3997-5705
mailto:bouwens@strw.leidenuniv.nl


UV LF results at z ∼ 8–15 using JWST XDF data 1037 

b
a
A

8  

fi
H  

t  

t  

2  

I  

p
b  

(
m  

o
E
S
(

h  

o
p
p
C
p  

s  

t  

d  

a
h  

L  

o  

d  

U
w

 

H
o  

f
S
g  

s
I  

t
w
e
t
F  

Y  

J
F  

c
(  

o
c
7
s  

m

1

t  

s

2

2

H  

t  

M  

O  

F
a
c
i  

t  

T
a  

G

m  

u
i

 

u  

2  

t  

(  

t  

a
 

s  

t  

d  

w  

d
c
e  

z

 

s
t
b
2  

H
f  

a
(

2

F  

t  

p
S
F
1
o  

s
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/1/1036/7129033 by U
niversiteit Leiden - LU

M
C

 user on 21 February 2024
etween the specific sources that make up various z ≥ 8 selections, 1 

nd uncertainties in the calibration of the NIRCam zeropoints (e.g. 
dams et al. 2023 ). 
One way to substantially impro v e the robustness of current z ≥

 selections is to perform these selections o v er those e xtragalactic
elds with some of the deepest available imaging observations with 
ST , and there is clearly no field with deeper archi v al observ ations

han the Hubble Ultra Deep Field (HUDF). The HUDF has been the
arget of more than 1000 h of observations with HST (Thompson et al.
005 ; Beckwith et al. 2006 ; Bouwens et al. 2011b ; Ellis et al. 2013 ;
llingw orth et al. 2013 ; Koek emoer et al. 2013 ; Teplitz et al. 2013 ),
robing to 5 σ limiting magnitudes ≥30 mag in the bluest three optical 
ands, to ∼30 mag in the F105W band, and to ∼29.5 mag otherwise
F850LP, F125W , F140W , and F160W). This is approximately 2 
ag deeper at optical wavelengths than has been available o v er

ther fields with early JWST observations, e.g. the Cosmic Evolution 
arly Release Science (CEERS) program (Finkelstein et al. 2017 ), 
MACS0723 (Pontoppidan et al. 2022 ), or the GLASS parallel field 
Treu et al. 2022 ). 

Here we take advantage of sensitive NIRCam imaging data which 
ave just been obtained o v er the Hubble Ultra Deep Field, as part
f the sensitive JEMS ( JWST Extragalactic Medium-band Survey) 
rogram (Williams et al. 2023 ). Imaging observations from the 
rogram were obtained just redward of the sensitive Wide Field 
amera 3 (WFC3)/IR observations from the HUDF09 and HUDF12 
rograms (Bouwens et al. 2011b ; Ellis et al. 2013 ) and enable
earches for star-forming galaxies o v er the Hubble Ultra Deep Field
o even higher redshift than can be readily probed with the WFC3/IR
ata sets, i.e. to z > 10 and out to z ∼ 15. The observations also
llow for a reevaluation of various candidate z ≥ 10 galaxies that 
ave already been reported over that field and a rederi v ation of UV
F results at z ≥ 8. Thanks to the depth of the available supporting
bservations o v er the Hubble Ultra Deep Field (being up to ∼2 mag
eeper than available o v er other fields), we would expect these new
V LF results to be more reliable than most earlier determinations 
ith JWST . 
In Section 2 , we describe the combined JWST NIRCam plus

ST imaging data sets available to search for star-forming galaxies 
 v er the Hubble Ultra Deep Field as well as our procedures
or constructing source catalogs and performing photometry. In 
ection 3 , we describe our procedures for identifying star-forming 
alaxies o v er the Hubble Ultra Deep Field, and then present the
amples of sources we derive and compare it to earlier selections. 
n Section 4 , we use our new samples of z ∼ 8–13 galaxies
o quantify the UV LF at z ≥ 8, characterize the evolution 
ith cosmic time, and analyze the stellar populations and line 

mission from fainter star-forming galaxies at z ≥ 8. We refer 
o the HST F435W, F606W, F775W, F814W, F850LP, F105W, 
125W , F140W , and F160W bands as B 435 , V 606 , i 775 , I 814 , z 850 ,
 105 , J 125 , JH 140 , and H 160 , respectively , for simplicity , and to the
WST F182M and F210M bands as HK 182 and K 210 , respectively. 
 or conv enience, we quote results in terms of the approximate
haracteristic luminosity L 

∗
z= 3 derived at z ∼ 3 by Steidel et al. 

 1999 ), Reddy & Steidel ( 2009 ), and many other studies. For ease
f comparison to other recent extragalactic work, we assume a 
oncordance cosmology with �m 

= 0.3, �� 

= 0.7, and H 0 = 

0 km s −1 Mpc −1 throughout. All star formation rate (SFR) and 
tellar mass results are quoted assuming a Chabrier ( 2003 ) initial
ass function (IMF). All magnitude measurements are given using 
 ht tps://twit ter.com/st ewilkins/status/1554909423759409153 

p
s  

m

he AB magnitude system (Oke & Gunn 1983 ) unless otherwise
pecified. 

 DATA  SETS  A N D  PHOTOMETRY  

.1 Data set 

ere we make use of the new JWST NIRCam observations taken o v er
he Hubble Ultra Deep Field as part of the JEMS ( JWST Extragalactic

edium-band Surv e y) medium-band program (Williams et al. 2023 ).
btained as part of the program were observations in F182M and
210M short wavelength NIRCam channel and F430M, F460M, 
nd F480M observations taken with the longer wavelength NIRCam 

hannel. The F182M, F210M, and F480M observations had total 
ntegration times of 7.8 h each, while the total integration times for
he F430M and F460M observations were 3.9 h each in duration.
he observations were reduced using GRIZLI reduction pipeline 
dapted to handle JWST NIRCam data (Brammer et al. 2023 ).
RIZLI includes procedures for masking the ‘snowball’ artefacts and 
inimizing the impact of 1/ f noise. Image combination is treated

sing ASTRODRIZZLE after converting the WCS information in the 
mage headers to use SIP format. 

The WFC3/IR and Advanced Camera for Surv e ys (ACS) images
sed for our analysis are the XDF images that were generated in
013 based on all the o v erlapping HST optical and near-IR images
hat were available at that time and include ∼1000 orbits of data
Illingworth et al. 2013 ). These images include deep observations in
he F435W , F606W , F775W , F814W , and F850LP bands with ACS
nd F105W, F125W, F140W, and F160W bands with WFC3/IR. 

Fig. 1 and Table 1 summarize the 5 σ depth of the imaging data
ets we utilize for our analysis, and what is striking is how similar
he depths of the a vailable near -IR data sets with HST are to the
epths of the imaging data sets available with JWST in the short
avelength channel, both reaching to ∼29.5 mag at 5 σ while the
epth of the medium-band observations in the longer wavelength 
hannel is 28.2–28.5, sensitive enough to look for prominent line 
mission from H α and [O III ] + H β in galaxies at z ∼ 5.4–6.6 and
 ∼ 7.6–9.3, respectively (Williams et al. 2023 ). 

We restrict our search to the ∼4.6 arcmin 2 region on the
ky that contains both the deepest WFC3/IR observations from 

he HUDF09 + HUDF12 programs and JWST /NIRCam medium- 
and observations from the JEMS program (Williams et al. 
023 ). The footprint of our 4.6 arcmin 2 search field relative to
UDF09 + HUDF12 data set, JEMS field, and JADES NIRCam 

ootprint in the GOODS South is shown in Fig. 2 . Also indicated
re four spectroscopically-confirmed sources from Curtis-Lake et al. 
 2022 ) and Robertson et al. ( 2022 ). 

.2 Source detection and photometry 

or source detection and photometry o v er the HUDF, we make use of
he SEXTRACTOR code (Bertin & Arnouts 1996 ). Source detection is
erformed leveraging a square root of χ2 image (Szalay, Connolly & 

zokoly 1999 ), constructed from the observations in the F140W, 
160W , F182W , and F210M bands for our z ∼ 8–9 and z ∼ 10–
1 selections, observations in the F182W and F210M bands for 
ur z ∼ 12–13 selection, and F210M band for our z ∼ 14–15
election. The various images contributing to the detection image 
re first PSF-matched to the lowest resolution bandpass F160W 

rior to coaddition. Colour measurements are made inside small 
calable Kron ( 1980 ) apertures, using a Kron factor of 1.2. Flux
easurements made in the small scalable apertures are corrected 
MNRAS 523, 1036–1055 (2023) 
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Figure 1. Sensitivity (5 σ , AB mag) of the new JWST medium band observations in F182M, F210M, F430M, F460M, and F480M ( red horizontal lines ) o v er 
the HUDF from the JEMS program (Williams et al. 2023 ) relative to that available in various filters from the HUDF/XDF optical ( blue lines ) and near-IR ( light 
brown lines ) observations. Also shown are the wavelength sensitivity curves for the JWST medium bands as well as the archi v al HST observ ations. F or conte xt, 
a spectral energy distribution (SED) of the z = 8.5 galaxy o v er SMACS0723, as fit with BAGPIPES (Carnall et al. 2018 , 2023 ) and shifted to z = 12, is also 
shown ( grey lines ). Not only are the new JWST medium band data well matched to the depth of the archi v al HST HUDF/XDF observ ations (Illingworth et al. 
2013 ), but the y e xtend the co v erage to redder w avelengths, f acilitating both an identification of star-forming galaxies o v er the HUDF to higher redshifts, i.e. z 
> 10, and a characterization of the stellar population and emission line properties of very high-redshift galaxies in the same field. 

Table 1. Estimated 5 σ depth [in mag] of the JWST + HST data set we utilize 
o v er the HUDF/XDF in 0.35 arcsec diameter apertures. 

