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ABSTRACT

Early results from JWST suggest that epoch-of-reionization (EoR) galaxies produce copious ionizing photons,
which, if they escape efficiently, could cause reionization to occur too early. We study this problem using JWST
imaging and prism spectroscopy for 426 galaxies at 4.5 < z < 9.0. We fit these data simultaneously with
stellar—population and nebular—emission models that include a parameter for the fraction of ionizing photons
that escape the galaxy, f... We find that the ionization production efficiency, &on = Q(Hp)/Lyv, increases
with redshift and decreasing UV luminosity, but shows significant scatter, o(log&on|z, Muv) ~ 0.3 dex. The
inferred escape fractions averaged over the population are (fes.) ~ 3 £ 1% with no indication of evolution over
4.5 < < 9.0. This implies that in our models nearly all of the ionizing photons need to be absorbed to account
for the nebular emission. We compute the impact of our results on reionization, including the distributions for
&on and fesc, and the evolution and uncertainty of the UV luminosity function. Considering galaxies brighter than
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Myy < —16 mag, we would produce an IGM hydrogen-ionized fraction of x, =0.5 at 5.5 < z < 7.1, possibly too
late compared to constraints from from QSO sightlines. Including fainter galaxies, Myy < —14 mag, we obtain
x.=0.5at 6.7 < z<9.6, fully consistent with QSO and CMB data. This implies that EoR galaxies produce
plenty of ionizing photons, but these do not efficiently escape. This may be a result of high gas column densities
combined with burstier star-formation histories, which limit the time massive stars are able to clear channels

through the gas for ionizing photons to escape.

1. INTRODUCTION

JWST has transformed our ability to characterize the na-
ture of galaxies at redshifts as high as z ~ 14 (e.g., A. J.
Bunker et al. 2023; P. Arrabal Haro et al. 2023a; S. Carni-
ani et al. 2024; V. Kokorev et al. 2025). From the analyses
of JWST data, galaxies at z > 7 appear to be dominated by
younger stellar populations (e.g., C. Papovich et al. 2023),
with stronger nebular emission (R. Endsley et al. 2024; A.
Calabro et al. 2024; S. Mascia et al. 2024; A. J. Pahl et al.
2024; C. Simmonds et al. 2024a,b), and evidence of more
bursty star-formation histories (R. Endsley et al. 2024; J. W.
Cole et al. 2025; J. A. A. Trussler et al. 2025), compared to
lower redshift galaxies (e.g., L. Shen et al. 2024; J. W. Cole
et al. 2025).

The properties of galaxies at z > 6 are crucially important
because this period corresponds to the epoch of reionization
(EoR) of the intergalactic medium (IGM). Constraints from
the polarization of the cosmic microwave background (CMB)
show that the ionized fraction of the IGM rises from nil at
the epoch of recombination, z ~ 1100, to x, =0.5 by z=8.4
( Planck Collaboration et al. 2020).2” This can be combined
with observations of the optical depth of ionizing radiation
from QSOs to show that reionization had effectively “ended”
by z ~ 5—6 when the ionized fraction was x, > 0.9 (e.g., L. D.
McGreer et al. 2015; B. Greig et al. 2017; G. D. Becker et al.
2019; W. Hu et al. 2019; C. A. Mason et al. 2019; F. Wang
etal. 2020; L. R. Whitler et al. 2020; M. Nakane et al. 2024).

Galaxies during the first billion years appear to be the most
likely cause of this reionization (see, B. E. Robertson et al.
2022). Observations from JWST have already shown evi-
dence that galaxies at z > 7 have sufficient ionizing radi-
ation to complete reionization by this time (C. Simmonds
et al. 2024a,b). The primary measurement of interest is the
so-called ionizing production efficiency, &0, defined as the
ratio of production rate of photons with energy >13.6 eV,
O(Hy), in units of s7!, to the luminosity density at 1500 A,
Luv, in units of erg s™! Hz™! (C. Leitherer & T. M. Heckman
1995). The analysis of JWST data shows that &, ranges from
log&ion >~ 25—26 (e.g., H. Atek et al. 2024; M. Llerena et al.
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21The Planck Collaboration et al. (2020) analysis also suggests a non-
zero optical depth of CMB photons scattering off free electrons at z ~ 15,
which implies ionization of the IGM had begun by this epoch.

2024; A.J. Pahl et al. 2024; M. J. Hayes et al. 2025), possibly
exceeding the canonical value, log&,, = 25.2 expected for
young stellar populations and observed for galaxies at z ~ 2
(B. E. Robertson et al. 2015; I. Shivaei et al. 2018). That is,
EoR galaxies appear to produce sufficient ionizing radiation
for reionization to proceed.

However, we lack a good understanding of how much of
this radiation escapes into the IGM. This is measured by the
escape fraction, f.s, which is the relative amount of pho-
tons with energy greater than the ionization energy of hy-
drogen (also referred to as Lyman-continuum radiation, LyC,
at wavelengths <912 A). Theoretical constraints predict that
the escape fraction is low for EoR galaxies as the column
density of gas that fuels star formation is very large (e.g.,
A. Ferrara & A. Loeb 2013; H. Xu et al. 2016). The key is
how efficiently feedback from star formation can clear chan-
nels through the gas through which the LyC can escape (T.
Kimm & R. Cen 2014). Current predictions for EoR galax-
ies, with masses like those we currently detect with JWST,
are that they have lower escape fractions, with fo,c ~ 1-15%
(X. Ma et al. 2015; H. Xu et al. 2016; A. Ferrara et al. 2019;
I. Kostyuk et al. 2023; J. Y. C. Yeh et al. 2023). As these
galaxies are expected to drive reionization (J. S. W. Lewis
et al. 2020), it is of paramount importance that we make con-
straints on f. in galaxies at these redshifts.

Measuring the escape fraction is challenging. At low red-
shifts, it must be observed from space. Some results for star-
burst and extreme-emission line galaxies show high values,
fese = 6—35% (Y. 1. Izotov et al. 2016, 2021), but that the
value for an individual galaxy appears to depend strongly on
the geometry (Y. Choi et al. 2020). Work from the Low-
Redshift Lyman Continuum Survey (LzLCS, S. R. Flury
et al. 2022a) showed that for z ~ 0.3 galaxies, fes. generally
increases with decreasing galaxy luminosity, increasing ion-
ization parameter (often parameterized by the [O 111]/[O 11]
ratio or by the Balmer emission equivalent width [EW]), de-
creasing UV spectral slope (Syy) and decreasing dust atten-
uation (e.g., S. R. Flury et al. 2022b). It is not known if
these correlations are causal or related to underlying pro-
cesses. A. E. Jaskot et al. (2024) showed that fes has a
smaller scatter when using a multivariate analysis, implying
a more complicated relation between fes. and galaxy proper-
ties. Nevertheless, the application of the LzLCS relations to
EoR galaxies predicts the latter should have relatively high



escape fractions, in excess of 10% (J. Chisholm et al. 2022;
F. Cullen et al. 2023; S. Mascia et al. 2024).

At higher redshifts the escape fraction can only be detected
directly for galaxies at z < 4, as at higher redshifts the density
of H I absorbers in the IGM becomes too large for us to de-
tect any escaping LyC photons (e.g., A. K. Inoue et al. 2014).
Measurements of f. from galaxies at 1 < z < 3 find low av-
erage values, (fesc) < 7% (B. Siana et al. 2010; K. Boutsia
et al. 2011; D. B. Nestor et al. 2013; J. Matthee et al. 2017;
C. C. Steidel et al. 2018; A. J. Pahl et al. 2021), and these
values agree with constraints on global escape fraction mea-
surements of the H I photoionization rate in the IGM from
the Lyman « forest, which require fosc ~ 1—-2% (F. Haardt
& P. Madau 2012; V. Khaire & R. Srianand 2015). However,
fesc may vary significantly, where individual reports span 20—
100% (see, Y. 1. Izotov et al. 2021, and references therein).
Moreover, the average fes. appears to be higher for galaxies
with stronger emission lines (e.g., C. C. Steidel et al. 2018),
which may be more typical of EoR galaxies. Therefore, it
remains unclear what, if anything, we can infer about the na-
ture of f.s for EoR galaxies using these results.

Combining all of these results poses a potential problem.
Pre-JWST studies (B. E. Robertson et al. 2015; S. L. Finkel-
stein et al. 2019; L. Y. A. Yung et al. 2020a) found a wide
range of fese (fese =~ 3—30%) would be capable of producing
reionization. JWST observations now show that EoR galax-
ies produce higher quantities of ionizing photons (see above),
which, when combined with high f.,. values would cause
reionization to occur too early (J. B. Mufioz et al. 2024).
These details depend crucially on the distributions of &, and
fese their dependence on the UV luminosity, and on the evo-
lution of the UVLF. For the latter, we have come to a con-
sensus, using deep field studies from HST and JWST that
the UVLF at 7 < z < 10 extends as a power-law for galax-
ies as faint as Myy < —15 (S. L. Finkelstein & M. B. Bagley
2022; G. C. K. Leung et al. 2023; P. G. Pérez-Gonzélez et al.
2023; N. J. Adams et al. 2024; C. T. Donnan et al. 2024).
Studies from lensed galaxies provide evidence that this ex-
tends to at least Myy < —13 (R. C. Livermore et al. 2017; R.
Bhatawdekar et al. 2019; H. Atek et al. 2024), notably fainter
than the LMC and SMC (M. Maucherat-Joubert et al. 1980).
J. B. Muiioz et al. (2024) showed that given this evolution of
the UVLF, if EoR galaxies have high &, and high fesc, then
the global emissivity, 7i / (s™! Mpc™), is potentially too high,
creating a “photon budget crisis” (see also, P. Ocvirk et al.
2021). This makes it imperative that we constrain &, and
fese in EoR galaxies.

Here we study this problem using a new analysis of JWST
imaging and spectroscopy from the Cosmic Evolution Early
Release Science (CEERS) survey and JWST Advanced Deep
Extragalactic survey (JADES) of galaxies at 4.5 < z < 9.0
that have photometry from HST and JWST, and spectroscopy
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from the JWST/NIRSpec prism. These data cover the rest-
frame region from the rest-frame far-UV (~1500 A) through
the HG (+ [O111]) lines (or to Ha, depending on the red-
shift). We model these spectroscopic and imaging data for
each galaxy simultaneously, where the strength of the nebu-
lar emission is compared to the shape of the rest-UV/optical
continuum. With this we can infer an indirect estimate of
the escape fraction, as the modeling constrains the number
of ionizing photons and the nebular emission constrains the
number that do not escape. There is precedence for this
type of analysis based on observations of H II regions M. S.
Oey & R. C. Kennicutt (1997) and resolved stars in the star-
burst galaxy NGC 4214 (Y. Choi et al. 2020). In both cases,
these works use the observations of the far-UV and nebu-
lar emission to constrain the number of LyC photons, and
then compared these to the emission in the nebular compo-
nent. At high redshift, similar analyses have attempted to
constrain f, finding that some galaxies have f.;. = 50-80%
(M. W. Topping et al. 2022). Here, we test the ability of the
SED modeling to constrain f. using both real and simulated
galaxies (see Section 4.2 and Appendix B). Applying this to
the real data for the 4.5 < z < 9.0 galaxies, we find that the
nebular emission is sufficiently strong to account for nearly
all of the produced ionizing photons: the escape fractions are
low, less than a few percent for the majority of galaxies.

The outline for the Paper is as follows. In Section 2 we dis-
cuss the CEERS and JADES datasets, and how we selected
our sample. In Section 3 we discuss our analysis methods
to model the stellar populations and nebular emission of the
galaxies based on their imaging and spectroscopic data. We
also discuss the measurements of emission line fluxes from
the spectroscopic data. In section 4 we discuss the constraints
on &op and fosc, their distributions as a function of UV lumi-
nosity and redshift, and how these constrain 7. In Section 5
we discuss how &y, and fc depend on galaxy properties,
and we discussin the implications our results have for reion-
ization. In Section 6 we present our conclusions.

