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Abstract

The topology of reionization and the environments where galaxies efEciently produce ionizing photons are key
open questions. For the Erst time, we investigate the trend between ionizing photon production efEciency, ξion,
and galaxy overdensity, ( )+log 1 . We analyze the ionizing properties of 79 galaxies between 1.0 < z < 5.2
using JWST NIRSpec medium-resolution spectra from the Systematic Mid-infrared Instrument Legacy
Extragalactic Survey (SMILES) program. Among these, 67 galaxies have Hα coverage, spanning
1.0 < z < 3.1. The galaxy overdensity, ( )+log 1 , is measured using the JADES photometric catalog, which
covers the SMILES footprint. For the subset with Hα coverage, we End that log ion is positively correlated with

( )+log 1 , with a slope of +
0.94 0.46

0.46. Additionally, the mean ξion for galaxies in overdense regions
( ( )+ >log 1 0.1) is 2.43 times that of galaxies in lower density regions ( ( )+ <log 1 0.1). This strong
trend is found to be independent of redshift evolution. Furthermore, our results conErm the robust correlations
between ξion and the rest-frame equivalent widths of the [O III] or Hα emission lines. Our results suggest that
galaxies in high-density regions are efEcient producers of ionizing photons.

Uni ed Astronomy Thesaurus concepts: High-redshift galaxies (734); Reionization (1383)

Materials only available in the online version of record: machine-readable table

1. Introduction

When and how reionization occurred carries important
implications for the formation and evolution of the Erst stars,
galaxies, and supermassive black holes. Recent observations
from both quasar absorption lines and galaxies have made
signiEcant progress in constraining the timeline and topology
of reionization (see, e.g., X. Fan et al. 2023, for a review).
Nevertheless, it remains challenging to build a self-consistent
picture of cosmic reionization that connects the emission of
ionizing photons with their absorption by the intergalactic
medium (IGM; e.g., B. E. Robertson 2022).
First, regarding the timeline of reionization, cosmic

microwave background observations indicate a midpoint of
reionization at z ∼ 7–8 (Planck Collaboration et al. 2020, see
also R. de Belsunce et al. 2021). This midpoint is supported
by, or consistent with, multiple observations. They include
(1) the Lyα damping wing in z ≳ 7 quasar spectra (e.g.,
E. Bañados et al. 2018; F. B. Davies et al. 2018; F. Wang et al.
2020; J. Yang et al. 2020a; B. Greig et al. 2022, 2024), (2) the
decline in observed Lyα emission from galaxies at z > 6 (e.g.,
D. P. Stark et al. 2010; J. Caruana et al. 2014; C. A. Mason
et al. 2018, 2019; A. Hoag et al. 2019; W. Hu et al. 2019;
G. C. Jones et al. 2024, 2025, and references therein, but see
I. Jung et al. 2020; I. G. B. Wold et al. 2022), and

