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Abstract

The elevated UV luminosity functions (UVLFs) from recent James Webb Space Telescope (JWST) observations
have challenged the viability of existing theoretical models. To address this, we use a semianalytical framework—
which couples a physically motivated source model derived from radiative transfer hydrodynamic simulations of
reionization with a Markov Chain Monte Carlo sampler—to perform a joint calibration to JWST galaxy surveys
(UVLF, ¢yy, and UV luminosity density, pyv) and reionization-era observables (ionizing emissivity, Ny, neutral
hydrogen fraction, xy;, and Thomson optical depth, 7). We find that models with weak feedback and a higher
contribution from faint galaxies reproduce the reionization observables but struggle to match the elevated JWST
UVLF at z > 9. In contrast, models with stronger feedback (i.e., rapid redshift evolution) and a higher
contribution from bright galaxies successfully reproduce JWST UVLF at z > 10 but overestimate the bright end at
z < 9. The strong-feedback model constrained by the JWST UVLF predicts a more gradual and extended
reionization history, as opposed to the sudden reionization seen in the weak-feedback models. This extended
nature of reionization (z ~ 16-6) yields an optical depth consistent (at 20) with the cosmic microwave
background (CMB) constraint, thereby alleviating the photon budget crisis. In both scenarios, reionization is
complete by z ~ 6, consistent with current data. Our analysis highlights the importance of accurately modeling
feedback and ionizing emissivities from different source populations during the first billion years after the
Big Bang.

Unified Astronomy Thesaurus concepts: Bayesian statistics (1900); Reionization (1383); Intergalactic medium

(813); High-redshift galaxies (734)

1. Introduction

The recent observations with the James Webb Space
Telescope (JWST) have revolutionized our understanding of
galaxy formation in the early Universe, pushing UV luminosity
function (UVLF; ¢yy) measurements to redshifts as high as
z ~ 14 using surveys such as the GLASS-JWST Early Release
Science (T. Treu et al. 2022), the JWST Advanced Deep
Extragalactic Survey (JADES; D. J. Eisenstein et al. 2026), the
Cosmic Evolution Early Release Science (CEERS) field
(S. L. Finkelstein et al. 2024), the COSMOS-Web (C. M. Casey
et al. 2024), the Prime Extragalactic Areas for Reionization and
Lensing Science (PEARLS; R. A. Windhorst et al. 2023), and
the Next Generation Deep Extragalactic Exploratory Public
(NGDEEP) survey (M. B. Bagley et al. 2024). These
observations reveal a steep faint-end slope (o« < —2.3) and a
striking overabundance of bright galaxies compared to pre-
JWST ACDM predictions (e.g., R. Bouwens et al. 2023a;
C. T. Donnan et al. 2023a; Y. Harikane et al. 2023; C. M. Casey
et al. 2024; S. L. Finkelstein et al. 2024; D. J. McLeod et al.

8 CTC Post-Doctoral Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

2024; B. Robertson et al. 2024; C. J. Willott et al. 2024).
Integrating the UVLF down to a limiting magnitude (often rest-
frame Myy ~ —17) yields the UV luminosity density pyy, a key
tracer of the cosmic star formation rate (SFR) density and
ionizing photon production rate (R. J. Bouwens et al. 2015;
B. E. Robertson et al. 2015).

However, interpreting these measurements in the context of
reionization models introduces significant tensions. The epoch
of reionization (EoR) marks the last major phase transition of
the Universe, when the intergalactic medium (IGM) changed
from cold and neutral at z ~ 30 (e.g., R. Barkana &
A. Loeb 2001; J. H. Wise 2019) to hot and ionized by z ~ 5
(e.g., L. C. Keating et al. 2020; S. E. I. Bosman et al. 2022).
Although this transformation is well established, the timing
and topology of reionization are yet to be uncovered (for
reviews see, e.g., R. Barkana & A. Loeb 2001; J. H. Wise
2019; B. E. Robertson 2022). Moreover, the unexpectedly
elevated UVLF and pyy at high redshift has spurred a large
number of theoretical and observational efforts, and many
possible solutions have been proposed. For instance, matching
the observations at canonical star formation efficiencies would
require a rapid buildup of stellar mass that is difficult to
reproduce in current galaxy formation simulations (e.g.,
S. L. Finkelstein et al. 2023; though see J. Schaye et al.
2026), and that challenges ACDM-based models of halo
assembly; alternativaly, a higher star formation efficiency in
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early halos potentially reaching 2>10% can produce
more luminous galaxies at fixed halo mass (J. Mirocha &
S. R. Furlanetto 2023). This is supported by semianalytical
models tuned to JWST data that require elevated efficiency in
halos of mass M, ~ 1010—10“M® to match the observed
UVLFs. Additionally, bursty star formation histories (SFHs)
can lead to UV variability, causing more galaxies to appear in
a high-luminosity phase at the time of observation. G. Sun
et al. (2023b) and X. Shen et al. (2023) show that including
stochastic star formation (with scatter of ~0.3 dex) helps
recover the observed bright-end excess without invoking
exotic physics. Additionally, a top-heavy or evolving stellar
initial mass function (IMF), characterized by a flatter high-
mass slope that shifts the effective mass distribution toward
more massive stars, has been suggested as a mechanism to
boost the ionizing photon production efficiency per unit stellar
mass formed, leading to brighter UVLFs for a given halo mass
(S. Chon et al. 2022, 2024; A. Hutter et al. 2025). Other
possibilities include reduced dust attenuation, especially in
low-metallicity early galaxies (V. Mauerhofer & P. Dayal
2023; A. Ferrara 2024), or enhanced merger-driven starbursts,
though the latter remains speculative.

These elevated UVLFs significantly impact inferred reioni-
zation histories. For instance, integrating UVLFs with assumed
ionizing photon production efficiencies (&;,,) and escape
fractions (fes) yields ionizing emissivity values that may
overshoot cosmic microwave background (CMB)—derived
electron scattering optical depth constraints (e.g., Planck 2018;
Planck Collaboration et al. 2020; J. B. Mufoz et al. 2024).
Moreover, models that fit the UVLF alone often fail to match
observed galaxy clustering (i.e., galaxy bias) at high redshift.
A. Chakraborty & T. R. Choudhury (2026) showed that
resolving this tension requires introducing a mass-dependent
duty cycle and allowing star formation timescales to evolve
with halo mass and redshift.

While JWST has dramatically improved our census of high-
redshift galaxies, interpreting UVLF and pyy in isolation can
bias our understanding of the reionization timeline. Inferring
the timeline of cosmic reionization remains one of the most
challenging tasks owing to the diversity of available probes,
each sensitive to different aspects of the ionization state of the
IGM. Measurements such as the UVLF and UV luminosity
density from high-redshift galaxy surveys, especially with
JWST, are powerful tools for constraining the ionizing photon
budget. However, these probes often rely on uncertain
assumptions about quantities like the escape fraction of
ionizing photons and the ionizing efficiency of stellar
populations. Consequently, models tuned solely to match
¢uy or pyy can overpredict or underpredict the ionizing
emissivity or suggest unrealistically early or rapid reionization
histories. On the other hand, low-redshift, global constraints,
such as the volume-averaged neutral hydrogen fraction xy(z)
from quasar damping wings (e.g., F. B. Davies et al. 2018;
B. Greig et al. 2019; J. Yang et al. 2020a) or Lya emitter
(LAE) statistics (e.g., K. Ota et al. 2008; Y. Ono et al. 2012;
C. A. Mason et al. 2018; L. Jung et al. 2020; M. Nakane et al.
2024) and the CMB optical depth 7 (Planck Collaboration
et al. 2020), are more directly sensitive to the integrated effect
of ionizing sources over time but lack information about the
underlying galaxy populations responsible. Each of these
observables, when considered in isolation, carries inherent
degeneracies and can yield significantly different reionization
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histories, particularly in the timing, duration, and steepness of
the ionization transition.

