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ABSTRACT

The ultraviolet (UV) continuum slope of galaxies, 8, is a powerful diagnostic of the metallicity and ages of stars, nebular gas
properties, dust content, and the escape of Lyman continuum (LyC) photons. In this study, we present 8 measurements
for 395 spectroscopically confirmed galaxies at 5 < z < 14.3 selected primarily from JADES, using high-quality JWST
(James Webb Space Telescope) NIRSpec/PRISM spectra. We find a median 8 = —2.15, finding a mild increase in blueness
of B with increasing redshift and fainter UV magnitudes. Interestingly, we find evidence for reddening of the average
B at z > 9.5, deviating from the trend observed at z < 9.5. Using stacked spectra in bins of redshift and 8, we derive
trends between g and dust attenuation, metallicity, ionization parameter, and stellar age indicators, finding a lack of dust
attenuation to be the dominant driver of bluer g-values. We further report five galaxies with § < —2.9, which show a range
of spectroscopic properties and signs of significant LyC photon leakage. Finally, we show that the redder 8-valuesatz > 9.5
may require rapid build-up of dust reservoirs in the very early Universe or a significant contribution from the nebular
continuum emission to the observed UV spectra, with the nebular continuum fraction depending on the gas temperatures
and densities. We show that in the absence of dust, nebular emission at n, > 10000 cm > can reproduce the range of red
B that we see in our sample. Higher gas densities can also redden the nebular continuum emission, potentially explaining
the observed S-values.
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galaxies to the cosmic reionization budget (e.g. J. Chisholm et al.

1 INTRODUCTION 2022).

The rest-frame ultraviolet (UV) continuum slope of galaxy spec-
tra, 8, which is parametrized as f, o A?, is an important quan-
tity that can be used as a diagnostic of the nature of stellar
populations and physical and chemical properties of the neb-
ular gas in galaxies, the age and metallicity of stars, and the
dust content (D. Calzetti, A. L. Kinney & T. Storchi-Bergmann
1994). Detailed insights about the evolution of 8 as a function
of redshift can be used to infer the metallicity evolution (e.g.
A. Calabro et al. 2021), the change in the dust content in star-
forming galaxies (e.g. R. J. Bouwens et al. 2009; S. M. Wilkins et al.
2013) and potentially the escape fraction of Lyman continuum
(LyC) photons, that is crucial for evaluating the contribution of
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Before the launch of James Webb Space Telescope (JWST), pio-
neering work has been done in measuring the evolution of g with
redshift for statistically significant samples of galaxies into the
epoch of reionization using deep Hubble Space Telescope (HST)
imaging (e.g. R. J. McLure et al. 2011; J. S. Dunlop et al. 2012; S.
L. Finkelstein et al. 2012; S. M. Wilkins et al. 2013; R. J. Bouwens
et al. 2014; R. Bhatawdekar & C. J. Conselice 2021; S. Tacchella
et al. 2022). One of the main aims of such studies has been to
identify galaxies with extremely blue UV slopes (8 < —3.0) at
Z > 6, which would likely trace extremely metal-poor and dust-
free galaxies that are also possibly leaking a significant fraction of
LyC photons to drive reionization (e.g. A. Bolamperti et al. 2023).
Indeed, some evidence of the existence of such blue UV slopes
was reported (e.g. R. J. Bouwens et al. 2010; S. L. Finkelstein et al.
2010). However, subsequent studies showed that these very blue
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B measurements may suffer from observational and sample selec-
tion biases and that the median UV slope of z ~ 7 galaxies may be
nearer to 8 ~ —2.5 (e.g. J. S. Dunlop et al. 2012; S. L. Finkelstein
etal. 2012; R. Bhatawdekar & C. J. Conselice 2021). Further theo-
retical studies have also shown that at extremely low metallicities,
the fraction of the total UV continuum at 1500 A dominated by
the nebular continuum components increases, thereby reddening
the B-value (e.g. A. Raiter, D. Schaerer & R. A. E. Fosbury 2010;
A.J. Cameron et al. 2023a; H. Katz et al. 2024).

With JWST, it is now finally possible to push measurements
of B for statistical samples of galaxies out to z > 10. There have
already been a number of studies exploring the dependence of j
both on redshift as well as the absolute UV magnitudes (Myy)
using deep Near Infrared Camera (NIRCam) imaging data out
to z > 9 (e.g. M. W. Topping et al. 2022, 2024; R. J. Bouwens et
al. 2023; L. J. Furtak et al. 2023; T. Nanayakkara et al. 2023; F.
Cullen et al. 2023a, b; D. Austin et al. 2024). Interestingly, most of
these studies find evidence for the existence of galaxies with very
blue UV slopes (8 < —2.7), with a trend showing that UV-fainter
galaxies consistently having bluer S-values.

Although studies relying on photometric data alone can lead
to the identification of large samples, and can inherently be more
‘complete’ in terms of the UV magnitude selection, they have
their limitations. Perhaps the biggest source of uncertainty in
photometrically driven studies is the accuracy of photometric
redshifts, and therefore the purity of the sample selection, par-
ticularly at fainter UV magnitudes (e.g. R. Bouwens et al. 2023).
Contamination from strong rest-frame UV emission lines can
also affect the measured 8 from broad-band photometry alone,
particularly if strong Lya emission is present in one of the cru-
cial bands used to infer 8. Finally, based on photometry alone,
there is an unavoidable need to employ spectral energy distri-
bution (SED) modelling to both accurately measure 8 over the
appropriate wavelength range as well as infer the physical and
chemical properties of galaxies, which is crucial for breaking
degeneracies between various parameters (such as dust redden-
ing, age and metallicity of the stellar populations, etc.), which
are responsible for setting the various features seen in the rest-
frame UV spectra (e.g. F. Cullen et al. 2023b; M. W. Topping et al.
2024).

Thanks to large spectroscopic programs also being carried out
by JWST, particularly using the lower resolution PRISM/CLEAR
configuration of the Near Infrared Spectrograph (NIRSpec) in-
strument (P. Ferruit et al. 2022; P. Jakobsen et al. 2022), which
gives simultaneous coverage across observed wavelengths of ~
0.6 — 5.3 um, it is now possible to spectroscopically measure the
rest-frame UV continuum slopes of a large number of galaxies at
high redshifts (e.g. M. J. Hayes et al. 2024; K. E. Heintz et al. 2024;
G. Roberts-Borsani et al. 2024). These studies have already shown
a steady increase in the blueness of g with redshifts across a range
of UV magnitudes, which have been interpreted as the system-
atic reduction in the dust content of galaxies at earlier epochs,
in line with findings from photometric studies. Additionally, 8
measurements for some of the highest redshift galaxies, such as
B = —2.3 for JADES-GS-z14-0 at z = 14.32 (S. Carniani et al.
2024), B = —2.5for GHZ2 at z = 12.34 (M. Castellano et al. 2024)
and B = —2.4 for GN-z11 at z = 10.6 (A. J. Bunker et al. 2023b)
now offer a remarkable opportunity to study the stellar and gas
conditions within these record-breaking galaxies that regulate the
emerging UV continuum slopes.

A key advantage of using spectroscopy to infer 8 is the ability
to mask UV metal lines, and the availability of a plethora of
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other key diagnostics available in galaxy spectra that can fur-
ther shed light on the underlying physical and chemical con-
ditions in the galaxies that may be responsible for setting the
UV continuum slope (e.g. A. Calabro et al. 2021). As mentioned
earlier, key galaxy properties such as the age and metallicity
of stars and gas, as well as the gas temperatures and densi-
ties can be inferred reliably from spectra using diagnostics re-
lying on emission-line fluxes and ratios, which play an impor-
tant role in setting the UV slope of galaxies. To therefore under-
stand the physical conditions within galaxies that may give rise
to any relationship between g and redshift or UV magnitude,
performing an analysis on spectroscopically confirmed galaxies
with robust detection of the UV continuum and emission lines is
key.

In this study, we use a sample of 295 spectroscopically con-
firmed galaxies at g > 5.5, spanning a wide range of UV mag-
nitudes, to investigate the observed g in galaxies at the highest
redshifts. A key aim is to study how the redshift evolution of these
properties could be used to explain the observed evolution in the
UV continuum slopes of galaxies deep in the reionization era.
We perform UV continuum slope measurements both for indi-
vidual galaxy spectra as well as on stacked spectra constructed in
carefully chosen bins in an attempt to inform both the median
evolution of B, as well as what drives the scatter in its value
over cosmic time, leveraging a number of diagnostics from galaxy
spectra.

The layout of this paper is as follows. In Section 2, we describe
the spectroscopic data sets and present the methodology used
to perform measurements of quantities from galaxy spectra, in-
cluding the g8 using a novel Monte Carlo method. In Section 3,
we present the main findings of our analysis, exploring the red-
shift evolution of 8, its dependence on Myy, its correlation with
galaxy physical and chemical properties using both individual
measurements and stacking, as well as the discovery of a sample
of galaxies showing 8 < —3.0. In Section 4, we focus on B mea-
sured for galaxies at z > 9.5, highlighting the relatively redder
B measurements and its implications on the nature of some of
the first galaxies that formed in the Universe. In Section 5, we
summarize the key findings of this study.

Throughout this paper, we use the Planck Collaboration VI
(2020) cosmology. Magnitudes are in the AB system (J. B. Oke & J.
E. Gunn 1983) and all distances used are proper distances, unless
otherwise stated. We adopt a solar metallicity of Z, = 0.02.

2 DATA AND MEASUREMENTS

2.1 JADES spectroscopic data

The data sets used in this work come from the JWST Advanced
Deep Extragalactic Survey (JADES; D. J. Eisenstein et al. 2023a; A.
J. Bunker, NIRSPEC Instrument Science Team & JAESs Collab-
oration 2020), which has leveraged NIRSpec and NIRCam guar-
anteed time observations to obtain some of the deepest spectra
and imaging of galaxies at high redshifts in the well-studied Great
Observatories Origins Deep Surveys (GOODS)-South and North
fields. The survey was designed such that ‘medium’ depth ob-
servations were obtained across both fields, with two additional
‘deep’ tier pointings observed in the GOODS-South field contain-
ing the footprint of the Hubble Ultra Deep Field (HUDF; A. J.
Bunker et al. 2023a). NIRSpec observations as part of JADES were
obtained over a period of around 18 months, starting in 2022
October and ending in 2024 February. Complementary NIRCam



images in the fields were also obtained as part of JADES (M. J.
Rieke et al. 2023). For a full overview of JADES observations,
survey design, coverage area, overlap with archival and other
JWST data, and survey depth and sensitivity, we refer the readers
to D. J. Eisenstein et al. (2023a) and F. D’Eugenio et al. (2024).

The NIRSpec observations in both fields across all tiers were
carried out in multi-object spectroscopy mode (P. Ferruit et al.
2022) in four filter/disperser combinations. These were the lowest
resolution (R ~ 30 — 300) but highest sensitivity PRISM/CLEAR
configuration covering the full-wavelength range from ~ 0.6 —
5.3 um, along with three intermediate spectral resolution obser-
vations in G140M/F070LP, G235M/F170LP, and G395M/F290LP
giving R ~ 1000 spectra across the full NIRSpec wavelength
coverage. At the time of writing, the latest JADES data re-
lease is described in F. D’Eugenio et al. (2024), which is Data
Release 3.

For all practical purposes, the PRISM/CLEAR observations
maximize the chances of detection of the continuum and emis-
sion lines, and the medium-resolution gratings’ observations fur-
ther enhance the accuracy of the measured redshift and provide
more kinematic information and help separate key multiple emis-
sion lines that otherwise appear to be blended in PRISM spectra.
Since the main aim of this study is to measure UV continuum
slopes directly from the spectra of high-redshift galaxies, we pri-
marily use the R ~ 100 PRISM/CLEAR spectra across all tiers of
JADES where the UV continuum flux is detected with a decently
high signal-to-noise ratio (S/N > 5).

2.2 Publicly available data

In addition to JADES data, we also utilize the publicly available
JWST Cycle 2 GO program 3215 (co-PIs: Eisenstein, Maiolino),
which aimed to build upon JADES imaging and spectroscopy
in the newly defined JADES Origin Field (D. J. Eisenstein et al.
2023b), which lies 8 arcmin away from the HUDF in GOODS-
S and was repeatedly observed as part of JADES observations in
Cycles 1 and 2. We note here, however, that the NIRSpec MSA
(microshutter assembly) observations taken as part of PID 3215
cover the same region as in PID 1210, overlapping the HUDF.