Throughout we use a flat cosmology with €, = 0.315,
Hoy = 67.4 km s™! Mpc™!, and ;¢ = 0.0493 ( Planck Col-
laboration et al. 2020). All magnitudes reported here are
on the Absolute Bolometric (AB) system (J. B. Oke & J. E.
Gunn 1983). Throughout we use the G. Chabrier (2003) ini-
tial mass function (IMF) for relevant quantities. We also
frequently drop the units for the ionization production effi-
ciency, &jon, Which are st (erg sTTHz Y1, throughout.

2. DATA AND SAMPLE

For this work, we select galaxies with excellent multi-
wavelength coverage from imaging from HST and JWST,
and spectroscopy from the JWST NIRSpec/prism. The prism
data are important because they cover the wavelength range
0.8-5.3 um contiguously, with varying resolution of R ~ 80
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at ~2.5 pm to R ~ 300 at ~ 5 um. This provides mea-
surements of the galaxy continua and emission features that
can be modeled to constrain properties of the stellar popula-
tions and nebular gas. However, the prism spectra face ad-
ditional challenges including the fact that the amount of flux
received depends on the galaxy morphology, location of the
galaxy within the MSA slitlet, the wavelength-dependent im-
age quality and spatial resolution. This is a primary reason
we combine the prism data with the photometric imaging.
Because the imaging provides matched aperture flux densi-
ties over a wide range of wavelength, typically 0.6-5 ym, we
can model these simultaneously with the prism data to mea-
sure any flux-calibration issues from the data itself.

2.1. CEERS Data

CEERS is a JWST Early Release Survey that pro-
vides JWST imaging and spectroscopy of the legacy CAN-
DELS/EGS field (S. L. Finkelstein et al. 2025). CEERS in-
cludes NIRCam and MIRI imaging, as described in (M. B.
Bagley et al. 2023) and (G. Yang et al. 2023). We use an up-
dated photometric catalog following a similar procedure as
that in S. L. Finkelstein et al. (2024). This includes matched-
aperture flux density measurements from JWST/NIRCam
with the F115W, F150W, F200W, F277W, F356W, F410M,
and F444W filters, combined with HST imaging from ACS
in the F606W and F814W filters, and from WFC3/IR in the
F125W, and F160W, with partial coverage from F105W and
F140W, drawn from all the archival HST data on these fields,
with most of these data coming from CANDELS (N. A. Gro-
gin et al. 2011; A. M. Koekemoer et al. 2011). For a frac-
tion of the CEERS spectroscopic sources, no JWST/NIRCam
imaging exists, so we use the HST-based catalog of S. L.
Finkelstein et al. (2022), which includes the HST imag-
ing above combined with Spitzer/IRAC imaging at 3.6 and
4.5 pm. The CEERS MIRI data include deep imgaing in
F560W and F770W in two pointings that overlap with NIR-
Cam (G. Yang et al. 2023), and we include those data where
they are available following C. Papovich et al. (2023).

We use the JWST/NIRSpec prism data for CEERS, with
additional NIRSpec/prism data obtained in the CEERS field
from P. Arrabal Haro et al. (2023a). The data reduction steps
are described in P. Arrabal Haro et al. (2023b), and we use
the most recent version available (v0.9, Arrabal Haro et al. in
prep.) We then use an internal catalog of spectroscopic red-
shifts from the CEERS team based using the LIne MEasuring
library (LIME V. Fernandez et al. 2024).

2.2. JADES Data

We include published data from JADES (D. J. Eisen-
stein et al. 2023), which provides JWST/NIRCam imag-
ing and NIRSpec/prism data for galaxies in the GOODS-N
and GOODS-S fields. Here, we use the photometric cata-
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Figure 1. Redshift and magnitude distributions of the spectroscopic
sources at 4.5 < z < 9.0 used in this work The bottom panel shows
the redshift versus the NIRCam F277W magnitude distribution for
galaxies in JADES and CEERS. A minority of the CEERS galaxies
do not include NIRCam imaging, and we show the WFC3/F160W
magnitude. The top panel shows the histograms show the distri-
bution of sources from JADES, CEERS, and the total (the sum of
the two), as labeled. JADES includes more galaxies overall, but
weighted toward galaxies at the lower end of our redshift range.
The CEERS sample is more evenly spread in redshift, and provides
greater coverage at the higher redshift end of the redshift range.

log from K. N. Hainline et al. (2024), which includes flux-
density measurements from JWST/NIRCam, and HST/ACS
and WFC3/IR. For GOODS-N, these include imaging from
NIRCam using the FO90W, F115W, F150W, F182M, F200W,
F210M, F277W, F335M, F356W, F410M, and F444W fil-
ters, combined with HST imaging from ACS in F435W,
F606W, F775W, F814W, and F850LP, and WFC3/IR in
F105W, F125W, F140W, and F160W. The GOODS-S cata-
log includes all of the filters used for GOODS-N combined
with additional NIRCam medium-band imaging in F430M,
F460M, and F480M (C. C. Williams et al. 2023).

The JADES NIRSpec/prism data provide spectroscopy for
~4000 galaxies in the GOODS-N and GOODS-S fields (F.
D’Eugenio et al. 2024).

2.3. Sample Selection

Our goal is to study the ionization conditions, escape frac-
tions, and stellar population parameters in galaxies at red-
shifts near and into the EoR. To this end, we select galax-
ies from JADES and CEERS following conditions. (1) The
galaxies have coverage from broad-band imaging using the
photometric catalogs above. (2) The galaxies have NIR-
Spec/prism data from the datasets above. (3) The galaxies



have a confirmed spectroscopic redshift that places them at
4.5 < 7 <9.0. For this last step, the lower redshift bound en-
sures that the NIRSpec/prism data cover the rest-frame far-
UV (~ 1500 A), while the upper redshift bound ensures the
data cover the important rest-frame optical strong emission
lines, HB + [O 111] AA4959, 5008. The former will be impor-
tant for constraining the rest-frame UV luminosity while the
latter will be important for constraining the number of ioniz-
ing photons, and therefore the ionizing production efficiency
and inferred escape fraction.

We select from the JADES catalog (F. D’Eugenio et al.
2024) all galaxies with 4.5 < z < 9.0 with a spectroscopic
quality flag of “A” or “B”. This results in a sample of 129
galaxies in GN and 183 galaxies in GS, after removing dupli-
cates (keeping the spectrum with higher S/N following a vi-
sual inspection, see F. D’Eugenio et al. 2024). From CEERS,
we select galaxies from the internal team release that includes
data from all CEERS NIRSpec observations, with redshifts
from an automatic line finder (V. Fernandez et al. 2024), and
visual inspection by multiple CEERS-team members. We
identify 114 unique galaxies in CEERS in this redshift range.

Figure 1 shows the redshift distribution of the samples.
While JADES provides more spectra overall, their distribu-
tion is weighted toward galaxies at the lower redshift end
of our redshift range. The CEERS data fills distribution at
higher redshifts. This redshift range covers galaxies from
the period after reionization ends, z > 5 (G. D. Becker et al.
2019), through the period when it begins, z > 8 ( Planck
Collaboration et al. 2020). Nevertheless, selection effects
will remain important as our sample requires the presence
of spectroscopic feature(s) to be included in the sample (i.e.,
emission lines). For all of the galaxies in our sample, this
includes the presence of the [O111] 4959, 5008 doublet and
other lines. Future studies with deeper exposures, primarily
from the NIRspec/prism will be needed to determine more
complete samples based on redshifts that are not necessar-
ily dependent on the presence of emission lines. This will
be possible in the future from surveys such as CAPERS (M.
Dickinson et al. 2024). We return to the importance of selec-
tion effects below in Section 5.

3. ANALYSIS
3.1. Spectral Energy Distribution Modelling

We fit the spectral energy distributions (SEDs) of the
galaxies in our sample using stellar population synthesis
models. We model each galaxy using BAGPIPES (v1.0.2,
A. C. Carnall et al. 2018), which is a Bayesian SED-fitting
code that has the capability to fit simultaneously the multi-
band photometry and spectroscopy with stellar population
synthesis models and nebular emission models generated
over a wide range of parameters. The code has flexibility in
the type of stellar population models, star-formation history,
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dust attenuation, and nebular emission. The code computes
posterior probability densities for model parameters given
the data by calculating a likelihood weighted by priors, and
samples the posteriors for the parameters using Mult iNest
(see F. Feroz et al. 2009; A. C. Carnall et al. 2018).

We have added several features to BAGP IPES for our anal-
ysis. First, one of our goals is to determine the constraints on
the inferred LyC escape fraction, f.,.. By default, the cur-
rent nebular emission models in BAGPIPES generated from
Cloudy assume 100% of the incident radiation is absorbed
and used to generate the nebular emission (i.e,. fesc= 0). Fol-
lowing A. M. Morales et al. (2024), we have added a pa-
rameter (nebular : fesc) such that the nebular emission is
reduced by a factor of 1 — f.i. This models the LyC escape
as a fraction of sightlines that are “clear” (akin to a cover-
ing fraction equal to (1 — fisc)). As we show, the majority of
galaxies favor very low escape fractions of < 5%, implying
such clear channels are infrequent. In a future work, we plan
to explore other types of f., including cases where the neb-
ulae are truncated or “density bounded” (K. Nakajima & M.
Ouchi 2014; A. Plat et al. 2019).

Second, there are several processes that can impact the
shape of the UV continuum with respect to the stars. One
process is the nebular continuum, produced from free-bound
and the two-photon emission from the 2s — 1s transition in
hydrogen. These are already included in the BAGPIPES
Cloudy models. Another process is increased H I absorp-
tion from the IGM or ISM of the host galaxy, both of which
can alter the shape of the UV spectra, particularly around
Lyman «. Several studies have measured an increase in the
strength of the H I damping wing in galaxies at the EOR
(K. E. Heintz et al. 2024; H. Umeda et al. 2024). We have
added to BAGPIPES the H I damping wing to allow for this
effect following the formalism of M. Dijkstra (2014). This
requires two parameters, IGM:R, the comoving distance to
the patch of IGM at the edge of the ionized “bubble” around
a galaxy, and IGM: x_HI, the average gas-neutral fraction of
the patch of the IGM (see also K. E. Heintz et al. 2024). This
allows the models not to rely overly on the nebular contin-
uum to reproduce the shape of the rest-UV continuum.

Third, through testing we found that modeling of the
JWST/NIRSpec data frequently under-fit the spectral resolu-
tion. BAGPIPES uses a model for the variable spectral res-
olution of the NIRSpec/prism available from the Space Tele-
scope Science Institute (STScI)*®, but this assumes galaxies
are unresolved and are centered in the MSA slits. The reality
is that the effects of galaxy morphology and location within
the slit lead to a type of morphological spectral broadening
similar to that seen in slitless data (R. C. Simons et al. 2023).

2Bhttps://jwst-docs.stsci.edu/files/97979440/97979447/1/
1596073265467/jwst_nirspec_prism_disp.fits
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Table 1. Parameter Settings for BAGPIPES

Model Component Parameter Prior Limits
redshift, z N(p = zp, 0 = 50,)] Zp 0.2
: -1 3 103
Star-Formation History: (K. G. Iyer et al. 2019) 1nstantane(-)us SFR /_M® . .lo.gw (107, 107
Dense-basis, Gaussian Processes lookback times to bin X, {tx } / yr Dirichlet X ={25,50,75}
stellar mass, log(M../Mg) uniform (6, 13)
. attenuation law D. Calzetti (2001)
Dust attenuation
attenuation, A(V) / mag uniform 0,2)
metallicity Z/Z¢ uniform ©, 1)
Nebular Emission ionization parameter, log U uniform (—4,4—1)
escape fraction, fec log,, (1077, 1)
IGM damping wing Size of Bubble, R/ chc un%form (0,150)
average neutral fraction, X. uniform 0.0, 1.0)
line-spread factor (LSF) uniform (1.0, 6.6)
NIRSpec specific velocity dispersion, o, /(km s™") log,, (50, 1000)
noise scaling factor log,, (1, 10)
flux-calibration factor applied Ao log,, (0.1,10)
to spectra: second order polynomial, A N(u=0,0=0.25) (-0.5,0.5)
2
Ao +AIA+A2 As N(u=0,0 =0.25) (=0.5,0.5)

TN (i, ) corresponds to a Gaussian, “normal”, prior described by mean, y, and variance,

To compensate, we added a nuisance parameter that multi-
plies the spectral resolution by a factor with respect to the
spectral file (we refer to this as a line-spread factor (LSF)).
This parameter improves the quality of the fits, particularly
noticeable in the width of the nebular emission lines. We al-
low the galaxy spectra to be broadened by an intrinsic veloc-
ity dispersion, o,, though in practice this is much less than the
instrument dispersion. We also allow the noise to be scaled
by a nuisance parameter, and we allow for a multiplicative
scaling factor (assumed to be a second order polynomial) to
match the spectral flux to the broad-band photometry.