Band 5 σ depth (mag) 

HST /F435W 30 .0 
HST /F606W 30 .4 
HST /F775W 30 .3 
HST /F814W 29 .2 
HST /F850LP 29 .5 
HST /F105W 29 .9 
HST /F125W 29 .5 
HST /F140W 29 .4 
HST /F160W 29 .4 
JWST /F182M 29 .6 
JWST /F210M 29 .5 
JWST /F430M 28 .5 
JWST /F460M 28 .2 
JWST /F480M 28 .4 
Area [arcmin 2 ] 4 .6 

t  

χ  

t  

a  

s  

(

3

3

A  

o  

i  

s  

w  

s  

This Work

WFC3 
HUDF

JEMS

NIRSpec
Confirmed

JADES

z~8-9
z~10-13

Our Sample

Figure 2. Illustration of our search field ( red shaded region ) for z ∼ 8–15 
galaxies leveraging the deep JEMS medium-band data ( blue rectangles ) and 
sensitive WFC3/IR data over the HUDF/XDF from HUDF09 + HUDF12 
programs ( red rectangle ). The background image shown in greyscale cor- 
responds to the GOODS South HST ACS F606W observations (Giavalisco 
et al. 2004 ). Also shown are the areas co v ered by the JADES NIRCam fields 
( bracketed by the orange lines ). The coordinates of z ∼ 8–9 and z ∼ 10–13 
candidate galaxies in our selection are indicated by the red and dark red 
circles, respectively. The four white stars indicate the coordinates for the 
four z ∼ 10–14 galaxies which have been spectroscopically confirmed by 
the JADES NIRSpec observations in Curtis-Lake et al. ( 2022 ) and Robertson 
et al. ( 2022 ). 
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o total by accounting for the additional flux in the square root of
2 in larger scalable Kron apertures (Kron factor 2.5) relative to

he smaller scalable apertures. An additional correction is made to
ccount for the additional flux at even larger radii than the larger
calable aperture based on the encircled energy in the F210M PSF
typically a ∼0.15 mag correction). 

 S O U R C E  SELECTIONS  

.1 Lyman break selections 

s in our previous searches for distant galaxies, we base our selection
n the use of two-colour Lyman-break-like criteria. The first colour
n a Lyman-break selection ensures that candidate Lyman breaks in
ources exceed some minimum amplitude (typically at least 1 mag)
hile the second colour ensures the intrinsic colours of selected

ources are blue. Spectroscopic follow-up of sources identified with
NRAS 523, 1036–1055 (2023) 
wo-colour Lyman-break criteria have been shown to largely have
he redshifts that were targeted by the selection (e.g. Steidel et al.
999 , 2003 ; Stark et al. 2010 ; Ono et al. 2012 ; Finkelstein et al.
013 ; Oesch et al. 2015 , 2016 ; Zitrin et al. 2015 ; Hashimoto et al.
018 ; Jiang et al. 2021 ), and so it makes sense to continue using
hose criteria for even higher redshift selections with JWST . 

art/stad1145_f1.eps
art/stad1145_f2.eps
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Figure 3. Illustration of the main colour criteria we use to identify galaxies at z ∼ 8–9 (upper left), z ∼ 10–11 (up per center), z ∼ 12–13 (upper right), and z ∼
14–15 (lower left). The thick black lines indicate the boundaries of our primary colour–colour criteria (but note that for our z ∼ 8–9 selection we also include 
sources with J 125 –H 160 colours redder than 0.3 mag and Y 105 –JH 140 colours redder than 0.8). The blue lines indicate the expected colours of star-forming 
galaxies with 100 Myr constant star-formation histories and E ( B − V ) dust extinction of 0, 0.15, and 0.3, with colours at specific redshifts indicated by the black 
dots. The red lines show the expected colours of lower-redshift template galaxies from Coleman, Wu & Weedman ( 1980 ) out to z ∼ 7. The solid blue circles 
show the colours of specific sources in our selection. In cases where sources are not detected in a band, they are shown with an arrow at the 1 σ limit. 
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In detail, we adopt the following two colour criteria: 

(( Y 105 − J H 140 > 1 . 3) ∨ 

( Y 105 − J H 140 > 0 . 8) ∧ ( J 125 − H 160 > 0 . 3))) ∧ 

( J 125 − H 160 < 0 . 9) 

or our z ∼ 8–9 selection, 

 J 125 − H 160 > 0 . 9) ∧ ( H 160 − H K 182 < 0 . 8) ∧ 

( H 160 − K 210 < 0 . 8) 

or our z ∼ 10–11 selection, 

 H 160 − H K 182 > 0 . 7) ∧ ( H K 182 − K 210 < 0 . 4) 

or our z ∼ 12–13 selection, and 

 H K 182 − K 210 > 0 . 4) ∧ ( K 210 − F 430 M < 1 . 7) 

or our z ∼ 14–15 selection. In applying the abo v e colour criteria,
ources which are undetected in a band are set to their 1 σ upper limits.
hese colour criteria are illustrated in Fig. 3 relative to the expected
olours of star-forming galaxies at z > 7 and various low-redshift
nterlopers. 

To exclude lower-redshift interlopers, we coadd the flux 
rom the imaging observations blueward of the Lyman break 
sing the χ2 statistic (Bouwens et al. 2011b ), which we define 
s χ2 = 	 i SGN( f i )( f i / σ i ) 2 where f i is the flux in band i in
 consistent aperture, σ i is the uncertainty in this flux, and 
GN( f i ) is equal to 1 if f i > 0 and −1 if f i < 0. Sources which
how χ2 > 9 coadding the flux in the B 435 V 606 i 775 I 814 z 850 ,
 435 V 606 i 775 I 814 z 850 Y 105 , B 435 V 606 i 775 I 814 z 850 Y 105 J 125 , and
 f
 435 V 606 i 775 I 814 z 850 Y 105 J 125 JH 140 H 160 bands in our z ∼ 8–9, z

10–11, z ∼ 12–13, and z ∼ 14–15 selections, respectively, are 
xcluded due to their possibly being lower redshift interlopers. We 
mpose this criterion in three apertures, i.e. a 0.2 arcsec diameter
perture, a 0.35 arcsec diameter aperture, and the small scalable 
ron apertures we use to make colour measurements. Additionally, 
e e xclude an y z � 10 sources which show a 3 σ detection in the
 105 band due to this band’s providing the most sensitive imaging at
 1 μm, which nevertheless probes blueward of the Lyman break. 
To ensure that the sources we detect are real, sources are required

o show a 5 σ detection in the combined F182M + F210M image in a
.35 arcsec diameter aperture, to show a 3 σ detection in the F182M
nd F210M image individually in a 0.35 arcsec diameter aperture, 
o show a 4 σ detection in the combined F182M + F210M image in
 0.2 arcsec diameter aperture. Sources in our z ∼ 10–11 selection
re required to show a 3 σ detection in either the F140W + F160W
mage or the F160W image. 

Following our selection of candidate z ∼ 8–13 sources based on 
he described two colour criteria, we computed redshift likelihood 
unctions P ( z) for each source using the EAZY photometric redshift
ode (Brammer, van Dokkum & Coppi 2008 ). In fitting the pho-
ometry of individual sources, we made use of spectral templates 
rom the EAZY v1.0 set and Galaxy Evolutionary Synthesis Models 
GALEV; Kotulla et al. 2009 ), which includes nebular continuum and 
mission lines according to the prescription provided in Anders & 

ritze-v. Alvensleben ( 2003 ), a 0.2 Z � metallicity, and scaled to a
est-frame EW for H α of 1300 Å. > 80 per cent of the integrated
edshift likelihood, i.e. P ( z > 5.5) > 0.8, is required to be at z > 5.5
or sources to be retained in our z ≥ 8 selections. 
MNRAS 523, 1036–1055 (2023) 
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Figure 4. Redshift selection functions for our z ∼ 8–9 Y 105 -dropout, z 
∼ 10–11 J 125 -dropout, z ∼ 12–13 H 160 -dropout, and z ∼ 14–15 HK 182 - 
dropout selections. The criteria for these selections is described in Section 3.1 . 
The expected redshift distribution of these selections is estimated using our 
selection volume simulations in Section 4.1 and has a mean value of 8.7, 10.5, 
12.6, and 14.7, respectively. 
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All candidate z ≥ 8 galaxies are then subjected to a visual
nspection and any sources that correspond to apparent diffraction
pikes or due to an artificially high background in a region of the
mage are excluded by hand. 

Finally, to investigate whether our selection might be contaminated
y lower-mass stars, we examined the SEXTRACTOR STELLARITY

arameter derived in the HK 182 and K 210 bands for all of the sources
hich satisfied our other selection criteria. Given the narrow PSF in

he HK 182 and K 210 bands, with an ef fecti ve FWHM of 0.06–0.07
rcsec, these data provide us with the best constraints on whether
ources are point-like. Of the sources still remaining in our selection,
DFJ-2381146246 and XDFY-2394748078 are the most consistent
ith being point-like, with STELLARITY parameters in excess of 0.8

n one or both the HK 182 and K 210 bands. Comparing the χ2 of SED
ts to these sources with SED fits to lower mass stars from the SpeX

ibrary (Burgasser 2014 ), 2 we find significantly better fits ( 
χ2 >

) to high-redshift star-forming templates from EAzY than to the
ower-mass star templates. 

The approximate redshift selection windows for our three z ≥ 8
elections o v er the HUDF are shown in Fig. 4 and are estimated
ased on the selection volume simulations described in Section 4.1 . 

.2 Selection results 

n total, we identify five sources satisfying our z ∼ 8–9 selection
riteria, three sources satisfying our z ∼ 10–11 criteria, two sources
atisfying our z ∼ 12–13 criteria, and 0 sources satisfying our z ∼
4–15 criteria. The results of our selection are summarized in Table 2 .
Remarkably, the brightest source is in our z ∼ 12–13 selection, and

t was previously identified in the available HST data o v er the HUDF
s UDFj-39546284 (Bouwens et al. 2011a ). While the initial redshift
stimate was z ∼ 10.3 based on data from the HUDF09 program
Bouwens et al. 2011b ), the non-detection of the source in the JH 140 

and from the HUDF12 program (Ellis et al. 2013 ) resulted in the
NRAS 523, 1036–1055 (2023) 
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(  

F  

t  
hotometric redshift estimate increasing to z = 11.9 ± 0.1 (Bouwens
t al. 2013 ; Ellis et al. 2013 ; McLure et al. 2013 ; Oesch et al. 2013 ).
iven the implied luminosity of the source and very high redshift,

n alternate interpretation of the source was that it was an extreme
mission line candidate at z ∼ 2 (Bouwens et al. 2013 ; Brammer
t al. 2013 ; Ellis et al. 2013 ). Brammer et al. ( 2013 ) even presented
vidence for a tentative 2.7 σ line detection at ∼1.6 μm based on the
vailable WFC3/IR grism data o v er the HUDF. 