The technical setup of the spectroscopic observations carried
out as part of program 3215 is identical to the other JADES obser-
vations, with the same filter/disperser combinations being used.
This enables a large degree of homogeneity between the JADES
observations and those from program 3215.

2.3 Spectroscopic redshift measurement

Detailed information about all the steps involved in obtaining
spectroscopic redshifts for our spectroscopic targets can be found
in F. D’Eugenio et al. (2024). However, in this section, we briefly
describe the main steps involved in obtaining reliable spectro-
scopic redshifts. The redshift measurement procedure followed
two steps. The first step involved obtaining a best-fitting spectral
model to the observed spectrum using BAGPIPES (A. C. Carnall
et al. 2018) on the PRISM data. Armed with the BAGPIPES red-
shift, each spectrum was then visually inspected by at least two
members of the JADES team, particularly focusing on the simul-
taneous detection of two or more strong emission lines at the
same redshift.

Additional input was also taken from the higher resolution
grating spectra to further refine both the line detection as well as
redshift determination for all sources where emission lines were
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detected in the grating spectra. Based on the detection (or lack
thereof) in both the PRISM and the grating data, a number of
quality and reliability flags were then assigned to each source,
which are described in F. D’Eugenio et al. (2024). In particular,
flags 6, 7, and 8 were used to identify ‘robust’ redshift measure-
ments thanks to the detection of multiple lines, which is what
we largely use in this study. At the highest redshifts (e.g. z > 9.5)
when most bright rest-frame optical emission lines redshift out
of the NIRSpec coverage, a redshift was determined mainly us-
ing the Lya-break feature in the continua. However, for galax-
ies at these high redshifts, additional insights on the validity of
their spectroscopic redshift are obtained from multiband NIR-
Cam imaging and SED fitting, which effectively rules out these
sources being low-redshift interlopers (e.g. K. N. Hainline et al.
2024).

2.4 Final sample selection

We note that the selection function of JADES, as is the case with
the vast majority of NIRSpec programs utilizing the MSA can be
inhomogeneous across redshifts. This is mainly because of the
way that shutters are allocated to higher priority targets and the
need to ‘protect’ these high-priority targets from spectral overlap
originating from other nearby sources. This exercise naturally
results in the highest priority class sources (e.g. at the highest
redshifts) being more ‘complete’ than sources with lower priority
classes, which may be excluded from shutters to avoid contami-
nation.

For JADES, as described in A. J. Bunker et al. (2023a), sources
at z = 5 (i-band dropout sources) were assigned systematically
higher priorities than those at lower redshifts, resulting in a much
higher fraction of such candidates ending up on MSA shutters.
Sources at these redshifts are all mainly selected to be blue, star-
forming galaxies (with the exception of a few ‘oddball’-type ob-
jects with redder spectra), which results in further sample ho-
mogeneity favouring star-forming galaxies at high redshifts com-
pared to lower redshifts, where a wider variety of galaxy types
were placed in shutters.

The main driver, therefore, for the selection of Lyman-break
galaxies at z > 5 is the flux-limited nature of the survey, which
manifests itself as a UV magnitude selection as a function of
redshift. At progressively higher redshifts, the probability of
photometrically selected high-z dropout sources being placed
in shutters increases, making JADES a highly targeted high-
redshift galaxy survey (A. J. Bunker et al. 2023a). Therefore, to
leverage relatively ‘complete’ samples for the analysis of rest-
frame UV slopes of galaxies in this paper, we restrict our sam-
ple to galaxies with spectroscopic redshifts z > 5, which will re-
sult in a more homogeneous and complete sample of Lyman-
break selected galaxies that generally trace star-forming sys-
tems. We note, however, that with MSA surveys it may not
be possible to obtain spectra for fully complete flux-limited
samples.

We also note that although a number of (candidate) AGN (ac-
tive galactic nucleus) have been identified from the JADES data
sets (e.g. R. Maiolino et al. 2023; J. Scholtz et al. 2023; J. Lyu
et al. 2024), we do not explicitly exclude any such source as these
numbers remain low compared to the number of star-forming
galaxies, and particularly for low-luminosity AGN, the rest-frame
UV light may still be dominated by young stars and/or nebular
continuum emission.

MNRAS 548, 1-25 (2026)
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2.5 UV slope measurement

To measure the UV slopes, 8, from the PRISM/CLEAR R ~ 100
spectra of all galaxies with robust spectroscopic redshifts, we im-
plemented a novel Monte Carlo method that takes into account
pixel-by-pixel uncertainties. The first step involved de-redshifting
the galaxy spectra. We then proceeded to fit a power law to
the rest-frame spectrum of the galaxies in the wavelength range
1340 — 2700 A, which is a slight modification of the standard D.
Calzetti et al. (1994) windows to take into account the low spec-
tral resolution of PRISM spectra that leads to broadening of the
emission lines. This wavelength range avoids both the Ly« break
and the Balmer break features in the continuum as well. To avoid
fitting regions containing strong emission lines, we masked the
regions 1440 — 1590, 1620 — 1680, and 1860 — 1980 A. We note
that the masked wavelength ranges are purposefully kept large to
account for the broadening of the rest-UV lines due to the low
resolution of the PRISM/CLEAR grating/disperser combination.
We also note here that in the wavelength range used to measure
B, the intergalactic medium (IGM) damping wing feature should
not play an important role in affecting 8 unless the column den-
sities are extremely high (e.g. K. E. Heintz et al. 2024).

Next, other outlying pixels (either due to other emission lines,
residual cosmic rays or noise fluctuations) were masked out by
using a sigma-clipping implemented at the 10o level in the spec-
trum. Pixels with negative or zero flux were also masked, ensur-
ing that the S/N of the neighbouring pixels is always large enough
such that the negative values only indicate bad data points.

Our Monte Carlo approach to measure the UV slopes was then
implemented as follows. We performed 500 iterations and mea-
sured B from each spectrum by fitting the power-law function,
where the flux in each spectral pixel was independently perturbed
by randomly sampling from the distribution of the pixel-level
noise. This approach produces a large range of possible g-values
compatible with the pixel noise distribution. The median 8 de-
rived from the 500 iterations was set as the UV slope of the galaxy,
with the standard deviation set as the 1o error.

This 8 measurement approach was implemented for all galax-
ies with robust spectroscopic redshifts in our sample. Given the
variable depth of the various tiers of observations used in this
study and the relatively broad redshift range resulting in variable
UV absolute magnitude limits, it was deemed essential to weed
out the rather uncertain g measurements from our final sample
before exploring their statistical distribution. Therefore, we opted
to use an error threshold of 5 per cent to select our final sample
corresponding to a > 20 accuracy, which meant that galaxies
with 8 uncertainties larger than 5 per cent were rejected.

Several targets were observed across multiple JADES tiers,
where often one of the observations belonged to a deeper tier.
To remove duplicates, we retain only the spectrum that was ob-
served as part of the deeper tier from all duplicate observations
of the same target, which also resulted in a lower error on the
B measurement. After removing duplicates, the final sample of
Z > 5 galaxies with robust redshifts and reliable 8 measurements
across all tiers consisted of 395 galaxies. A breakdown of the final
sample across different tiers of observations is given in Table 1.

The distribution of the UV absolute magnitudes measured at
rest-frame 1500 A (Myy) and redshift of all galaxies for which 8
could be reliably measured with A < 5 per cent is shown in
the left panel of Fig. 1. In the right panel of Fig. 1, we show the
histogram of B measured across our sample, finding a mean 8
= —2.10, median = —2.15 indicated by the dashed line in the
figure, and standard deviation = 0.40.
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Table 1. Number of z > 5 sources with reliable (A8 < 0.1) UV slope
measurements belonging to different tiers/programs of JADES observa-
tions used in this study.

Tier PID N
GS Deep/HST 1210 39
GS Deep/JWST 1287 24
GS-3215 3215 22
GS Medium/HST 1180 41
GS Medium/JWST 1180 23
GS Medium/JWST 1286 114
GN Medium/HST 1181 55
GN Medium/JWST 1181 78
Total 395

2.6 Slit loss and path loss considerations

An important observational effect that can potentially impact the
measurement of rest-frame UV slope directly from spectra are the
slit losses, which occur when parts of the galaxy are outside of
the MSA shutter, and path losses, which occur due to the point
spread function (PSF) of NIRSpec being wavelength dependent.
We note that from a detailed morphological analysis of all NIR-
Cam detected sources within the JADES footprint with reliable
photometric redshifts, C. Carreira et al. (2026) found that the
median sizes of galaxiesatz > 5 decrease steadily with increasing
redshift, and that the large majority of sources are smaller than
3kpc at z > 5, which corresponds to roughly 3 arcsec on the sky.
To estimate the effect of slit losses, in Fig. 2 we show the semima-
jor axes measured for galaxies in our final sample from the latest
photometric catalogues that were released as part of JADES DR5
(C. Carreira et al. 2026; B. E. Robertson et al. 2026), colour-coded
by B measured from NIRSpec PRISM spectra.

We find that only 9 per cent of the objects in our final sample
have semimajor axes larger than 0.2 arcsec, which is the nominal
width of the MSA shutters, with the majority of them being atz <
8, and only one source in our sample has a semimajor axis larger
than the height of the MSA shutter of 0.46 arcsec.! These larger
objects also typically have g > —2, indicative of more evolved
or dustier systems. For these extended objects, it is possible that
the MSA shutter only samples a subregion of the galaxy, which
may be biased towards certain properties such as young starburst
regions, older stellar populations, dustier environments or en-
hanced nebular gas contribution, which may not necessarily be
representative of the conditions in the entire galaxy.

With regards to the path loss corrections, it is known that the
PSF changes by a factor of up to ~ 3 over the wavelength range
0.6 — 5.3 um, which is nominally corrected for by the data reduc-
tion pipeline. The NIRSpec JADES data reduction pipeline takes
the intra-shutter position of each target into account, which is
then used to compute the slit losses. The source is assumed to be
a point source at the location of the input coordinates within the
shutter, which works particularly well for high-redshift sources
that are found to be generally small (e.g. K. Ormerod et al. 2024).
Since the UV slope measurement is made from the bluest part of
the spectral coverage that has more compact, well-behaved PSFs,
the much larger effect of path losses at redder wavelengths should
not present a large source of uncertainty when measuring g from
the spectra.

Thttps://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-
instrumentation/nirspec- micro-shutter-assembly
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Figure 1. Left: overview of the spectroscopic sample considered in this study, which includes some of the highest redshift spectroscopically confirmed
sources currently known. The continuum SNR > 2 requirement to measure the UV slopes ensures that the UV magnitudes are robustly measured for
all galaxies in our sample. Right: histogram of the UV slope 8 of star-forming galaxies in this sample, with a median 8 = —2.15 indicated by the dashed

line measured across our full sample.
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Figure 2. Distribution of the semimajor axis (C. Carreira et al. 2026; B.
E. Robertson et al. 2026) measured for all galaxies in our final sample,
colour-coded by the 8 measurement from NIRSpec spectra. The nominal
width of the MSA shutter is 0.2 arcsec and height is 0.46 arcsec, which are
marked using the dashed lines. We find that 91 per cent of the sources in
our final sample are within the MSA shutter width, and only one source
appears to be larger than the MSA shutter height, thereby minimizing
the effects of significant slit/shutter losses and its impact on the UV slope
measured from spectra.

However, to confirm the accuracy of 8 measurements from
spectra in light of possible slit loss related biases, we verify that
the flux measurements across wavelengths in the spectra are
compatible with photometric fluxes measured from NIRCam.
In other words, we would like to confirm whether the con-
tinuum flux densities measured in NIRSpec spectra, which are
prone to slit/shutter losses, are consistent with fluxes measured
using circular apertures from the NIRCam images to identify
and remove any biases in the B measurements from spectra
alone.

To do this, we computed synthetic NIRCam photometry for all
spectra in our sample, and compared it with the CIRC2 NIRCam
photometry (a circular aperture of 0.3 arcsec diameter, with an
aperture correction applied appropriate for a point source) pre-
sented in M. J. Rieke et al. (2023). We found a remarkable agree-
ment between the two flux measurements for the overwhelm-
ing majority of our sources, with outliers remaining few and far
between. This finding confirms that (i) the slit loss corrections
are largely being properly implemented in the data reduction
and calibration pipeline and (ii) the 8 measurements directly
from spectra are not being impacted by these slit losses that are
unaccounted for. We note here that with the increasingly large
PSF at longer wavelengths, any appreciable impact of slit losses
will bias the measured UV slopes bluer, particularly at the highest
redshifts.