In this paper, we explore a broad range of reionization
scenarios using a flexible framework that jointly incorporates
high-redshift galaxy and low-redshift IGM observables. By
combining these complementary datasets across redshift and
methodology, we try to break degeneracies, reconcile apparent
tensions, and develop a consistent picture of the sources,
timing, and topology of cosmic reionization. This paper is
organized as follows: We describe our source model in
Section 2. In Section 3.3, we outline the observational datasets;
specifically, the JWST UVLF and UV luminosity density
datasets are presented in Sections 3.3.1 and 3.3.2, respectively,
and the EoR datasets are described in Sections 3.3.3, 3.3.4, and
3.3.5. The calibrations of different models are described in
Section 4. We then jointly constrain our models using the
JWST ¢yv and pyy together with reionization observables in
Sections 5.1, 5.2.1, and 5.2.2. Finally, we present our
concluding remarks in Section 6.

We assume a flat, ACDM cosmology throughout this paper,
with the cosmological parameters obtained from the recent
Planck Collaboration et al. (2020) measurements, i.e.,
Qr =0.69, Q,, =0.31, Q, = 0.049, and the Hubble parameter
Hy = 67.66 kmsMpc .

2. Source Model
2.1. Ionization Rate

In this section, we provide a brief description of the
semianalytical model utilized in this study. To investigate the
impact of different galaxy populations, we adopt a flexible
physically motivated source model originally developed in
S. Hassan et al. (2016) based on the cosmological hydro-
dynamic simulations (R. Davé et al. 2013) and radiative
transfer simulations of reionization presented in K. Finlator
et al. (2015), which more recently has been calibrated to
cosmic dawn and reionization constraints in A. Bera et al.
(2023). This model parameterizes the ionization rate, Rion(s™ 1),
as a function of both halo mass (M},) and redshift (z) and does
not include the escape fraction. The latter is introduced when
calculating the ionizing emissivity. The mass dependence of
Rion follows a Schechter-like function, which exhibits a power-
law behavior at the bright end, reflecting the correlation
between halo mass and SFR (K. Finlator et al. 2011) and an
exponential suppression at low masses due to feedback
processes such as supernova-driven outflows and photoioniza-
tion heating. Meanwhile, the redshift dependence is described
by a simple power-law relation that captures the smooth
evolution of star formation efficiency and feedback strength
with cosmic time, and it was shown to provide a good fit to the
redshift-dependent emissivity extracted from these simulations
(S. Hassan et al. 2016, 2017). This parameterization effectively
accounts for the nonlinear dependence of R;,, on halo mass,
which can be expressed as

. - c
Rlon[S 1] —A (1 4 Z)D(Mh)
My [M] B
M, -3
| = , 1
) eXp[ ( B ) ] M

where A, B, C, and D are free parameters. Parameter A serves
as the amplitude of R;,,, uniformly scaling the ionizing
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emissivity across all halo masses at a given redshift. Parameter
B sets the minimum halo mass that can contribute to ionizing
radiation, effectively representing a quenching mass scale
influenced by feedback from star formation and photoioniza-
tion heating. Parameter C defines the slope of the R;,,—M}
relation, shaping how different halo mass ranges contribute to
the overall emissivity. Finally, D captures the redshift
evolution of the ionization rate for halos of a fixed mass and
can also be interpreted as a proxy for the strength of redshift-
dependent feedback mechanisms.

With our source model R;,, in place, we use the
Sheth-Tormen halo mass function (HMF; R. K. Sheth &
G. Tormen 1999), j—'ﬂ;, which describes the number density of
halos per unit mass, to calculate the redshift evolution of key
global quantities driving reionization and cosmic dawn. To
compute the HMF, we utilize the mass function module from
Colossus (B. Diemer 2018). We consider halos in the mass
range 10°-10'°> M, capturing contributions from all source
populations, including the faintest halos. This comprehensive
approach ensures that we account for the entire population of
halos that may contribute to the ionizing photon budget during
the early stages of cosmic evolution.

We incorporate the metallicity dependence of the emissivity
using the sub-solar-metallicity-dependent parameterization
provided by K. Finlator et al. (2011),

log Qion(Z) = 0.639(—logZ)!/3 + 52.62, 2)

where Q is in units of s™! (M., yr~)~! and Z is the metal
mass fraction. This fitting function was calibrated to match the
equilibrium emissivities tabulated in D. Schaerer (2003) over
the metallicity range Z € [10~7, 0.04]. The two terms on the
right-hand side capture the enhanced ionizing efficiency of
metal-poor stellar populations, which emit more ionizing
photons owing to their higher effective temperatures. To
account for the chemical evolution of star-forming galaxies,

we adopt a redshift-dependent mass-weighted metallicity (Z)
relation, as derived in P. Madau & T. Fragos (2017),

log(Z/Z.) = 0.153 — 0.074 '3+ . 3)

2.2. Star Formation Rate and UV Luminosity Density

We infer the SFRs from the ionization rate R;.,
(Equation 1), by combining it with a stellar-metallicity-
dependent parameterization of the ionizing photon production
rate Qion(2) (Equation 2) by

SFR = Rion (M, Z)/Qion 2) . “)

We assume that the SFR is related to the rest-frame UV
luminosity of galaxies, Lyy, as

SFR[M,, yr~'] = kyyLyylergs s"'Hz ] . 3)

Here kyy is a conversion factor, and we adopt the value
kuy = 1.15 x 1072® from P. Madau & M. Dickinson (2014),
as it is consistent with the cosmic SFH and the evolved
metallicity up to z ~ 10. However, we note that the value of
kyv depends on the stellar IMF, metallicity, and SFH. For a
Salpeter IMF and constant SFR, stellar population synthesis
models (FSPS and GALAXEYV) yield values of kyy in the
range of (1.0—1.55) x 102 M_ yr '/(erg s"'Hz '), with
lower metallicities producing slightly higher conversion
factors. The adopted value here is lower than the classical
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R. C. J. Kennicutt (1998) value of 1.4 x 10725 Note that, at
higher redshifts, stellar populations tend to have lower
metallicities and younger ages, both of which produce hotter,
more UV-luminous stars, thereby lowering xyy. However,
these effects are partially offset by the shorter time available
for stellar populations to reach equilibrium and by the evolving
shape of the SFH. The net result is that xyy varies by less
than ~20% over the relevant redshift range (z ~ 4-14), as
shown by stellar population synthesis models (P. Madau &
M. Dickinson 2014). For alternate IMF choices (e.g., Chabrier
or Kroupa), constant rescaling factors (e.g., 0.63 or 0.67) can
convert SFRs and stellar masses to Salpeter equivalents.

We obtain the globally averaged UV luminosity density
(puv) by integrating the UV luminosity over the entire halo
mass range at different redshifts as

puy lerg s He ' Mpe 21 = [Loy Pam, . (o)
M,

2.3. Galaxy UV Luminosity Functions

The UVLF of galaxies quantifies the number density of
galaxies as a function of their intrinsic UV luminosity and
provides a key observational probe of galaxy formation and
evolution, particularly at high redshifts. Since the rest-frame
far-UV light in galaxies is dominated by young, massive stars,
the UVLF directly traces the star formation activity across
cosmic time. In order to calculate the intrinsic UVLEF,
ouv(Myv, 2), from UV luminosity, Lyy, we first relate it to
the absolute magnitude, Myy (in the AB magnitude system),
using the relation (J. B. Oke & J. E. Gunn 1983)

Lyv
Myyv = —2.51o _—
oV glo( erg s~ Hz™!

) + 51.63. 7)

We note that recent JWST observations confirm a popula-
tion of intrinsically UV-luminous galaxies (Myy < —20;
e.g., R. P. Naidu et al. 2022; Y. Harikane et al. 2023;
S. L. Finkelstein et al. 2024; B. Robertson et al. 2024) that
exhibit very blue UV continuum slopes (8yy), with indications
of dust-free or negligible dust attenuation at z > 10 (F. Cullen
et al. 2024). Additionally, the galaxy population by the
BoRG-JWST survey at z ~ 8 appears to be consistent with being
dust-poor (S. Rojas-Ruiz et al. 2026; see also F. Cullen et al.
2024; K. L. K. Fu et al. 2025). Although we do not explicitly
model dust in our current framework, the presence of dust at
early times cannot be completely ruled out (M. Vogelsberger
et al. 2020; F. Fiore et al. 2023; D. Tsuna et al. 2023; J. Witstok
et al. 2023; L. Sommovigo & H. Algera 2025), and we intend to
explore its impact more carefully in future work.