Table 1 lists the parameters, limits, and priors we used with
BAGPIPES for the SED fitting. We use the Binary Popu-
lation and Spectral Synthesis (BPASS, v2.2.1) models from
E.R. Stanway & J. J. Eldridge (2018) formed with a Chabrier
IMF with an upper-stellar mass cutoff of 300 M, and that in-
clude the effects of stellar binaries. This choice is motivated
by the fact that high-redshift galaxies appear to require ad-
ditional ionization from high-mass stars (e.g., H. Katz et al.
2024), and as we show below these models reasonably repro-
duce both the spectral continua and emission line intensities
(consistent with other results, see, e.g., L. M. Seillé et al.
2024). For the star-formation history, we employ the param-
eterization of K. G. Iyer et al. (2019), which uses Gaussian
Processes to represent the SFR in different time bins, with
a boundary condition that it produces the instantaneous SFR

and stellar mass at the moment of observation. We choose
three time bins, representing when the star-formation history
has formed, 25, 50, and 75% of the stellar mass (#,s, 50,
and #75). This provides flexibility in the star-formation his-
tory to account for bursts and quenching events. We adopt
the D. Calzetti (2001) dust attenuation law, which is appro-
priate for more highly attenuated, blue star-forming galaxies
(where for less attenuated galaxies the differences are small
between D. Calzetti 2001 and laws like the SMC, see B.
Salmon et al. 2016). We also assume the stellar continua and
nebular emission are attenuated by the same amount (N. A.
Reddy et al. 2015), which is appropriate as our galaxies gen-
erally have low dust attenuation, with young ages (M. Lecroq
et al. 2024), so systematic shifts in the attenuation will have
minimal impact on our results (R. L. Sanders et al. 2021; L.
Shen et al. 2024). As we show below (Section 3.4), the &ion
values derived from dust-corrected Ho and HB are consis-
tent, which further justifies this assumption.

We then use BAGPIPES to fit these models to the observed
photometry and NIRSpec/prism data for each galaxy. We
used the Texas A&M High Performance Research Comput-
ing Grace cluster’ to perform the calculations. Grace is a

29Named for Grace Hopper, https:/en.wikipedia.org/wiki/Grace
Hopper.
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Dell x86 HPC cluster, and has 800 48-core compute nodes,
each with 384 Gb RAM. Run times for the fit to converge for
each galaxy are typically 5 to 10 hrs of CPU time.

Figures 2 and 3 show results from the SED modeling of
example galaxies from the CEERS and JADES samples, re-
spectively. These galaxies llustrate the quality of the fits from
which we derive results. The galaxies all show strong rest-
UV continua with a “break” at rest-frame Lyman «. All
galaxies also show evidence of rest-optical emission lines,
[O111] 5008, and HB 4861, and Ho 6564 for galaxies with
7 < 6.7. These features are well-fit in both the prism data
(lower panels in the figures) and for the broad-band photom-
etry (upper panels). In some cases, the prism data show evi-
dence of rest-UV emission lines, e.g., C II[] 1909 in CEERS
MPTID DDT 28 (in Figure 2).

3.2. Measuring Myy, Buv, and fes

For this analysis, we are focused on the evolution of the
ionizing production efficiency, &0, and LyC escape fraction,
fese» as a function of Myy. We will also consider trends be-
tween f.. and the UV spectral slope, Byy, fn «x Mo de-
fined using regions devoid of emission features over rest-
frame 1268 —2580 A (D. Calzetti et al. 1994). For the UV
spectral slope, we measure this from the NIRSpec data after
correcting for the slit-loss flux calibration (see above). For
Myy and fs., we derive their constraints for each galaxy
from the SED fits. For each galaxy, we take 400 model
fits drawn from the posterior. For each model we measure
the 1500 A rest-frame flux density, Fiso, using a top-hat
filter from 1450-1550 A, and then calculate the rest-frame
UV (1500 A) absolute magnitude by applying the distance
modulus. In practice we compute Myy twice, once for the
dust-corrected spectrum and once without. We use the dust-
corrected measurement to estimate &, but we use the ob-
served Myy with no dust correction when we consider the
production of ionizing photons based on the galaxy UVLF
(in Section 4.3). For each galaxy we take Myy and fes as the
median of the draws from the posterior, with an uncertainty
from the 16th to 84th percentiles. We also derive constraints
on other stellar—population parameters, such as stellar mass,
SFR, and dust attenuation. The latter we use to correct de-
rived quantities and emission line fluxes.

3.3. Measuring Emission Line Fluxes
and Equivalent Widths

We measure emission line EWs and line fluxes from the
NIRSpec/prism spectra. In principal, we could take the
emission-line measurements from the BAGPIPES SED fits
directly, however, these models assume a priori knowledge.
This includes especially the chemical abundances, where
BAGPIPES scales the metallicity with a Solar abundance
pattern. As this assumption is still under debate, with sev-
eral studies arguing for a-enrichment in these early galaxies
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(e.g., A. G. Beverage et al. 2024; M. Park et al. 2024), we
opt to measure the emission fluxes directly from the data, us-
ing the SED fits as guidance. In the Appendix, we compare
the emission line fluxes measured directly to those predicted
from the SED modeling. We show that these are in good
agreement for the strong optical emission lines ([O 111], HS,
and Ha), but with higher scatter for [O 11].

For each galaxy, we correct for dust attenuation and
calibration/slit-loss corrections using the results from the
SED modeling (see Section 3.1). This factor varies from
~0.5 — 2.0 at the wavelength of the redshifted Hp-line
for each galaxy, with a median (inner-68%-tile range) of
0.77 (0.60-0.99) for JADES (with no difference seen be-
tween GOODS-N and GOODS-N) and 1.52 (0.83-2.62) for
CEERS. Applying this factor ensures the NIRSpec spectra
have been adjusted in a robust fashion to match the photome-
try, and it corrects for any wavelength-dependent calibration
issues. We then take use the SED modeling to provide an
estimate of the continuum of each spectrum, excluding the
contribution of the nebular emission lines. This step is cru-
cial for measuring accurate equivalent widths, and for mea-
suring accurate Balmer emission line fluxes in the case that
there is non-negligible stellar absorption present.

We then model the strong nebular lines, [O11], [NeII],
[Om1], HB, and Ha, with Gaussians. Because the [O11]
AA3727, 2729 doublet is unresolved, we fit it with a sin-
gle Gaussian component and measure the sum of the two
lines. For [O111], in some cases the line is unresolved, es-
pecially at the lower end of our redshift distribution, z ~ 4.5,
which places these lines at ~ 2.8 —3.0 um, where the NIR-
Spec/prism resolution is R ~ 80—100. We therefore fit both
lines simultaneously, forcing them to have the same disper-
sion and assuming a line ratio of [O 111] A5008 / [O 111] \4959
= 2.98. We measure Ha with a single Gaussian, but we note
that it is blended with [N 11] AA6548, 6583 at the resolution
of the prism. This is reasonable as we expect the contribution
of [N11] to be [N1I]/Ha< 10% given the high redshifts and
low metallicity of the galaxies in our sample (A. L. Faisst
et al. 2018). Furthermore, we adopt &;o, constraints based on
Hp as this line is accessible with the NIRSpec/prism data for
all galaxies in our sample. Nevertheless, we show below that
the &on values measured from Hf3 are consistent with those
from Ha for the cases where both lines are available.

In the analysis that follows, we explore trends with galaxy
EW and emission line ratios. For the emission-line ratios, we
primarily study the ratio of [O 111] to [O 11], defined here as

_ [0O111]A4959 4 [O 11I]A5008

27 [0l A3726+[011]A3729

We will compare our results to other studies that explore
trends in the ratio of these sums, available primarily from

other space-based spectroscopic studies using the HST and
JWST grisms (C. Papovich et al. 2022; L. Shen et al. 2024).
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Figure 2. Examples of SED fits to galaxies in the CEERS sample. Each pair of plots shows the best-fit model for an individual galaxy, labeled
by the MPT ID number. In each pair of plots, the top panel shows the model fit to the broad-band photometry. The black data points with error
bars show the measured flux densities. The curves show a best-fit total model (green) and the contributions to that model from the stellar light
(yellow) and nebular emission (blue). The green squares are the model photometry. The bottom panel of each galaxy shows the same model fit

(green curve and shading) to the NIRSpec prism data (grey).

3.4. Measuring the lonizing Production Efficiency

As introduced above (Section 1), the ionizing produc-
tion efficiency, &on, is defined as &on = Q(Ho)/Lyy, where
Q(Hy) is the hydrogen-ionizing production rate in units of
s~ Lyy = Fiso0 x (47D3)(1+2)7", is the rest-frame UV con-
tinuum luminosity, using the redshift (z) and rest-frame UV
flux density (Fisgp) derived in Section 3.1. We define the
ionizing production rate, Q, assuming Case-B recombination
(C. Leitherer & T. M. Heckman 1995; Y. I. Izotov et al. 2021;
M. J. Hayes et al. 2025),

O(Hy)=2.12x 10" s™" (LHP)/ergs™), )

where L(Hp) is the dust corrected H3 luminosity. In cases
where we compare to L(Ha), we assume L(Ho) =2.86 L(H[5)
(D. E. Osterbrock 1989). The definition of &, above im-
plicitly assumes f.c =0, and we discuss this further in the
sections below.

For galaxies in the redshift range 4.5 < z < 6.8 we can
compare &, derived from Hf to that derived indepen-

dently from Ha. Figure 4 shows that these values agree
in the average. Interestingly, the mean (median) ratio is
Eion(HP)/Eon(Ha) = 1.1 (1.0), implying the values from Hf
are 10% higher in the mean compared to those from Ha,
although this is smaller than the scatter (+0.4 dex). There
are some objects that show &, from Ha is higher than
that from Hf, and outside the scatter. These may be a re-
sult of the dust attenuation law, where we have assumed
E(B—V)stars = E(B—V )nebular for all galaxies, which is ap-
propriate for young star-forming galaxies (M. Lecroq et al.
2024). However, some studies find higher levels of attenu-
ation in the nebular gas compared to the stellar continuum
(e.g., D. Calzetti 2001; K. Kreckel et al. 2013; N. A. Reddy
et al. 2015; B. Salmon et al. 2016; C. Robertson et al. 2024),
particularly for dustier galaxies (N. A. Reddy et al. 2015). In
the latter case, this would increase the dust-corrected H3 lu-
minosity and &o,. It is also possible that these galaxies have
higher ratios of [N 11]/Hc, inflating &;o,(Hce). It could also be
aresult of the assumption of Case B recombination (e.g., J. E.
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Figure 3. Same as Figure 2 but for example galaxies in the JADES sample.
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Figure 4. Comparison of on derived from the Ha to that from
the HB lines. The &on values are derived based on each Balmer
emission line. In both cases we assume the dust attenuation
of the stellar continua is equal to that of the nebular emission,
E(B—V)nebular = E(B—V )stars. The solid line shows the unity rela-
tion. These results show Hf is a reasonable surrogate for Hoe when
deriving &on for our datasets.