Thanks to the availability of very deep NIRCam observations o v er
he HUDF, we can determine that the galaxy is actually at z ∼
2 based on the detection of a flat UV -continuum redward of the
pparent Lyman break and possible Balmer break at ∼4.8 μm (Fig.
 ). Our confidence in this conclusion is substantially bolstered by the
xceptional sensitivity of the archival optical + near-IR observations
n multiple passbands blueward of the break. The source UDFj-
9546284 appears to have been the most distant galaxy detected
ith HST during its more than 30 yr of operation. 
Parallel spectroscopy of XDFH-239446286 by the JADES GTO

eam with NIRSpec find strong evidence for a sharp spectral break
n the source at ∼1.53 μm, demonstrating that the source is at
1.58 ± 0.05 (Curtis-Lake et al. 2022 ; Robertson et al. 2022 ), lower
han our photometric redshift estimate of z ∼ 12 but consistent within
 σ . 
The best-fitting SEDs for the three sources in our z ∼ 10–11 sample

nd the second source in our z ∼ 12–13 sample are presented in Fig.
 . Postage stamps of the sources in our z ∼ 12–13 and z ∼ 10–11
amples are presented in Figs 7 and 8 . Similar to XDFH-239446286,
pectroscopy by the JADES GTO team confirm a second source from
ur selection XDFJ-2381146246 as lying at 10.38 + 0 . 07 

−0 . 06 , within 1 σ of
ur photometric redshift estimate. 
Postage stamps and SEDs for the five sources which make it into

ur z ∼ 8–9 selection are presented in Figs A1 and A2 of Appendix A.
nterestingly enough, two of the sources XDFY-2381345542 and
DFY-2394748078 show evidence for very high EW [O III ] + H β

ine emission based on the prominent detections in both the F460M
nd F480M bands. The contribution of the emission lines to both
ands indicate that the lines likely lie in the o v erlap re gion between
he two medium bands, allowing us to obtain very precise constraints
n their photometric redshifts from the photometry to z = 8.5 ± 0.1.
he impact that strong [O III ] + H β line emission can have in improv-

ng photometric redshift constraints recalls similar impro v ements
ade to z∼7 sources leveraging Spitzer /IRAC photometry (Smit

t al. 2014 , 2015 ; Zitrin et al. 2015 ; Roberts-Borsani et al. 2016 ;
ouwens et al. 2022b ). While it may seem fortuitous to find two
alaxies from our selection in such a small redshift interval, the
resence of one galaxy in that interval makes the occurence of another
ore likely. We will discuss this further in Section 4.3 . 
We also estimated photometric redshifts with PROSPECTOR (John-

on et al. 2021 ), adopting a flat redshift prior 0 < z phot < 12.
ROSPECTOR runs on the FLEXIBLE STELLAR POPULATION SYNTHESIS

FSPS) package (Conroy & Wechsler 2009 ; Conroy & Gunn 2010 )
ith the MODULES FOR EXPERIMENTS IN STELLAR ASTROPHYSICS

SOCHRONES AND STELLAR TRACKS (MIST; Choi et al. 2016 ; Dotter
016 ). For these measurements, we adopted a constant star-formation
istory (CSFH), a Chabrier ( 2003 ) IMF defined between 0.1 and 240
 �, a Calzetti et al. ( 2000 ) extinction curve, a Z star ≡ Z gas = 0.2 Z �
etallicity, and a ionization parameter log U = −2.5 (e.g. Stark et al.

017 ; De Barros et al. 2019 ). We also adopted the nebular emission
both continuum and lines) estimates that natively come with the
SPS package (Byler et al. 2017 ), obtained by reprocessing the FSPS

emplates through CLOUDY (Ferland et al. 2013 ). We refer the reader

art/stad1145_f4.eps
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Table 2. Selection of z ≥ 8 Galaxies by leveraging new JWST /NIRCAM medium band data o v er the HUDF/XDF. 

Lyman 
z a phot M UV m UV Break 
χ2 a , d 

ID RA DEC EAzY Prosp [mag] b [mag] b [mag] c p( z> 5.5) a Lit 1 

z ∼ 8–9 selection 
XDFY-2376346017 03:32:37.64 −27:46:01.7 8.3 + 0 . 2 −0 . 2 7.9 + 0 . 1 −0 . 1 −19.3 ± 0.1 28.0 ± 0.1 1.4 ± 0.2 −45.0 1.000 M13,B15 

XDFY-2381345542 03:32:38.13 −27:45:54.2 8.5 ± 0.1 8.4 + 0 . 1 −0 . 0 −19.6 ± 0.1 27.7 ± 0.1 1.9 ± 0.3 −79.5 1.000 B11,M13,O13,B15 

XDFY-2394748078 03:32:39.47 −27:48:07.9 8.5 ± 0.1 8.4 + 0 . 1 −0 . 0 −18.8 ± 0.1 28.5 ± 0.1 1.5 ± 0.8 −35.3 1.000 E13,M13,O13 

XDFY-2392146324 03:32:39.21 −27:46:32.5 8.6 + 0 . 3 −0 . 4 8.2 + 1 . 1 −0 . 3 −18.1 ± 0.2 29.2 ± 0.2 > 1.9 −15.9 1.000 E13,M13,O13,B15 

XDFY-2426447051 03:32:42.64 −27:47:05.1 8.8 + 0 . 4 −0 . 3 8.7 + 0 . 4 −0 . 3 −18.4 ± 0.2 28.9 ± 0.2 > 1.4 −9.9 0.994 E13,M13,O13 

z ∼ 10–11 selection 
XDFJ-2402448006 03:32:40.24 −27:48:00.6 9.2 + 0 . 6 −0 . 6 9.1 + 0 . 5 −0 . 4 −17.9 ± 0.6 29.7 ± 0.6 > 1.0 −3.7 0.907 O13,B15 

XDFJ-2381146246 e 03:32:38.12 −27:46:24.6 9.8 + 0 . 6 −0 . 6 9.7 + 0 . 4 −0 . 4 −18.1 ± 0.4 29.5 ± 0.4 > 1.7 −5.3 0.957 B11,O13,B15 

XDFJ-2404647339 03:32:40.47 −27:47:33.9 11.4 + 0 . 4 −0 . 5 10.8 + 0 . 6 −0 . 6 −18.6 ± 0.2 28.9 ± 0.2 > 1.5 −10.0 0.993 –

z ∼ 12–13 selection 
XDFH-2334046578 03:32:33.41 −27:46:57.8 11.8 + 0 . 4 −0 . 5 11.9 + 0 . 5 −0 . 6 −18.6 ± 0.2 29.2 ± 0.2 1.0 ± 0.4 −17.3 1.000 –

XDFH-2395446286 f 03:32:39.55 −27:46:28.67 12.0 + 0 . 1 −0 . 2 11.9 + 0 . 1 −0 . 1 −20.0 ± 0.1 27.8 ± 0.1 1.0 ± 0.1 −61.1 1.000 B11,E13,M13,O13, 

B13 

1 B11 = Bouwens et al. ( 2011a ), E13 = Ellis et al. ( 2013 ), M13 = McLure et al. ( 2013 ), O13 = Oesch et al. ( 2013 ), B15 = Bouwens et al. ( 2015a ) 
a Derived using EAzY (Brammer et al. 2008 ) and Prospector (Johnson et al. 2021 ) 
b Derived using the flux in the H 160 , HK 182 , and K 210 bands for sources in our z ∼ 8–9, z ∼ 10–11, and z ∼ 12–13 samples to probe the UV luminosity at ≈1600 
Å rest-frame. 
c Amplitude of the nominal Lyman breaks for these z ≥ 8 galaxy candidates. 
d χ2 

best ,z> 5 . 5 − χ2 
best ,z< 5 . 5 

e z NIRSpec = 10 . 38 + 0 . 07 
−0 . 06 (Curtis-Lake et al. 2022 ; Robertson et al. 2022 ) 

f z NIRSpec = 11.58 ± 0.05 (Curtis-Lake et al. 2022 ; Robertson et al. 2022 ) 

Figure 5. ( left ) Fits of a model spectral energy distribution to the observed HST + JWST photometry available for the highest redshift candidate UDFj-39546284 
identified o v er the HUDF with HST (Bouwens et al. 2011a ). Flux measurements blueward of 1.6 μm are with HST ( blue filled points and downward triangles ) 
and those redward of this limit are with JWST ( magenta filled points ). The blue downward triangles correspond to 2 σ upper limits on the fluxes. The open squares 
indicate the expected fluxes from the best-fitting SED model. ( right ) Redshift likelihood distribution derived for UDFj-39546284 from the EAzY photometric 
redshift code (Brammer et al. 2008 ) on our photometric measurements, and UDFj-39546284 seems to almost certainly have a redshift of z = 12 . 0 + 0 . 1 −0 . 2 , as the 
JADES team has confirmed with spectroscopy (Curtis-Lake et al. 2022 ) and similar to what Ellis et al. ( 2013 ), McLure et al. ( 2013 ), Oesch et al. ( 2013 ), and 
Bouwens et al. ( 2013 ) inferred using the available HST + Spitzer data in 2013. As such, UDFj-39546284 appears to be the most distant galaxy disco v ered by 
HST in its more than 30 yr of operation. Fig. 7 shows postage stamp images of this source. 
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Figure 6. Similar to Fig. 5 but for the four high redshift candidates in our z ∼ 10–11 and z ∼ 12–13 samples. In all four cases, the likelihood that the candidates 
are at very high redshift, i.e. z > 5.5, is > 90 per cent. XDFJ-2381146246 has now been spectroscopically confirmed to have a redshift of 10.38 + 0 . 07 

−0 . 06 by the 
JADES team (Curtis-Lake et al. 2022 ). 

F480MOpt F125W F140W F160W F182M F210M F430M
JWSTHST

F460M

Figure 7. Postage stamp images (2.4 arcsec × 2.4 arcsec) of the two z ∼ 12 galaxy candidates we identified o v er the HUDF using the new JWST medium band 
F182M, F210M, F430M, F460M, and F480M data and archi v al HST XDF observations in the F125W, F140W, and F160W bands. The ‘Opt’ column shows a 
stack of the observations in the HST F435W , F606W , F775W , F814W , F850LP, and F105W bands. Both candidates show ≥4 σ detections in both the F182M and 
F210M bands, but no detection in the F140W band or any bluer band. XDFH-2395446286 is detected at even higher significance ( ≥ 7.5 σ ) in the F182M and 
F210M bands, while also being well detected ( � 4 σ ) in the redder F430M, F460M, F480M medium bands. XDFH-2395446286 was first identified by Bouwens 
et al. ( 2011a ) as a probable z ≥ 10 galaxy and then later argued to lie at z ∼ 12 because of the source’s showing no detection in the F140W band observations 
(Bouwens et al. 2013 ; Ellis et al. 2013 ; McLure et al. 2013 ; Oesch et al. 2013 ) obtained by the HUDF12 program (Ellis et al. 2013 ). 
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o Byler et al. ( 2017 ) for full details on the adopted procedure and
or a detailed characterization of the results. 