We then bin the absolute magnitude, estimate the number
density of galaxies per magnitude bin using the Sheth-Tormen
HMF (R. K. Sheth & G. Tormen 1999), and verify with the
analytical prescription

dn
M,

dM,,

duv [MpC_3 mag_l] = . (8)

dMyv

2.4. Ionizing Emissivity

The integrated emission rate density of ionizing photons,
referred to as the ionizing emissivity (N, ), quantifies the total
number of ionizing photons escaping into the IGM per second
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per unit volume. This quantity is directly linked to R;,,, through
the relation

. d
Non [ Mpe 1 = fo. [Rion My, 2) 2 My (9)
dM,

where ddv denotes the differential HMF from R. K. Sheth &
h

G. Tormen (1999), which provides the number density of halos
per unit mass in the interval M), to M}, + dM per unit comoving
volume. While significant progress has been made, the escape
fraction (f.s.) remains one of the most uncertain parameters in
reionization modeling, with estimates ranging from a few
percent to over 50%, depending on galaxy mass, redshift, and
evolutionary state (N. Y. Gnedin et al. 2008; J. H. Wise &
R. Cen 2009; J. S. B. Wyithe et al. 2010; H. Yajima et al.
2011; X. Ma et al. 2015; J.-P. Paardekooper et al. 2015;
M. Trebitsch et al. 2017; J. Chisholm et al. 2018; 1. Kostyuk
et al. 2023; S. Mitra & A. Chatterjee 2023; J. Y. C. Yeh et al.
2023; N. Choustikov et al. 2024). In this work, we assume an
effective f.s., averaging over the entire population. However,
one can interpret parameters C and D as effectively capturing
the mass and redshift dependence of f..., or more precisely,
these dependencies convolved with those of R;,,. We defer a
detailed disentanglement of the mass and redshift dependen-
cies of R;,, and fis. to future work.

2.5. Neutral Hydrogen Fraction

We compute the reionization history in our models using the
following approach. The time evolution of the ionized
hydrogen fraction in the IGM, xyy, is given by P. Madau
et al. (1999),

Ao _ Non _ xun (10)
dt iy Trec
The first term on the right-hand side represents the
production rate of ionized hydrogen, expressed as the ratio
of the comoving ionizing emissivity Ny, to the average
comoving number density of hydrogen atoms 7y, which is
defined as

X Qo Perit,0
- b

my

fig = 11
Here X = 0.76 is the hydrogen mass fraction, 2, is the
present-day baryon density parameter, p..o is the critical
density today, and my is the mass of a hydrogen atom.

The second term accounts for the loss of ionizing photons
due to recombinations, characterized by the recombination
timescale #.., given by

tee = [Cun aa (1 + x) in (1 + 2°T7". 12)

In this expression, Cyyy is the clumping factor of ionized
hydrogen, which captures the effect of density inhomogene-
ities in the IGM and enhances the effective recombination rate.
We adopt the redshift-dependent form of Cyy from
A. H. Pawlik et al. (2015), which we approximate by the
cubic fit Cyp(z) = 11.822-1.579z + 0.0804z> — 0.00148z°.
This predicts a boost of up to a factor of ~5 near the end of
reionization, reflecting the growth of density inhomogeneities
in the photoionized IGM as structure formation proceeds. The
helium correction term is x = Y/4X, where Y =0.24 is the
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helium mass fraction and X is the cosmic hydrogen mass
fraction (0.76). The recombination coefficient ap corresponds
to case A recombination at a temperature of 10* K, with a
value of 42 x 107 Bem?s™! (A. A. Kaurov & N. Y. Gnedin
2014).

2.6. Optical Depth

The Thomson scattering optical depth, 7, quantifies the
cumulative scattering of CMB photons by free electrons
generated during reionization. Given a specific reionization
history, 7 can be computed as

0 1+2?
T :j(; dz % or g [xan(1 + x) + X Xgem], (13)

where o is the Thomson cross section, c is the speed of light,
and iy is the comoving hydrogen number density. The terms
xun and xyep denote the ionized fractions of hydrogen and
doubly ionized helium, respectively, and x = Y/4X accounts
for the helium contribution, with X and Y being the hydrogen
and helium mass fractions, respectively. This integral follows
the prescription from P. Madau & F. Haardt (2015) and
includes contributions from both hydrogen and helium
reionization. Since 7 is sensitive to the timing of reionization,
lower (higher) values of 7 indicate a later (earlier) onset of
ionization.

3. Methodology
3.1. Model Variants

Our goal is to assess the viability of our source model in
resolving the possible tension between low-redshift reioniza-
tion and high-redshift JWST constraints. In addition, we aim to
test the constraining power of an integrated quantity, such as
the UV luminosity density, pyy, against a nonintegrated
quantity, such as the UVLFs, ¢yy. To achieve these goals, we
consider the following model variations.

1. EoR: our fiducial reionization model, calibrated using
EoR observables (Nion + xur + 7), as described in
A. Bera et al. (2023). Here we vary only the parameters
Jesc and C, while keeping other parameters (A, B, and D)
fixed to the values obtained by fitting to the radiative
transfer simulations of K. Finlator et al. (2018), to reduce
the degeneracy among the parameters. However, in this
work we update the set of observational constraints
included in the likelihood to incorporate more recent
observations. As previously shown in A. Bera et al.
(2023), this calibration to EoR constraints uses a lower
value of D = 2.28, which serves as a proxy for weaker
feedback (i.e., slower redshift evolution).

2. EoR-¢yy-wf: the model jointly calibrated using reioniza-
tion observables and the JWST UVLFs (¢yy + Nion +
xur + 7). Similar to EoR, this model adopts a fixed low
value of D =2.28, indicating weak feedback (wf), and
we vary f.,c and C while keeping A and B fixed, along
with D.

3. EoR-¢yy-sf: similar to EoR-¢yy-wf, but varying all
parameters (fusc, A, C, and D) except the B parameter.
This calibration, as will be seen later, favors models with
a higher D value by a factor ~2 as compared to other
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models, indicating stronger redshift evolution, which
serves as a proxy for strong feedback (sf).

4. EoR-pyv-wf: the model combining reionization observa-
bles with the integrated UV luminosity density
(pyy + Nion + X1 + 7). Similar to EoR, this model also
adopts a fixed low value of D = 2.28, indicating weak
feedback (wf), and we vary f.;c and C while keeping A
and B, fixed along with D.

5. EoR-pyy-sf: similar to EoR-pyy-wf, but varying all
parameters (f.s., A, C, and D) except the B parameter.
This calibration also favors models with a higher D value
by a factor ~2 as compared to other models, indicating
stronger feedback (sf).

It is worth noting that the primary motivation for fixing the
amplitude (A), quenching mass scale (B), and feedback
strength (D) in the EoR and weak-feedback models
(EoR-pyy-wf and EoR-¢yy-wf) is that these parameters were
previously found by A. Bera et al. (2023) and S. Hassan et al.
(2016) to successfully reproduce key reionization constraints.
This approach, in turn, provides a well-defined benchmark for
exploring variations of all parameters, which, as will be shown
later, lead to the strong-feedback models (EoR-pyy-sf and
EOR-¢Uv-Sﬂ.

3.2. Bayesian Inference

We use a Bayesian inference framework to constrain the
free parameters of our model by comparing its predictions with
the observed data. The posterior probability distribution of the
model parameters 6 given the data D is calculated using
Bayes’s theorem,

L(D|0) 7 (0)
P(D)

where L£(D]0) is the likelihood function, w(6) is the prior
probability distribution on the parameters, and P(D) is the
evidence. Since we are interested in sampling the posterior up
to a normalization constant, the evidence P(D) is ignored in
our analysis.

Assuming that the datasets are statistically independent, the

total likelihood is given by the product over the individual
likelihoods,

POID) = (14)

LDI0) = [T LD.0), s)

where D, represents each observational dataset. More
specifically,

1' EOR: Dn g {-XHI(Z)a MOH(Z)’ T}7

2. EOR—(bUV_Wf/sﬁ Dn g {¢UV’ xHI(Z), MOH(Z)’ T};
3. EUR'pUV‘Wf/Sﬁ D, € {pUV’ Xm1(2), Nion (2), T},

where each term in the product takes the Gaussian form,

:— M,;(0) )2

In £(D,[0) = —%Z(DM (16)

On,i

where D,; and o0, ; are the observed data and uncertainties,
respectively, and M, (0) are the model predictions for a
parameter set 6.