Meéndez-Delgado et al. 2024; C. Scarlata et al. 2024). Nev-
ertheless, the effect of dust attenuation is low because most
of our galaxies have low color excess, E(B—V) < 0.3 (see
Appendix A). We therefore adopt the results using &, from
Hp as this line is available for all of our galaxies, but these
results may include a systematic uncertainty of ~10-20%.

4. RESULTS
4.1. The Ionizing Production Efficiency of EoR Galaxies

Our first finding is that fainter galaxies are more efficient
at producing ionizing radiation, and this efficiency increases
with increasing redshift. Moreover, the scatter in this trend
is significant. Figure 5 shows the distribution of &, as a
function of UV absolute magnitude (Myy) and color-coded
by redshift. We quantify trends by fitting a linear relation
between &, and Myy using LINMIX (B. C. Kelly 2007) to
the data in three bins of redshift, 4.5 <z <5.5,5.5<z2<6.5,
and 6.5 < 7 < 9.0. LINMIX uses Gaussian Mixture Models
to estimate the linear fit incorporating uncertainties on the
dependent and independent variables, and allowing intrinsic
scatter in the sample. We fit the data with a linear relation,

log&ion = A(2)(Myy +18) +log &, (2). 3)
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Figure 5. UV absolute magnitude, Myy, versus the ionizing photon production efficiency, &ion. The data points show the results derived
from the CEERS and JADES datasets, color-coded by redshift. The solid lines show linear fits to the relation in bins of redshift, as labeled.
These are consistent with results derived based on the analysis of photometric broad-bands (dashed lines, C. Simmonds et al. 2024a) and other
spectroscopic analyses of 4 < z < 10 (M. Llerena et al. 2024), with noticeable differences (e.g., A. J. Pahl et al. 2024, see text). At the bright
end, Myy < —20, our results are similar to the measurements at z ~ 2 from I. Shivaei et al. (2018) and the canonical value for stellar populations,

&on =25.2, argued by (B. E. Robertson et al. 2022).

The results are shown in Figure 5 and tabulated in Table 2.
The slopes (A) of the relations show no evidence of evolution
with redshift, with A(z) ~ (0.06—0.10) =+ (0.02—-0.03) for all
redshift bins. Rather, the normalization, log fi‘ohs (defined to
be log&ion at Myy = —18 mag) increases by a factor of three
from log& 18 =25.2at4.5 <7<5.5,1025.7at6.5 < 7 < 9.0,
where the statistical uncertainties are 0.02—0.04 dex.

The relations between logé&j,, and Myy we measure are
consistent with previous studies, with some notable differ-
ences. At 4.5 < z < 5.5 this normalization is consistent with
the canonical value expected for star-forming stellar popula-
tions, log&on =25.2 (B. E. Robertson et al. 2022) and studies
of star-forming galaxies at z ~ 2 (I. Shivaei et al. 2018). In
the JWST era, studies at higher redshift, z > 5.5, find a sim-
ilar increase in &, compared to what we observe (e.g., H.
Atek et al. 2024; M. Llerena et al. 2024; A. J. Pahl et al.
2024; C. Simmonds et al. 2024a,b; M. J. Hayes et al. 2025).

Interestingly, the relation between log &, and Myy may not

Table 2. ParametersJr for Linear Fit between Eion
and Myy as a function of redshift

z A®) log &ior’
45<z<55 0.06+0.03 2520+0.03
55<z<6.5 0.094+0.02 2548 +0.02
6.5<z<9.0 0.104£0.03 25.72+0.02

JrPar.a\meters are defined in Equation 3.

be linear. At bright magnitudes, e.g., Myy < —19.5 mag, all
galaxies with 4.5 < z < 5.5 have log&;o, below the linear fit,
and these may connect to the galaxy populations seen at z ~ 2
(I. Shivaei et al. 2018). This is important and may motivate
exploring non-linear distributions and incorporating the scat-
ter when describing &, at a given Myy and redshift.
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We quantify the average and scatter of the ionizing produc-
tion efficiency by fitting a Gaussian to the log &, distribution
in bins of Myy and redshift, with results shown in Figure 6
and Table 3. In all bins the scatter is typically oc(log&ion) =~
0.20-0.30 dex. It is notable that a similar amount of scat-
ter is observed in the &, distributions of z ~ 2 galaxies (.
Shivaei et al. 2018). This scatter is important as it tells us
that galaxies at these redshifts produce different rates of ion-
izing photons at a fixed UV luminosity. This may be a symp-
tom of increased “burstiness” in the star-formation histories
of galaxies as has been suggested from photometric studies
(C. Simmonds et al. 2024b; J. W. Cole et al. 2025). For the
mode (peak) of the log&,, distributions, these increase with
decreasing Myy and increasing redshift. This says that on av-
erage fainter galaxies are more efficient at producing ionizing
photons, and this efficiency increases with redshift.

4.2. The Inferred LyC Escape Fractions of EoR Galaxies

Another of our main findings is that the inferred f., val-
ues for 4.5 < z < 9.0 galaxies are on average low, with no
evidence of evolution with redshift or Myy. Figure 7 shows
the distribution of f. as a function of Myy for the galaxies
in our CEERS and JADES samples. The lines in Figure 7
show linear fits to the relationship between Myy and fes in

three bins of redshift, which we derived using LINMIX,

108 fuse = B(2)(Myy +18)+log f=.¥ )

where B(z) is the slope and f.!? is the escape fraction evalu-

ated at Myy = —18, with values listed in Table 4.

The f!® values are similar in all redshift bins, with
log f:18 = 2.5 to —2.6. This implies a median fu of less
than 1% (but this is misleading when considering only the
medians, see Section 5.2). The slopes are all consistent with
zero, with B(z) ~—0.07—0.16 with an uncertainty of £0.1.

We reiterate the important caveat that we are constraining
the inferred LyC escape fractions from the SED modeling.
This is the best we can do given that direct measurements of
fese are not possible given the density of H I absorbers makes
the IGM optically thick to LyC emission at z > 4 (A. K. In-
oue et al. 2014). Our results say that there is no evidence that
galaxies have high fe, as nearly all of the LyC photons pro-
duced need to be reprocessed to produce the strength of the
nebular emission lines (see also Appendix B). It is therefore
prudent to consider what features in the modeling are sensi-
tive to the escape fraction, and what aspects of the data are
driving the fits to favor low f.

Figure 8 shows SED fits to the spectra for two of the galax-
ies from Figure 2). These both have solutions that favor
fese < 1%. CEERS 1518 has log fe =—3.11%)35, with only
3% of the likelihood having fesc > 1%. CEERS DDT 28 has
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Table 3. Mean and scatter in log EionT as a function of Myv and redshift

=22 < Myv <-19

—19 < Myy < —-18

18 < Myy < —-17

17 < Myy < -16

z N w o N o o N 7 o N “w o
45<z<55 23 25.01 0.27 69 2532 0.19 40 2536 0.28 9 2542 0.30
55<2z<6.5 10 2530 0.32 48 2559 0.27 50 25.71 0.16 12 25.80 0.18
6.5<2<9.0 2 2535 0.16 40 25.67 0.17 46 2594 0.18 21 25.84 0.19

JrThe values in the table show the number of galaxies in each bin,
log&ion in each bin. These fits are illustrated in Figure 6.
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Figure 7. UV magnitude, Myv, versus the inferred LyC escape fraction, fe.. The data points show the median values for the galaxies in the
JADES and CEERS samples, color-coded by redshift. The error bars show the 16-84% range for each galaxy. The horizontal dotted lines

denote escape fractions of 1, 10, and 100%. The solid lines show fits to the

samples in bins of redshift. These do not include uncertainties, and

all are consistent with zero slope (see text). Very few galaxies at z > 4 have inferred fesc values greater than a few percent. This contrasts with
predictions inferred from the UV-spectral slopes and UV magnitudes for low-redshift galaxies, where the diagonal line shows the empirical
predictions for z =5 derived from LzLCS at z ~ 0.3 (J. Chisholm et al. 2019). These predictions shift to higher fe. for higher redshift galaxies.

Table 4. P.alr.almeters]L for Linear Fit between fesc
and Myv as a function of redshift

z B(z) log fod
45<z<55 0.16 £0.11 -2.60 +0.10
55<z<6.5 -0.07£0.11 -2.56+0.10
6.5<z<9.0 -0.01+£0.12 -2.51+0.10

TParameters are defined in Equation 4.

log fesc = —2.68“_‘8:2‘7), but has 20% of the likelihood with f.
> 1% (but only 0.8% of the likelihood above fes. > 10%).

These are representative for the majority of galaxies in the
samples as evidenced by the error bars on f.,. on the data
points in Figure 7.

The models in Figure 8 include both a “best-fit” model (a
model selected to have near-maximum likelihood, blue, solid
lines) and a model where we forced a higher fec = 30% (red
dashed lines). In the latter case, it is evident that the model
underpredicts the strength of the emission lines, particularly
at HG+[O111] (and He in the case of CEERS 1518). This
model also underpredicts the rest-UV (~ 1500—3000 A) con-
tinuum, because it has a lower contribution from the nebular
continuum (H. Katz et al. 2024). These factors lead the SED
fitting to disfavor models with higher f.s. values.



13

CEERS MPTID 1518, z  6.1085 N ' ' ' ' : P i
. NIRSpec/PRISM data ! ! !
5 10% — === bestfit model with fue= 0% __ 0.6} i ' i
2 ———— ... and forced with fesc= 30% a I‘ : :
I 6‘5 1 1 1
b Lo i
Q2 0.4y i ] i
= 1 1 1
T o 1 1 1
. ||\ g P
. LI | =0z [ 4
S W Vg T VT ! : :
g A PPV TR IR .
3000 3500 4000 4500 5000 5500 6000 6500 7000 0.05=7 -3 -2
rest wavelength [A] log flesC)neb
100L CEERS MPTID 28, z = 8.7644 ] 0.5 : : i
. NIRSpec/PRISM data : : :
> == == best-fit model with fesc= 0% I 1 I 1
= — . and forced with foee= 30% 3 0.4 : i i
o 107! i 4 = 1 1 I
@ 0.3} : : ]
2 ] 1 ]
= 1 1 1
T T i i M A-LE N B
S oofedland et A0 M L n b b ALTEPSL P Mﬂfw- bald 4 Foaf ) b
g e v e e U] ,m'[rwwu"“h'm"[rll"uw"""uw" ||||“ ' | | |
“ —0.5E . . . . ] . : . E I I L
3000 3250 3500 3750 4000 4250 4500 4750 5000 0.07=7 -3 -2 -1

rest wavelength [A]

log f(esc)nen

Figure 8. Example of how the f..c impacts the SEDs for two galaxies (top and bottom rows, respectively) from Figure 2 with low inferred
fesc from the SED fitting. In each galaxy, the left panels show the NIRspec/prism data along with the best-fit from the SED fitting (solid, blue
line), which has fee < 1%. The model illustrated by the red-dashed line shows the model if we force a high escape fraction, fisc = 30%. The
bottom panels show the relative flux difference compared to the best-fit model, AF,, /F,,. In the case of the fisc = 30% models, there are clear
differences seen, particularly in the emission lines, but also in the nebular continuum. These features are not as strong as expected given the
ionizing continuum from the stellar population. The right hand panels show the one-dimensional distributions for log f.s. for each galaxy. The

vertical, dashed lines show the 16, 50, and 84 percentiles.

Motivated by these examples, in Appendix B, we consider
how well the SED modeling can recover f.s. for simulated
galaxies. As expected, as fe increases, the strength of the
emission lines decreases, compared to the continuum. As the
continuum drives the number of produced ionizing photons,
in order to fit the weaker emission lines requires higher fe..
We show that for the two galaxies considered in Figure 8, if
we simulate an increase fes, the SED fitting is able to recover
these values (see Appendix B).