(3) measurements of the thermal state of the IGM at z > 5
(e.g., E. Boera et al. 2019; P. Gaikwad et al. 2021). Moreover,
observations from quasar absorption lines suggest that reioniza-
tion is patchy and may have ended as late as z ∼ 5.3, allowing
galaxies sufEcient time to produce the ionizing photons needed
to complete the latter half of reionization (compared to an early
end at z = 6). These observations include (1) large-scale
Iuctuations in the Lyα effective optical depth measured in
quasar spectra (e.g., X. Fan et al. 2006; G. D. Becker et al. 2015;
S. E. I. Bosman et al. 2018, 2022; A.-C. Eilers et al. 2018;
J. Yang et al. 2020b); (2) long troughs extending down to or
below z ≃ 5.5 in the Lyα and Lyβ forests (e.g., G. D. Becker
et al. 2015; Y. Zhu et al. 2021, 2022), potentially indicating the
existence of large neutral IGM islands (e.g., G. Kulkarni et al.
2019; L. C. Keating et al. 2020; F. Nasir & A. D’Aloisio 2020;
Y. Qin et al. 2021); (3) the evolution of metal-enriched
absorbers at z ∼ 6 (e.g., G. D. Becker et al. 2019; T. J. Cooper
et al. 2019; R. L. Davies et al. 2023a, 2023b; A. M. Sebastian
et al. 2024); (4) the dramatic evolution in the measured mean
free path of ionizing photons over 5 < z < 6 (G. D. Becker
et al. 2021; Y. Zhu et al. 2023, see also S. E. I. Bosman 2021;
P. Gaikwad et al. 2023; S. Satyavolu et al. 2024; F. B. Davies
et al. 2024; J. T. Roth et al. 2024); and (5) damping wing signals
from stacked Lyα forest at z ∼ 5.8 (B. Spina et al. 2024; Y. Zhu
et al. 2024). Nevertheless, recent James Webb Space Telescope
(JWST) observations of high-redshift galaxies may suggest very
early starting and ending points of reionization, given the
excessive ionizing photon budget (see, e.g., C. Cain et al. 2025;
J. B. Muñoz et al. 2024).
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Equally puzzling is the correlation between IGM opacity and
galaxy overdensity. Models and simulations aiming to explain the
Iuctuations in IGM opacity near the end of reionization require
large-scale Iuctuations in the metagalactic ionizing ultraviolet
(UV) background (e.g., F. B. Davies & S. R. Furlanetto 2016;
F. Nasir & A. D’Aloisio 2020, but see A. D’Aloisio et al. 2015).
In this scenario, highly opaque and transmissive IGM regions
should be surrounded by galaxy under- and overdensities,
respectively, since nearby galaxies are needed to boost the local
UV background (e.g., N. Gangolli et al. 2025; M. Neyer et al.
2024). As expected, underdensities of galaxies traced by Lyα-
emitting galaxies are found around highly opaque quasar
sightlines (G. D. Becker et al. 2018; D. Kashino et al. 2020;
H. M. Christenson et al. 2021; R. Ishimoto et al. 2022). However,
surprisingly, highly transmissive sightlines are also found to be
associated with underdensities traced by Lyα emitters (LAEs
H. M. Christenson et al. 2023). Multiple studies have shown that
LAEs avoid at least some of the highest density peaks (e.g.,
N. Kashikawa et al. 2007; Y. Huang et al. 2022) or generally tend
to trace lower-density regions (J. Cooke et al. 2013). This
discrepancy raises questions about whether late reionization
models accurately capture the ionization of low-density regions
or whether the ionizing photon budget depends on the galaxy
environment.
One key component that could help resolve these puzzles is

the ionizing photon production efEciency (ξion), which links
the UV luminosity of galaxies to their contribution to
reionization via the relation · ·=N L fUV ion esc

, where N is
the rate of ionizing photon production, LUV is the UV
luminosity, and fesc is the escape fraction of ionizing photons.
Recent measurements of ξion have shed light on its variation
across different galaxy properties, such as the UV luminosity,
equivalent width of Hα and [O III] emission lines, etc. (e.g.,
J. Chevallard et al. 2018; I. Shivaei et al. 2018; M. Tang et al.
2019; M. Castellano et al. 2023; G. Prieto-Lyon et al. 2023;
C. Simmonds et al. 2023, 2024a; A. Harshan et al. 2024;
M. Llerena et al. 2024; A. J. Pahl et al. 2025; P. Rinaldi et al.
2024; A. Saxena et al. 2024; R. Begley et al. 2025), but the
relationship between ξion and galaxy overdensity remains
unexplored. This correlation is directly tied to the topology of
reionization, as denser regions are expected to host more
ionizing sources and could potentially reionize earlier or more
efEciently than underdense regions.
The Systematic Mid-infrared Instrument Legacy Extraga-