The agreement between the Prospector and EAzY results were
xcellent, being within one sigma in all cases except one where the
ifference was less than 2 σ . This agreement gives some confidence
hat our photometric redshifts are fairly robust. 3 
NRAS 523, 1036–1055 (2023) 

 Strong emission lines can significantly contribute to the flux density 
n those photometric bands which intercept their emission. Because this 
otentially introduces complementary constraints to the photometric redshift 
easurements, we note that the templates corresponding to ages of 3, 30, 

nd 300 Myr have rest-frame equi v alent widths EW 0 for [O 2 ] λ3727 of 
W 0 ([O 2 ] λ3727 ) ∼ 510, 170, and 110 Å respectively, EW 0 (H β) ∼ 590, 170, 
0 Å, EW 0 ([O 3 ] λ4959 ) ∼ 890, 120, 110 Å, and EW 0 ([O 3 ] λ5007 ) ∼ 2700, 
90, 330 Å. 
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All five of the sources in our z ∼ 10–11 and z ∼ 12–13 samples
ppear to be very reliable, with P ( z > 5.5) > 0.9 for all sources in
he selection and with 8 of the 10 showing P ( z > 5.5) > 0.99. This
onstitutes a significantly higher fraction of reliable sources than we
nd (Bouwens et al. 2022a ) for the majority of the z > 8 candidates
eported o v er the SMACS0723 (Pontoppidan et al. 2022 ), GLASS
IRCam parallel field (Treu et al. 2022 ), and the first four pointings

rom CEERS. The higher reliability of the present selection of z > 8
alaxies appears to be a consequence of the sensitivity of the archi v al
bservations from HST o v er the field ( ≥30.0 mag at 5 σ from ∼0.4
o 0.8 μm), being up to ∼2 mag deeper at optical wavelengths than
bservations o v er CEERS, SMACS0723, or the GLASS parallel. 
We note the presence of a third possible z ∼ 12–13 candidate

t 03:32:37.25, −27:46:01.9 that missed our selection due to the
etection of this source at 3 σ in the Y 105 band in a 0.35 arcsec diameter
perture. While it is unclear how reliable that candidate is based
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F480MOpt F125W F140W F160W F182M F210M F430M
JWSTHST

F460M

Figure 8. Similar to Fig. 7 but for the three z ∼ 10–11 galaxies in our selection. XDFJ-2381146246 was first identified as a candidate z ∼ 10 galaxy by 
Bouwens et al. ( 2011a ) and later confirmed as a strong candidate by Oesch et al. ( 2013 ) and Bouwens et al. ( 2015a ). XDFJ-2402448006 was first identified by 
Oesch et al. ( 2013 ) and again identified by Bouwens et al. ( 2015a ). XDFJ-2404647339 is identified for the first time as a candidate z ∼ 10–11 galaxy here. 
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n archi v al imaging observ ations with HST , this should be easily
larified using the v ery sensitiv e F115W observations the NIRCam
TO team is obtaining as part of the JADES programme (Bunker, 
IRSPEC Instrument Science Team & JADES Collaboration 2020 ; 
obertson 2022 ). 

.3 Comparison with earlier selections with the Hubble Space 
elescope and new spectroscopic sample from JADES 

reviously, Bouwens et al. ( 2011b , 2013 , 2015a ), Ellis et al. ( 2013 ),
cLure et al. ( 2013 ), and Oesch et al. ( 2013 ), considered searches

or z ≥ 8.5 galaxies o v er the HUDF. Of the sixteen unique z � 8.5
andidate galaxies reported as part of these analyses, our selection 
eco v ers eight. 

The remaining eight candidates do not satisfy our selection criteria 
nd there are a variety of reasons for this, which we detail in
ppendix B , but here we provide a brief summary. F or fiv e of the can-
idates, this is due to these candidates’ failing to show 2 σ detections
n the new medium-band F182M and F210M imaging observations 
ith NIRCam. For another candidate (C5 from Appendix B ), this is
ecause the source is detected at > 5 σ significance in the Y 105 band.
or another candidate (C7 from Appendix B ), this is because the
ource was not identified in the SEXTRACTOR catalog we constructed 
 v er the HUDF. Finally, for the final remaining candidate (C6 from
ppendix B ), this is because the integrated likelihood at z > 5.5 does
ot exceed the 80 per cent threshold required to be part of our z ≥ 8
election (Section 3.1 ). 

In parallel with the photometric identifcation of high-redshift 
andidates conducted as part of our analysis, the JADES team 

lso was considering potential photometric candidate z > 10 galaxies 
round the HUDF. NIRSpec follow-up observations conducted by 
he JADES succeeded in confirming four of these candidates, finding 
edshifts of 10.38 + 0 . 07 

−0 . 06 , 11.58 + 0 . 05 
−0 . 05 , 12.63 + 0 . 24 

−0 . 08 , and 13.20 + 0 . 04 
−0 . 07 . Of the

our sources, three lie inside the 4.6 arcmin 2 search field we consider
hile one lies outside of the region. Of the three sources in our search
eld, two are found in our photometric sample. The other does not
ppear in our selection since it does not satisfy our H 160 -dropout
election criteria, due to its only showing a modest spectral break 
 ∼0.4 mag) across the H 160 and HK 182 bands. 
 RESULTS  

.1 Luminosity function estimates 

he optical plus near-IR observations from HST o v er the HUDF and
imilarly deep medium-band NIRCam imaging data from JWST’s 
EMS together constitute a very deep data set that provides stronger
onstraints to the blue of the Lyman-alpha break than many of the
ata sets that have been available from the early JWST observations,
llowing us to identify some of the highest-quality high-redshift 
andidates known to date. This arguably puts us in position to obtain
ome of the most reliable UV LF results to date in the early universe.

Given the small number of sources available o v er the HUDF, we
erive maximum likelihood results on the UV LF at z > 8 adopting
oissonian statistics. As in our own earlier analyses, we derive LF
esults by maximizing the likelihood L of producing the observed 
istribution of apparent magnitudes given some model LF, 

 = � i p( m i ) (1) 

here the likelihood of a specific LF is computed o v er a set of
pparent magnitude intervals m i . Since Poissonian statistics are 
ssumed, the probability of finding n observed, i sources 

( m i ) = e −n expected ,i 
( n expected ,i ) n observed ,i 

( n observed ,i )! 
(2) 

here n observed, i is the number of sources observed in a given
agnitude interval i while n expected, i is the expected number using 

ome model LF. The number of expected sources n expected, i is 
omputed based on some model LF φj from the equation 

 expected ,i = 	 j φj V i,j (3) 

here V i , j is the ef fecti ve volume over which a source in the
agnitude interval j can be both selected and have a measured
agnitude in the interval i . 
Selection volumes are computed for our four samples by inserting 

rtificial sources with various redshift and apparent magnitudes at 
andom positions within the NIRCam images and then attempting 
oth to detect the sources and to select them using our z ∼ 8–9, z ∼
0–11, z ∼ 12–13, and z ∼ 14–15 criteria. We assume point-source 
izes for the galaxies we add to various images and assume the UV -
MNRAS 523, 1036–1055 (2023) 
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Table 3. Binned LF results for Galaxies at z ≥ 8. 

M UV φ∗ [mag −1 Mpc −3 ] 

z ∼ 8–9 galaxies 
−20.02 0.000166 ± 0.000132 
−18.77 0.000252 ± 0.000250 

z ∼ 10–11 galaxies 
−18.90 0.000086 ± 0.000120 
−17.90 0.000746 ± 0.000738 

z ∼ 12–13 galaxies 
−20.06 0.000078 ± 0.000062 
−18.81 0.000190 ± 0.000152 
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ontinuum slopes of sources to have a mean value of −2.3, with a
 σ scatter of 0.4. The present size assumptions are not especially
ifferent from that found for galaxies at z ∼ 8–17, both using earlier
ST observations (Coe et al. 2013 ; Zitrin et al. 2014 ; Lam et al. 2019 )

nd now using JWST observations (Naidu et al. 2023 , 2022 ; Ono
t al. 2022 ). These UV -continuum slopes are in reasonable agreement
ith determinations available on the basis of both HST + Spitzer
ata (e.g. Dunlop et al. 2013 ; Bouwens et al. 2014a ; Wilkins et al.
016 ; Stefanon et al. 2022a ) and now JWST data (Cullen et al. 2023 ;
opping et al. 2022a ). 
We computed selection volumes of ∼1750, ∼2500, ∼1500, and
1500 cMpc 3 per arcmin 2 at brighter UV luminosities for our z ∼

–9, z ∼ 10–11, z ∼ 12–13, and z ∼ 14–15 samples, respectively,
orresponding to 
z redshift slices of 1.1, 1.7, 1.0, and 1.0, respec-
ively. At fainter UV luminosities near the limit of our selection, i.e.

19 to −18 mag, we estimated selection volumes of ∼1600, ∼2300,
870, and ∼30 cMpc 3 per arcmin 2 . While the correction factors can

ecome quite large for faint sources in our highest-redshift selection,
o sources are identified in those selections, so it only has a minimal
mpact on our LF results. 

Recomputing selection volumes by applying the Ono et al. ( 2022 )
1 + z) −1.2 size scaling to the z ∼ 4 galaxy population from the
UDF (Bouwens et al. 2015a ), we estimate selection volumes just
0 per cent lower than what we estimate adopting point-source sizes.
his indicates that the uncertain sizes of higher redshift galaxies
re unlikely to have affected our results in any significant way.
urthermore, it suggests it is improbable that there are man y e xtended
ources at z > 8 that have e v aded our selections due to their large
izes. 

We derive determinations of the UV LF results in 0.5-mag bins
nd determinations of the best-fitting Schechter function. For the
chechter function results, we fix the M 

∗ to −21.15 mag consistent
ith the z ≥ 7 UV LF derived by Bouwens et al. ( 2021 ), while we
x α to −2.26, −2.38, −2.71, and −2.93 at z ∼ 8–9, z ∼ 10–11, z
12–13, and z ∼ 14–15 consistent with an extrapolation of the LF

t results of Bouwens et al. ( 2021 ) to the respective redshifts. 
We present our binned UV LF results at z ∼ 8–9, z ∼ 10–11, and

 ∼ 12–13 LF results in both Table 3 and Fig. 9 . The parameterized
t results are presented in Table 4 and shown in Fig. 9 as the red

ines. Encouragingly enough, our new LF results at z ∼ 8–9 are
onsistent with what we obtained from our earlier analyses leveraging
 comprehensive set of HST fields (Bouwens et al. 2021 ). Agreement
ith earlier results is not especially surprising given the significant
 v erlap between the present selection and earlier selections. 
At z ∼ 10.5, our results are consistent with what we previously

btained in Bouwens et al. ( 2015a ) and Oesch et al. ( 2018 ). This is
ot especially surprising since both of these previous studies made
se of the z ∼ 10 searches o v er the HUDF/XDF to constrain the
NRAS 523, 1036–1055 (2023) 
aint end of the UV LF and we use the same volume here, albeit with
lightly better sampling of the volume just abo v e z ∼ 10. 