4.3. Constraints on the Cosmic lonizing Rate Density

Our measurements of the ionizing production efficiency,
&on, and the constraints on the LyC escape fraction, fe,
allow us to compute the cosmic ionization production rate
density (also called the emissivity), rijo,, Which is the rate of
ionizing photons produced per cubic (comoving) Mpc. This
quantity is derived by integrating the UVLF, ¢(Myy ), multi-
plied by the product of (fisc X &on X Lyv), that is

Thion = / A(Muv)LuvEionfese dMuy - (5)
To compute rj,, we use a Monte Carlo simulation, which

allows us to sample the range of uncertainties in parameters
of the UVLEF, and to sample the full distributions that we have

measured for &, and fi as a function of Myy and redshift.
In each iteration of the Monte Carlo, we first draw a sam-
ple of galaxies with Myy selected to reproduce the UVLF
of S. L. Finkelstein et al. (2022) at different redshifts, with
7 € (5,6,7,8). We also extend these simulations to higher
redshift using the UVLF of C. T. Donnan et al. (2024) in or-
der to consider the redshift evolution of the cosmic ionized-
hydrogen fraction, x, (see Section 5.5). In each instance of
the simulation, we vary the parameters of the UVLF within
the values and covariances. In this way the total number of
galaxies, and the number of galaxies per unit magnitude in-
clude the full range of uncertainties in the UVLF.

Second, for each galaxy in the simulated sample we select
a value of &, from our measured distribution, P(&on|Muv, 2),
using its Myy and z, and our empirically measured distribu-
tions (Table 3). We similarly select a value of f. by tak-
ing a random (real) galaxy from our sample at similar Myy
and z as the simulated galaxy, and drawing a value from its
P(log fesc|Muv, z) distribution. In this way we each simulated
galaxy receives o and fes. drawn from the measured galaxy
distribution functions.

We repeated the Monte Carlo simulation 4000 times for
each of two cases: one assuming a faint-end cut off of the
UVLF at Myy, = —16, which is the observational limit of
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Figure 9. Evolution of 7o as a function of redshift. The large circles show the results from our analysis of the JADES and CEERS samples,
where we integrate the UV luminosity function to Myv < —16 (large circles) and Myv < —14 (small circles). The vertical error bars show
the 16-84% range, and the horizontal error bars show the bounds of the redshift bin. The triangles show results from the analysis of JWST
photometric data with different assumptions of the LyC escape fractions from C. Simmonds et al. (2024a). The shaded region shows the 7ion
required to reionize the IGM at a given redshift for different assumptions of the H I clumping factor, C (P. Madau et al. 1999). The dashed lines
show predictions from the THESAN simulation for the global galaxy population (light line) and galaxies with logM. /Mg = 8—9 (thick line,
J.Y. C. Yeh et al. 2023).

Table 5. Measured Ionizing Photon Production Rate Density The results of the Monte Carlo simulation are shown in
Figure 9 and Table 5. The figure compares the #j,, values

log(ri / s~ Mpc™) to the rate needed to sustain an ionized universe at a given

. (Muy < —16) (Muy < —14) redshift. fr.om.P. Madau et dl (1999). One of thf.: remaining
uncertainties is the “clumping factor” of the gas in the IGM,

3.0 50.13 & 0.09 50.31 +0.07 C, where we must rely on predictions from simulations (e.g.,
6.0 50.25 £0.10 50.48 +0.08 P. Madau et al. 1999; K. Finlator et al. 2011; A. H. Pawlik
7.0 50.19 + 0.09 50.53 +0.09 et al. 2015; F. B. Davies et al. 2024). Figure 9 shows that the
8.0 50.03 +0.13 50.41 £0.11 production rate of ionizing photons needed to reionization

increases with this clumpiness factor and that if we include
galaxies with Myy < —16 (—14) we do not reach this level
until z ~ 5 (z ~ 6) for C ~ 3.
our dataset, and one assuming Myvy, = —14, near the low-
est value to which the UVLF has been measured (H. Atek 5. DISCUSSION
et al. 2024). In the latter case, we must extrapolate our re-
lations, so we use the &, and fe distributions for galaxies
with Myy = —16 for galaxies fainter than this value. We then
calculate njo, as a function of redshift using Equation 5 for
each simulation. We take the median 7;,, of the distribution
as the quoted value with the 16-to-84th percentile as the error.

5.1. Why are the ionizing production efficiencies of
EoR galaxies high?

In Section 4.1 we showed that the ionizing production ef-
ficiency for our samples increase for fainter galaxies and in-
crease toward higher redshift. This echoes trends observed
from other JWST studies that find high values, logé&o, =



25 —26, for galaxies at z ~ 7—8. This includes both stud-
ies that have used SED fitting of JWST imaging data to in-
fer &on (e.g., R. Endsley et al. 2023; G. Prieto-Lyon et al.
2023; C. Simmonds et al. 2024a), and spectroscopic studies
with JWST find similar trends of an increase in &, for EOR
galaxies (e.g., H. Atek et al. 2024; A. Calabro et al. 2024; M.
Llerena et al. 2024; S. Mascia et al. 2024; A. J. Pahl et al.
2024; A. Saxena et al. 2024; M. J. Hayes et al. 2025). Ours
is the first to estimate &;o, by combining the photometry and
spectroscopic data with a consistent treatment.

The finding that &, is higher at high redshifts seems ro-
bust as most studies have employed different methods, as-
sumptions, and samples. For example, M. J. Hayes et al.
(2025) considered the properties of stacked (average) NIR-
Spec/prism spectra for galaxies at 4 < z < 10, finding
log &ion =~ 25.2—-25.7 with a strong correlation between &on
and many signatures of LyC escape. Using individual galaxy
spectra, M. Llerena et al. (2024) measured &, from Balmer-
emission line measurements from JWST/NIRSpec prism and
R ~ 1000 data, combined with photometric modeling to ob-
tain Lyy for galaxies at 4 < z < 10. Their results yield re-
sults similar to those here, at least in the mean (see Figure 5).
One exception is A. J. Pahl et al. (2024), who measured the
evolution of &, using JWST spectroscopy for galaxies at
1.06 < z < 6.71, finding that &, is higher for UV-luminous
galaxies and declines with decreasing UV luminosity. This
may be related to the sample selection as A. J. Pahl et al.
(2024) required > 3¢ detections in both the H/3 and Ha lines,
or because of differences in the SED modeling and spectro-
scopic slitloss corrections. This does highlight the potential
for selection effects in spectroscopic samples. Testing these
selection effects will require deeper JWST/NIRSpec obser-
vations (e.g., M. Dickinson et al. 2024).

An increase in &, requires a greater ionizing production
rate, Q(Hy), per unit far-UV continuum luminosity, Lyy.
This occurs when galaxies either have a higher fraction of
O-type stars, or when these stars have hotter effective tem-
peratures, or both. I. Shivaei et al. (2018) measured empiri-
cal trends for galaxies at z ~ 0—2, showing that &;,, increases
with lower dust content, stellar population age and metallic-
ity. Higher effective temperatures are predicted as a conse-
quence of lower metallicity stars, which lowers the opacity in
stellar photospheres, leading to higher LyC production (see,
e.g., L. Y. A. Yung et al. 2020b; S. Mascia et al. 2024). Stud-
ies using JWST observations of the nebular emission find that
the gas-phase metallicity is declining with increasing redshift
(e.g.,J. R. Trump et al. 2022; M. Curti et al. 2023). Assuming
this extends to lower stellar metallicities, this could provide
one physical reason for the galaxies’ o, to increase as the
metallicity declines with redshift (M. Llerena et al. 2024).

A related consideration is that galaxies in our samples may
be dominated by young, < 5 Myr, stellar populations, which
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would increase the relative number of O-type stars. This
could be a consequence of “burstier” star-formation histories
in these galaxies, which have been reported in some studies
using JWST (e.g., R. Endsley et al. 2024; T. J. Looser et al.
2023; C. Simmonds et al. 2024b; J. W. Cole et al. 2025).
Indeed, L. Y. A. Yung et al. (2020b) show that young stel-
lar populations, with ages < 10 Myr, are required to keep
logé&ion > 25.5, without invoking changes to the IMF. In
nearby galaxies, the age of H II regions correlates inversely
with Ho/UV and EW(Ha) (F. Scheuermann et al. 2023). If
most of our galaxies are experiencing bursts, and if the fre-
quency of bursts increases with redshift (as argued by, e.g.,
J. W. Cole et al. 2025), then this provides a physical explana-
tion for the trends in our sample. It may be that galaxies ex-
periencing lulls in their star formation have lower &, which
would potentially be underrepresented in spectroscopic sam-
ples such as ours (see, e.g., T. J. Looser et al. 2024). C.
Simmonds et al. (2024b) considered this by using a mass-
complete photometric sample that potentially includes ob-
jects with weaker emission lines. They found an increase in
the scatter of &op, including a tail of objects with lower &op,
primarily at z < 7, but that &jo, remains high, log&en >~ 25.4
at Myy =—18.

It is interesting then to consider what properties of galax-
ies correlate with &g, at higher redshifts. Figure 10 shows
the relation between the [O 111]/[O 11] ratio, EW of HS and
[O 1], and &, for the galaxies in our samples. The &,
of our galaxies increases with (1) increasing [O 11]/[O 11] ra-
tio, (2) increasing EW(H/3), and (3) increasing EW([O 111]).
Comparing our sample to galaxies at redshifts 1 < z < 3 (L.
Shivaei et al. 2018; L. Shen et al. 2024) the relation between
&on and [O 111]/[O 11] appears nearly unchanged with redshift,
consistent with other JWST studies (e.g., M. Llerena et al.
2024). [O1m)/[O11] correlates with the ionization parame-
ter with a secondary dependence on metallicity, such that
lower metallicity galaxies will have higher [O 111]/[O 11] ra-
tio at fixed ionization parameter (A. L. Strom et al. 2018; C.
Papovich et al. 2022). This is able to explain the fact that
at fixed [O11]/[O11] ratio, galaxies at higher redshift have
higher &on, as they are expected to have lower metallicity.
Interestingly, the fact that we see some galaxies have higher
[O1)/[O11] at fixed EW(HS3) compared to lower-redshift
samples (L. Shen et al. 2024), this could indicate evidence
for radiation-bounded H II regions (A. Plat et al. 2019).

5.2. Why are the inferred escape fractions of
EoR galaxies low?

In Section 4.2, we showed that the inferred escape frac-
tions of 4.5 < z < 9.0 galaxies are low, a few percent or less
on average for most galaxies. Our fs values are based on
the SED fitting, and implies that the strength of the emission
lines requires nearly all of the ionizing photons produced by
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Figure 10. Top Left: Equivalent width (EW) of Hf versus the [O 111]/[O 11] ratio. The data points show the JADES and CEERS galaxies, color
coded by redshift. Top Right: [O 111)/[O 11] emission-line ratio versus the ionizing photon production efficiency, &ion. Bottom Left: EW(Hp)
versus the ionizing photon production efficiency. Bottom Right: EW([O111]) versus the ionizing photon production efficiency. In all plots,
the data points show the JADES and CEERS galaxies, color coded by redshift. The solid lines show fits to the different redshift samples (as
labeled). While there is evidence of a correlation between EW(H/) and [O 111]/[O 11], there is little evidence of evolution at z > 4.5. However,
it is noteworthy that the z > 4.5 relations are offset from those at 1.8 < z < 2.3 measured from NGDEEP (L. Shen et al. 2024, shown as large
open boxes in both plots). The &ion values are correlated with EW(HS), EW([O 111]), and [O 111]/[O 11] at all redshifts.

the stellar population to be absorbed in the H II region and
reprocessed into the nebular emission. The observable fac-
tors that drive this relation are therefore the relative shape
of the rest-far-UV continuum to the rest-optical continuum,
and the strength of the emission lines themselves. As we
show above (Section 4.2), changes in f.s. impact the relative
strength of these components (see also Appendix B) Never-
theless, an underlying uncertainty in this analysis is that fes
requires that the stellar populations and nebular emission re-
semble reality. We discuss this further below (Section 5.4),
but ultimately to test the details of these models will require
analyses of a multitude of emission lines for individual galax-
ies at these redshifts. This is beyond the scope of our present

work, but may be possible with forthcoming datasets from
JWST (T. A. Hutchison et al. 2024; C. Papovich et al. 2024).