2.7 Binning and stacked spectra

Although we can obtain a robust measurement of 8 as well as
physical and chemical properties of galaxies across the entire
sample from individual spectroscopic measurements, we are par-
ticularly interested in investigating the dependence of 8 on galaxy
properties and the redshift evolution of UV slopes. To achieve
this, we bin our sample in 8 and redshifts, and produce stacked
spectra weighted by S/N in each bin, where the S/N is measured at
rest-frame 1500 A, to study how 8 is related to the various physical
and chemical properties traced by spectroscopic indicators. S/N
weighting leverages the ultradeep observations that were taken
as part of JADES, which is able to achieve high S/N observations
for relatively UV faint galaxies.

The binning in B and redshift space is performed keeping the
following points in mind. Since the redshift of the source plays an
important role in dictating which emission lines will be visible in
the observed NIRSpec spectrum, we wanted to ensure that red-
shift bins uniformly sample the observed strong emission lines,
while ensuring that each redshift bin contained a comparable
total number of sources. As a result, the lowest redshift Bin 1
covers the range 5 < z < 6, Bin 2 spans 6 < z < 7, where the
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Figure 3. Binning of the sample in 8 and redshift space, chosen to
produce stacked spectra and study the sample averaged evolution of
with redshift and other spectroscopic properties. The redshift bins were
chosen to ensure coverage of key strong emission lines (as mentioned in
the main text), whereas the 8 bins were simply chosen to split the sample
into three equally numbered tertiles. We do not split our z > 9.5 sample
into B bins to preserve number statistics in the stack.

Table 2. Sample splitting parameters in bins of redshift and .

Bin Redshift Beta range N
1A 5-6 B> —1.94 60
1B 5—-6 —-1.94 > B > —2.22 58
1C 5—-6 B < =222 59
2A 6—17 B > —2.00 33
2B 6—7 —2.00 > 8 > —2.32 32
2C 6—17 B < —2.32 32
3A 7-8 B> —1.87 23
3B 7-8 —-1.87 > B > —2.28 22
3C 7-8 B < —2.28 22
4A 8—-9.5 B> —223 12
4B 8—-9.5 —223>f8>-241 11
4C 8—-9.5 B <—-241 11
5 z2>95 All 21

cut-off at z = 7 is chosen such that all sources in this bin have
He visible in their spectra, Bin 3 spans 7 < z < 8, Bin 4 spans
8 <z < 9.5, beyond which the [O111] and HB lines move out
of NIRSpec wavelength coverage, and the highest redshift Bin 5
encompasses z > 9.5.

Within each redshift bin, we further split our sample into ter-
tiles (three equally numbered bins) of 8 to effectively obtain three
baseline 8 subsamples across redshifts. The resulting subsam-
ples in g are as follows: Bin 1A: 8 > —1.94, Bin 1B: —1.94 >
B > —2.22, and Bin 1C: 8 < —2.22, Bin 2A: 8 > —2.00, Bin 2B:
—2.00 < B < —2.32,and Bin 2C: 8 < —2.32, Bin 3A: 8 > —1.87,
Bin 3B: —1.87 < 8 < —2.28,and Bin 3C: 8 < —2.28, and Bin 4A:
B > —2.23,Bin4B: —2.23 < f < —2.41,and Bin 4C: 8 < —2.41.
We note here that due to the presence of only 21 galaxies in our
highest redshift Bin 5, we do not split this further in g and treat
the z > 9.5 sample as a whole in this study. A visual represen-
tation of the bins in B-redshift space is shown in Fig. 3, with a
breakdown of numbers in each subset of redshift and g given in
Table 2.
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We then produced stacked spectra in each bin in the following
way. The spectra were first de-redshifted using accurate spectro-
scopic redshifts as mentioned earlier. The spectra in each bin
were then resampled onto the same wavelength grid. Owing to
our multitiered final sample containing spectra of variable depths
and noise levels, we opt to use an S/N-weighted average stacking
approach, which effectively upweights spectra with higher S/N
and downweights spectra with lower S/N. We note that due to
the multitiered construction of our sample, the S/N is not only
dependent on the luminosity of the source, but also the depth
of the tier of observations. Therefore, an S/N-weighted stacking
scheme offers the best option to equally capture the contribution
of galaxies occupying a range of UV fluxes/luminosities. The final
weighted averaged spectra were then produced for each bin, with
all the spectra shown in Fig. Al.

For each stacked spectrum, we then performed a new mea-
surement of g following the same methodology as described
earlier. We additionally measured fluxes and ratios of key
emission lines, which included Hea, [O111] 44959, 5007, HB,
Hy + [O111] 24363, and [O 11] AA3727, 3729, which appears to be
blended. Using these lines, we calculated the dust attenuation
from the Balmer decrements, the 032 ([O11]/[O11]) ratio and
the R23 ([O 1] + [O 111]/Hp) ratio, from which information about
the ionization parameters and metallicities could then be derived.
The relevant measurements for all stacks are given in Table 3.

3 RESULTS

Having measured g for all galaxies in our sample, grouped them
into bins created in the B and redshift space, and created stacked
spectra in each bin to study the dependence of 8 on key galaxy
spectroscopic properties, in this section we present some of the
main findings of this study.

3.1 The redshift evolution of the UV slope

‘We begin by investigating the redshift evolution of 8 across our
spectroscopic sample. A plot of B8 as a function of redshift is
shown in the left panel of Fig. 4, with both individual measure-
ments and median values measured in the redshift bins 1-5. The
median and standard deviation of 8 that we measure in the red-
shift bins are as follows: Bin 1 (z = 5.82): § = —2.21 £+ 0.38, Bin
2 (z=6.61): B=-2.26+0.32, Bin 3 (z=7.43): B =—-235+
0.42, Bin 4 (z = 8.60): B = —2.43 £ 0.42, and Bin 5 (z = 10.51):
B = —2.33 £0.32. We find a very mild evolution of 8 with red-
shift throughout the whole redshift range, with the best-fitting
relation showing a relatively shallow slope of —0.03. The median
values of B decrease monotonically between redshifts 5.5 to ~
7.5, but show a slight upturn in the bin z > 9.5.

To further explore this trend at z > 9.5, we also derive the
evolution of 8 without Bin 5, finding a much bluer slope of the
best-fitting relation of —0.08, as also shown in the left panel of
Fig. 4. This steeper trend would have predicted that mostz > 9.5
sources have much bluer S-values, and although some sources
appear to align with this trend, the median value measured atz >
9.5 is roughly in 1o tension with the predicted trend at z < 9.5.
Although this tension is not strong, the apparent flattening of the
relation between 8 and redshift at z > 9.5 is clear.

To further explore the distribution of B-values across redshifts,
in the middle panel of Fig. 4 we show violin plots for the dis-
tribution of g in the redshift bins considered in this study. It is
clear that particularly in the 6 < z < 7 bin, we may be missing



Table 3. Median properties measured from the stacked spectra of galaxies in bins of redshift and g. The Bin IDs are assigned as follows: bins of increasing redshift are from Bin 1 to Bin 5, with each

redshift bin split into three sub-bins of B from reddest (A) to bluest (C).

12 + log(O/H)

E(B-V)
[HB/Hy]

EW (HB) EW([O HI])L5007) 032 R23 E(B-V)

EW (Ha)

Bin

[Ha/HB]

[A]

8.06 + 0.10*

0.26
0.20
0.08
0.10
0.21
0.00

8.4+0.1
8.9+0.1
7.1£0.3
8.2+0.2
8.0+0.2
8.1+0.1
7.14£0.2
11.6 £0.2
18.1+04

5.0+£0.1
7.7+£0.1

4413 +62.4
562.9 +79.6
760.7 + 107.6

81.4+11.6
93.1+13.2

4529 +£32.3
562.2 +40.0
930.2 £+ 66.0
4943 £ 352
706.8 + 50.3
681.9 +48.5

—1.69
—2.07
—2.44
—1.79
—2.18
—2.47
—1.69
—2.12
—2.54
—-1.99
—2.36
—2.63
—-2.20

5.461

60
58

1A
1B
1C
2A
2B
2C
3A
3B
3C
4A
4B
4C

7.87 £0.10*

5.545
5.766
6.550
6.555

7.96 £ 0.15*

10.8 £0.6
6.0 0.1
9.5+0.3
9.8+0.1
59+£0.1

154.2 +£21.8
104.0 +14.9

8.02 £ 0.09*

568.2 + 80.4
771.4 +109.1
807.4+114.2
720.0 +101.9

8.10 £+ 0.09*

138.6 £19.7
143.6 +20.6

32

7.91 £ 0.09*

6.666
7.278

7.87 £ 0.09"

0.26
0.00
0.00
0.12
0.00
0.00

151.6 £21.9
119.9 +17.1

23

8.14 +0.09"

13.5£0.5
16.0£1.2
8.1+0.3

661.3 £93.6
904.9 + 128.1
915.2+129.5

7.513
7.430

7.53 £0.10"

160.8 £ 22.9
166.0 £ 23.8
128.5+18.4
146.9 £21.8

23
12
11

7.70 + 0.097

7.5+0.3
14.1+£0.3

8.547
8.415

7.41 +0.097

12.2+0.6
8.6 +£0.6

660.3 £ 93.5
677.0 +96.0

8.20 £+ 0.10"

8.6 +£0.6

8.836
10.604

11
22

Notes.*denotes gas-phase metallicities measured using the strong line method (e.g. M. Curti et al. 2020) and T denotes metallicities measured using the direct T, method from the [O 111] 24363 auroral line

detection.
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the tail of the distribution at the bluest S-values. This implies
that in a more complete survey, the median  measured at these
redshifts may be even bluer. The z > 9.5 bin on the other hand,
despite suffering from low number statistics, appears to be a well-
sampled normal distribution, giving further credibility to the idea
of reddened S at z > 9.5. Lastly, we note that there are not many
galaxies with 8 < —3.0 across the full redshift range, contrary to
what has been reported by studies relying on photometric mea-
surements of B at these redshifts.

At z > 9.5 in Bin 5, we find that the vast majority of galaxies
have 8 < —2, consistent with stellar ages being relatively young,
with recent star formation and low dust content. We only see
one galaxy with g8 ~ —3 at z > 9.5, which is possibly tracing
extremely young, stellar-light-only dominated conditions with
no dust attenuation. We will return to the properties of z > 9.5
galaxies as inferred from their g slopes and other spectroscopic
indicators in the discussion.

Overall, we find a milder evolution of g with redshifts when
compared to the results from F. Cullen et al. (2023b). However, we
note here that the F. Cullen et al. (2023b) sample contained many
more z > 10 sources, although with only photometric redshifts.
In particular, at z > 8, we actually find a somewhat flipped trend
compared to F. Cullen et al. (2023b). We note that at z > 10,
we do not have any 8 measurements bluer than —3, whereas
~ 20 sources in the F. Cullen et al. (2023b) sample have g < —3.
Galaxies with photometric § < —3 at z > 10 were also reported
in the photometric sample of F. Cullen et al. (2023a) and M. W.
Topping et al. (2024), which may play a role in enhancing the
observed increase in blueness of 8 with redshift. We also note that
the typical uncertainty on the measurement of § in our study is
40.1, whereas for most photometric studies it is +0.4.

3.2 Dependence of the UV slope on UV magnitude

Next, we investigate the dependence of 8 on the UV magnitude of
our galaxies. In the right panel of Fig. 4, we show the distribution
of B with Myy, with median values measured in quartiles of Myy
in our sample also shown. The median 8 that we measure in
Muyv bins, from brighter to fainter, for all redshifts are as follows:
MyyBin 1 (Myy = —20.24): 8 = —2.06 % 0.39, MyyBin 2 (Mgy
= —19.39) = 8 = —2.15 & 0.36, MyyBin 3 (Myy = —18.58): 8 =
—2.16 & 0.44, and MyyBin 4 (Myy = —17.76): B = —2.26 =+ 0.44.

Overall, we find that 8 becomes bluer at fainter Myy with
a slope of —0.07 and a large scatter. This Myy dependence is
consistent with what has been reported from other photometric
samples (e.g. F. Cullen et al. 2023a, b; M. W. Topping et al. 2024),
in line with expectations that UV-fainter (or lower mass) galaxies
must have fairly short, bursty, and recent star formation histo-
ries and/or lower dust content D. Narayanan et al. (e.g. 2024).
Increased dust attenuation expected at brighter Myy (or stellar
masses) is likely playing a role in reddening the UV slope.