lactic Survey (SMILES) program (S. Alberts et al. 2024;
G. Rieke et al. 2024) offers a unique opportunity to investigate
these questions at lower redshifts (Hα covering 0.7 < z < 3.7),
providing valuable insights into the epoch of reionization from
a different cosmic time. As one of the largest spectral samples
of cosmic-noon galaxies, SMILES focuses on the GOODS-S/
HUDF (M. Giavalisco et al. 2004; S. V. W. Beckwith et al.
2006) region and includes both Mid-infrared Instrument
(MIRI) and Near Infrared Spectrograph (NIRSpec) observa-
tions. The rich ancillary multiwavelength coverage from X-ray
to radio in this Eeld allows for robust measurements of galaxy
properties. Combined with high-quality Near Infrared Camera
(NIRCam; M. J. Rieke et al. 2023a) photometry from JADES
(D. J. Eisenstein et al. 2023a; M. J. Rieke et al. 2023b;
C. C. Williams et al. 2023; A. J. Bunker et al. 2024), we can
measure overdensities using photometric redshifts. This work
presents the Erst measurement of the trend between ξion and

galaxy overdensity, with implications for our understanding of
reionization.
This paper is structured as follows: Section 2 introduces the

SMILES spectra used in this work; Section 3 details the ξion
and overdensity measurements; Section 4 presents our results
and discusses their implications; and Section 5 summarizes our
Endings. We adopt the Planck18 cosmology (Planck
Collaboration et al. 2020), as implemented in astropy
(Astropy Collaboration et al. 2022), and all distances are
quoted in comoving units.

2. SMILES Spectra and Sample Selection

The SMILES survey design is described in S. Alberts et al.
(2024) and G. Rieke et al. (2024). We used the eMPT tool
(N. Bonaventura et al. 2023) to conEgure the NIRSpec
microshutter array (MSA) for optical spectroscopy follow-up
of SMILES MIRI sources. A total of 168 unique targets were
observed in the GOODS-S Eeld. All observed sources have
MIRI coverage from the SMILES program, but not all were
selected based on their MIRI properties. The input catalog was
assembled using multiwavelength photometry and included
diverse science priorities, such as star-forming galaxies, active
galactic nuclei (AGN), dusty systems, and quiescent galaxies.
SpeciEcally, among the observed targets, 104 were Iagged in
the catalog as “cosmic noon” star-forming galaxies, 84 as
AGN candidates (see selections in J. Lyu et al. 2024), 24 as
quiescent galaxies, and 86 as potential members of z ≳ 5
overdensities identiEed using FRESCO data (J. M. Helton
et al. 2024). These categories are not mutually exclusive, and
many targets belong to multiple science categories.
We used the G140M/F100LP and G235M/F170LP gratings

to cover the wavelength range 0.97–3.07 μm, with a resolving
power of R ∼ 1000 for sources that Ell the 0.2-wide slit. Each
target was observed using three-shutter slitlets with a nodding
pattern. Each microshutter subtends 0.20 × 0.46 on the sky.
The effective exposure time per source per grating/Elter
combination was 7000 s (∼1.94 hr). The NIRSpec/MSA
observations were conducted in 2023 August.
We reduced and calibrated the data using the JWST

Calibration Pipeline (H. Bushouse et al. 2022),
version 1.14.0, with CRDS6 context jwst_1236.pmap. BrieIy,
we used the calwebb_detector1 stage to create uncali-
brated slope images from the “uncal.Ets” Eles, followed by the
calwebb_spec2 stage to perform Iat-Eelding, Iux calibra-
tion, and local background subtraction, producing resampled
spectra for each nodding position. Finally, we performed
spectral combination and extraction using calwebb_spec3.
We also implemented custom scripts for additional hot pixel
rejection, 1/f noise removal, and treatment for extended
sources. Detailed data reduction procedures, reduced spectra,
and the redshift catalog will be presented in a future data
release (Y. Zhu et al. 2025, in preparation). Figure 1(a)
displays an example of a processed 1D spectrum.
The full sample spans a wide redshift range (0.3 < z < 7.3)

and UV luminosities from MUV = −23 to −18, with a median
ofMUV ∼ −20. Sources were not selected based on known ξion
values or environmental information. This diverse and
inclusive target list enables us to study ionizing photon
production across a range of galaxy populations and