At z ∼ 12.6, our new LF results appear to be ∼3-4 × higher
han found in the analyses of Donnan et al. ( 2023 ), Harikane et al.
 2023 ), and Finkelstein et al. ( 2022b ), but consistent with what Naidu
t al. ( 2023 ) find. The substantially higher normalization of our z ∼
2–13 LF results follows from our disco v ery of two z ∼ 12–13
andidates o v er the relativ ely small-area 4.6 arcmin 2 HUDF. The
UDF co v ers a ∼10 × smaller area than used in other contemporary

tudies with JWST , e.g. Donnan et al. ( 2023 ), Harikane et al. ( 2023 ),
nd Finkelstein et al. ( 2022b ). As a result, one could imagine that our
esults are subject to a lar ger lar ge scale structure uncertainty than
esults obtained o v er wider areas, but the following estimate suggests
hat uncertainty is nevertheless modest. Using the Trenti & Stiavelli
 2008 ) cosmic variance calculator, 4 we estimate a ∼52 per cent RMS
ncertainty in the normalization of our UV LF results at z ∼ 12.6
rom cosmic variance which is smaller than the uncertainties from
mall number statistics. 

.2 Determinations of the star formation rate density 

ith new determinations of the UV LF leveraging the extremely
eep JWST + HST imaging observations o v er the HUDF, we are in
osition to reexamine the evolution of the UV luminosity density from
arly times. When compared to other concurrent analyses of JWST
bserv ations, results deri v ed o v er the HUDF hav e the advantage of
eing more robust against contamination from lower redshift sources,
 ut ha ve the disadvantage of relying on a very small volume, resulting
n a larger uncertainty from cosmic variance. 

We derive our constraints on the evolution of the UV luminosity
ensity by directly integrating our stepwise UV LF results to −18 mag
given that this is the luminosity to which solid constraints exist.
e do not consider results fainter than this to a v oid extrapolating

he results beyond where we can directly measure them from the
bservations. 
We present our results in Table 5 and in Fig. 10 . We convert

hese results to a SFR density using the conversion factor K F U V is
 . 7 × 10 −28 M � year −1 erg −1 s Hz from Madau & Dickinson ( 2014 ),
hich assumes a Chabrier ( 2003 ) IMF, a constant star formation

ate, and metallicity Z = 0.002 Z �. To ensure that the results from
esch et al. ( 2018 ), Bouwens et al. ( 2021 ), Donnan et al. ( 2023 ), and
arikane et al. ( 2023 ) are presented to a similar limiting luminosity,
e have made a correction to several of new luminosity density

esults from JWST before presenting them in Fig. 10 . The correction
as made by integrating the fiducial LFs from each of these studies
own to both −18 mag (the limit we use) and −17 mag (the limit
o which many results were quoted in the original studies) and then
orrecting results based on the difference. 

To place the new results in context, we compare them to the results
f four different theoretical models which assume a constant star
ormation efficiency. These include Mason et al. ( 2015 ), Tacchella
t al. ( 2018 ), Bouwens et al. ( 2021 ), and Harikane et al. ( 2022 ).
esults from these models are shown on Fig. 10 using the orange

olid, orange dot–dashed, orange dotted, and orange dashed lines,
espectively. 

Similar to other early studies of the evolution of the UV LF
rom z ∼ 15 (e.g. Donnan et al. 2023 ; Harikane et al. 2023 ),
he present results lie abo v e the predictions of the constant star
ormation efficiency models, suggesting that either star formation

https://www.ph.unimelb.edu.au/cgi-bin/mtrenti/prova.cgi


UV LF results at z ∼ 8–15 using JWST XDF data 1045 

Figure 9. Present determinations of the stepwise and Schechter UV LF results at z ∼ 8–9, z ∼ 10–11, and z ∼ 12–13 ( red circles and red lines , respectively) 
using the z ≥ 9 candidate galaxies we have identified in the combined HST + JWST data set o v er HUDF. Also shown are the LF results from Bouwens et al. 
( 2021 ; pink circles), Donnan et al. ( 2023 ; green circles), Harikane et al. ( 2023 ; blue circles), Stefanon et al. ( 2019 ; black circles), Rojas-Ruiz et al. ( 2020 ; cyan 
circles), Bowler et al. ( 2020 ; light blue circles), McLeod, McLure & Dunlop ( 2016 ; light green circles), Oesch et al. ( 2018 ; pink circles), Finkelstein et al. 
( 2022b ; dark grey-shaded region), Bagley et al. ( 2022 ; light grey-shaded region), Naidu et al. ( 2023 ; orange circles), and Finkelstein et al. ( 2022a ; magenta 
circles). Several other determinations of the UV LF at z ≥ 9 (McLure et al. 2013 ; Oesch et al. 2013 , 2014 ; Bouwens et al. 2014b ; Calvi et al. 2016 ; Bouwens 
et al. 2016a ; Ishigaki et al. 2018 ; Livermore et al. 2018 ; Morishita et al. 2018 ; Bhatawdekar et al. 2019 ; Bouwens et al. 2019 ; Morishita 2021 ; Leethochawalit 
et al. 2022 ; which have been important historically) are not shown, but provide similar constraints to the others presented. Our new LF results at z ∼ 9–10 are 
fairly similar to earlier work with HST and JWST . While our z ∼ 12–13 LF estimates are higher than other recent determinations with JWST , we emphasize that 
the uncertainties in our results are large, being based on only two sources identified within a small volume. 

Table 4. Best-fitting parameters derived for Schechter fits to the present z ≥
8 UV LF results. 

φ∗ M 

∗ α

[10 −5 mag −1 

Redshift Mpc −3 ] [mag] 

Schechter 
8.7 1.5 + 1 . 0 −0 . 6 −21.15 (fixed) −2.26 (fixed) 

10.5 0.8 + 0 . 8 −0 . 4 −21.15 (fixed) −2.38 (fixed) 

12.6 1.6 + 2 . 0 −1 . 0 −21.15 (fixed) −2.71 (fixed) 

14.7 < 2.7 a −21.15 (fixed) −2.93 (fixed) 

a Upper limit is 1 σ . 

Table 5. Inferred UV luminosity densities 1 in the early Universe derived 
from the z ≥ 8 search o v er the HUDF/XDF. 

ρUV ρSFR 

Redshift [erg s −1 Mpc −3 ] [M � yr −1 Mpc −3 ] 

8.7 25.15 ± 0.24 −3.00 ± 0.24 

10.5 24.33 ± 0.30 −3.82 ± 0.30 

12.6 24.91 + 0 . 37 
−0 . 48 −3 . 24 + 0 . 37 

−0 . 48 

14.7 < 25.56 a < −2.59 a 

1 Luminosity densities integrated down to −18 mag. 
a Upper limit is 1 σ . 
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n the earliest generation of galaxies is either substantially more 
fficient than at later times, shows a significantly greater deviation 
elative to the mean main-sequence evolution for galaxies (Mason, 
renti & Treu 2023 ), or the mass-to-light ratio of stars is much

o wer, possibly indicati ve of significantly modified IMF (Inayoshi 
t al. 2022 ; Harikane et al. 2023 ; Steinhardt et al. 2022 ), or a number
f other explanations (e.g. Ferrara, Pallottini & Dayal 2022 ; Harikane
t al. 2023 ; Kannan et al. 2022 ; Mirocha & Furlanetto 2023 ). 

While each of these possibilities would be exciting, it is clear
hat further study, including validation and investigation of these 
esults with spectroscopy from JWST , and theoretical modeling (e.g. 
oylan-Kolchin 2022 ; Kannan et al. 2022 ; Lo v ell et al. 2023 ; Mason
t al. 2023 ; Mirocha & Furlanetto 2023 ; Wilkins et al. 2023 ) will
e required to ascertain what is driving the presence of so many
uminous galaxies in the early universe. 

.3 Stellar population analysis 

hanks to the depth of the JWST NIRCam observations at ≥2 μm
nd medium band co v erage which allow for a probe of the EW
f emission lines like [O III ] + H β, we can place much tighter
onstraints on the stellar population parameters of the faint z ≥ 8
alaxies identified within the HUDF than was possible with HST 

see also Whitler et al. ( 2023a ), Leethochawalit et al. ( 2023 ), Furtak
t al. ( 2023 ), Bradley et al. ( 2022 ), and Endsley et al. ( 2022 )]. 

Table 6 summarizes the main stellar population parameters of our 
ample. These were estimated using the Bayesian tool PROSPECTOR 

Johnson et al. 2021 ), which runs on the FLEXIBLE STELLAR POP-
LATION SYNTHESIS (FSPS) package (Conroy & Wechsler 2009 ; 
onroy & Gunn 2010 ) with the MODULES FOR EXPERIMENTS 

N STELLAR ASTROPHYSICS ISOCHRONES AND STELLAR TRACKS 

MIST; Choi et al. 2016 ; Dotter 2016 ). For our measurements, we
dopted a Chabrier ( 2003 ) IMF defined between 0.1 and 240 M �,
 Calzetti et al. ( 2000 ) e xtinction curv e, a Z star ≡ Z gas = 0.2 Z �
etallicity, a ionization parameter log U = −2.5 (e.g. Stark et al.

017 ; De Barros et al. 2019 ), and a formation redshift of z = 20
Hashimoto et al. 2018 ; Mawatari et al. 2020 ; Harikane et al. 2022 ;
acchella et al. 2022 ). We also adopted the nebular emission (both
MNRAS 523, 1036–1055 (2023) 
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Figure 10. UV luminosity and star formation rate density integrated to −18 mag. Shown are determinations from the present analysis ( red circles ), Donnan et al. 
( 2023 ; blue circles ), Harikane et al. ( 2022 ; green circles ), and Bouwens et al. ( 2021 )/Oesch et al. ( 2018 ; black circles ). The orange lines indicate the expected 
evolution in the UV luminosity density assuming no evolution in the star formation efficiency of galaxies across cosmic time using the models of Mason, Trenti & 

Treu ( 2015 ; solid), Tacchella et al. ( 2018 ; dot–dashed), Bouwens et al. ( 2021 ; dotted), and Harikane et al. ( 2022 ; dashed). The present determination of both 
the UV luminosity and SFR density at z ∼ 12–13 is substantially higher than both other LF results in the literature, but is good agreement with earlier results at 
lower redshifts. It is unclear why the UV luminosity densities we derive at z ∼ 12 are so much higher than other results, but we emphasize the present estimate 
is very uncertain, being based on just two sources identified within a small volume. Whatever the case, the present LF results suggest that the UV luminosity 
and SFR density may undergo a much milder evolution from early times than expected in many theoretical models. 
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ontinuum and lines) estimates that natively come with the FSPS
ackage (Byler et al. 2017 ), obtained by reprocessing the FSPS
emplates through CLOUDY (Ferland et al. 2013 ). We refer the reader
o Byler et al. ( 2017 ) for full details on the adopted procedure and
or a detailed characterization of the results. 