To sample the posterior distribution P(6|D), we use the
affine-invariant Markov Chain Monte Carlo (MCMC) ensem-
ble sampler implemented in the publicly available Python
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Table 1
Parameter Priors Used in Our Bayesian Analysis
Model Parameter Prior Maximum  Minimum
All models Jese uniform 0 1
Strong-feedback A log-uniform 30 45
models
All models C uniform -5 10
Strong-feedback D uniform -5 10
models

Note. Parameter B is initially varied for the ¢yyv and pyy model, as described
in the Appendix, and then fixed to log,,(B/M.) = 7.67 to reduce the
degeneracy among the parameters.

package emcee (D. Foreman-Mackey et al. 2013). This method
is particularly well suited for high-dimensional, correlated
parameter spaces and enables efficient exploration of the
posterior distribution. The resulting MCMC chains allow us to
marginalize over nuisance parameters and derive credible
intervals for each parameter. We adopt uniform or log-uniform
priors depending on whether the parameter has a well-
motivated range or spans multiple orders of magnitude,
respectively. We consider the chains to have converged once
the integrated autocorrelation time is well estimated. Priors on
the free parameters for different models are given in Table 1,
motivated by the parameter values found in A. Bera et al.
(2023) and S. Hassan et al. (2016).

3.3. Observational Constraints

In this subsection we present the observational constraints
employed to calibrate and validate our models. We compile all
the observational data using publicly available package
CoReCon (E. Garaldi 2023).

3.3.1. JWST UV Luminosity Function, dyy

For the UVLFs, we consider all current observational
constraints from several works (R. Bouwens et al. 2023a;
R. J. Bouwens et al. 2023b; C. T. Donnan et al. 2023a,
2023b, 2024; Y. Harikane et al. 2023; P. G. Pérez-Gonzilez
et al. 2023; N. J. Adams et al. 2024; C. M. Casey et al. 2024;
S. L. Finkelstein et al. 2024; G. C. K. Leung et al
2023; D. J. McLeod et al. 2024; B. Robertson et al. 2024;
C. J. Willott et al. 2024; L. Whitler et al. 2025), spanning a
redshift range from z ~ 8 to 14. Figure 1 shows these ¢yv
measurements, where different colors represent the observa-
tional data at different redshift bins and different symbols
denote data from individual studies (e.g., blue circles:
N. J. Adams et al. (2024) at z ~ 8; orange upward-pointing
triangles: R. Bouwens et al. (2023a) at z ~ 9; green plus signs:
C. T. Donnan et al. (2023b) at z ~ 10; purple squares:
Y. Harikane et al. (2023) at z ~ 12; etc.).

3.3.2. JWST UV Luminosity Density, pyy

We here consider the observational constraints reported
in N. J. Adams et al. (2024), S. L. Finkelstein et al. (2024),
Y. Harikane et al. (2023), D. J. McLeod et al. (2024),
P. G. Pérez-Gonzilez et al. (2023), and C. J. Willott et al.
(2024). All data with the 1o errors are given in Table 2. We
include pyy measurements only at z > 8 in our likelihood
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Figure 1. The JWST UVLFs (¢yv) observational data used to constrain our models. Data points include N. J. Adams et al. (2024; A24), R. Bouwens et al. (2023a;
B23a), R. J. Bouwens et al. (2023b; B23b), C. M. Casey et al. (2024; C24), C. T. Donnan et al. (2023a; D23a), C. T. Donnan et al. (2023b; D23b), C. T. Donnan et al.
(2024; D24), S. L. Finkelstein et al. (2024; F24), Y. Harikane et al. (2023; H23), G. C. K. Leung et al. (2023; L23), P. G. Pérez-Gonzdlez et al. (2023; P23),
D. J. McLeod et al. (2024; M24), B. Robertson et al. (2024; R24), C. J. Willott et al. (2024; W24), Y. Harikane et al. (2024; H24), Y. Harikane et al. (2025; H25), and
L. Whitler et al. (2025; W25). Different colors represent different redshift bins, for example, z = 8 (blue), z = 9 (orange), z ~ 10[9.8-10.75] (green),
z ~ 11 [11-11.75] (red), z ~ 12 [12-12.8] (violet), and z ~ 13.5 [13-14.5] (brown). Different symbols denote data from individual studies.

analysis to ensure consistency with the post-JWST UVLF
datasets considered in this work.

3.3.3. Ionizing Emissivity, Nion

We update the observational constraints on global ionizing
photon emissivity over the redshift range 2 < z < 6 used in
A. Bera et al. (2023). We incorporate the measurements from
G. D. Becker et al. (2021), P. Gaikwad et al. (2023), and
G. D. Becker & J. S. Bolton (2013), as shown in Table 3.
These emissivity measurements are derived from high-redshift
QSO absorption spectra, where the hydrogen photoionization
rate ['y; is inferred from the observed Lya forest opacity and
mean free path of ionizing photons, which is then converted to
an ionizing emissivity.

3.3.4. Neutral Hydrogen Fraction, Xy

In compiling the dataset for the measurements of the
volume-averaged neutral hydrogen fraction, xy;, we consid-
ered only measurements and omitted upper or lower limits in
order to minimize potential biases arising from poorly
constrained results. Our extensive dataset includes measure-
ments from X. Fan et al. (2006), K. Ota et al. (2008),
J. S. Bolton et al. (2011), B. Greig et al. (2017), B. Greig et al.
(2019), F. B. Davies et al. (2018), Y. Ono et al. (2012),
C. A. Mason et al. (2018), A. Hoag et al. (2019), I. Jung et al.

(2020), J. Yang et al. (2020b,a), G. D. Becker et al. (2021),
S. E. I. Bosman et al. (2022), P. Gaikwad et al. (2023),
M. Nakane et al. (2024), B. Spina et al. (2024), and H. Umeda
et al. (2024) using quasar absorption spectra, LAEs, Lyman
break galaxies (LBGs), Lya equivalent width (EW), Ly«
forest, and Lya damping wing over the redshift range
5 < z < 11. All the data used in this work are given in Table 4.

3.3.5. Optical Depth, T

For the Thomson optical depth, we use the Planck
Collaboration et al. (2020) result, which is 7 = 0.054 +
0.007 at the 68% confidence level. This improved precision
comes from better measurements of large-scale polarization,
significantly tightening the constraint.

4. Model Calibration

We now consider the combined constraints from recent
JWST observations and globally averaged observational
quantities of reionization described in Sections 3.3.1, 3.3.2,
3.3.3,3.3.4, and 3.3.5, respectively, to calibrate all our models.
The best-fit parameter values for all models are summarized in
Table 5.