We further investigate the dependence of 8 on Myy in our
five independent redshift bins, as shown in Fig. 5. To do this,
we split the sample in redshift Bins 1, 2, and 3 into Myy tertiles
(three equally populated bins), and Bins 4 and 5 into two sub-
bins split by the median Myy. The subsets in Myy in each redshift
bins are as follows: redshift Bin 1: Myy < —19.36, —19.36 < Myy
< —18.76 and Myy > —18.76, redshift Bin 2: Myy < —19.40,
—19.40 < Myy < —18.83 and Myy > —18.83, redshift Bin 3: Myy
< —19.36, —19.36 < Myy < —18.86 and Myy > —18.86, redshift
Bin 4: Myy < —19.51 and Myy > —19.51, and redshift Bin 5: Myy
< —19.26 and Myy > —19.26.
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Figure 4. Left: B versus redshift, where the stars show the median and error bars show 1o standard deviation in redshift bins. 8 becomes bluer between
redshifts z ~ 5.5 — 8 but note that the B-values do not evolve much at z = 8. The median and standard deviation of 8 measured in these redshift bins
are given in the text. For reference, we also show the redshift evolution of 8 obtained by F. Cullen et al. (2023b) for a sample of z > 8 galaxies with
photometric redshifts. Middle: violin plots showing the median and standard deviation for the distribution of 8 in the redshift bins considered in this
study. We find that overall, the range of B-values is comparable across redshifts. At the highest redshifts, however, we do not see particularly red UV
slopes (B > —1.5), but a slight reddening of the median g. Right: distribution of 8 versus Myy for our sample, along with median -values measured
in Myv quartiles measured across the full sample. The median and standard deviation of 8 measured in these Myy bins are given in the text. We find a
very weak dependence of 8 on Myy, with a shallow slope of the best-fitting relation of —0.05.
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Figure 5. Dependence of 8 on the galaxy UV magnitude in different redshift bins. The error bars represent the standard deviation in the bins. At redshifts
5.5 <z <6and6 <z < 7we do see a clear correlation between g and UV magnitudes. However, there does not appear to be any dependence of 8 on
UV magnitude at z > 7. This may be indicative of a lack of significant dust attenuation and its appreciable impact on the UV slopes of galaxies atz > 7.

In Bin 1 (5 <z < 6), we see an increase in blueness of g at the brighter end of the Myy distribution. S. M. Wilkins
at fainter Myy, indicating that either (i) low-luminosity galax- et al. (2013) indeed showed that increasing dust attenua-
ies have high specific star formation rates that drive bluer 8- tion can explain the relationship between B and Myy out
values (D. Narayanan et al. 2024), and/or (ii) high-luminosity to z ~ 7, where the do see this relationship clearly in our
galaxies have a higher dust content, thereby reddening the g sample.
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However in Bins 2, 3, and 4 at z > 6, we do not see clear trends
between 8 and Myy. We note here that the flux-limited nature of
our spectroscopic sample may lead to incompleteness at fainter
Muyv at the highest redshifts, which results in a limited number of
galaxies fainter than Myy > —18 found at z > 6. Regardless, the
lack of dependence of 8 on Myy could be attributed to the fact
that dust attenuation in z > 6 galaxies may not be as significant
as it may be at z < 6, when there has been enough cosmic time
since the formation of the first stars for significant amounts of
dust to be produced and grown.

The galaxies at z > 6 span a large range of B-values, ranging
from ~ —1 to ~ —3. The Myy range at these redshifts is also rel-
atively well sampled, although as noted earlier there is a missing
population of galaxies with Myy fainter than —18. We do not find
any galaxy with 8 > —1.5atz > 8, suggestive of either a selection
effect where no appreciable emission lines were detected in the
spectroscopy to confirm their redshifts, or that galaxies at these
epochs are in general not significantly reddened by dust. We also
note that our z > 9.5 bin contains two galaxies that are extremely
UV-luminous with Myy brighter than —20, GS-z14-0 at z = 14.3
(S. Carniani et al. 2024) and GN-z11 atz = 10.6 (A.J. Bunker et al.
2023b), which show relatively red g-values of 8 ~ —2.3.

In the next section, we investigate the dependence of 8 on
the physical and chemical properties of galaxies inferred di-
rectly from spectroscopy, to understand what physical condi-
tions drive the observed relations of UV slope with redshift and
Muyy.

3.3 UV slopes and galaxy physical properties

We now explore the properties inferred from the stacked spectra
in our B and redshift bins, and investigate the connection be-
tween B and galaxy physical properties. We remind the readers
that our sample was split into five redshift bins, Bins 1 to 5, and
three B bins, Bins A, B, and C within each redshift bin (Table 3).
The majority of the (rest-optical) emission-line-based properties
that we present in this section are only possible for bins 1-4, as
the highest redshift bin 5 does not cover rest-frame optical lines
and the UV lines are not well-detected.

3.3.1 Dependence on dust

To measure the dust attenuation, we make use of the Balmer
decrements using the He, HB, and Hy lines whenever clearly
visible in the stacked spectra. Owing to the variable spectral res-
olution of the NIRSpec PRISM, the Hy and [O 111]A4363 features
appear to be heavily blended in the spectra at z < 7. However,
at these redshifts the Ho line is visible, and the dust attenuation
at z < 7 is calculated using the Ho and Hp lines. The Hu line
moves out of NIRSpec coverage at z > 7, which is also when
the Hy + [O111] 14363 feature becomes less blended due to an
increase in resolution at the redder part of the observed spectrum.
For these galaxies, we use the HB and Hy ratios to infer dust
attenuation.

To calculate E(B—V) from the Balmer lines, we use the standard
dust-free case-B recombination assumption with a temperature
of T, = 10000 K and density n, = 300 cm~3 (D. E. Osterbrock &
G. J. Ferland 2006). These assumptions give an intrinsic He/HpB
ratio of 2.86, and HB/Hy ratio of 2.13. We note here that given
recent T, measurements from NIRSpec spectroscopy of galaxies
at high redshifts (e.g. I. H. Laseter et al. 2024), the assumption
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of T, = 10000K may not be hot enough for such calculations,
although this can be mitigated by the fact that the intrinsic value
of the Balmer decrement does not change dramatically with tem-
perature — the Ha/Hg ratio at T, = 15000K for example is 2.79,
representing only a 2.4 per cent change. Furthermore, it has been
shown recently that Case-B recombination assumptions may not
be valid across all high-redshift galaxies (e.g. W. McClymont et al.
2024; C. Scarlata et al. 2024; H. Yanagisawa et al. 2024), which will
impact the amount of dust attenuation inferred from intrinsic
ratios by up to 0.2 dex.

In the top-left panel of Fig. 6, we show the E(B—V) measured
from Balmer lines for each f—z bin as a function of 8. Over-
all, we find a clear decrease in the dust attenuation measured
from stacked spectra with increasingly bluer -values. These ob-
served trends help confirm that an increased dust attenuation
contributes towards reddening the observed g across all redshifts.
Galaxies with moderate to blue g at z > 7 exhibit virtually no
dust attenuation, consistent with expectations from models and
simulations (e.g. D. Narayanan et al. 2024).

3.3.2 Dependence on gas-phase metallicity

We measure the metallicities from the stacked spectra in each
bin using both the strong line method and the direct-T, method,
which relies on the robust detection of the [O111] A4363 line.
As noted in the previous subsection, the Hy + [O11] 4363
feature is heavily blended at z < 7 in PRISM spectroscopy, pre-
venting us from inferring the electron temperature from the
[O 111] 14363/[O 111] 25007 ratio. At higher redshifts, however, the
measurement of T, is easier. Therefore, at g < 7, we infer the
metallicity 12 + log(O/H) using the strong line method, and for
all other bins we employ the direct-T, method.

Strong line metallicities were inferred from the R23 ratio using
the calibrations derived by M. Curti et al. (2020). For the direct-
T, method, we assume a density n, = 300cm~> and derive the
electron temperature T, using the grids provided in PYNEB (V.
Luridiana, C. Morisset & R. A. Shaw 2015).

It is common to assume that the electron temperature of the
region from which the HB emission originates is the same as of
[O 11], but certain scaling relations need to be used to estimate
the temperature of the [O 11] emitting gas when the [O 11] auroral
line is not clearly detected in the spectrum (e.g. A. J. Cameron, H.
Katz & M. P. Rey 2023b). To estimate T([O 11]), we use the scaling
relations presented in E. Pérez-Montero (2017), using the density
dependent relation derived by G. F. Hégele et al. (2006) assuming
n, = 1000cm™3.

In the top-right panel of Fig. 6, we show the interdependence
between S across redshifts and the gas-phasE OXYGEN ABun-
dance (measured as 12 4 log(O/H)) inferred from stacked spectra.
As expected, we see an overall trend of decreasing metallicity
at increasing redshifts, which has already been reported in the
literature using JWST spectroscopy (e.g. M. Curti et al. 2023; K.
Nakajima et al. 2023; R. L. Sanders et al. 2023; G. Roberts-Borsani
et al. 2024). Interestingly, we do not see any clear dependence
between oxygen abundance and 8 across any of our redshift bins,
indicating that the gas-phase metallicity may not be a key driver
of the observed g in high-redshift galaxies (see also E. Curtis-Lake
et al. 2023, for example).

We note here that the § arising from especially young, metal-
poor stellar populations would require low stellar metallicities,
which may not necessarily be reflected in the gas-phase metal-
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Figure 6. Clockwise from top left: dependence of galaxy properties such as dust attenuation or E(B—V) (top-left), gas-phase metallicity given by 12
+ log(O/H) (top-right), O32 ratio (bottom-right), and the HB EW (bottom-left) on the g measured from stacked spectra in bins of redshift and 8. The
redshift bins are represented by different symbols and are used consistently across all panels. We find that dust attenuation measured using Balmer
decrements of both Ha/HS (dashed line) and HB/Hy (solid line) decreases at bluer 8-values, with little to no dust seen in the stacked spectra of our
highest redshift bins. The metallicity, which we have measured using the strong-line method for the lowest redshift bins (dashed line) and direct-T,
method (solid line) for the higher redshift bins, does not show any appreciable trend with 8. The O32 ratio generally appears to increase at bluer S-values
tracing younger stellar populations, but interestingly shows a downturn at the bluest B-values at the highest redshifts, which could be explained by a
turbulent ISM in galaxies with the bluest UV slopes (e.g. Y. Jin, L. J. Kewley & R. S. Sutherland 2022). The HB EW also does not show any clear trend

with B.

licities. When the gas surrounding stars is enriched by the first
generation of stars that formed out of chemically pristine gas, the
gas gets polluted by heavier metals as soon as the first massive star
winds and supernovae occur. Importantly, the gas-phase ‘metal-
licity’ that we measure and report here is simply the oxygen abun-
dance in the gas measured via emission lines. This is in contrast to
the stellar metallicity, which usually reflects the level of iron en-
richment among other heavier elements (see F. Cullen et al. 2021,
for example). Therefore, the gas-phase oxygen abundance may
not be a good tracer of the metallicity of the underlying stars that
are producing the ionizing radiation and largely setting the g-
values. Therefore, gas-phase metallicities would not be expected
to correlate very strongly with 8, which is what we find from our
data.
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3.3.3 Dependence on 032 ratio

Low-metallicity conditions where young stars are forming gen-
erally result in higher ionization parameters that often lead to
higher 032 ratios (e.g. A. E. Jaskot & M. S. Oey 2013; M. Paalvast
et al. 2018). From measurements across our stacked spectra, we
find a clear increase in the O32 ratio at bluer B-values, as can
be seen in the bottom-right panel of Fig. 6. However, we note
that for the redshift 8 — 9.5 bin, there is a significant decrease in
the 032 ratio for the bluest g bin, while the highest 032 ratio
is seen in the intermediate beta bin. Although this observation
could simply be a statistical effect, the dramatic decrease seen in
the measured 032 ratio in this bin warrants qualitative discussion
about its possible causes, which we briefly discuss below.