Our estimates are based on a non-parametric SFH (e.g. Leja
t al. 2019b ; Topping et al. 2022b ; Whitler et al. 2023b ), defined
 v er four bins in time measured backwards from the cosmic time
orresponding to the redshift of each source. Specifically, the four
ins were fixed at 0–3, 3–13, 13–100, and 100–300 Myr, respectively,
ith a Student’s t-distribution continuity prior modulating the ratio of

he SFR in contiguous bins, with ν = 2 and σ = 2 (see Stefanon et al.
022b , and discussions in Leja et al. 2019a ; Tacchella et al. 2022 ).
his configuration can concurrently accommodate a recent burst
f star formation and significant star formation during the initial
ssembly of the galaxy (Hashimoto et al. 2018 ; Roberts-Borsani,
llis & Laporte 2020 ; Tacchella et al. 2022 ; Whitler et al. 2023b ).
e note here that previous tests with up to 8 bins in time (0–3, 3–13,

3–100 Myr, and log-spaced afterwards) found marginal differences
n the final parameter estimates (e.g. Stefanon et al. 2022b ). This is
NRAS 523, 1036–1055 (2023) 
ndeed reassuring, given the coarse spectral resolution provided by
he currently available photometry can pose severe challenges to any
ttempts of constraining the SFH of individual sources. 

We present two distinct SFR measurements. One (SFR 100 ) is
btained by averaging the total mass formed in the last 100 Myr
s estimated through the template analysis with PROSPECTOR , while
he other (SFR UV ) is computed by converting the UV luminosity
sing the factors listed by Madau & Dickinson ( 2014 ), interpolated
or a Z = 0.2 Z � metallicity, a Chabrier ( 2003 ) IMF, and adopting a
egligible dust emission, as recent results at high redshifts suggest
e.g. Bouwens et al. 2016b , 2020 ; Dunlop et al. 2017 ; McLure et al.
018 ), and consistent with the small A V values obtained with the
on-parametric analysis. We finally computed sSFR ( ≡SFR/ M � )
ombining the SFR 100 and M � values previously estimated. 

We computed UV slopes β following the procedure of Stefanon
t al. ( 2019 ). Briefly, we constructed a grid of UV slope values
ased on stellar population models from the Bruzual & Charlot
 2003 ) template set and attenuation A V = 0–3 mag. We then fit the
orresponding synthetic flux densities in the bands blue-ward of the
est-frame 2800 Å to the observations. We computed uncertainties

art/stad1145_f10.eps
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Table 6. Main stellar population parameters for our sample. 

ID z a phot UV slope SFR 

c 
UV SFR 

d 
100 log 10 sSFR 

f log 10 log 10 A V EW 

βb ( M � /M �) e ( t 50 /yr) g ( t 80 /yr) g ([O III ] + H β) h 

[M � yr −1 ] [M � yr −1 ] [Gyr −1 ] [mag] [ Å] 

z ∼ 12–13 selection 
XDFH-2395446286 12 . 0 + 0 . 1 −0 . 2 −2 . 8 + 1 . 1 −0 . 4 3 . 1 + 0 . 6 −0 . 5 3 . 3 + 3 . 0 −2 . 2 8 . 7 + 0 . 3 −0 . 5 ∗∗ 9 . 9 + 19 . 5 

−7 . 0 ∗∗ 7 . 83 + 0 . 07 
−0 . 08 ∗∗ 7 . 99 + 0 . 14 

−0 . 05 ∗∗ 0 . 08 + 0 . 09 
−0 . 05 . . . † 

XDFH-2334046578 11 . 8 + 0 . 4 −0 . 5 −2 . 6 + 1 . 8 −0 . 6 0 . 8 + 0 . 3 −0 . 2 1 . 0 + 1 . 3 −0 . 7 8 . 0 + 0 . 4 −0 . 6 ∗∗ 17 . 5 + 59 . 9 
−14 . 8 ∗∗ 7 . 81 + 0 . 11 

−0 . 13 ∗∗ 8 . 01 + 0 . 16 
−0 . 07 ∗∗ 0 . 10 + 0 . 12 

−0 . 07 . . . † 
z ∼ 10–11 selection 

XDFJ-2404647339 11 . 4 + 0 . 4 −0 . 5 −3 . 2 + 0 . 8 −0 . 0 0 . 7 + 0 . 2 −0 . 2 0 . 9 + 1 . 5 −0 . 4 7 . 9 + 0 . 5 −0 . 6 24 . 1 + 86 . 4 
−19 . 1 7 . 86 + 0 . 19 

−0 . 17 8 . 15 + 0 . 10 
−0 . 19 0 . 18 + 0 . 22 

−0 . 12 . . . † 
XDFJ-2381146246 9 . 8 + 0 . 6 −0 . 6 −1 . 6 + 0 . 9 −0 . 9 0 . 5 + 0 . 1 −0 . 1 1 . 0 + 2 . 1 −0 . 6 7 . 4 + 0 . 5 −0 . 4 55 . 7 + 124 . 7 

−41 . 4 7 . 49 + 0 . 41 
−0 . 48 8 . 16 + 0 . 13 

−0 . 28 0 . 26 + 0 . 27 
−0 . 17 . . . † 

XDFJ-2402448006 9 . 2 + 0 . 6 −0 . 6 −2 . 6 + 1 . 3 −0 . 6 0 . 5 + 0 . 1 −0 . 1 1 . 6 + 2 . 5 −1 . 1 8 . 2 + 0 . 4 −0 . 6 19 . 0 + 54 . 5 
−14 . 6 7 . 98 + 0 . 25 

−0 . 23 8 . 36 + 0 . 08 
−0 . 31 0 . 62 + 0 . 40 

−0 . 36 . . . † 
z ∼ 8–9 selection 

XDFY-2426447051 8 . 8 + 0 . 4 −0 . 3 −2 . 9 + 0 . 9 −0 . 2 0 . 6 + 0 . 1 −0 . 1 1 . 3 + 1 . 9 −0 . 9 7 . 9 + 0 . 4 −0 . 5 28 . 9 + 79 . 9 
−22 . 8 7 . 74 + 0 . 16 

−0 . 27 8 . 07 + 0 . 27 
−0 . 16 0 . 08 + 0 . 09 

−0 . 05 317 ± 139 

XDFY-2392146324 8 . 6 + 0 . 3 −0 . 4 −3 . 2 + 1 . 0 −0 . 0 0 . 4 + 0 . 1 −0 . 1 0 . 7 + 1 . 0 −0 . 5 7 . 7 + 0 . 4 −0 . 6 25 . 0 + 80 . 6 
−20 . 3 7 . 77 + 0 . 14 

−0 . 21 8 . 04 + 0 . 31 
−0 . 12 0 . 07 + 0 . 08 

−0 . 05 < 396 

XDFY-2381345542 8 . 5 + 0 . 1 −0 . 1 −2 . 8 + 0 . 4 −0 . 4 1 . 6 + 0 . 2 −0 . 2 1 . 7 + 0 . 4 −0 . 2 7 . 4 + 0 . 1 −0 . 1 75 . 8 + 18 . 3 
−15 . 3 2 . 29 + 0 . 96 

−1 . 25 5 . 99 + 0 . 27 
−0 . 36 0 . 01 + 0 . 01 

−0 . 01 2313 ± 275 

XDFY-2394748078 8 . 5 + 0 . 1 −0 . 1 −1 . 8 + 0 . 4 −0 . 4 0 . 8 + 0 . 1 −0 . 1 1 . 2 + 1 . 8 −0 . 6 7 . 3 + 0 . 4 −0 . 3 76 . 8 + 118 . 7 
−49 . 9 6 . 64 + 0 . 76 

−1 . 42 8 . 05 + 0 . 25 
−0 . 54 0 . 14 + 0 . 14 

−0 . 09 2260 ± 269 

XDFY-2376346017 8 . 3 + 0 . 2 −0 . 2 −2 . 7 + 0 . 4 −0 . 4 1 . 4 + 0 . 2 −0 . 2 1 . 1 + 0 . 6 −0 . 7 8 . 3 + 0 . 2 −0 . 4 6 . 9 + 9 . 3 −4 . 3 7 . 80 + 0 . 04 
−0 . 06 7 . 96 + 0 . 02 

−0 . 02 0 . 03 + 0 . 04 
−0 . 02 . . . ∗

Median −2.7 0.7 1.1 7.9 24.5 7.80 8.04 0.09 1288 

a From EAzY (Brammer et al. 2008 ) 
b UV slope, computed from the photometry in the bands probing rest-frame wavelengths between 1700 Å and 2800 Å. 
c Unobscured SFR measured from the rest-frame UV luminosity, following the relation of Madau & Dickinson ( 2014 ) for a Z = 0.2 Z � metallicity. 
d Average SFR in over the last 100 Myr inferred from the total mass in stars formed o v er the last 100 Myr estimated by PROSPECTOR adopting the non-parametric 
SFH. 
e Mass in surviving stars. This was obtained by multiplying the total mass formed since the onset of star formation by the fraction of surviving stars estimated 
by PROSPECTOR adopting the non-parametric SFH. 
f Specific star-formation rate, computed as the ratio between SFR 100 and M � . 
g Lookback time, in logarithmic units, required to form the second half ( t 50 ) and the last 80 per cent ( t 80 ) of the stellar mass, inferred from the non-parametric 
SFH. 
h Cumulati ve equi v alent width of H β and [O III ] λλ4959, 5007 emission lines, measured on the best-fitting SED template. Values in parenthesis mark those 
measurements extracted for sources lacking photometric coverage in the bands where the H β and [O III ] λλ4959, 5007 line emissions is expected at the nominal 
redshift of the specific source. 
† The available photometry does not provide coverage at wavelengths expected for H β and [O III ] line emission. 
‡ These measurements correspond to the photometric 2 σ upper limits in the F480W band. 
∗The continuum estimated by the SED fit is brighter than the 2 σ upper limits in the bands where the H β and [O III ] λλ4959, 5007 line emissions is expected at the 
nominal redshift of the specific source. 
∗∗These estimates e xclusiv ely rely on rest-UV light and are therefore potentially much more uncertain. 
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y randomly perturbing the observed flux densities and refitting. 
his procedure allows us to make full use of the near-IR data and to
aturally take into account redshift uncertainties. 
Remarkably, the observations in the medium bands provided by 