We present this comparison in the left panel of Figure 2.
The parameters in the EoR-¢yy-sf case yield significantly
tighter constraints, as is evident from the narrower contours
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Table 2 Table 4
UV Luminosity Densities (pyy) from Recent JWST Measurements Used in IGM Neutral Hydrogen Fraction, xy; Measurements
This Work
Redshift Constraints Observables References
Redshift Ref s
. log(puy) elerences 5.03 557165 % 1073 X. Fan et al. (2006)
11.0 25155013 D. J. McLeod et al. (2024) 505 67728 % 107 QSO
13.5 24.544938 5.45 6.673% x 1073 absorption
+4.6 —5
9.0 25.40*319 S. L. Finkelstein et al. (2024) 365 8.8 565 > 10 spectra
11.0 25 OO+0‘20 5.85 13t4:08 x 1073
’ PO 6.1 43130 % 10
14.0 2490419 3
+0.16
9.0 25.17708 P. G. Pérez-Gonzdlez et al. (2023) 7.0 0.52 016 LAEs K. Ota et al. (2008)
10.75 25125817 7.085 0.979] Lya transmission J. S. Bolton et al.
12.25 2469102 profile (2011)
8.0 25.80004 C. J. Willott et al. (2024) 7.0 0.75:513 LAEs Y. Ono et al. (2012)
9.0 25497097
1025 5100012 7.0 0341099 LBGs M. A. Schenker et al.
' vy (2014)
11.75 24,4043
7.1 0.67349 Lya damp- B. Greig et al. (2017
9.0 25281019 Y. Harikane et al. (2023) 021 11 Winp & @017
12.0 24.617938 ° e
7.09 0.52792¢ QSO damp- F. B. Davies et al.
8.0 25.615059 N. J. Adams et al. (2024) ing wing (2018)
9.0 25.09°927 7.54 0.410%
10.5 24847530
125 23.89+034 7.0 04170 Lya EW C. A. Mason et al.
i (2018)
+0.23 .
%0 2500207 Y. Harikane et al. (2024) 75 0.211917 QSO damp- B. Greig et al. (2019)
10.0 24567938
: 039 ing wing
12.0 2435703
7.6 0.8879% LBGs A. Hoag et al. (2019)
w 3 P —1 —1 -3 .
Note. All pyy values are in units of ergs™ Hz  Mpc ~, integrated up to 76 0.49+019 Lya EW . Jung et al. (2020)
Myy = —17. :
75 0.391532 J. Yang et al. (2020b)
5.4 5637038 x 1073 QSO damp-
Table 3 ing wing
Tonizing Emissivity (Non) Measurements 5.6 7.65482 % 1075
+1.76 —5
Redshift 10g(Nion) References 58 885712 x 10
40 —0.1470%0 G. D. Becker & J. S. Bolton (2013) 5.0 2441035 x 1072 S. E. . Bosman et al.
475 —0.017080 (2022)
o 5.1 2657042 x 1073 Lya forest
5.1 0.00751% G. D. Becker et al. (2021) 52 2997042 % 1075
6.0 0.54+033 53 2994047 x 1073
49 —0.22+932 P. Gaikwad et al. (2023) 49 253108 % 1075 P. Gaikwad et al.
5.0 —0.2540% (2023)
5.1 —0.211034 5.0 226104 x 107
5.0 ~0.18+030 5.1 2667933 x 1073 QSO
53 —0.2010% 5.2 2.75%03% x 1073 absorption
5.4 —0.197931 5.3 0.000519305%8 spectra
55 —0.23+931 54 0003570015
5.6 —0.18+0%¢ 55 00072505
5.7 —0.20792% 5.6 00162005
5.8 —0.221930 57 00555071
5.9 ~0.2010% 5.8 0.09470:063
6.0 —0.15702 59 0.1375%
6.0 0.17:5083
Note. All Ny, values are in units of 10°! s7* Mpc’S. 8.0 0.62:(;:;2 Lya EW M. Nakane et al.
(2024)
o . i 11.0 0.9370%%
and sharper marginalized peaks (shown in blue). This is : o007
primarily because the UVLF retains magnitude-resolved 5.67 0.19 + 0.07 Lya forest B. Spina et al. (2024)
information about galaxy populations, allowing a more precise
7.12 0.53+318 H. Umeda et al. (2024)

mapping between halo mass and galaxy luminosity. However,
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Table 4
(Continued)
Redshift Constraints Observables References
Lya damp-
ing wing
7.44 0.6510%
8.28 0.91709
10.28 0.92+0.%8

other EoR observables (e.g., Nion, Xur, and 7) play a crucial
role in constraining the allowed ionizing budget, resulting in a
similar tighter constraint on f, in the case of the EoR-¢yy-sf
model. In the 2D posterior distributions, we observe a negative
correlation between the amplitude (A) and f.,., which arises
naturally from the R;,, parameterization, as these parameters
are multiplied by each other. Positive correlations are observed
between f.;. and both the feedback strength (D) and the M,
index (C), indicating that a higher f,. is required to
counterbalance the increased feedback strength and the
reduced contribution from low-mass halos. As seen in
Table 5, by allowing the redshift evolution (D parameter,
i.e., feedback strength) to vary, we obtain higher values of
D~ 6.8 for the EoR-pyy-sf model and D~ 5.3 for the
EoR-¢yy-sf model, which is ~2—3 x higher than the fiducial
value D ~ 2 that is adopted in our previous analysis in A. Bera
et al. (2023) and S. Hassan et al. (2016) and in other models
such as EoR, EoR-¢yvy-wf, and EoR-pyy-wif.

>We now turn our attention to the right panel of Figure 2.
Here we present a comparison for the posterior distributions
for only the parameters of f.,. and the mass index C. In this
analysis, we follow our previous approach in A. Bera et al.
(2023) and S. Hassan et al. (2016) for EoR, EoR-¢yv-wf, and
EoR-pyy-wf, where we fix the parameters log,,(A/ M;] sh=
40, log,((B/My) = 7.67, D = 2.28. In the EoR-¢yy-sf and
EoR-pyvy-sf cases, we fix the parameters to their respective
values given in the last two rows in Table 5 and vary only fis.
and C in all models. By focusing on the f.;.—C plane, we can
determine the contribution of different galaxy populations
responsible for driving different observables at different
redshifts including reionization. For the EoR model, we find an
Jfese — C relation (in pink) consistent with our previous

findings, with a slight increase in f, = 0.0751395 and a

slight decrease in C = 03497999 as compared to
fio = 0025002 and C = 0.567]7 found in A. Bera et al.
(2023), due to adding the most updated measurements in the
likelihood. In this figure, we also show the results for the
EoR-¢yy-wf (in green) and EoR-pyy-wf (in brown) models,
where f.,. increases to 0.174 4 0.001 and 0.154 4+ 0.003 and C
decreases to 0.15 4 0.001 and 0.18370:003, respectively. This
shows that adding UV observables, in the presence of week
feedback, prefers models with higher f.;. and more contrib-
ution from low-mass halos. In the strong-feedback cases,
EoR-¢yy-sf (in blue) and EoR-pyy-sf (in orange), both f,.. and
C parameters increase. For example, f., increases to
0.573 4+ 0.019 and 0.64870%7 and C increases to
0.612 + 0.023 and 1.12775183 respectively, preferring models
with much higher f., and much more contribution from
massive halos.

Bera et al.

5. Results

Here we assess the ability of our models to reproduce
various observables and alleviate the potential tension between
JWST and EoR constraints.

5.1. The UV Luminosity Function, byy

Using the best-fit values shown in Table 5, we compare all
models to the comprehensive set of UVLF constraints from
recent JWST surveys across a wide redshift range, z ~ §—14,
shown in Figure 3. Each panel illustrates the models evaluated
at a specific redshift bin, alongside observational data points
from multiple surveys, including CEERS, GLASS, JADES,
COSMOS-Web, PEARLS, and NGDEEP (T. Treu et al. 2022;
R. A. Windhorst et al. 2023; M. B. Bagley et al. 2024;
C. M. Casey et al. 2024; S. L. Finkelstein et al. 2024;
D. J. Eisenstein et al. 2026). The pink dotted—dashed curve,
green and brown dashed curves, and blue and orange solid
curves in each panel show the result of model predictions for
EoR, EoR-¢yy-wf, EoR-pyy-wf, EoR-¢yy-sf, and
EoR-pyv-sf, respectively. The gray symbols in Figure 3 are
estimates based on photometric samples, and black symbols
represent the number densities of galaxies with spectroscopic
redshifts.

The EoR model overpredicts the abundance of galaxies at
all magnitudes up to z ~ 10, due to the high overall amplitude
(higher A value), and marginally underpredicts the bright end
at higher redshifts z > 10, which may be expected since this
model is not calibrated to any JWST ¢yy or pyy observations.
All the weak-feedback model predictions from EoR-¢yy-wf
and EoR-pyy-wf tend to fit the observations well compared to
other models up to z ~ 10 but underpredict the number density
of bright galaxies at redshifts z > 10, as the power-law slope
is a few times lower and the redshift evolution/feedback is
mild compared to the other cases.