We also show in Section 4.2 that there is no evidence for
evolution in the f.s. values with either redshift nor Myy (see
Section 4.2, Figure 7). This is striking given the expectations
based on low-redshift studies. Figure 7 shows the predicted
relation for z =5 galaxies from J. Chisholm et al. (2022)
based on correlations of f.sc and Myy and the UV-spectral
slope, 3 from LzLCS. When applied to galaxies at z > 5 these
relations predict a high f.s, which increases with redshift,
exceeding 5% (10%) for galaxies at z > 5 with Myy fainter
than —19 (=17.5) mag, consistent with findings from studies
that apply these relations to EoR galaxies from JWST data
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Figure 11. Relation between the UV spectral slope, Suv, H3 EW, [O 111)/[O 11]ratio, and the measured f.s. for galaxies in our sample. Each
panel shows different projections of these quantities. The large data points show the samples here, and are color coded as labeled. The smaller
pentagrams show measurements from LzLCS at z ~ 0.3 (S. R. Flury et al. 2022b). In the top-right panel, the right-hand axis shows the predicted
fesc using the UV spectral slope based on LzL.CS from J. Chisholm et al. (2022). Unlike the prediction, there is no relation between the measured
fese and UV spectral slope in our samples. In the top left panel, the curves show the expected relation between Syv and EW(Hp) for a range of
Sesc (as labeled). Each model assumes Z = 0.05 Z and a constant star-formation history. These roughly bound the lower envelope of Syy and
EW(Hp), where the arrow indicates the effects of dust attenuation with E(B—V)=0.2.

(M. W. Topping et al. 2022; F. Cullen et al. 2023; S. Mascia
et al. 2024; M. J. Hayes et al. 2025). These predictions favor
even higher f,, values for galaxies into the EoR, z > 6—7.
These results are all strongly at odds with the inferred fuy
that we derive here based on the galaxy SED fitting.

At low redshift, z ~ 0.3, there are measured correlations
between various galaxy properties and fe. (€.g., J. Chisholm
et al. 2022; S. R. Flury et al. 2022b). Figure 11 shows the
relation between Syy and EW(HS), fee and Buyy, fesc and

EW(Hp), and f. and log[O111]/[O11] for our sample and
for LzL.CS galaxies at z ~ 0.3. In general, there is no trend
between bluer Syy and higher f.s. seen in the galaxies in
our samples. Interestingly, a small fraction of our sample
appears to follow the trend see in LzZLCS between increasing
fese and with decreasing (bluer) Syy, implying some galaxies
may follow the low-redshift relations. Also of interest is that
in our samples the EoR galaxies with the highest EW(H})
also have the lowest f.s. values. This contrasts somewhat
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with the z ~ 0.3 samples, which show a trend between in-
creasing EW(HpS) and fic (S. R. Flury et al. 2022b) (also
illustrated in Figure 11). The main reason for this is that in
the SED modeling strong EW(H/3) requires most of the LyC
photons to be absorbed (and therefore not to escape). We also
observe no correlation between ionizing parameter, tracked
by [O11]/[O11], and f.s, in contrast to the measurements at
7~ 0.3 (S.R. Flury et al. 2022b). This may indicate there is a
difference in the physical conditions between galaxies in the
EoR and ionizing galaxies at z ~ 0.3, or that the escape frac-
tion depends on a combination of these different observables
in a multivariate way (A. E. Jaskot et al. 2024).

5.3. On the evolution of the volume-averaged escape
fraction

In Section Section 4.3 we calculated rjo, using a Monte
Carlo simulation. This modeling included the fact that for
most galaxies the fes distribution functions, P(log fesc), are
broad. This is apparent by looking at the 16th-to-84th per-
centile range for individual galaxies in Figure 7. While the
distance from the 16th-50th percentile and 50th-84th per-
centile is similar in logarithmic spacing, this means the dis-
tance between the median to the 84th percentile is substan-
tially larger in linear spacing compared to the distance from
the median to the 16th percentile. This means that a distri-
bution drawn from P(log f.s.) randomly for each galaxy will,
on average, have an expectation value that will be higher than
the median from the P(log f.) likelihood.

Figure 12 illustrates this effect. The figure shows the distri-
bution of the median log f.. values for galaxies in our sam-
ple at 6.5 < z < 9.0 (yellow—shaded histogram). The mean
of these medians is (fec) = 0.015. However, this is not to
be confused with the expectation value for f. of the galax-
ies. For the latter, we can then recompute the distribution
if we randomly draw a log f.sc value from the P(log fes.) of
each galaxy, which we show as the red-shaded histogram
in the figure. Because the tail of possible values skews to-
ward higher f.., the resulting is similarly skewed. The mean
of this resampled distribution is (fes) = 0.03, a factor of
two higher. This highlights the importance of considering
the full range of the f.s probability distribution functions,
P(log fesc), from the posteriors of the SED fitting when con-
sidering the global escape fraction.

Following J. B. Mufioz et al. (2024), we calculate the
volume-averaged escape fraction as the ratio of rjo, using the
measured distribution of fs to the value assuming all of the
ionizing radiation escapes, fesc = 1, that is,

Viion(f esc)
Hion(fese = 1)
This makes (fes) the average weighted by the ionizing emis-

sivity. We compute the result from Equation 6 for each it-
eration of the Monte Carlo simulation, and take the median

<fesc> = (6)
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Figure 12. Distribution of the inferred LyC escape fraction, fesc, for
CEERS and JADES galaxies at 6.5 < z < 9.0. The yellow, hash—
filled histogram shows the distribution of median values for each
galaxy. These show that the mean fes from the galaxy medians is
~ 1.5%. However, the red, shaded histogram shows the distribution
when we draw a random value from the P(f..) for each galaxy. In
this case, the mean fus is >~ 3%, roughly twice as high as for the
mean of the medians, and there exists a small tail of objects with
Sesc > 10%. This is a result of the P( fesc) for most galaxies having a
large tail extending to higher fi. (see Figure 7). We obtain similar
results for galaxies at 4.5 < z < 6.5.

Table 6. Inferred Volume-averaged Escape Fractions

(fesc)
z (Myv < -16) (Myv < —14)
5.0 0.029 £ 0.015 0.028 £ 0.019
6.0 0.033 £0.018 0.028 £ 0.026
7.0 0.030 £ 0.010 0.029 £ 0.013
8.0 0.030 £ 0.011 0.028 +0.013

as the quoted value with the 16th—to—84th percentile as the
uncertainty. These values for (fe.) are listed in Table 6.
Figure 13 shows the results of this Monte Carlo for the
volume-averaged f.s.. The average inferred escape fractions
show no evidence for evolution in redshift from z ~ 5 to 8,
where the median values are (fee) ~ 3—4%. The 16th—
to—84th percentile range varies a bit with redshift, but falls
within ~ 1 —-6%. This conclusion does not change apprecia-
bly if we integrate the UVLF to Myy =—14 mag (indicated by
the short, vertical red lines in Figure 13). This is because we
have extended our relations to the fainter Myy galaxies, as-
suming they follow the same distributions as those for galax-
ies at Myy = —16. However, if Myy > —16 galaxies have
higher escape fractions, they will certainly increase the vol-
ume averaged f.c values (see, e.g., J. Y. C. Yeh et al. 2023).
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Figure 13. The volume-averaged inferred LyC escape fraction,
(fesc) for galaxies as a function of redshift. For each datum, we
randomly select a value of f. for each galaxy in the bin from its
P(fesc), and compute the volume-averaged value from Equation 6,
integrating the UV luminosity function to Myy < —16. The error
bars show the 16-84% range derived from the Monte Carlo. The
red-horizontal dashes show the results if we integrate to Myy < —14.
The small gray boxes show the results if we assumed foc values
based on the relation from LzLCS at z ~ 0.3 (J. Chisholm et al.
2019). The dotted horizontal line shows the canonical value of
Jfese=20% (B. E. Robertson et al. 2015). The dashed lines show
predictions from the THESAN simulation for the global galaxy pop-
ulation (light line) and galaxies with logM. /M = 8—9 (thick line,
J.Y.C. Yeh et al. 2023). The shaded region shows simulation-based
fese values from S. L. Finkelstein et al. (2019), which were required
to match reionization using a variable &ion and M;, values.

Our finding of low average fes. runs contrary to most pre-
JWST predictions, and predictions made using observations
of local galaxies. B. E. Robertson et al. (2015, and refer-
ences therein) argue fes. needs to be 20% for reionization
to occur at a redshift consistent with the CMB polarization.
This is in part because that these past studies assumed EoR
galaxies will have relatively low ionizing production efficien-
cies, logé&ion = 25.2, and the higher f.,. values are then re-
quired. As we show below, high f.s. values are unnecessary
when the ionizing production efficiencies are high (see also
J. B. Muiioz et al. 2024; C. Simmonds et al. 2024b). Inter-
estingly, our results exceed the simulation-based f.s values
from S. L. Finkelstein et al. (2019), who used these to match
reionization timing constraints using variable &, and My,
values. However, our results are consistent with predictions
from the THESAN simulation for galaxies in our stellar-mass
range (J. Y. C. Yeh et al. 2023).

The volume averaged values we derived would be much
higher if we instead used f., values based on correlations
from LzLCS at z ~ 0.3. Figure 13 includes values for (fes)
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when we repeat the Monte Carlo simulation using correla-
tions between f.s. and Myy and the UV spectral slope (Gyv)
predicted from LzLCS (J. Chisholm et al. 2019). In this case
we would have expected the average f.s. to increase with red-
shift over our redshift range 4.5 < z < 9, rising to (fesc) > 0.1
atz > 7. This is strongly disfavored by > 60 from our results.

5.4. Challenges in interpreting the escape fraction of
EoR galaxies

One challenge in interpreting our inferred fes. values is that
they depend on the underlying stellar population models used
in the SED fitting. The BPASS models used here have been
demonstrated to reproduce the properties of young, metal—
poor stellar populations dominated by short-lived massive
stars under a variety of conditions (see, e.g., J. J. Eldridge
& E. R. Stanway 2022), but it is conceivable that galaxies
during the EoR host stellar populations with different prop-
erties (e.g., E. Zackrisson et al. 2011). Currently some of the
best evidence supporting the use of BPASS models comes
from observations that these models reproduce the colors and
emission-line properties of high-redshift galaxies (e.g., A. L.
Strom et al. 2017; C. C. Steidel et al. 2018; G. M. Olivier
et al. 2022; R. L. Larson et al. 2023). However, photoion-
ization models using BPASS models fail in some galaxies
to produce extreme emission properties, including galaxies
with strong He II, C 1V, [O1}/[O11], and other high ion-
ization emission lines (e.g., M. Lecroq et al. 2024). Several
of these studies have invoked stellar populations that include
stars with effective temperatures of 7. ~ 80— 100 kK to ex-
plain the high-ionization emission lines and nebular contin-
uum of galaxies (G. M. Olivier et al. 2022; A. J. Cameron
etal. 2024; H. Katz et al. 2024). However, even if these situa-
tions exist in the galaxies in our samples, this would increase
the ionizing photon rate per unit UV luminosity, increasing
&on- The existence of Pop III or a top-heavy IMF would have
a similar impact. If &, is higher, then to match the emission
line strength of the data would require increasing fes. such
as to not overproduce the strength of the emission lines of
the galaxies in our sample. That is, the product of &;oy X fesc
would increase, leading to an increase in the cosmic ioniza-
tion rate, rj,, leading to an earlier reionization in contrast to
the CMB observations and studies of the IGM opacity from
QSO studies. Therefore this scenario seems disfavored.