One possible pathway to lower the O32 in the presence of
a young, highly ionizing and dust-free stellar population is by
altering the geometry of the H1I regions. Y. Jin et al. (2022)
showed that increased turbulence can decrease the O32 ratio
along certain lines of sight when making spectroscopic obser-
vations by apparently boosting the relative contribution of the
lower ionization emission lines such as [O11], originating from
the outer parts of the H1I region (see also H. Katz et al. 2022).
A turbulent ISM (interstellar medium) with a fractal-like ge-
ometry could increase the surface area covered by the ‘edges’
of the ionization front, as opposed to what would be expected
assuming a simple spherical geometry, which can increase the
fractional volume of the HII region that has a lower ioniza-
tion state when observed at certain viewing angles. These dif-
ferences are expected to be particularly pronounced in spatially
resolved spectroscopy. Density and temperature fluctuations in
the ISM have indeed been shown to change the inferred proper-
ties of the ISM from emission-line diagnostics (e.g. A. J. Cameron
et al. 2023b) due to line-of-sight effects, and such effects are
typically not captured by simple spherically symmetric models
of emission from HII regions. Turbulence in the ISM may be
expected in galaxies where a very recent or extreme starburst
event has taken place, traced by the observed extremely blue UV
slopes.

It may also be possible that the low O32 ratio in the bluest
B bin at 8.0 < z < 9.5 may be tracing non-turbulent, ionization-
bounded H1I regions, as opposed to a density-bounded nebula
that is typically seen in high-redshift galaxies with strong under-
lying sources of ionization. In an ionization bounded scenario,
the [O 111] emission dominates closer to the ionizing source where
the gas is in a higher ionization state, and the [O11] emission
dominates further away from the source where gas is in a lower
ionization state. However, in ionization bounded nebulae with no
ionizing photon escape, the Balmer emission lines arising from
recombination (Ha, HB) appear to be strong. As we will explore
in the next subsection, we do find that EW(Hp) in the bluest 8
bin at 8.0 < z < 9.5 is higher than that seen in the intermediate
B bin at this redshift, suggesting ionization bounded H 11 regions
as a likely explanation of the decrease in 032.

3.3.4 Dependence on EW(HS)

The rest-frame equivalent width (EW) of the Hp line (along with
other Balmer recombination lines) has been shown to be a good
tracer of stellar ages, as the decrease in ionizing photon flux
with increasing stellar age leads to the depletion of the nebular
component of the Balmer emission lines (e.g. C. Leitherer 2005;
E. M. Levesque & C. Leitherer 2013). How the EW(H}) actually
decreases with increasing age, however, depends on a number of
factors such as the metallicity and the dust content and geometry
of H1I regions, stellar rotation, and whether massive stars are
formed in binaries. Another important parameter that can reduce
the observed HB flux is the escape of hydrogen ionizing LyC
photons.

In the bottom-left panel of Fig. 6 we show the distribution of
EW(Hp) measured from our stacked spectra with 8. Atz < 7, we
find a clear increase in EW(Hp) with increasing blueness of 3,
indicating that galaxies with bluer UV slopes are likely powered
by relatively younger stellar populations that are capable of pro-
ducing a larger number of hydrogen ionizing photons. Atz > 7,
however, we find that the reddest and the bluest g bins show high
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values of EW(HS), but the intermediate 8 bins show much lower
values.

The observed trends at z > 8 indicate that a more complex
scenario may be at play in these relatively younger galaxies.
The relative decrease in EW(Hp) tracing the ionization of neb-
ular gas even at intermediate 8 may be a result of ionization-
bounded H 11 regions with little to no LyC photon escape as dis-
cussed in the previous subsection. Conversely, this could be a
result of increasingly non-zero escape fraction of LyC photons
from galaxies with intermediate § at z > 8, which effectively
removes ionizing photons that would otherwise have ionized
the hydrogen gas in the galaxy H 11 regions, depositing them in-
stead in the galaxy circumgalactic medium (CGM) and/or IGM,
driving the process of reionization (e.g. M. W. Topping et al.
2022).

3.4 Extremely blue UV slopes: 8 < —2.9

From our sample of 395 galaxies at z > 5, we identify five galax-
ies that show extremely blue UV slopes with 8 < —2.9, which
are likely tracing extremely young stellar populations, conditions
that may enable high LyC escape fractions (e.g. M. W. Topping
et al. 2024) and/or extremely low stellar/gas-phase metallicities
(e.g. M. Paalvast et al. 2018). These values of B are typically
hard to reproduce using simple stellar population (SSP) synthesis
models. In this section, we explore the individual spectra of these
five sources in more detail, measuring the relevant spectroscopic
properties to determine what set of physical and chemical con-
ditions might be responsible for the observed extremely blue UV
slopes.

We further estimate the LyC photon escape fractions (fes.) us-
ing the B-based prescription derived by J. Chisholm et al. (2022)
as well as the multivariate f.. estimation method derived us-
ing the SPHINX simulation by N. Choustikov et al. (2024a). The
N. Choustikov et al. (2024a) method takes as input the HS lu-
minosity, Myy, dust attenuation, O32 and R23 measurements,
which are possible for our galaxies thanks to deep spectroscopy.
We note that there are additional multivariate estimators of LyC
fesc available in the literature (e.g. S. Mascia et al. 2023; A. E.
Jaskot et al. 2024), but given the available measurements for our
sample we restrict ourselves to only the above-mentioned two
approaches.

The galaxies in this section are presented in decreasing blue-
ness of their UV slopes, and their 1D (in F,) and 2D spectra are
shown in Fig. 7, with the best-fitting 8 slope also shown. For
comparison, we further show the NIRCam photometry for these
objects, which demonstrates how photometric bands crucial for
measuring 8 photometrically may often suffer from emission line
or continuum feature contamination, which can impact the in-
ferred 8.

3.4.1 JADES-GS-20192042

This galaxy was observed as part of the GS-JWST-DEEP tier,
spectroscopically confirmed at z = 8.836 with 8 = —3.13 £ 0.08
and a bright Myy = —19.5170'3. Several strong rest-frame optical
emission lines such as the [O 111] doublet and HB are visible in
its spectrum, with hints of strong UV lines such as C1v and
C1i1). There is a clear damped Ly« feature visible in the spec-
trum, which is also traced by the NIRCam photometry. Since
the Ha line is our of NIRSpec coverage at this high redshift,
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Figure 7. 1D and 2D spectra for galaxies in our sample that show the bluest S-values, with 8 < —2.9. Two of these galaxies show Ly« emission, which
may be indicative of significant LyC escape as well (e.g. A. Verhamme et al. 2015). GS-210003 at z = 5.779 shows a very interesting spectrum, with clear
detections of the Si1v + O1v] and He 11 + O 111] complexes. The SiIv + O Iv] complex in particular is not widely detected across galaxy spectra, and if
the O 1v] is high, it would signify the presence of extremely hard ionizing radiation fields.

we use the HB and Hy emission lines to determine no dust
attenuation.

This galaxy has a remarkably high 032 ratio of 22.5+6.7
and a low R23 ratio of 5.7+ 1.4. From the strong HB emis-
sion line, we measure a very high log(§.n/Hzerg™!) = 25.7 &
0.1. Using the J. Chisholm et al. (2022) method that relies on
B we estimate a very high fe.(LyC) = 0.86 + 0.17. Using the
multivariate approach of N. Choustikov et al. (2024a), we find
a relatively lower fus.(LyC) = 0.24 £ 0.05. Both these measure-
ments will designate this high-redshift galaxy has a strong LyC
photon leaker. The Lye damping wing, however, suggests the

MNRAS 548, 1-25 (2026)

presence of dense clouds of neutral hydrogen along the line of
sight.

3.4.2 JADES-GS-116257

This galaxy was observed as part of the GS-JWST-MEDIUM-1286
tier of JADES and has a § = —3.02 £ 0.10 at 7 = 5.567624 giv-
ing Myy = —18.32%05¢. This galaxy has a very high EW([O 111])
of 1890 A, with a high 032 ratio of 11.3 & 1.7 and low R23 of
6.3 & 0.7. We also measure EW(Ha) ~ 450 A, which combined



with its relatively faint UV magnitude results in an extremely
high log(&ion/Hz erg™') = 26.0 £ 0.1, close to the theoretical limit
expected from pure star formation. The [Ne 111] lines are also seen
in this spectrum, consistent with the presence of hard ionizing
radiation fields irradiating the nebular gas. This galaxy shows no
dust attenuation from the Balmer decrement measured using He,
HpB, and Hy.

Owing to its relatively low redshift, the Ly« line falls in a noisier
part of the spectral coverage of NIRSpec, and it therefore remains
unclear whether there is strong Ly present. From the higher
resolution G140M spectrum, we see hints of a possible C1v P-
Cygni profile emission line, and weak He1r and O 111] lines, al-
though both of these are relatively uncertain. The high 032 ratio,
high &,, and blue B point towards the presence of a spectrum
dominated by light produced by extremely young (less than a few
Myr) stars forming in a dust-free environment.

The LyC fes estimates from the two methods used here dif-
fer once again, with the J. Chisholm et al. (2022) method pre-
dicting fesc(LyC) = 0.63 £ 0.13 whereas the N. Choustikov et al.
(2024a) method predicts a lower fe.(LyC) = 0.36 £ 0.07. Given
the extremely high EW of the nebular emission lines, and the
extremely high &,,, a lower LyC fo may be preferable so that a
large fraction of ionizing photons is available to excite this strong
line emission as opposed to leaking out of the galaxy into the
CGM/IGM.

3.4.3 JADES-GS-12326

This source was observed as part of the deeper GS-JWST-DEEP
tier, confirmed at z = 7.95477 with 8 = —2.97 £ 0.12 and a rel-
atively faint Myy = —17.767019. The PRISM spectrum shows
an extremely strong and asymmetric Lye emission line with
EW(Lya) 220 +40A, making it one of the highest redshift
Lyman-alpha emitting galaxies (LAEs) currently known in the
epoch of reionization (e.g. A. Saxena et al. 2024; J. Witstok et al.
2024), which is likely tracing a large ionized bubble (e.g. A. Sax-
ena et al. 2023; J. Witstok et al. 2023). Based on the HB flux
and assuming Case B recombination and no dust attenuation, we
measure fesc(Lya) = 0.82 +0.11.

This galaxy further shows strong [O 111] and HS lines with no
continuum detected in the rest-frame optical, giving EW([O 111])
> 475 A, with no [O11] emission seen in the spectrum, giving a
limitof O32 > 10.2and R23 < 5.9 suggestive of an extremely high
ionization parameter and relatively low O/H abundance. From
the HB emission line assuming no dust, we measure an extremely
high log(&ion/Hz erg™!) > 25.9.

The J. Chisholm et al. (2022) method predicts fes.(LyC) =
0.55 £ 0.11 and the N. Choustikov et al. (2024a) method predicts
Jesc(LyC) = 0.31 £ 0.06. The same arguments that were used for
the previous galaxy could be applied here, where a lower fu
may be preferable given the strong [O 111] nebular line emission
seen as well as the high &, inferred from the HB emission. The
presence of strong Lyo emission may further be indicative of
significant f.(LyC), owing to the strong correlations reported
between fesc(Lye)/EW(Lyer) and fesc(LyC) both using observa-
tions of local analogues of high-redshift star-forming galaxies
(e.g. S. R. Flury et al. 2022) and from high-resolution simulations
employing radiative transfer (e.g. N. Choustikov et al. 2024b).
Unfortunately, the Ly line in the higher resolution G140M falls
in the detector chip gap, which makes it impossible to infer the
Ly velocity offset compared to the systemic redshift, which is
also a good indicator of the LyC feg.
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3.4.4 JADES-GS-210003

Observed as part of GS-3215, this galaxy at z = 5.77885 has 8 =
—2.94+0.03, Myy = —18.52%0%¢ and a strong Lyo line with
EW,(Lya) = 67 + 8 A, comparable to the sample of LAEs pre-
sented by A. Saxena et al. (2024). The much deeper exposure
times in this tier result in high S/N detections of a host of
rest-frame UV and optical emission-line features, including very
strong [O 111] 15007 line with EW([O 111]) = 2930 + 930 A, 032 =
22.5 £ 2.5and R23 = 5.6 £ 0.5. The strong He line has EW(Ha)
= 1720 & 610 A, giving an extremely high ionizing photon pro-
duction efficiency, log(&en/Hzerg™) = 26.0 £ 0.1. There is no
dust attenuation measured from the Balmer decrements. Us-
ing Balmer line emission, we calculate fe.(Lyer) = 0.17 & 0.02,
which is not as high as the previous source but still significant.