The EoR-¢yy-sf model shows excellent agreement at the
faint end with the observational UVLFs for the entire redshift
range z ~ 8—14, reproducing both the shape and normalization
of the luminosity function. However, this requires a more ragid
redshift evolution, R;,, o (1 + z)s'3 2 as compared to (1 + z) 28
as derived from radiative transfer simulations (S. Hassan et al.
2017). The agreement at the faint end validates the model’s
assumptions about halo mass-to-light ratios, and suppression
for low-mass halos due to feedback is robust. The better fit of
EoR-¢yv-sf over EoR-¢yvy-wf at the bright end (Myy < —21)
at z > 10 is particularly notable, which suggests that a strong
feedback from early massive galaxies is essential to explain
the elevated UVLF observed in recent JWST surveys (e.g.,
R. Bouwens et al. 2023a; R. J. Bouwens et al. 2023b;
C. T. Donnan et al. 2023a; N. J. Adams et al. 2024) at high
redshifts. The EoR-pyy-sf model tends to underpredict the
faint end, Myy > —20, of the UVLF. This is because pyv is an
integrated quantity and does not retain information about the
shape of the luminosity function, resulting in a lower
normalization (log,A = 32.82971997) and correspondingly
higher values for the slope and redshift evolution parameters
compared to the EoR-¢yy-sf case.

5.2. Globally Averaged Quantities

We now proceed to present our model predictions for the

globally averaged quantities, including puv, Psrr> XHr> Nions
and 7, alongside the observational data, as shown in Figure 4.
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Table 5
Best-fit Parameters

Model Sese log,o(A/M;" s C D Constraints

EoR 0.075:0933 40.00 [fixed] 0.349 £ 0.062 2.28 [fixed] Nion + Xur + 7
EoR-¢yy-wf 0.174 + 0.001 40.00 [fixed] 0.15 + 0.001 2.28 [fixed] Nion + X1 + 7 + by
EoR-pyy-wf 0.154 4 0.003 40.00 [fixed] 0.18370:0% 2.28 [fixed] Nion + X1 + T + puy
EoR-¢yy-st 0.573 4 0.019 357711133 0.612 4 0.023 5.327 4 0.133 Nion + Xu1 + 7+ dyy
EoR-pyy-sf 064810074 32.820+1657 1.12774188 6.767+1052 Non + X1 + 7 + puy

Note. Parameter B is fixed to log,,(B/M.) = 7.67.

5.2.1. UV Luminosity Density and Star Formation Rate Density

Using the best-fit parameters from Table 5, we show the
redshift evolution of pyy and the predicted evolution of the
cosmic SFR density pspr compared to the observational data
from recent JWST surveys in the top left and right panels of
Figure 4, respectively.

The EoR constraints alone lead to an overprediction of pyy
and psggr across all redshifts (z ~ 8—14). The addition of ¢yv
or pyv constraints leads to an overall decrease in the redshift
evolution of pyy, and consequently of pspr at z < 14,
improving agreement with the observations. While models
EoR-¢yy-wf and EoR-pyy-wf improve agreement at z < 10
and are broadly consistent with expectations from weak-
feedback models, similar to N. J. Adams et al. (2024) and
C. J. Willott et al. (2024), they underpredict the enhanced pyv
at z > 10, highlighting that a weak-feedback model may not
fully capture the abundance of UV-bright galaxies revealed by
JWST during cosmic dawn. We also note that the observa-
tional uncertainties at z > 10 span several orders of
magnitude, offering limited information on the precise
evolution at high redshift. As a result, these measurements
are insufficient to robustly constrain our models at z > 12.

Both the EoR-¢yy-sf and EoR-pyy-sf models result in
better consistency with the observed pyy (Y. Harikane et al.
2023; P. G. Pérez-Gonzélez et al. 2023; S. L. Finkelstein et al.
2024; D. J. McLeod et al. 2024) and psggr (C. T. Donnan et al.
2023a; Y. Harikane et al. 2023), particularly in the redshift
range z ~ 8-12. However, sf models fail to capture the
increase in the UV luminosity density, suggested by Hubble
Frontier Fields cluster observation (R. J. Bouwens et al. 2022;
open squares in the top left panel of Figure 4) at redshifts
z < 7. We verify that the inclusion of low-redshift pyy data
drives the model toward better consistency with the overall
evolutionary trend across the full redshift range (z=2-16).
Similarly, at lower redshifts (z < 7), both sf models deviate
from the empirical P. Madau & M. Dickinson (2014) fit (open
circles in the top right panel of Figure 4), underestimating the
sharp rise in the SFR densities. We also note that all our
models predict pyy and pspr values that lie above the lower
limits set by the spectroscopically confirmed measurements of
Y. Harikane et al. (2024).

5.2.2. EoR Observables

We now show the redshift evolution of volume-averaged
neutral hydrogen fraction, xy(z), and the model-predicted
ionizing emissivity histories in the bottom left and middle right
panels of Figure 4, respectively. All the models demonstrate
broad consistency with the observational constraints from
G. D. Becker & J. S. Bolton (2013) over the range z =4-5.5,

where the emissivity reaches a few ionizing photons per
hydrogen atom per Gyr.

The EoR and EoR-pyy-sf models show a sharp declining
emissivity with increasing redshift, resulting in a delayed onset
of reionization starting around z ~ 12, but show a rapid decline
in xg after z ~ 7.5, completing reionization by z ~ 6. For
instance, between z ~ 6.5 and z ~ 7.5, these models remain
consistent within the lo—20 bounds of damping wing
constraints from quasars (B. Greig et al. 2017; F. B. Davies
et al. 2018; J. Yang et al. 2020b) and LAE fractions (Y. Ono
et al. 2012; C. A. Mason et al. 2018; J. Yang et al. 2020a). At
z ~ 7.5, these models yield xy; ~ 0.4-0.5, capturing the
midpoint of reionization and indicating a partially neutral
IGM. However, at earlier times (z = 8), the neutral fraction
rises steeply to xyy ~ 0.7-0.9, and these two models maintain
the highest neutral fraction at z > 7, making it more consistent
with recent JWST-informed constraints on a late and rapid
reionization (M. Nakane et al. 2024; H. Umeda et al. 2024).
On the other hand, the ionizing emissivity of the EoR-¢yy-sf
model lies systematically above the EoR and EoR-pyy-sf fit,
especially at higher redshifts (z 2 8), implying that enhanced
emissivity naturally arises when calibrated to the elevated
UVLF measured by JWST. Consequently, the EoR-¢yy-sf
model shows a very early and extended reionization history,
beginning around z ~ 18 and suggesting that the Universe is at
least 20% ionized by z ~ 10 as opposed to <10% according to
Planck Collaboration et al. (2020). However, this model is
consistent with the JWST-informed lower limit of T. Morishita
et al. (2023; black triangle) and the upper limit of S. Bruton
et al. (2023; black thick triangle). Additionally, as this model
exhibits a relatively high ionizing emissivity at early times,
followed by a gradual decline toward z ~ 6, this leads to a
reionization history that also completes around z ~ 6, in
agreement with the other two models. In particular, at z < 6,
all models converge toward a nearly ionized IGM with
xgr ~ 0.01-0.05, in agreement with constraints from X. Fan
et al. (20006), J. Yang et al. (2020a), and P. Gaikwad et al.
(2023). The EoR-¢yy-wf and EoR-pyy-wf models exhibit
intermediate reionization histories, as these models predict
higher emissivity than the EoR-only case but lower than the
EoR-¢yv-sf fit, at the high redshifts, z > 7. Notably, none of
the models favor the high emissivity of G. D. Becker et al.
(2021) at z ~ 6; instead, all the models align more closely with
the findings of G. D. Becker & J. S. Bolton (2013) and
P. Gaikwad et al. (2023), supporting a reionization completion
around z ~ 6.