Another challenge is that the inferred escape fractions of
the galaxies at 4.5 < z < 9.0 contrast strongly with expecta-
tions from scaling relations observed in low-redshift samples
(e.g., LzLCS, S. R. Flury et al. 2022b). The HS and [O 111]
emission line EWs, [O 111]/[O 11] line ratios, and UV spec-
tral slopes of the galaxies in our sample are similar in many
ways to those in the LzLCS at z ~ 0.3. However, the es-
cape fractions are very different (see Figure 11). Why this is
the case is unclear. It may be that there are spatial dispari-



20

ties in the galaxies such that the regions of strong emission
lines are physically distinct from regions of higher f., or
that f. is not emitted isotropically such that that average fsc
is much lower when averaged of 47 steradians. This may be
even supported by some studies of the kinematics of emission
lines in z ~ (0.3 galaxies with LyC detections that show they
can produce outflows that can clear such channels to promote
higher fes (e.g., R. O. Amorin et al. 2024; S. R. Flury et al.
2024). Therefore, some of the important missing ingredients
in interpreting the escape fractions may result from variations
in the spatial distribution of star formation, the gas-covering
fractions, or both, all of which may be very different between
low-redshift and high-redshift galaxies.

Yet another challenge is that theoretically the escape frac-
tion is difficult to calculate because it depends heavily on the
connection between the effects of star formation and stellar
feedback on the geometry, density, and ionization structure
of the ISM (A. Ferrara & A. Loeb 2013; H. Xu et al. 2016).
The radiation pressure and feedback of massive stars can cre-
ate channels of ionized gas, through which ionized photons
can escape, but in other sight lines, there may be significant
clumps of neutral gas that absorb the ionizing radiation (C.
Clarke & M. S. Oey 2002). The escape fraction of each
galaxy will have a temporal, radial, and angular dependence.
In addition, many simulations may not have sufficient spa-
tial resolution to resolve the details of the escape fraction on
scales of H II regions (see, e.g., S. Mascia et al. 2024).

Nevertheless theory provides guidance as many simula-
tions predict low fes for galaxies with masses like those in
our sample. Simulations generally predict that galaxies in
the lowest-mass halos have the highest escape fractions, with
Jese = 25% (e.g., J. H. Wise et al. 2014; J.-P. Paardekooper
et al. 2015; I. Kostyuk et al. 2023; J. Y. C. Yeh et al. 2023).
However, these galaxies typically have logM. /M, < 7, and
are expected to contribute less than 10% of the total ionizing
radiation (J. S. W. Lewis et al. 2020). Many studies predict
that higher mass galaxies, logM, > 8, like those in our sam-
ple, have fese ~ 1-5% (H. Xu et al. 2016; 1. Kostyuk et al.
2023;J. Y. C. Yeh et al. 2023), though other work finds higher
values, fese ~5—15% (H. Xu et al. 2016). This highlights
that theory has not yet converged, and that it is important to
constrain the escape fraction empirically.

Simulations also predict a large variance in f.;c among
galaxies. T. Kimm & R. Cen (2014) showed the galaxies
may experience periods of high f., with a delay following
a period of intense star formation. J. Rosdahl et al. (2018)
used the SPHINX simulation to show that galaxies with high
escape fractions, fese > 10% occur only after a starburst,
as feedback from the burst expels gas, temporarily halting
star formation and increasing f.s. (see also, K. S. S. Bar-
row et al. 2020; X. Ma et al. 2020; J. Rosdahl et al. 2022;
I. Kostyuk et al. 2023; H. Katz et al. 2023). Therefore, it

may be that the periods of highest specific SFR and &, pro-
duction occur with low fes, and vice versa, such that the
product (1 — fesc)&ion is roughly constant (e.g., T. Kimm &
R. Cen 2014). If so, then at any time only a small fraction
of galaxies contribute to the leakage of LyC emission into
the IGM (J.-P. Paardekooper et al. 2015). This scenario may
also help explain the timing of reionization (S. L. Finkelstein
et al. 2019, whose low volume-averaged f.,. values are il-
lustrated in Figure 13), and the strong [O 111]/[O 11] emission
in Lyman a-selected galaxies (A. Secunda et al. 2020; R. P.
Naidu et al. 2022).

To summarize the challenges from theory, most cosmolog-
ical simulations predict that fs is low in most star-forming
galaxies in the mass range like those in our sample because
they have high gas densities, with few clear channels through
which LyC radiation may escape. This is a very differ-
ent physical situation than observed in starburst galaxies at
z ~ 0.3 with high LyC escape, and may explain the differ-
ences between the observed properties and f.s. values of in
our sample (see, e.g., Figure 11). This may be related to the
fact that higher redshift galaxies appear to have higher vari-
ance in their star-formation histories (e.g., J. W. Cole et al.
2025), where theory predicts that the strong feedback associ-
ated with star formation may temporarily expel the gas, paus-
ing star formation and allowing more LyC emission to escape
(e.g., I. Kostyuk et al. 2023). The net effect is that the low
values of f.,c we infer appear consistent with models, and
this has implications for reionization.

5.5. The impact of high ionizing photon production
efficiency and low escape fraction on reionization

The evolution of the cosmic ionizing rate density, #ijon,
from Section 4.3 and Figure 9, allows us to estimate the evo-
lution in the hydrogen-ionized fraction of the IGM, x,. For
each of our Monte Carlo simulations we solve the differen-
tial equation for this evolution. Following C. A. Mason et al.
(2015, and references therein), we define,

_ Mion Xe

B <nHI> Trec .

)

Here, (nu) is the average IGM neutral hydrogen density,
(nmr) = (1= Q)nu o, and ny o = (1-Y,)(Qp0/mp)pe.o for a pri-
mordial helium mass-fraction, ¥, = 0.2454, baryon density
parameter, €20 = 0.049, and critical density, p.o, defined
by Hy = 67.4 km s™' Mpc™ ( Planck Collaboration et al.
2020). The recombination time for H II is .., where we fol-
low B. E. Robertson et al. (2015, and references therein) and
take frec = [Cag(T)n.(1+2)°1"!. The hydrogen recombina-
tion coefficient, ag(T"), depends on the temperature, and we
adopt the functional fit of L. Hui & N. Y. Gnedin (1997). The
electron density is n, = (1+Y,/4X,)(nu), where X, is the pri-
mordial hydrogen abundance. We further adopt the evolution
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Figure 14. Evolution of the ionized fraction of the IGM, x.. The curves and shaded regions show the results of our analysis based on integrating
the UV luminosity function to Myy < —16 (left panel, red-shaded region) and to Myy < —14 (right panel, yellow-shaded region). In each case,
the width of the shading denotes the 16-84% range derived from the Monte Carlo. In both panels the gray-shaded region shows constraints from
an analysis of Planck data with a prior using the measurements of the Gunn-Peterson (GP) trough, where x, =0.5 corresponds to ze =7.67+0.73
( Planck Collaboration et al. 2020), indicated by the vertical dotted lines. The data points show estimates from the optical depth of absorbers in
QSO sightlines and the evolution of Lyman a-emission in galaxies (I. D. McGreer et al. 2015; B. Greig et al. 2017; W. Hu et al. 2019; C. A.
Mason et al. 2019; F. Wang et al. 2020; L. R. Whitler et al. 2020; M. Nakane et al. 2024). Our analysis favors a scenario where EoR galaxies
produce sufficient ionizing photons to reionize the universe at times consistent with the CMB and QSO sightline data.

of the clumpiness factor, C, from the simulations of A. H.
Pawlik et al. (2015), who find that this evolves from C = 4.8
at z=6to C=1.5 at z = 14 (see also P. Madau et al. 1999;
K. Finlator et al. 2011; S. L. Finkelstein et al. 2019, although
see F. B. Davies et al. 2024, who argue for higher C values).
We then solve the differential equation (Equation 7) for each
iteration of the Monte Carlo (Section 4.3) using the ODEINT
routine in the SciPy package.

Figure 14 shows the evolution of the hydrogen-ionized
fraction of the IGM, x,, from our analysis. The thick solid
line shows the median evolution from the Monte Carlo sim-
ulations, and the color-shaded regions show the 16-84 per-
centile range of our results integrated to Myy < —16 (left
panel) and Myy < —14 (right panel). As a comparison, the
gray-shaded region in both panels in the figure show the
1o constraints on reionization from an analysis of the CMB
Planck large-scale polarization measurements along small-
scale measurements of the kinematic Sunyaev—Zeldovich
(kSZ) effect (S. Raghunathan et al. 2024) with a prior on
Zend = 6 using the measurements of the Gunn-Peterson (GP)
trough (X. Fan et al. 2006). Excluding kSZ data (S. Raghu-
nathan et al. 2024) reduces the constraining power on the
high-z end by a few percent. This shows that reionization is
expected to begin by z = 8.4 and end shortly after z =7 (ver-
tical dotted lines, Planck Collaboration et al. 2020). Consid-
ering only galaxies brighter than Myy < —16, our results find
that the hydrogen ionized fraction reached x, = 0.5 at (me-
dian) z,. = 5.8, with a range of 5.5—7.1 (68% confidence).
Including fainter galaxies down to Myy < —14, and again as-

suming they have fi. and &, distributions similar to galax-
ies at Myy =—16, our results find the hydrogen ionizing frac-
tion of x, = 0.5 is reached earlier, with a median z,. = 7.2, and
with a range of 6.7—9.6 (68% confidence).

Our results provide evidence that galaxies in the EoR have
high ionizing photon production efficiencies, &jon, and low
LyC escape fractions, f.s.. The combination of these with the
current constraints on the UVLF yield a cosmic photon ion-
ization rate, rj.,, that causes reionization at times consistent
with other observations. This averts the photon crisis (J. B.
Muiioz et al. 2024), but only if our measurements reflect the
&ion and fis distributions of the full galaxy population. While
we find low f, this depends on the balancing between the
stellar population synthesis models we have assumed and
the strength of the emission lines. It is possible that JWST
spectroscopic samples like ours are biased toward galaxies
with strong nebular emission, with higher &, and lower f.
However, we argue that even if this is the case, galaxies with
higher f. likely have lower &, such that they contribute
no more to cosmic ionizing rate density. Candidate galaxies
for this case have been found in stellar-mass-limited photo-
metric studies (C. Simmonds et al. 2024b). Confirming their
&on values, and attempting to infer fes., will require deeper
spectroscopy with JWST.

These results depend on some remaining uncertainties.
One uncertainty is the clumping factor, C, of the IGM, which
we have assumed to be C >~ 2—5 (see above). If this is higher,
as recently argued by F. B. Davies et al. (2024), then the uni-
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verse would require more ionizing photons leaking into the
IGM at earlier times.

Another uncertainty is how fainter galaxies, Myy > —16,
impact reionization. This depends both on the galaxy proper-
ties, and on the behavior of the UVLE, specifically the faint-
end slope and if there is some minimum UV luminosity a
galaxy in the EoR can have. For the faint galaxies, some re-
cent JWST studies have measured high &, values for faint
galaxies in the EoR (H. Atek et al. 2024; R. P. Naidu et al.
2024). However, it is unclear if these are a biased subset
of galaxies for which it is easiest to detect their emission
lines. Regarding the faint end of the UVLF, H. Atek et al.
(2024) recently measured constraints from JWST, finding the
steep slope extends at least to Myy = —13, with no evidence
of a turnover. If these fainter galaxies are plentiful, if they
have high &,,, and especially if have higher f.., as pre-
dicted from models, then they may contribute significantly to
reionization, reigniting the photon budget crisis (J. B. Mufioz
et al. 2024). Regardless, our findings are that bright galax-
ies Myy < —16 have f.c >~ 3%, which mitigates this crisis,
and that fainter galaxies in the EoR with Myy > —16 must
contribute for reionization to occur at times consistent with
current constraints.