We note the presence of a possible contaminant in the 2D
spectrum of this galaxy, which may have adversely affected the
collapsed 1D spectrum from which the 8 was measured. In the
observed spectrum, a slight deviation from a pure power law can
be seen at wavelengths just longer than 2 pm, which could be due
to contamination from the secondary source.

The spectrum also shows rest-frame UV features tracing high
ionization conditions such as He 11 + O 111] and C 111], as well as
a strong SiIv + O1v] emission, which is seldom seen in galaxy
spectra with such high S/N. If there is indeed a strong contribu-
tion from He 11 and O IV] in the line complexes, this would signify
the presence of extremely hard ionizing radiation sources, such
as massive, hot stars, high-mass X-ray binaries, or even photoion-
ization due to shocks (e.g. A. Saxena et al. 2020; M. Lecroq et al.
2024). The blue UV slope can help rule out photoionization from
an AGN. Unfortunately, the He 11 and O 111] lines fall in the detec-
tor chip gap in the G140M spectra that were also obtained, and
therefore the complex cannot be resolved with higher spectral
resolution.

The LyC fes. derived from the J. Chisholm et al. (2022) method
gives fesc(LyC) = 0.50 £ 0.10, which is higher than that measured
using the N. Choustikov et al. (2024a) method that gives fes.(LyC)
= 0.13 £ 0.03. Given the presence of high EW Ly« emission and a
modest fesc(Lyo), this galaxy does appear to be a robust candidate
LyC leaker.

3.4.5 JADES-GS-20128771

This galaxy, also named JADES-GS-z13-0 was originally con-
firmed spectroscopically at z = 13.2, via the characterization of
its Lyman break, from the first ever pointing of JADES (E. Curtis-
Lake et al. 2023), and then subsequently re-observed with deeper
spectroscopy through the program GS-3215. From the deeper
observations, galaxy has § = —2.93 £+ 0.06 and and a relatively
bright UV magnitude for its redshift with Myy = —18.797315,
consistent with what was reported by E. Curtis-Lake et al. (2023).
No other rest-UV emission lines are robustly detected in the
spectrum, however, there is tentative evidence of C1v emission.
Owing to its extremely high redshifts, the strong Balmer and
oxygen lines are redshifted out of NIRSpec coverage. From the
PRISM spectrum, we see strong evidence of damped Ly« absorp-
tion along the line of sight, suggesting that this galaxy is likely
surrounded by neutral hydrogen, which is to be expected at these
high redshifts.

Since no other lines are detected in the spectrum, the multi-
variate method of N. Choustikov et al. (2024a) cannot be used to
determine its fes.(LyC). Using the 8-based method of J. Chisholm
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Table 4. Observed spectroscopic and derived properties of five galaxies in our sample that exhibit extremely blue UV slopes (8 < —2.9) measured from
their NIRSpec spectra. We note here that none of these galaxies show any signs of dust attenuation from their Balmer decrement measurements. C22
fesc(LyC) measurements are from the J. Chisholm et al. (2022) method, and the C24 measurements are derived using the N. Choustikov et al. (2024a)

multivariate estimation method.

1D 4 B Myv F(HB) 032 R23 log(&ion) Sesc(LyC) Sesc(LyC)
(ergs~lcm™2) (Hzerg™) (C22) (C24)
GS-20192042 883605 —313+008 —195179% 35407x1071° 225467 57414 257401 0864017 0244005
GS-116257 556762 —3.02+010 —18.327951 61408x107° 113417 63407 260401 0634013 0.36+0.04
GS-12326 794938  —297+012 —17.76'010 > 12x107%° > 15 <55 >259  0.55+011 0.31+0.06
GS-210003 578064 —294+003 —18.5219% 75403x1071° 225425 56405 260401 050+010 0134003
GS-20128771 13.20000 —2.93£0.05 —18.7910-16 — — — — 0.49 £0.10 —

-0.19

et al. (2022), we estimate fe.(LyC) = 0.49 £ 0.10. Given the lack
of other spectroscopic indicators associated with LyC leakage,
it is unclear whether this galaxy is leaking significant amounts
of LyC photons or is simply powered by extremely young hot
stars.

3.4.6 Concluding remarks

Overall, we find that galaxies with extremely blue 8 ~ —2.9 also
on average show high 032 ratios, high &,,, and presence of other
high-ionization emission lines in their spectra, in line with expec-
tations from young, massive stars being the dominant producers
of ionizing photons in the galaxies. Two out of the five galaxies
show strong Ly« emission as well. The inferred LyC fes. from the
majority of these galaxies are high, in line with expectations that
galaxies with blue UV slopes are good candidates for significant
LyC leakage.

However, we note that the vast majority of these galaxies with
extremely blue UV slopes also show strong nebular line emis-
sion, which is not to be expected if a large fraction of ioniz-
ing photons are escaping out of the ISM. This contradiction is
somewhat represented in the discrepancy between the fes.(LyC)
measured purely based on the UV slope, and by using multiple
spectroscopic indicators that also take into account the state of
the ISM. Therefore, if significant LyC leakage is not the main
reason why the UV slopes of these galaxies appear so blue, the
presence of low-metallicity stellar populations with extremely
young ages offers a likely alternative explanation that is also con-
sistent with strong nebular line emission, as we discuss in Section
4.1In Table 4, we summarize the observed spectroscopic properties
of these galaxies, and give the measured &, and LyC fes values
as well.

4 UVSLOPES AT REDSHIFTS 22> 9.5

Having explored the connection between the UV slope and physi-
cal and chemical properties of galaxies atz < 9.5 primarily traced
by various spectroscopic indicators, in this section we turn our
attention to the UV slopes of galaxies at z > 9.5, where emission-
line detections still remain few and far between.

4.1 Insights from simple stellar population models

Based on the statistical distribution of the measured UV slopes,
it appears that the trend of increasingly bluer UV slopes as a
function of redshift at z < 9.5 appears to become less significant
at z > 9.5. Although there are selection effects at the highest
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redshifts that prevent the detection of UV-faint galaxies owing
to the flux-limited nature of the spectroscopic surveys used here,
the weak dependence of 8 on the UV magnitude even in more
‘magnitude-complete’ samples at lower redshifts in our sample
suggests that incompleteness may not be the main cause of this
reddening of UV slopes observed at the highest redshifts. The
striking confirmation of a galaxy at z = 14.32 presented in S.
Carniani et al. (2024) showing a remarkably red UV slope of g =
—2.3 presents a compelling example. Therefore, in this section,
we employ theoretical models to better understand the relatively
red UV slopes seen across galaxies at z > 9.5.

The first step in employing models to understand the obser-
vations is to produce a library of synthetic galaxy spectra that
can then be directly compared to the observations. To do this,
we use the PYTHONFSPS code? (B. Johnson et al. 2024), which
is a set of PYTHON bindings to the FSPS code® that allows the
flexible modelling of stellar populations (C. Conroy, J. E. Gunn &
M. White 2009; C. Conroy & J. E. Gunn 2010). Very briefly, FSPS
allows the computation of SSPs for a wide variety of IMFs (initial
mass functions), metallicities, ages and ionization parameters,
including the addition of nebular continuum (N. Byler et al. 2017)
and line emission. We use the standard installation of FSPS which
uses the MIST isochrones (J. Choi et al. 2016; A. Dotter 2016) and
MILES spectral library (P. Sinchez-Blazquez et al. 2006; J. Falcon-
Barroso et al. 2011). We further include the WM-Basic hot star
library from J. J. Eldridge et al. (2017) for stellar temperatures
above 25000 K.

For simplicity, we assume an SSP model with a single burst,
with the burst age extending to 40 Myr, following a G. Chabrier
(2003) IMF with an upper mass cut-off of 150 M. In all models,
we include Wolf-Rayet star spectra as well. The SSPs are cre-
ated over a metallicity range log(Z, /Zs) = [—2.0, —0.5], and ion-
ization parameters log(U) = [—3.0, —1.0]. We also include trace
amounts of dust with E(B — V') values of 0.05 and 0.10, reflecting
the level of dust attenuation seen in the 8 < z < 9.5 bin from
Balmer decrement measurements in Section 3.

In Fig. 8, we show example spectra with both stellar and nebu-
lar emission, and stellar only emission, for one of the models with
log(Z/Zs) = —1.5, log(U) = —2.0, and age (time since burst) =
5Myr. The vertical dashed lines indicate the wavelength range
over which 8 is typically measured. No dust attenuation has been
added to these models. Clearly, the inclusion of nebular contin-
uum emission can redden the measured UV slope from 8 = —3.0

2https://dfm.io/python-fsps
3https://github.com/cconroy20/fsps
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to 60 per cent of the flux in the redder part of the wavelength range where g is measured, thereby reddening the measured S-values. Right: the relative
F,_measured at 1500 A from the model predictions, normalized at the maximum flux recorded in the stellar 4+ nebular models at zero age. The nebular
continuum for this particular IMF can provide a boost of up to 50 per cent to the UV luminosity at young ages. Overall, we find that redder g-values can
also be achieved at burst ages > 30 Myr, but this is unlikely to be the case at z > 9.5 when galaxies are in the process of rapidly assembling their stellar

masses through intense star formation.

for stellar only emission to § = —2.5 (see also D. Schaerer & R.
Pell6 2005; S. M. Wilkins et al. 2013).

Having generated synthetic galaxy spectra for a variety of ages,
metallicities and ionization parameters, we then measured the
UV slope from these synthetic spectra in exactly the same way
in which it was measured from observed spectra. As a result
of this exercise, we have 8 measurements for synthetic spectra
containing only stellar emission as well as stellar plus nebular
emission, over a range of galaxy physical properties, which can
now be compared with our observations at z > 9.5.

4.2 The role of nebular continuum

We begin by investigating the impact of the nebular continuum
on the observed UV slope of galaxies. A substantial fraction of
nebular continuum can redden the UV slope of galaxies, even
in the presence of young, hot stars whose blackbody emission
peaks at shorter wavelengths, as was also recently demonstrated
by H. Katz et al. (2024) for a sample of galaxies where the rest-

frame UV spectrum appears to be dominated by the nebular con-
tinuum. In the upper panel of Fig. 9, we show the § measured
from synthetic spectra created following a Chabrier IMF as a
function of time since burst for stellar only spectra (dashed lines)
and spectra containing both stellar and nebular emission (solid
lines) for log(U) = —2.0 shown in the upper panel. The green
dotted line marks the median 8 measured from our z > 9.5 galaxy
sample, with the shaded region marking the 1o deviation of the
measurements.

Itis clear that spectra that do not include any nebular contribu-
tion result in extremely blue UV slopes, particularly at early burst
ages (see also F. Cullen et al. 2023b), which are incompatible with
the median and 1o dispersion of the measured 8 at z > 9.5 as
shown in the left panel of Fig. 9. In the middle panel of Fig. 9,
we show the evolution of the fractional contribution of nebular
emission at 2700 A, which generally represents the redder end of
the wavelength range over which 8 is measured, as a function
of time since burst. We find that nebular continuum contributes
up to 60 percent of the flux at 2700 A (for this particular IMF
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Figure 10. Same as Fig. 9, but here the different panels show the effects of dust attenuation (following the SMC attenuation law) on the UV slopes. The
left panel shows the predictions from Chabrier IMF with no dust attenuation, the middle panel shows UV slope predictions with E(B—V) = 0.05 and the
right panel for E(B—V) = 0.10. As expected, dust attenuation can redden the observed UV slopes, bringing the model predictions more in line with the

measured UV slopes for our z > 9.5 sample.

and ionization parameter) at < 10 Myr, thereby reddening the
measured S.

The B from stellar only and stellar + nebular models con-
verges at burst ages greater than ~ 10 Myr, when the nebular
emission peters out. The reduction of the nebular continuum also
results in a dramatic decrease in the UV luminosity at 1500 A
for the same stellar mass formed, as shown in the right panel of
Fig. 9. Therefore, to explain both the bright UV magnitudes and
the red B-values seen in z > 9.5 galaxies in this work and across
the literature, either younger stellar ages or the addition of stellar
mass at higher ages would be needed. The metallicity of the
nebular gas plays an important role in further reddening the 8,
with lower metallicities of log(Z,/Z) < —1.0 producing redder
UV slopes at < 10 Myr since the burst. The trend is reversed at
higher burst ages when the nebular emission is less prominent,
and higher stellar metallicities produce redder B-values owing to
cooler stellar temperatures.