EMS program (Williams et al. 2023 ) not only enable pinpointing the
hotometric redshifts for three sources in our sample. The ∼3 σ–10 σ
etections in the NIRCam/F460M and F480M also allow for accurate 
stimates of the intensity of the H β and [O III ] λλ4959, 5007 lines for
edshifts z ∼ 8.5. We measured the equi v alent widths (EW) of these
ines from the ratio between the flux density in the F480M band and
he continuum inferred from the best-fitting SED template, given the 
urrent lack of > 2 σ detection in bands probing the continuum free
rom emission lines in our sample. Uncertainties in the EW were 
omputed by randomly perturbing the flux densities according to 
he corresponding 1 σ uncertainties 1000 times, and repeating the 

easurement following our main procedure. We finally verified that 
ur EW measurements were consistent at ≤1 σ with the cumulative 
W(H β+ [O III ]) measured on the best-fitting SED templates. 
Overall, we find markedly blue UV slopes (median βmed ∼ −2.7), 

le v ated sSFR (sSFR med ∼ 24.5 Gyr −1 ) and extreme nebular line
mission (EW med ([O III ] + H β) ∼ 1300 Å), suggesting very young
tellar populations. Specifically, our UV slopes measurements are 
onsistent with recent results at similar redshifts based on JWST 
ata (e.g. Bradley et al. 2022 ; Whitler et al. 2023a ), and consistent
lthough marginally bluer than the measurements of Cullen et al. 
 2023 ). 

Perhaps unsurprisingly, the typical stellar masses characterizing 
ur sample lie in range log M � /M � ∼ 7.3–8.7, populating the low-
ass end of the stellar mass function at these redshifts (e.g. Stefanon

t al. 2022a ). The associated sSFR range between sSFR ∼7–80
yr −1 , consistent with recent measurements (e.g. Bradley et al. 
022 ), and implying mass assembly time-scales of � 10–100 Myr
for a constant SFH). Such rapid assemblies are also qualitatively 
upported by the typical formation times as estimated through the 
on-parametric SFH ( t 50 and t 80 in Table 6 ). 
Our sSFR measurements are presented in Fig. 12 , together with

revious estimates at z ∼ 8 by Stefanon et al. ( 2022a ), at z ∼ 10 by
tefanon et al. ( 2023 ), and a compilation of measurements including
abb ́e et al. ( 2013 ), Duncan et al. ( 2014 ), Smit et al. ( 2014 ), Salmon
t al. ( 2015 ), Faisst et al. ( 2016 ), M ́armol-Queralt ́o et al. ( 2016 ),
antini et al. ( 2017 ), Davidzon et al. ( 2018 ), Khusanova et al. ( 2020 ),
trait et al. ( 2020 ), Endsley et al. ( 2021 ), Roberts-Borsani et al.
 2022 ), Tacchella et al. ( 2022 ), Topping et al. ( 2022b ), and Bradley
t al. ( 2022 ). Our new estimates push current constraints on the
SFR to z ∼ 12 (although the stellar masses M � of z > 10 galaxies in
ur selection only have weak constraints on their rest-frame optical 
MNRAS 523, 1036–1055 (2023) 
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Figure 11. ( left ) Similar to Fig. 5 but for one z ∼ 8–9 galaxy candidate appearing to contain prominent emission from the [O III ] + H β lines in the F460M + F480M 

medium band filters demonstrating the dramatic impact the new JWST medium band observations have in improving the photometric redshift constraints on this 
candidate. ( right ) Illustration of the extremely precise constraints one can derive on the photometric redshift of sources when a prominent set of emission lines 
lie in the o v erlap re gion between two medium band filters F460M and F480M (whose sensitivity is shown with the orange lines). Thanks to the prominent line 
emission in both bands, we can constrain the photometric redshifts of XDFY-2394748078 to z = 8.5 ± 0.1, which is much more precise than most of our other 
photometric redshift estimates and similar to the constraints we could obtain if these emission lines fell within one of NIRCam’s narrow bands. In addition, the 
medium band observations allow us to constrain the EWs [O III ] + H β lines to 2260 ± 269 Å. 
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This Study

Figure 12. Inferred sSFRs for faint z ≥ 8 galaxies identified o v er the HUDF/XDF (filled blue squares), and comparison to the evolution of the sSFR to lower 
redshift. The lower redshift estimates include the results of Faisst et al. ( 2016 ), Leja et al. ( 2022 ), and Stefanon et al. ( 2023 , 2022a ), and a compilation (solid 
grey diamonds) with the measurements from Labb ́e et al. ( 2013 ), Duncan et al. ( 2014 ), Smit et al. ( 2014 ), Salmon et al. ( 2015 ), M ́armol-Queralt ́o et al. ( 2016 ), 
Santini et al. ( 2017 ), Davidzon et al. ( 2018 ), Khusanova et al. ( 2020 ), Strait et al. ( 2020 ), Endsley et al. ( 2021 ), Roberts-Borsani et al. ( 2022 ), Tacchella et al. 
( 2022 ), Topping et al. ( 2022b ), and Bradley et al. ( 2022 ). The orange solid curve corresponds to the model of Dekel et al. ( 2013 ), which star formation is taken 
to be the direct result of the inflow of cold gas driven by the hierarchical assembly of the dark matter halos, and is modulated by a non-evolving efficiency of 
star formation. Our new measurements extend constraints on the evolution of the sSFR to z ∼ 12. Importantly, the results seem to remain consistent with the toy 
model of Dekel et al. ( 2013 ), suggesting that a marginally evolving star-formation efficiency is plausible starting as early as just ∼370 Myr after the Big Bang. 
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ight from the F480M flux measurements); moreo v er, comparison
ith previous estimates further supports a scenario where the sSFR
onotonically increases with increasing redshift (see e.g. Stefanon

t al. 2023 , 2022a ) up to z ∼ 12. 
To put these new results in context, in Fig. 12 we compare the

ompilation of sSFR estimates with the predictions of the model by
ekel et al. ( 2013 ). These predictions were obtained from analytical
NRAS 523, 1036–1055 (2023) 
onsiderations on the Extended Press-Schechter formalism (see also
eistein & Dekel 2008 ; Weinmann, Neistein & Dekel 2011 ; Genel

t al. 2014 ), and assuming a non-evolving conversion factor between
he specific accretion rate of the dark matter halos and the sSFR. The
emarkable agreement between measurements out to z ∼ 12 and the
odel suggests a marginally evolving star formation efficiency out

o just ∼370 Myr into cosmic time. 
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Finally, the accurate EW measurements enabled by the NIRCam 

edium-band filters reveal extreme [O III ] + H β line emission,
1.5 × more intense than previous estimates based on Spitzer /IRAC 

olours (e.g. Stefanon et al. 2022a ), and further support the scenario
hat galaxies with very intense radiation fields are ubiquitous in the 
arly Universe (e.g. Schaerer et al. 2022 ). 

 SU M M A RY  

ere we have taken advantage of sensitive medium-band observa- 
ions acquired o v er the Hubble Ultra Deep Field from the JEMS
rogram (Williams et al. 2023 ) to extend searches for star-forming
alaxies there to even higher redshift, i.e. z > 10, than was possible
ith the Hubble Space Telescope. The medium band observations 

re a good match to the depth of the HST observations but probe
edward to 2.1 μm in the short wavelength channel, allowing for
ensitive searches for galaxies to z ∼ 15. 

Searches for z ≥ 8 star-forming galaxies o v er the Hubble Ultra
eep Field have the important advantage of having the most sensitive 

v ailable supporting observ ations with HST , resulting in the most
eliable selections of z ≥ 8 galaxies for which spectroscopy is not 
et available. 

Using the combined HST + JWST data set, we construct sensitive 
hotometric catalogs of all the sources o v er the Hubble Ultra Deep
ield and employ a two-colour Lyman-break selection to search for 
tar-forming galaxies at z ∼ 8–9, z ∼ 10–11, z ∼ 12–13, and z ∼ 14–
5. The mean redshift estimated for these selections using selection 
olume simulations is 8.7, 10.5, 12.6, and 14.7, respectively. 

Interestingly enough, based on these selections, we find that the 
ighest redshift candidate source identified in HST data, i.e. UDFj- 
9546284 (Bouwens et al. 2011a ), does in fact have a redshift
f z = 12 . 0 + 0 . 1 

−0 . 2 , as suggested by analyses by Ellis et al. ( 2013 ),
cLure et al. ( 2013 ), Oesch et al. ( 2013 ), and Bouwens et al. ( 2013 ).

arallel spectroscopy from the JADES team (Curtis-Lake et al. 2022 ; 
obertson et al. 2022 ) find that the source has a spectroscopic redshift
f 11.58 ± 0.05. The source is thus the most distant galaxy identified
y HST in its more than 30 yr of operation. It is not an extreme
mission line source as had been alternatively suggested earlier by 
llis et al. ( 2013 ), Bouwens et al. ( 2013 ), and Brammer et al. ( 2013 ).
Besides this z ∼ 12 source, we find 5, 3, 1, and 0 additional galaxies

n our z ∼ 8–9, z ∼ 10–11, z ∼ 12–13, and z ∼ 14–15 selections,
wo of which are entirely new disco v eries from the JWST data. The
hotometric redshifts of the new sources are z ∼ 11 and z ∼ 12,
hich is in excess of what is easily identified in the available HST
ata o v er the HUDF/XDF. 
Leveraging these new selections, we run selection volume simu- 

ations and compute UV LF results at z ∼ 8.7, z ∼ 10.5, z ∼ 12.6,
nd z ∼ 14.7 (Section 4.1 ). At z ∼ 8.7 and z ∼ 10.5, our results are
onsistent with earlier HUDF results at these redshifts. Ho we ver, at
 ∼ 12.6, we infer a 5–10 × higher normalization for the UV LF than
or contemporary analyses in the literature and more consistent with 
esults at z ∼ 8–9. 