6. CONCLUSIONS

We have used new modeling of HSTand JWST imaging
and JWST/NIRSpec prism spectroscopic data to study the
ionizing production efficiency and LyC escape fractions of
galaxies at 4.5 < 7 < 9.0. We use data from the CEERS and
JADES surveys which provide imaging and NIRSpec/prism
data for 426 galaxies. We fit these data for each galaxy simul-
taneously with stellar population and nebular emission mod-
els with BAGPIPES, including parameters to correct for slit
losses, and we include a parameter to account for the fraction
of ionizing photons that escape the galaxy, fesc.

We measure the ionization production efficiency, &on =
O(Hy)/Lyy, using measurements of the Balmer emission line
strength taken from the NIRSpec data, combined with mea-
sures of the UV continuum luminosity from the SED model-
ing. (Section 4.1). In this way, the ionizing rate, Q, and UV
luminosity, Lyy, are taken from data that have the same flux
calibration applied. We find that the ionizing production effi-
ciency increases with increasing redshift and decreasing UV
luminosity. There is a scatter in the ionization production ef-
ficiency at fixed UV magnitude and redshift, o(log&on) >~ 0.3
dex. This means galaxies of fixed UV magnitude produce a
range of ionizing photon rate.

We also constrain the escape fractions, which are driven
by the strength of the nebular emission lines and the num-
ber of ionizing photons predicted from the stellar popula-
tion models. The inferred escape fractions of the galaxies
at4.5 < z< 9.0 are typically low, with medians fesc < 1-3%

(Section 4.2). We furthermore see no evidence for evolution
in redshift nor in Myy over the range of our samples.

We use a Monte Carlo simulation to compute the cosmic
ionizing rate density, 7o, (Section 4.3). This simulation in-
cludes uncertainties in the UVLF, and including our empir-
ical distributions of &, and f.c. We find that considering
galaxies down to our observational limit, Myy < —16 mag,
the cosmic ionizing rate density is logsn =50.0+0.1 at z=38
and rises to 50.1 0.1 at z=15. This is low compared to the
the amount needed to reionization the universe as predicted
by P. Madau et al. (1999). Extrapolating to fainter galax-
ies, Myy < —14 mag, increases the cosmic ionizing rate to
logri=50.440.1 at z=8 and logri =50.3+0.1 at z=5, pro-
ducing the needed radiation for reionization by z ~ 6—7.

The relations between o, and galaxy properties in our
4.5 < 7 <9 samples are similar to those at lower redshifts,
1 < z < 3 (Section 5.1). The high &, values for galax-
ies in our sample correlate with increased EW(HS) and
EW([O111]), and [O 111)/[O 11] ratio. This implies that the ele-
vated ;o 1s related to a relative increase in the number of O-
type stars, and may be suggestive of burstier star-formation
histories.

The relations between f.s. in our 4.5 < z < 9 samples differ
from predictions from correlations between f.,. and galaxy
properties observed at z ~ 0.3 (Section 5.2). We find no
correlation between the inferred fes. the UV spectral slope,
Buv. We also find no strong correlations between fes. and
EW(HpS), nor fe and [O1I1]/[O11]. This may be related to
different physical conditions in the EoR galaxies compared
to local starburst galaxies.

We use our Monte Carlo simulation of the ionizing rate
density to estimate the volume-averaged escape fraction,
(fese) (Section 5.3). For galaxies brighter than Myy < —16,
we find (fesc) ~ 3 = 1%, with no indication of evolution over
4.5 < z<9.0. There is only a slight change when we in-
clude fainter galaxies, Myy < —14, but this is likely a re-
sult of our assumption that galaxies with Myy > —16 have
similar properties as those with Myy = —16. Our measure-
ment of (fesc) contrasts strongly with pre-JWSTinferences
from z ~ 0.3 galaxies. However, our results are consistent
with predictions from simulations (Section 5.4), where high
gas column densities reduce f.s. except in cases where strong
feedback from star formation expels the gas, and clears chan-
nels through which LyC emission can escape. However,
these events typically halt star formation, leading to lower
&on. Therefore, it may mean that galaxies in the EoR con-
spire to keep the product of & X fesc roughly the same. This
will need to be tested using future data sets.

We estimate the impact of our measurements of &, and
fesc On reionization (Section 5.5), using the Monte Carlo sim-
ulations and then solving for the evolution of the hydrogen-
ionized fraction, x,, as a function of redshift. Including



galaxies brighter than Myy < —16 mag, the universe would
not reach a hydrogen-ionized fraction of x, = 0.5 until 5.5 <
z < 7.1 (68% confidence), consistent with the lower-end of
reionization based on QSO sight lines. Including an esti-
mate of the contribution from fainter galaxies, Myy < —14
mag, reionization occurs sooner, with x, = 0.5 obtained by
6.7 < 7 < 9.6, broadly consistent with the CMB constraints.
However, this assumes that galaxies with —16 < Myy < —14
have ionizing production efficiencies and escape fractions
similar to galaxies with Myy = —16 mag. The implication
is that while EoR galaxies produce plenty of ionizing pho-
tons, this emission does not efficiently escape. We argue
that this is a result of high gas fractions combined bursty
star-formation histories which lead to short times in which
the galaxies have sufficiently clear channels through the gas
through which ionizing photons can escape.

Our results have several caveats. Among these is the as-
sumption that we are able to constrain the f.. in galaxies
through the SED fitting. Our tests with simulated galaxy
SEDs shows this is reasonable (Appendix B), but additional
tests will require extending our analysis to galaxies at lower
redshifts with similar data, and direct measurements of the
LyC escape fractions. We plan to pursue this in a future
study. Our results also depend on selection effects, where
our samples may be biased toward objects with stronger neb-
ular emission, favoring galaxies in a “burst” stage of star
formation. To test this will require more complete sam-
ples of galaxies in the EoR with JWST imaging and prism
spectroscopy. This will become possible with forthcoming
datasets that include larger samples of fainter galaxies(e.g.,
M. Dickinson et al. 2024).
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APPENDIX

A. COMPARISON OF NEBULAR EMISSION LINE FLUXES FROM MODELS AND DIRECT MEASUREMENTS.

In our SED fits, BAGPIPES models the nebular emission using the photoionization rate, Q, from the stellar populations, and
converts it into a nebular spectrum. The nebular spectrum depends on the metallicity of the gas (taken to be equal to the metallicity
of the stellar populations) and the ionization parameter, U = n., /ny, the ratio of the density of ionizing photons to the gas density.
The models assume a gas density, n, = 100 cm™, and that the models are “radiation bounded” such that all of the ionizing photons
are absorbed by the gas and converted into nebular emission (A. C. Carnall et al. 2018). All of these assumptions are reasonable
in general, but may have deviations in practice.

One way to test the validity of the nebular models is to compare the emission line fluxes from the model fits to those measured
directly from the spectra. We described our method to measure directly the emission line fluxes in Section 3.3. We also repeated
that process on the BAGPIPES model stellar populations that included the emission lines. Figure 15 compares these emission
line measurements for Ho, HS, [O111], and [O11]. The Ha measurements are most consistent in the comparison, where the
difference in the direct and model measurements have a median is 0.01 dex, and the scatter (derived from the normalized absolute
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Figure 15. Comparison of emission line fluxes for the sample of galaxies at 4.5 < z < 9.0 considered here. Each panel shows the comparison
for strong nebular lines, Ha, HS, [O111], and [O 11], as labeled, in units of 1078 erg s™! cm™. The abscissa in each panel shows the emission
line fluxes measured directly from the NIRSpec/prism data for each galaxy, as described in Section 3.3. The ordinate in each panel shows the
difference between the directly measured flux and the emission line flux from the BAGPIPES models for each galaxy. The data points are
color-coded by the median color excess derived from the SED modeling.

deviation) is 0.04 dex. Given that He has a strong connection to the number of ionizing photons, it is encouraging that the models
match the direct measures. The HS emission is also very consistent, where the difference has a median is 0.0 dex, and the scatter
is 0.12 dex, consistent with the systematic uncertainty we estimated in Section 3.4. The higher scatter for H3 compared to He is
driven in part by the fact that the line is weaker than Ha.. However, there is also a population of galaxies where the models favor
higher H3 compared to the direct measurements. Many of these galaxies show higher dust attenuation (and these lie exclusively
at z < 6), and may indicate a departure in the dust—attenuation law from (D. Calzetti 2001), which we have assumed here.

The comparison of the [O111] and [O 11] emission lines is instructive. For [OI11], the difference in the directly measured line
flux and model flux is relatively small, with a median of 0.02 dex and a scatter of 0.03 dex. For [O11], however, there exists
much larger discrepancy in the differences, with a median of —0.08 dex and a scatter of 0.30 dex. This means that on average the
[O 11] emission predicted by the models is stronger than what we measure by 20%, but can extend to a factor of 2—3. There is no
indication that this is caused by uncertainties in the dust modeling. Interestingly, the largest offsets occur for galaxies with lower
overall measured [O 11] emission. This may be a result of assumptions about the metallicity, density, temperature, and ionization
parameter in the models. Alternatively, this may indicate that the H II regions are density bounded, such that the [O II] regions
of the nebula are not fully formed, which was considered by C. Papovich et al. (2022, and references therein) to explain high
[O 111]/[O 11] ratios in HST grism spectra of galaxies at z ~ 1 —2. We plan to explore these aspects in a future study.

B. MEASURING THE ESCAPE FRACTION FROM SED FITTING

Here, we test the efficacy of SED fitting to constrain f.,.. We start with the SED model fit to two of the galaxies in our sample,
CEERS DDT 28 and 1518, depicted in Figures 2, and 8. These two galaxies have relatively high S/N, which allows for relatively
good constraints on the galaxies’ stellar population parameters. These also have redshifts 8.764 and 6.109, respectively, which
means the NIRSpec/prism data for DDT 28 does not include Hey, while it does for 1518, and the data have different spectral
resolution of the NIRSpec/prism data around [O 111] + HB. We then take the best-fitting SED models for each galaxy, and force
fese to have different values, f.c = (0.0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7), holding other values fixed. Figure 16 shows examples of
these models compared to the NIRSpec/prism data for these galaxy in the region around HS and [O 111]. It is evident from these
figures that as f.s. increases the strength of the nebular emission decreases, as expected.
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Figure 16. Example of varying f.s for two of the galaxies in our sample, CEERS 1518 and DDT 28. In each panel, the gray line and shading
shows the NIRSpec/prism data and uncertainties in the region around redshifted HS and [O111]. The colored curves show a best fit stellar
population model, but with fis. varying from 0.0 to 0.7 (as labeled). As fisc declines, the strength of the nebular emission drops as (1 — fesc),
which is evident in the relative strength of the emission features.
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Figure 17. Results of fitting f..c for models with known input values. In the left and middle panels, the blue curves show the model spectra
based on fits to two galaxies in our sample (CEERS DDT 28 at z = 8.764 and CEERS 1518 at z = 6.109), which are forced to have S/N ~ 3 in
the region around the redshifted HS and [O 111] lines. The orange curves show the best-fit SED model. The right panel shows the recovered fesc
values as a function of the (true) input values; values have been shifted slightly on the abscissa for clarity. The error bars denote the inner-68%
confidence interval. The recovered values trace well the input values demonstrating the efficacy of SED fitting to derive fes values.

We take the best-fit SED model for each galaxy and create a “mock” galaxy by simulating its NIRSpec prism spectrum and
photometry in the CEERS JWST and HST bandpasses. We repeat this varying f.... We then add noise to mimic S/N=10 for the
photometric bands and S/N = 3 for the spectrum in the region around HS and [O I11]. We then refit the data, deriving a posterior
likelihood for fe..

Figure 17 shows the results of this test. The panels on the left show examples of the simulated data and the best-fit models to
those data. The right panel compares the measured fes to the input values. There is good agreement, which implies the SED
fitting is able to recover the f. values in this test. This test is somewhat idealized as we are fitting the simulated data with the
same suite of models used to create them. It will be important to test the f.s. values inferred from SED-derived like those here,
and fes. values measured directly for galaxies with LyC observations, which we plan in a future study.
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