Insights into relatively bursty star-formation histories of early
galaxies both from theory (e.g. C.-A. Faucher-Giguére 2018; S.
Tacchella, J. C. Forbes & N. Caplar 2020; S. R. Furlanetto & J.
Mirocha 2022; J. Mirocha & S. R. Furlanetto 2023; G. Sun et al.
2023) as well as observations of galaxies at the highest redshifts
(e.g. R. Endsley et al. 2023; R. A. Meyer et al. 2024; M. W. Top-
ping et al. 2024) have highlighted the important role that young
stellar populations play in shaping the continuum and emission-
line spectra of galaxies. Therefore, although higher stellar ages
may be able to explain the relatively red B-values, as has indeed
been seen in a handful of high-redshift galaxies characterized as
‘mini’-quenched galaxies (e.g. T. J. Looser et al. 2024, 2025; W.
McClymont et al. 2025; J. A. A. Trussler et al. 2025; C. Witten
et al. 2025), based on the expected star formation histories of
galaxies particularly at z > 9.5, increased fractional of nebular
continuum driven by hot, massive forming stars may provide a
more consistent explanation.

We find that none of the models can adequately explain the
observed values redder than g 2 —2.3, which is also what is mea-
sured for JADES-GS-z14-0 at z = 14.3 (S. Carniani et al. 2024).
From a stellar populations perspective, it may be possible to fur-
ther redden the observed UV slope by including a considerably
older stellar population in the synthetic spectra, however, at z >
9.5 the Universe is less than 500 Myr old, and the existence of a
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dominant older stellar population already at these epochs may
be in tension with expectations of first light in the Universe (typi-
cally expected to be z ~ 20 — 30). Furthermore, no clear evidence
of Balmer breaks in the spectra of galaxies at z > 9.5 has yet
been reported in the literature, casting doubt on the existence
of a dominant older, more evolved stellar populations in these
galaxies.

The inclusion of dust attenuation of the rest-UV flux is another
channel by which the observed B-values could be reddened. S.
Carniani et al. (2024) showed that trace amounts of dust may be
needed to produce 8 = —2.3 in JADES-GS-z14. Furthermore, A.
Ferrara (2024) recently proposed a scenario whereby galaxies can
form a lot of stars very early in their lifetimes while being dust
obscured leading to reddening of 8, although this period lasts for
a very short time before dust is eventually blown out by intense
stellar feedback, making the UV slopes blue again. Therefore, in
the following section we evaluate the role of dust attenuation in
potentially reddening the UV slopes of z > 9.5 galaxies.

4.3 The role of dust

As shown in Fig. 10, dust attenuation with E(B— V') ~ 0.1 fol-
lowing the SMC (Small Magellanic Cloud) extinction law can
redden the UV slopes emerging from young stars, bringing them
in line with the observed distribution seen in our sample. Modest
dust attenuation with E(B— V) ~ 0.1 was also seen from our
measurements of the Balmer decrements in our 7 < zZ < 8 sub-
sample of galaxies, as shown in the top-left panel of Fig. 6.

In Fig. 10, we show the amount of reddening that 8 may un-
dergo with the introduction of dust attenuation with E(B— V) =
0.05, corresponding to Ay = 0.14 following the SMC dust atten-
uation curve (middle panel) and E(B— V) = 0.10 correspond-
ing to Ay = 0.28 (right panel). We note that in our modelling,
the stellar and nebular continuum spectra are affected by dust
attenuation in the same manner. Clearly, the observed g-values
at z > 9.5 require more significant dust attenuation, which was
typically seen across our 5.5 < gz < 8 galaxies inferred from the
Balmer decrements.

However, the physical arguments behind the importance of the
role of dust specifically at z > 9.5 are more nuanced. The main
challenge with achieving dust attenuation at these early redshifts
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Figure 11. Same as Fig. 9, with the left panel showing predictions using Chabrier IMF, middle panel showing top-heavy IMF, and the right panel
showing outputs from a bottom-light IMF. The parametrization of these non-standard IMFs can be found in the text. Qualitatively speaking, there is
not much difference between the predictions from Chabrier and bottom-light IMF, but a top-heavy IMF is able to produce redder g-values for younger
burst ages, getting closer to the median 8 measured for our z > 9.5 galaxies. Redder B-values are likely driven by the presence of a larger number of hot,

massive, but short-lived stars in a top-heavy IMF.

is primarily dependent on rapid dust production through stellar
evolution (e.g. R. Valiante et al. 2009; C. Gall, J. Hjorth & A. C.
Andersen 2011), growth, and the prevention of dust destruction
from intense stellar feedback. Core-collapse supernovae are con-
templated to be the most likely sources of dust production at early
epochs, due to their short lifetimes and production of metals (e.g.
T. Nozawa et al. 2010). Additionally, intermediate- and high-mass
AGB stars (with masses between 3 — 8 M) that have sufficiently
short lifetimes (107 — 108 yr) may also be potential contributors
to dust production (e.g. R. Schneider et al. 2014), although their
contribution is highly dependent on the formation time-scales of
the first stars in galaxies.

D. Narayanan et al. (2024) recently showed that trace amount
of dust attenuation may indeed be reflected in the UV slopes of
galaxies at z > 9.5, however the fraction of galaxies that show an
appreciable dust reddening rapidly plummets at redshifts higher
than 9.5. Beyond z > 10, dust masses > 10° M, were not seen
in the simulations of D. Narayanan et al. (2024), which resulted
in minimal dust reddening of the UV slopes. Dust attenuation
certainly becomes more pronounced at lower redshifts due to
enhanced grain growth per unit dust mass out to redshifts of
~ 6. Therefore, it remains unclear whether dust attenuation rep-
resents the dominant reddening mechanism for UV slopes of
galaxies particularly at z > 9.5. As D. Narayanan et al. (2024)
note, nebular continuum can efficiently redden the UV slope by
an additional A8 = 0.2 — 0.4, whereas dust attenuation at z >
9.5 only leads to AB < 0.1. Owing to challenges with the rapid
production, growth and preservation of dust in very high-redshift
galaxies, where it may be easy to destroy and displace dust due to
stellar feedback (e.g. A. Ferrara 2024), high dust masses leading
to significant reddening of the observed UV slopes might not be
feasible.

4.4 The role of the initial mass function

In this section, we explore the role of the IMF in setting the
observed UV slopes, in the absence of substantial dust attenu-
ation. In addition to the standard G. Chabrier (2003) IMF with
an upper mass cut-off of 150 M that was employed earlier,
we introduce two new IMF prescriptions here. The first ‘non-

standard’ IMF that is the so-called ‘top-heavy’ IMF, with a lower
mass (M, < 0.8 Mg) slope of —1.3 and a high-mass slope of —1.6
(e.g. J. Dabringhausen, P. Kroupa & H. Baumgardt 2009) with a
maximum stellar mass of 600 M, where the slope describes the
distribution function dn o« m¥dm, where m is the birth mass of
the star (e.g. H. Fukushima & H. Yajima 2023). It has been argued
that the ‘turnover’ of the IMF is dependent on the minimum
temperature of the molecular clouds out of which stars form,
which in turn is linked to the cosmic microwave background
temperature, Tcyp (e.g. N. Bastian, K. R. Covey & M. R. Meyer
2010). The increasing Tcyp at high redshifts will, therefore, result
in lesser fragmentation in star-forming clouds, potentially leading
to larger number of high-mass stars and a more top-heavy IMF
(e.g. R.S. Klessen & S. C. O. Glover 2023).

We additionally include a ‘bottom-light’ IMF, which instead of
boosting the high-mass end of the IMF compared to a standard
Chabrier/Salpeter IMF results in suppressing the lower mass end
of the IMF. Evidence for a bottom-light IMF in massive star clus-
ters has been recently presented by H. Baumgardt et al. (2023),
and we use their parametrization here. For low-mass stars with
M, < 0.4M,, the slope is —0.3, for intermediate-mass stars in the
mass range 0.4 < M, /Mg < 1.0 the slope is —1.65, and for high-
mass stars with M, > 1.0 Mg, the slope of the IMF is —2.3.

In Fig. 11, we show the evolution of 8 as a function of burst
age at log(U) = —2.0, with the standard Chabrier IMF output on
the left, the top-heavy IMF in the middle and the bottom-light
IMF on the right. It is clear that qualitatively speaking, there
is no appreciable difference between the Chabrier and bottom-
light IMFs. However, the top-heavy IMF implementation results
in overall redder 8 slopes across all burst ages, even achieving
B = —2.2thatno other model could achieve. The reddest § slopes
are once again only obtained via the inclusion of nebular contin-
uum at ages younger than 10 Myr. The effect of metallicity across
all IMFs is broadly consistent with one another, with extremely
low metallicities capable of producing redder § slopes at low ages
with the inclusion of nebular continuum. However at later times,
once the fractional contribution of nebular emission is next to
negligible, lower metallicities result in bluer -values.

This exercise demonstrates that a top-heavy IMF does help
bring the model-predicted g closer to that which is observed from
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galaxies at z > 9.5 by significantly boosting the fractional contri-
bution of the nebular continuum to the rest-frame UV spectra.
However, although a larger number of hotter, high-mass stars are
produced in a top-heavy IMF, they do not live for long enough
(R. S. Klessen & S. C. O. Glover 2023) to sufficiently heat up the
nebular gas and redden B for longer periods of time after the
initial burst. Therefore, to both redden the 8 as well as maintain a
high enough total UV luminosity, inclusion of significant nebular
continuum at low burst ages may be preferred explanation (see
also H. Katz et al. 2024).

4.5 The role of gas temperature and density on the
nebular continuum

Building on the finding that the nebular continuum component
may be important to redden the UV slopes of galaxies at z > 9.5,
in this section we qualitatively explore how the strength and
shape of the nebular continuum may vary with changes in the
physical properties, particularly the temperature and density, of
the nebular gas, which in turn will be driven by stars with dif-
ferent masses and temperatures. JWST observations have shown
that the ISM density increases dramatically from z ~ 0 to ~ 9 (Y.
Isobe et al. 2023).

Additionally, it has also been shown that the ionizing photon
production rates in galaxies increase steadily towards high red-
shifts (e.g. C. Simmonds et al. 2024b), although recent evidence
from more complete samples has suggested that the evolution
with redshift may not be as significant (C. Simmonds et al. 2024a).
A higher &, at high redshifts would imply that the underlying
stellar populations likely contain hotter, more massive stars that
may also be capable of heating up the gas to higher temperatures
than those that might be seen at lower redshifts, resulting in a
greater fractional contribution from the nebular continuum to
the overall UV spectrum (e.g. M. Curti et al. 2023; H. Katz et al.
2023; R. L. Sanders et al. 2023; A. J. Cameron et al. 2023a; 1. H.
Laseter et al. 2024). Additional heating sources such as high-mass
X-ray binaries, which become more important at lower metal-
licities at high redshifts (e.g. A. Saxena et al. 2021), or even the
presence of AGN may further aid in heating the gas to higher
temperatures.

H. Katz et al. (2024) recently reported a sample of spectroscop-
ically confirmed star-forming galaxies that show signatures of a
nebular-dominated continuum. Using SPS and photoionization
models, H. Katz et al. (2024) showed that the fractional contri-
bution of the nebular continuum to the observed rest-UV con-
tinuum of galaxies critically depends on stellar temperatures, as
well as the temperature and density of the gas. As we previously
demonstrated, the IMF can also play a crucial role in boosting the
nebular continuum.

To explore how the nebular continuum may change under
different physical conditions, in this section, we adopt a simpler
approach compared to H. Katz et al. (2024) and create synthetic
nebular continuum and line emission spectra using the NEBU-
LAR code* (M. Schirmer 2016). NEBULAR allows the synthesis of
nebular continuum and line emission from a mixed hydrogen
and helium gas in collisional ionization equilibrium. NEBULAR
can create spectra over a range of temperatures and densities,
and includes contribution from free-free, free-bound, two-photon

“https://github.com/mischaschirmer/nebular/
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Figure 12. Dependence of 8 with gas temperature for a purely nebular-
dominated rest-frame UV spectrum over the wavelength range where
is typically measured, for a range of electron densities. We find that to
reproduce the observed distribution of B-values seen at z > 9.5 from our
sample in the typically observed density range n, = 100 — 1000 cm 3,
a purely nebular-dominated UV continuum from gas at temperatures
above 15000 K is needed. In reality, however, the observed spectrum will
contain only a fractional contribution of nebular continuum, but higher
temperatures are nonetheless needed to redden the S-values.

and line emission from H1, He 1, and He 11. The goal of this exer-
cise is simply to qualitatively investigate what kinds of physical
conditions in the ISM can preferentially redden the observed UV
slopes, under the assumption that the observed galaxy spectrum
may contain a considerable fraction of nebular continuum emis-
sion.