Despite the close relationship between ¢yy and pyy, the
UVLF-constrained model still predicts a noticeably different
reionization timeline. As upcoming JWST surveys provide
more detailed information on high-redshift galaxies, our
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Figure 2. Corner plots showing the inferred parameter distributions for different combinations of observables: Left: constraints from joint fits combining EoR
observables with ¢yy and pyy data, fixing log,(B/M,,) = 7.67, to reduce the parameter degeneracies as described in the Appendix. Right: constraints from EoR and
joint fits for all models described in Section 3.1, allowing only f.s. and C to vary and fixing other parameters to the values given in Table 5.
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Figure 3. Comparison of rest-frame UVLFs, as predicted by our models using inferred parameter values given in Table 5 with the JWST observational constraints
from N.J. Adams et al. (2024; A24), R. Bouwens et al. (2023a; B23a), R. J. Bouwens et al. (2023b; B23b), C. M. Casey et al. (2024; C24), C. T. Donnan et al.
(2023a; D23a), C. T. Donnan et al. (2023b; D23b), C. T. Donnan et al. (2024; D24), S. L. Finkelstein et al. (2024; F24), Y. Harikane et al. (2023; H23),
G. C. K. Leung et al. (2023; L23), P. G. Pérez-Gonzdlez et al. (2023; P23), D. J. McLeod et al. (2024; M24), B. Robertson et al. (2024; R24), C. J. Willott et al.
(2024; W24), Y. Harikane et al. (2024; H24), and Y. Harikane et al. (2025; H25). The observational data points are the same as in Figure 1. To avoid ambiguity with
the lines, we use gray for photometric samples and black for spectroscopically confirmed observations. Weak-feedback models struggle to capture the elevated
UVLF at z > 9 (in dashed brown and green), while strong-feedback models (in solid blue and orange) successfully reproduce the elevated UVLF at high redshift
(z 2 10) but overestimate the bright end at z < 9.

understanding of the reionization timeline is expected to deliver the first spatially resolved 21 cm maps of the neutral
improve significantly. In parallel, forthcoming 21 cm experi- IGM, directly tracing how ionized regions expand around early
ments (e.g., the Square Kilometer Array (SKA-low)) will sources and providing direct tests of reionization models.

10
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Figure 4. Redshift evolution of all globally averaged quantities compared with the observations given in Section 3.3. Top left: UV luminosity density, pyy; top right:
SFR density, psgr; bottom left: neutral hydrogen fraction, xyy; middle right: ionizing emissivity, N;on; bottom right: Thomson optical depth, 7, for all the model
variants given in Table 5. All models reproduce the reionization history within the 10—2¢ level of current observational constraints, but their ability to match JWST
observations varies significantly. Despite agreeing well with the xy; and Planck optical depth measurement, the EoR model (in dotted—dashed pink) fails to capture
the evolution of the JWST UV luminosity density. The weak-feedback models (in dashed brown and green), with higher f... values and a larger contribution from
faint galaxies than the EoR model, reionize earlier than it. In contrast, the EoR-¢yy-sf model (in solid blue), featuring strong feedback and an enhanced contribution
from massive galaxies, produces relatively high ionizing emissivity and, consequently, an early yet more extended reionization history, still consistent with the upper
and lower limits of S. Bruton et al. (2023; black thick diamond) and T. Morishita et al. (2023; black diamond), respectively (bottom left panel).

The cumulative electron scattering optical depth, shown in the et al. (2020), being within the 20 level. In particular, the EoR and
bottom right panel of Figure 4, reflects the integrated history of EoR-pyv-sf models produce the lowest 7, while the EoR-¢y-sf
reionization. All models are consistent with Planck Collaboration fit yields slightly higher values, yet within 20 of the Planck

11
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Figure 5. The ionizing emissivity for all models, separating the contribution of massive (M, > 10'® M) and faint galaxies (M, < 10'® M) by black-outlined and

no-outlined curves, respectively.

Collaboration et al. (2020) value, due to early yet more extended
reionization, which prolongs partial ionization epochs. The wf
models are also within 1o of Planck Collaboration et al. (2020).
The differences remain modest, indicating that all the models are
viable within current CMB constraints.

To further verify the implied role of different galaxy
populations in driving reionization from Table 5, we split the
total ionizing emissivity, Moy, into two components: emissiv-
ities from galaxies fainter and brighter than 10'® M. We then
present the evolution of these two components for all models
in Figure 5, indicating the emissivities from galaxies fainter/
brighter than 10'® M., with no-outlined/black-outlined lines,
respectively. As shown earlier in Figure 4, reionization begins
earlier in the wf models compared to the EoR model, due to
the higher contributions to the emissivity budget from faint
galaxies (no-outlined green/brown vs. pink lines), as seen in
Figure 5. This is consistent with the lower inferred C values by
roughly a factor of 2 in these models compared to the EoR
model, as reported in Table 5. This table also shows that in the
sf models the C values are higher by a factor of 2—4 compared
to the EoR model, indicating a much stronger contribution
from massive halos. Comparing the black-outlined orange/
blue lines with the pink lines in Figure 5, we clearly see that
the contribution from massive halos in the sf models is higher
than in the EoR model. This figure vividly illustrates that a
stronger contribution from bright galaxies, combined with
more pronounced redshift evolution (i.e., stronger feedback), is

12

needed to reproduce the early JWST observations at high
redshift. However, this does not necessarily imply too early
reionization, as previously shown in J. B. Mufoz et al. (2024);
instead, it points to an extended reionization history that
concludes around z ~ 6, as captured by the EoR- ¢y -sf model.

6. Conclusion and Discussion

We have presented a detailed Bayesian analysis using our
semianalytical framework for modeling the ionizing sources
over cosmic time. Our model incorporates a flexible
parameterization of the ionizing photon production rate as a
Schechter-like function in halo mass and a power law in
redshift, enabling joint inference on the amplitude, mass
scaling, and feedback-driven evolution of ionizing sources. By
varying the models’ parameters, we have explored a broad
range of possible reionization scenarios consistent with a large
suite of high-redshift galaxy observations from JWST, along
with low-redshift reionization observables such as the ionizing
emissivity (Nio,), the volume-averaged neutral hydrogen
fraction (xy;), and the CMB optical depth (7). This framework
provides a coherent way to assess the relative contributions of
different galaxy populations and how their evolving emissiv-
ities shape the reionization history.

The weak- and strong-feedback scenarios identified in our
analysis can be understood in terms of the underlying physical
processes that regulate star formation and ionizing photon
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production in high-redshift galaxies. In the weak-feedback
models (D =2.28), the ionization rate evolves mildly with
redshift, consistent with the moderate feedback efficiencies
derived from radiative transfer simulations (K. Finlator et al.
2011; S. Hassan et al. 2016, 2017). In this regime, stellar
feedback (primarily supernova-driven outflows and photoio-
nization heating) scales mildly with redshift, and low-mass
halos (M, < 10 0 M) dominate the ionizing photon budget, as
their star formation is not strongly suppressed. This picture is
broadly consistent with the reionization scenario in which
numerous faint galaxies collectively drive reionization (e.g.,
B. E. Robertson et al. 2015; S. L. Finkelstein et al. 2019). In
contrast, the strong-feedback models (D ~ 5-7) require a rapid
redshift evolution of R;,,, which could arise physically from
several mechanisms. First, supernova feedback efficiency is
expected to increase at higher redshifts owing to lower
metallicities, which reduce radiative cooling losses in super-
nova remnants and allow the deposited energy to couple more
effectively to the surrounding gas (K. Thornton et al. 1998;
T. Kimm et al. 2015; M. C. Smith et al. 2018). At the same
time, higher gas densities and more compact galaxy morphol-
ogies at early times can enhance the impact of feedback on the
interstellar medium (A. L. Muratov et al. 2015; C. C. Hayward
& P. F. Hopkins 2017). Second, radiative feedback from
photoionization heating by the growing UV background
suppresses star formation preferentially in low-mass halos
(M, < 10° M), whose shallow potential wells cannot retain
photoheated gas (P. R. Shapiro et al. 1994; J. H. Wise &
R. Cen 2009; K. Finlator et al. 2011; T. Dawoodbhoy et al.
2018; P. Ocvirk et al. 2020), effectively shifting the dominant
sources of ionizing photons toward more massive systems over
time. Third, bursty SFHs can produce rapid UV luminosity
variations that mimic stronger effective feedback when time-
averaged (C.-A. Faucher-Giguere 2018; A. Pallottini &
A. Ferrara 2023; G. Sun et al. 2023a, 2023b). Fourth, a
mass-dependent escape fraction that increases steeply toward
higher redshifts for massive halos could also contribute to the
effective redshift evolution captured by our D parameter.
Recent simulations and semianalytical models find that f..
correlates with halo mass, star formation burstiness, and
redshift (J.-P. Paardekooper et al. 2015; I. Kostyuk et al. 2023;
N. Choustikov et al. 2024; S. J. Mutch et al. 2024), and our
strong-feedback models’ preference for high f... (~0.5-0.6) is
qualitatively consistent with scenarios where feedback-driven
channels facilitate photon escape in actively star-forming
massive galaxies. The strong D parameter (~5-7) thus
effectively captures the combined redshift evolution of all
these processes, which cannot be individually disentangled
with our current parameterization. However, the mass
dependence, captured by the C parameter, reflects how
different halo mass scales contribute to the emissivity budget:
higher C values favor more massive halos, consistent with
scenarios where feedback preferentially suppresses star
formation in low-mass systems at early times (T. Dawoodbhoy
et al. 2018; P. Ocvirk et al. 2020). This is also consistent with
the “oligarch” reionization scenario proposed by R. P. Naidu
et al. (2020), in which a relatively small number of luminous,
massive galaxies with high escape fractions dominate the
ionizing photon budget, as opposed to the democratic picture
favored by the weak-feedback models. Our key findings are as
follows:
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1. Weak-feedback (wf) models with dominant contributions
from low-mass galaxies (M, < 10'°M_.) and weaker
redshift evolution/feedback (e.g., C ~ 0.15, D = 2.28)
reproduce JWST UVLF in z < 10 but fail to capture the
elevated UVLF measurements at z > 10. In contrast,
strong-feedback (sf) models, with a higher contri-
bution from massive galaxies (M, > 10'°M.) and
stronger redshift evolution/feedback (e.g., C 2 0.6-1.1,
D ~ 5.3-6.8), reproduce the JWST UVLF at higher
redshifts, particularly in the range z ~ 10-14, consistent
with the shallow decline observed in the number density of
UV-bright galaxies in JWST surveys (e.g., R. J. Bouwens
et al. 2023b; C. T. Donnan et al. 2023b; S. L. Finkelstein
et al. 2024), but overestimate the bright end at z<9.
Additionally, the model constrained by only reionization
observables (EoR) tends to overpredict the faint end,
showing discrepancies with the JWST UVLF observations,
specifically up to z ~ 10 (see Figure 3).