Given the limited volume and the presence of only two sources in
ur z ∼ 12.6 selection, our UV LF results at z ∼ 12.6 are accordingly
 ery uncertain. Nev ertheless, like other early results on the UV LF
volution with JWST from z ∼ 15, our results lie substantially in 
xcess of the predictions of constant star formation efficiency models 
hat are ef fecti ve in modeling the evolution of UV LF and galaxy
roperties for much of cosmic time (Mason et al. 2015 ; Tacchella
t al. 2018 ; Bouwens et al. 2021 ; Harikane et al. 2022 ). It is unclear
hat this means, but could mean that star formation is substantially 
ore efficient than at later times, the evolution of the main sequence
f star formation in galaxies shows a much greater variation relative
o the mean (Mason et al. 2023 ), or the mass-to-light ratio of star
ormation (and hence the IMF) is substantially shifted relative to 
ater times (Harikane et al. 2023 ; Steinhardt et al. 2022 ). 

We also made use of the NIRCam imaging redward of 2 μm to
haracterize the stellar populations of the sources and rest-frame 
Ws of [O III ] + H β (Section 4.3 ). Based on our analysis, we find

hat the typical star-forming galaxy in our sample had a very blue
V -continuum slope β ∼ −2.7, an ele v ated sSFR ∼ 24.5 Gyr −1 ,
hile showing extremely high-EW line emission in [O III ] + H β

ith a median EW of ∼1300 Å. 
We note that while our z ∼ 12.6 UV LF results are in excess of what

ne might predict for constant star formation efficiency models, the 
volution we find for the sSFRs of galaxies from z ∼ 12 is nonetheless
n better agreement (Fig. 12 ). While it is unclear what would resolve
hese tensions, perhaps the small HUDF volume shows a particular 
 v erdensity of z ∼ 12 sources or there is an evolution in the IMF
rom high-redshift as speculated in multiple studies (e.g. Inayoshi 
t al. 2022 ; Harikane et al. 2023 ; Steinhardt et al. 2022 ). Clearly, this
s an issue that will need to be investigated further in future data sets.

The presence of extreme line emission from [O III ] + H β (EWs
f ∼2300 Å) is particularly convincing in the cases of XDFY-
381345542 and XDFY-2394748078 due to the substantial flux 
xcesses seen in the F460M and F480M medium bands (Fig. 
1 ) o v er that seen in the F430M band. The present inferences

egarding the stellar populations of z ∼ 8–13 galaxies extend the 
rend in galaxy properties seen from lower redshifts to z ≥ 8 with
ST + Spitzer (Stefanon et al. 2022a ) and also with JWST (Bradley

t al. 2022 ; Cullen et al. 2023 ; Endsley et al. 2022 ; Furtak et al. 2023 ;
eethochawalit et al. 2023 ; Topping et al. 2022a ). 
In the future, deeper imaging with NIRCam and NIRSpec spec- 

roscopy should become available for many of the sources in our
 ≥ 8 selections from the JADES program, e.g. as in Curtis-Lake
t al. ( 2022 ) and Robertson et al. ( 2022 ). This will allow for a
ore sensitive probe down the UV LFs at z ≥ 8 and also a search

or fainter sources to even higher redshift. Additionally, it should 
acilitate spectroscopic confirmation and characterization of the faint 
 ≥ 8 galaxies located within the HUDF, providing essential insight 
nto the sources that likely reionized the universe (e.g. Bouwens et al.
015b ; Robertson 2022 ). 
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PPENDI X  A :  POSTAG E  STAMPS  A N D  SEDS  

O R  C U R R E N T  SAMPLE  O F  z ∼ 8 – 9  G A L A X I E S  

ere we present the postage stamp images and model SEDs we
erive for the present selection of z ∼ 8–9 galaxies identified o v er
he HUDF. The postage stamp images are presented in Fig. A1 while
he best-fitting model SEDs for these sources are presented in Fig. A2 .
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Figure A1. Similar to Fig. 7 but for the five z ∼ 8–9 galaxy candidates in our selection. All five candidate had been identified as part of earlier z ∼ 8–9 
selections o v er the HUDF. The particularly bright detections in the F460M and F480M bands for two sources from this selection, XDFY-2394648078 and 
XDFY2381345542, almost certainly arise due to line emission from [O III ] + H β, allowing us to place very tight constraints on their photometric redshifts as 
well as the EW of the [O III ] + H β lines (see Fig. 11 ). 
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UV LF results at z ∼ 8–15 using JWST XDF data 1053 

Figure A2. Similar to Fig. 5 but for galaxies in our z ∼ 8–9 sample. Note the dramatic differences in the tightness of the redshift constraints on z ∼ 8–9 sources 
with prominent line emission contributing to the medium bands (e.g. XDFY-2381345542 and XDFY-2394748078) and those sources without such emission 
(e.g. XDFY-2392146324). 
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PPEN D IX  B:  A NALYSIS  O F  VA R I O U S  z = 8 – 1 0  

A N D I DAT E  G A L A X I E S  PREVIOUSLY  

EPORTED  IN  T H E  L I T E R ATU R E  

ere we consider various z = 8–10 candidate galaxies which had 
reviously been reported in various analyses but did not meet the 
urrent selection criteria. These sources were derived from a number 
f previous analyses of the HUDF including Bouwens et al. ( 2011a ,
013 , 2015a ), Ellis et al. ( 2013 ), McLure et al. ( 2013 ), and Oesch
Table B1. z ≥ 8.5 candidate Galaxies previously identified o v er the HUDF/X

m UV 

ID RA DEC z a phot [mag] b 

C1 03:32:38.95 −27:47:11.7 – > 30.0 

C2 03:32:39.44 −27:46:32.0 7.8 + 1 . 2 −1 . 1 29.8 ± 0.5 

C3 03:32:38.27 −27:45:56.4 8.0 + 0 . 3 −0 . 3 29.8 ± 0.5 

C4 03:32:43.69 −27:46:40.9 8.2 + 1 . 2 −0 . 8 29.4 ± 0.7 

C5 03:32:37.79 −27:46:00.4 8.2 + 0 . 2 −0 . 2 28.2 ± 0.1 

C6 03:32:35.43 −27:47:33.8 8.5 + 1 . 1 −1 . 0 29.6 ± 0.3 

C7 03:32:43.45 −27:46:54.9 9.1 + 0 . 5 −0 . 4 29.6 ± 0.4 

C8 03:32:41.07 −27:47:30.7 – > 30.0 

1 B11 = Bouwens et al. ( 2011a ), E13 = Ellis et al. ( 2013 ), M13 = McLure e
a Derived using EAzY (Brammer et al. 2008 ) 
b Derived using the flux in the H 160 , HK 182 , and K 210 bands for sources in
luminosity at ≈1600 Å rest-frame. 
c Amplitude of the nominal Lyman breaks for these z ≥ 8 galaxy candidates.
d χ2 

b e st,z> 5 . 5 − χ2 
b e st,z< 5 . 5 
t al. ( 2013 ). There are eight such sources, and they are listed in
able B1 with source IDs running from C1 to C8. 
For our assessment, we place 0.35 arcsec diameter apertures at 

he reported coordinate of the sources (after accounting for the 0.3
rcsec shift in the coordinates of the sources to account for the
mpro v ed astrometry of the HUDF data) but otherwise compute total
agnitudes using scalable Kron apertures corrected to total using the 

stimated encircled energy on the wings of the JWST F182M-band 
SF. 
MNRAS 523, 1036–1055 (2023) 

DF. 

Lyman break 
χ2 a , d 

[mag] c p( z > 5.5) a Lit 1 

– – – E13 

> 1.2 − 3 .7 0.901 O13 

> 1.9 − 12 .0 0.994 B15 

0.0 ± 1.5 − 0 .1 0.712 B11 

1.5 ± 0.2 − 40 .8 1.000 M13,B15 

> 0.9 − 0 .2 0.546 B11 

> 1.3 − 12 .7 0.999 E13,M13,O13 

– – – E13 

t al. ( 2013 ), O13 = Oesch et al. ( 2013 ), B15 = Bouwens et al. ( 2015a ) 

 our z ∼ 8–9, z ∼ 10–11, and z ∼ 12–13 samples to probe the UV 
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Figure B1. Similar to Fig. 7 but showing various candidate z = 8–11 galaxies that had been previously reported in the literature but which were not reco v ered 
using the current selection criteria. While six of the eight candidate show ≥2 σ detections in the F182M and F210M bands, two candidates notably show no apparent 
flux in the new data from JWST and may be spurious. The characteristics of the sources we derive from SED fits to our photometry are presented in Table B1 . 
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Postage stamps of the eight candidates are shown in Fig. B1 , and
nly three of the eight show clear ≥ 2 σ detections in both the F182M
nd F210M images. While the NIRCam imaging observations
evertheless support the reality of three of the remaining five, the
IRCam imaging observations provide no support for the reality of

wo of the candidates C1 and C8. Since one of these candidates C8
as already suspected to show apparent flux from a diffraction spike

nd thus likely to be spurious (see discussion in Oesch et al. 2013 ),
he new observations appear to confirm that this interpretation was
orrect. The absence of a detection in the F182M and F210M bands
or the second candidate C1 is surprising given the apparent detection
f the source at > 3.5 σ in the WFC3/IR F140W and F160W bands
Ellis et al. 2013 ; Oesch et al. 2013 ). Ho we ver, the lack of apparent
ux in the new NIRCam data suggests this source may have either
een spurious or variable. 
NRAS 523, 1036–1055 (2023) 
Using the same SED templates from EAzY (Brammer et al. 2008 )
o compute the redshift likelihood distribution for the six sources that
ppear to be real on the basis of the new NIRCam observations, we
resent our results in Fig. B2 . Our likelihood analysis suggests that
ve of the six remaining candidates (C2, C3, C4, C5, C7) are very

ikely at z ≥ 8, but with larger uncertainties regarding the nature of
6 earlier reported by Bouwens et al. ( 2011a ). 
Of the five candidates that appear likely to be at z ≥ 8, three did

ot make it into our selection due to the F182M + F210M medium
and fluxes’ showing less than 2 σ detections. A fourth candidate C5
id not make it into our selection because it was detected at > 5 σ
ignificance in the Y 105 band and thus excluded. A fifth candidate C7
as excluded because it did not make it into the SEXTRACTOR catalog
e used to assemble our z ≥ 8 selection o v er the HUDF, but appears

o otherwise satisfy our selection criteria. 
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Figure B2. Similar to Fig. A2 but for various candidate z = 8–11 galaxies which had previously been reported in the literature but are not reco v ered using the 
selection criteria used here. The characteristics of the sources we derive from SED fits to our photometry are presented in Table B1 . 
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