In Fig. 12, we show the measured § from synthetic nebular only
spectra generated using NEBULAR, over an electron density range
of n, = [100, 100000] cm~3 (in log space) and temperature range
T = [10000, 20 000] K. The size of the marker scales with density,
with the smallest point having the lowest density and the largest
point having the highest density.

The nebular emission from gas below temperatures of
T < 15000K produces a very blue spectrum for densities <
1000 cm ™3, and no amount of fractional contribution from such
nebular emission will significantly redden the observed UV slope
of galaxies. For typical densities of n, = 100 — 1000 cm~> that
are measured from spectra of high-redshift galaxies, the nebu-
lar continuum emission remains bluer than 8 < —2.5, and will
therefore be incapable of explaining the range of S-values seen in
our z > 9.5 spectroscopic sample via a purely nebular dominated
UV continuum. At densities > 1000 cm~3, a purely nebular con-
tinuum dominated spectrum becomes increasingly redder with
decreasing temperatures, falling in line with the distribution of
B seen in our g > 9.5 sample. Even higher densities are capable
of reddening the continuum spectra further, as higher densities
significantly boost the free-bound and free-free contribution to
the nebular continuum.

We note here that over the wavelength range that is used to
measure the UV slope, the two-photon component does not have
an appreciable impact. As also discussed by A. J. Cameron et al.
(2023b), the two-photon component of the nebular continuum
is more prominent at lower electron densities (n, < 1000 cm™3),
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but at higher densities the reddening of B is likely caused by the
free-bound component.

4.6 Implications for the observed galaxy properties at
z>9.5

Thus far we have demonstrated that the UV slopes of spectro-
scopically confirmed galaxies at z > 9.5 appear to redden, devi-
ating from the trend of bluer 8 observed with increasing red-
shift observed at z < 9.5. We have also shown that to explain
these relatively redder UV slopes in some of the highest redshift
galaxies, inclusion of nebular continuum emission and/or dust
attenuation may be required, particularly when stars forming
out of relatively metal-free gas would be expected to be more
massive and hotter, with the stellar emission peaking at even
shorter wavelengths, leading to a blue g from starlight alone.
Trace amounts of dust (A, ~ 0.2 — 0.3) may be able to explain the
observed distribution of 8 atz > 9.5, but producing and growing
enough dust at these early epochs is challenging from a modelling
perspective (see D. Narayanan et al. 2024, for example).

Furthermore, we have shown that with increasing gas densi-
ties (> 10000 cm~3), the nebular continuum emission has redder
UV slopes. We find that pure nebular continuum emission from
gas at densities lower than 1000 cm~3 produces a much bluer
continuum slope (measured between rest-frame 1400 — 2700 A)
than what is seen across our z > 9.5 sample across a range of gas
temperatures. This suggests that, in the absence of appreciable
amounts of dust, bright nebular continuum from dense gas can
redden the observed UV slopes of galaxies, particularly when
the fractional contribution of the nebular continuum is high. A
handful of examples of nebular dominated galaxy UV spectra
across redshifts have been previously reported in the literature
(e.g. R. A. E. Fosbury et al. 2003; A. J. Cameron et al. 2023a; H.
Katz et al. 2024; L. Mowla et al. 2024), where little to no stellar
emission is needed to explain the observed UV continuum, and
a careful analysis of the inferred gas densities in these systems
may shed light on the role of nebular continuum in reddening
the observed UV slope.

Naturally an increased fractional contribution of nebular emis-
sion to the continuum light of a galaxy will have implications on
the inferred galaxy properties from observations. We begin our
discussion by tackling the question of the extremely bright abso-
lute UV magnitudes that have been observed at record distances,
particularly in sources such as GN-z11 (A. J. Bunker et al. 2023b)
that have been shown to have a high gas density (R. Maiolino et al.
2024), GS-z12 (F. D’Eugenio et al. 2023) and GS-z14-0 (S. Carniani
et al. 2024) in our sample, as well as GHZ2 (M. Castellano et al.
2024). Interestingly, all of these galaxies show relatively red g
slopes (—2.0 to —2.5). A further overabundance of photometri-
cally selected UV-bright galaxies at z > 10 has also been reported
widely (e.g. B. Robertson et al. 2023; N. J. Adams et al. 2024; I.
Chemerynska et al. 2024; C. T. Donnan et al. 2024; D. J. McLeod
et al. 2024). If the UV continuum of these galaxies does contain
a higher fraction of nebular emission (e.g. H. Katz et al. 2024),
then the observed UV magnitudes will be brighter without the
need to boost the underlying stellar masses via extremely high
star formation efficiencies (e.g. K. Inayoshi et al. 2022; A. Dekel
etal. 2023). Such a scenario may explain both the extremely bright
UV magnitudes of a large number of z > 10 galaxies, as well as
their relatively redder UV slopes.

With the exception of GN-z11, GS-z12, and GHZ2, the vast
majority of spectroscopically confirmed galaxies at z > 10 do not
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show strong rest-frame UV emission lines in their spectra (e.g. S.
L. Finkelstein et al. 2022; P. Arrabal Haro et al. 2023; E. Curtis-
Lake et al. 2023; S. Carniani et al. 2024; K. N. Hainline et al.
2024). If the UV continuum is boosted by nebular emission at
higher gas densities, then this may play a role in lowering the
observed EWs of the rest-frame UV emission lines, making them
harder to detect even with deep JWST spectroscopy. Other plau-
sible explanations for the non-detection of emission lines in the
vast majority of galaxies are either extremely low metallicities or
high LyC escape fractions. A high LyC escape fraction will make
the UV slope of the galaxies bluer than what is typically observed
by suppressing the contribution of both the nebular continuum
and line emission from the spectrum (e.g. E. Zackrisson, A. K.
Inoue & H. Jensen 2013). Lower metallicities may therefore be
preferable as an explanation, which as we showed in Fig. 9 will
also self consistently lead to redder B-values at lower burst ages.

We showed that by increasing the gas densities in the ISM,
which can theoretically be probed by observing commonly ob-
served doublet line ratios, overall redder UV slopes from nebu-
lar continuum emission can be achieved. Several large sample
studies across low and intermediate redshifts (out to z ~ 4) have
shown that the gas in star-forming regions becomes more dense
with increasing redshift, which holds both for warm ionized gas
(e.g. M. Shirazi, J. Brinchmann & A. Rahmati 2014) and cold
molecular gas (e.g. M. Rybak et al. 2026). Therefore, a significant
increase in the density of gas that fuels star formation and forms
the nebular emission region at extremely high redshifts could
offer a natural explanation to the increasingly redder UV slopes
at z > 9.5 reported in this study.

Finally, we also note again that for our z < 9.5 sample, based
on the relationship between 032 and B we inferred that more
complicated ISM geometries may need to be considered (e.g. Y.
Jin et al. 2022; H. Katz et al. 2022) or prevalence of ionization-
bounded HII regions may be needed to explain the decrease
in O32 ratios at the bluest UV slopes. These scenarios become
important when the galaxies are undergoing periods of intense
star formation that introduces turbulence in the ISM. Galaxies
atz > 9.5, owing to their youthfulness, will likely also experience
highly turbulent ISM conditions, and it remains unclear what
impact these effects have on the ISM of z > 9.5 galaxies, and what
it means for the predicted nebular continuum emission and effect
on observed UV slopes.

5 SUMMARY

In this study, we have presented spectroscopic measurements of
the rest-frame UV slope, B, for a sample of 395 galaxies atz > 5
using JWST/NIRSpec observations, using both individual mea-
surements as well as measurements from stacked spectra created
in bins of redshift and 8. All our galaxies have robust spectro-
scopic redshifts, which enables a highly reliable estimate of 8 for
our sample. The main aims of this study are to characterize which
physical and chemical conditions are responsible for setting the
observed g in high-redshift galaxies, and what the global evolu-
tion of B as a function of galaxy properties and redshifts can tell
us about the evolving properties of galaxies over cosmic time.
Across our sample, we find a median S-value of —2.15 and a
mild increase in the blueness of 8 with redshift. On the other
hand, we find evidence of increased reddening of 8 at z > 9.5
compared to its evolution at lower redshifts. We further find a
weak trend of increasingly bluer 8 at fainter absolute UV mag-
nitudes. This trend between 8 and UV magnitude is found to be
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stronger at z < 7, with the trend breaking down at z > 7. Overall
we find that the range of B-values remains large and consistent
across redshifts.

Based on spectroscopic measurements performed on spectra
stacked in bins of B and redshift, we find that galaxies with
the bluest 8 generally have little to no dust inferred from the
Balmer decrements, with nearly all galaxies above z > 8 exhibit-
ing E(B—V) < 0.2 regardless of their 8 slope. The UV slope does
not show any clear trend with gas-phase metallicities. When com-
paring the [O111] A5007/[O 11] A3727 (032) ratios, we find that
galaxies with bluer g generally show higher O32 ratios. However,
for galaxies between redshifts of 8 < z < 9.5, we find that the 032
ratio decreases for the bin with the bluest 8 (8 ~ —2.6) compared
to what is seen for the intermediate 8 bin (8 ~ —2.2). Finally,
we generally see increasing strength of the Balmer emission lines
with increasingly blue 8.

From our sample, we identify five galaxies that have ultra-
blue 8 < —2.9, which all show interesting spectroscopic features.
These galaxies span a redshift range of z = 5.5 to 13.2, and two
out of the five galaxies show strong Ly«a emission. In general,
the galaxies have extremely high values of the ionization photon
production efficiency parameter, &, and exhibit traits expected
from LyC photon leakers.

We then explore B-values in our z > 9.5 galaxy subsample,
finding a median 8 = —2.3, with 1o dispersion ranging from
B — 2.0 to —2.6. When comparing with SSP models, we find that
models that only take into account emission from young, metal-
poor stars produce S slopes that are too blue when compared with
the observed values. Therefore, inclusion of nebular continuum
is necessary to get closer to explaining the observed B-values at
z > 9.5, but some of the reddest observed B-values still remain
out of reach of these models. We show that inclusion of a trace
amount of dust attenuation can help redden the model S slopes.
Furthermore, in the absence of dust attenuation, using a more
top-heavy IMF also results in overall redder UV slopes.

Focusing on the role of the nebular continuum in reddening
the UV slopes, we then show that increasing the gas densities
above 10 000 cm ™3 produces red B-values over a large range of gas
temperatures. For typical densities of n, = 100 — 1000 cm~3,the
nebular continuum emission remains bluer than 8 < —2.5. Ac-
curate measurements of the evolution of the (multiphase) gas
density at increasingly higher redshifts may hold they key that
could explain the reddening of the observed UV slopes atz > 9.5
in the absence of significant amounts of dust.

In this work, we have demonstrated that a purely spectroscopic
analysis of the UV slope of a large sample of galaxies atz > 5 is
now possible thanks to a number of large spectroscopic surveys
that JWST has been carrying out over the last few years. Establish-
ing the conditions that drive the all-important rest-UV slope of
galaxies in the presence of valuable spectroscopic information for
galaxies at the highest redshifts is a remarkable step forward for
high-redshift galaxy evolution studies, and more detailed mod-
elling may be needed to understand the spectroscopic and photo-
metric properties of some of the earliest galaxies that formed in
the Universe.
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The high-level science products (HLSP) underlying this analy-
sis are either available in full or in part both from the JADES
collaboration webpage (https://jades-survey.github.io) and from
the Mikulski Archive for Space Telescope (https://archive.stsci.
edu/hlsp/jades). The data analysis pipelines used in this paper
will shortly be made available on the lead author’s GitHub page
(https://github.com/aayush3009), and are immediately available
upon reasonable request.
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Figure Al. Stacked and normalized rest-frame spectra (in units of F,) created in bins of redshift and 8 (green), with individual spectra that go into the
stack shown in grey in the background, as described in Section 2 and in Table 3. The locations of key emission lines have been marked with dashed lines.
Each bin shows the median redshift and the g-value measured from the stacked spectrum, which is consistent with the median g in the bin.
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