2. All models calibrated jointly to EoR and JWST
observables reproduce the globally averaged quantities,
including the evolution of pyy and psgg, along with
Nion, X (z), and 7, within current observational uncer-
tainties. Interestingly, despite yielding similar reioniza-
tion endpoints, different model families predict
significantly different reionization timelines. Models that
match the shape and evolution of the high-redshift JWST
UVLF (EoR-¢yy-sf) favor earlier and more gradual
reionization. Notably, even in this model, where
reionization begins as early as z ~ 16, due to its
extended reionization, the integrated optical depth is not
in tension with CMB constraints, resolving the photon
budget crisis highlighted by J. B. Muiioz et al. (2024).
Other models, including the weak-feedback models (wf),
tend to favor later and more rapid transitions. Never-
theless, all models complete reionization by z ~ 6,
disfavoring very late scenarios, such as those proposed
by G. D. Becker et al. (2021), and aligning more closely
with recent IGM-based constraints (e.g., S. E. I. Bosman
et al. 2022; P. Gaikwad et al. 2023; see Figure 4).

These results are based on our current R;,, prescription,
which depends on halo mass and redshift, though alternative
parameterizations incorporating additional physical quantities
may also be viable. For instance, some recent JWST
measurements of the high-redshift UVLF suggest that a
double power-law (DPL) form provides a better fit than the
traditional Schechter function (e.g., R. Bouwens et al. 2023a;
C. T. Donnan et al. 2023a), which indicates a deviation of the
exponential cutoff at low mass typically assumed in halo
mass—UV luminosity relations. Consequently, exploring a
DPL-like parameterization of R;,, using the simulations of
K. Finlator et al. (2018) may improve the agreement with
observations. In addition, constructing an emissivity model
using simulations that are consistent with current JWST
luminosity functions (e.g., FIREbox"®; R. Feldmann et al.
2025) may provide new insights into the roles of massive and
faint galaxies during reionization. We leave exploring various
ways to parameterize R;,, and their impact on reionization
observables to future works.

As mentioned earlier, our current model does not explicitly
account for dust extinction. However, recent JWST and
ALMA observations, along with theoretical studies, indicate
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that while dust is minimal in most galaxies at z = 10 (e.g.,
F. Cullen et al. 2024; M. W. Topping et al. 2024), it can be
nonnegligible for some systems by z ~ 7-8, potentially
affecting UV luminosities and inferred SFRs (X. Ma et al.
2019; J. Witstok et al. 2023; T. J. L. C. Bakx et al. 2025). A
more detailed treatment of dust attenuation will be incorpo-
rated in the future work.

Our findings underscore the importance of the robustness
of the joint inference approach. As JWST continues to
expand its reach toward fainter and rarer galaxies, future
constraints on the faint-end slope, star formation duty cycles,
and feedback-regulated star formation will be crucial to
further refine our models of reionization. Integrating these
datasets with IGM tomography and upcoming 21cm
observations with SKAO (P. E. Dewdney et al. 2009;
R. Braun et al. 2019), we expect significantly improved
constraints on the feedback-regulated physics of high-
redshift galaxies. The wide-field capabilities of the Nancy
Grace Roman Space Telescope (D. Spergel et al. 2015) will
further enhance this picture by providing unprecedented
statistics on bright and intermediate-luminosity galaxies
across large cosmic volumes, enabling precise measurements
of galaxy clustering, luminosity functions, and the environ-
ments of early ionizing sources.
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Appendix
Constraining to UV Luminosity Function versus UV
Luminosity Density

Before constraining our models to all observational
constraints, we first use the ¢yy and pyy observations
separately to constrain our source model R;,, parameters and
examine their correlations.

The corner plot in the left panel of Figure Al displays the
joint and marginal posterior distributions of the four model
parameters: A (emissivity amplitude), B (M, min), C (M), index),
and D (z-evolution, i.e., feedback strength). These parameters
are constrained using the JWST UVLF (¢yy) and UV
luminosity density (pyy) observations, as described in
Sections 3.3.1 and 3.3.2, respectively. This figure illustrates
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Figure A1. Corner plots showing the inferred parameter distributions for using
observational constraints ¢yy and pyy separately, allowing all parameters
to vary.

the constraining power of fitting to the redshift-dependent
nonintegrated quantity ¢yy (in olive) compared to fitting to
puv (in red), where the red contours are approximately 10
times smaller than the olive contours (based on the ratio of the
standard deviations of the parameter estimates; see Table Al).
Both observables, ¢yy and pyy, weakly constrain the
minimum halo mass scale M, (parameter B). Consequently,
we fix log, B = 7.67 for subsequent analyses, consistent with
the assumption in A. Bera et al. (2023), which also
approximately corresponds to the midpoint of the values
obtained from the ¢yy and pyy constraints. The amplitude
(A)-minimum mass scale (B) plane shows a slight positive
correlation, indicating that as the mass cutoff increases, a
higher emissivity amplitude is required to reproduce the same
observable. A much stronger positive correlation is observed
between the feedback strength (D) and the mass index (C),
suggesting that an increase in the mass index—associated with
higher emissivity in more massive halos—requires stronger
redshift evolution (feedback) to counterbalance the contrib-
ution from low-mass halos. Negative correlations are found
between the amplitude (A) and both the mass index (C) and
feedback strength (D), implying that a reduction in amplitude
is necessary to offset the effects of stronger feedback and a
steeper R;,,—M), slope.

Overall, ¢yy provides tighter individual parameter constraints,
whereas pyy, being an integrated quantity over the entire galaxy
population, tends to amplify parameter degeneracies. While the
UVLF offers greater constraining power, the resulting best-fit
parameters remain within +10 of each other, leading to similar
overall effects. However, it is unclear whether this similarity
persists once additional observables are incorporated. We there-
fore include both the EoR-¢ and EoR-p models in our analysis.
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Table A1
Best-fit Parameters
Model log,o(A/M7" 57 log,,(B/M.) Cc D Constraints
¢ 3511455505 7.39871633 04875053 6.1605:165 duv
p 33.618°33%6 7.90651357 LO6I*0333 61837336 puv

Note. Since ¢yy and pyy trace the nonionizing UV continuum, which is not affected by the ionizing escape fraction, we set fo;c = 1 in this analysis.
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