6
Calibration Reference Data System: https://jwst-crds.stsci.edu/.
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environments. The redshift and overdensity (see Section 3)

distributions of the Enal analysis sample are shown in Figure 2.
Since we need to measure ξion using the Hα luminosity from

the spectra and LUV from photometric data (see Section 3), it is
necessary to apply a correction for slit loss. Slit loss occurs
because the slits used in the MSA spectra only capture a
portion of the extended galaxy’s light, while photometry
typically captures the full light proEle of the galaxy. The
default pipeline corrects for slit loss assuming a point source,
but galaxies often have extended light proEles. Therefore, we
need to account for the extended emission that is missed by the
slits. To correct for this extended emission, we Erst measured
the fraction of Iux contained within the shutter aperture
compared to the total Iux from Kron-convolved photometry in
several NIRCam bands. This step ensures that we capture the
full light proEle of the galaxy as observed in broadband
photometry. Next, we plotted this fraction against the central
wavelength for each band and Etted a second-order polynomial
to model the wavelength dependence of the slit loss. We End
that the correction factor typically varies by about 20% across

the 1–3 μm range, though the wavelength dependence can vary
signiEcantly between sources. We then applied this correction
curve to the spectral Iux. Finally, we tested the accuracy of
our correction by comparing synthetic photometry generated
from the corrected spectra with the actual photometric data.
We found that this method yields a typical error of ±0.2 dex,
with a median offset of 0, indicating that our correction
procedure effectively compensates for the slit loss across the
sample.
Spectroscopic redshifts were determined from the observed

spectra. BrieIy, we visually identiEed prominent emission
lines such as [O II], Hβ, [O III], Hα, and [N II], following
procedures similar to those described in F. D’Eugenio et al.
(2025). Each spectrum was independently examined by at least
two team members, and redshift measurements were validated
using automated line-Etting tools such as GELATO (details in
Y. Zhu et al. 2025, in preparation). Among the 168 observed
objects, 151 have photometric redshifts zphot > 0.3 and are
retained for analysis (photo-z is adopted when spec-z is
unavailable or uncertain, as photo-z is used for the overdensity

Figure 1. Example of spectroscopic and photometric data for galaxy SMILES-1177 at z = 2.4. (a) medium-resolution MSA spectrum of the galaxy (black) with
Etting from GELATO (orange). The insets from left to right show the F200W image with microshutter placement, the zoom in on the [O II] emission line, the [O III]
emission line, and the Hα line, respectively. (b) photometric data from NIRCam and HST, along with the best-Et spectral energy distributions (SEDs) from
Prospector. The red curve plots our best-Et SED model as described in Section 3, while the blue curve plots an SED Et without nebular emission following the
method in J. Lyu et al. (2024). We End that the rest-UV SED Etting is not sensitive to the methods. The dashed red line plots the best-Et intrinsic SED, which is used

to measure LUV in this work. The vertical dashed line labels 1500 Å in the rest frame. (c) Photometric density map within the SMILES footprint. Black points mark
JADES galaxies within 25 comoving Mpc from the redshift of the target galaxy, which is highlighted in the green box.
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measurements). We exclude 24 AGNs (see below), seven
extended sources that suffered from severe self-subtraction,
three sources outside or on the edge of the JADES GOODS-S
NIRCam imaging footprint, and nine spectra that are
excessively noisy or strongly contaminated by neighboring
objects, leaving 108 galaxies. We further remove 15 targets for
which emission line Etting failed in GELATO, yielding a Enal
sample of 93 galaxies. Of these, 67 have Hα coverage (50 of
which also have [O III]), and an additional 12 galaxies have
only [O III] detected. The spectra used in this work are listed in
Table 1. For ξion measurements, we use the 67 galaxies at
1.0 < z < 3.1 that have Hα coverage. We also included
galaxies that have [O III] detections to compare their
properties (see Section 4).
We deEne an emission line as detected if the line Iux

exceeds 3 times the associated Etting error. All 67 galaxies
used for ξion analysis have Hα detected at >3σ signiEcance.
The 3σ Hα Iux limit spans from 3.8 × 10−18 to 1.1 ×
10−16 erg s−1 cm−2, with a median of 1.9 × 10−17 erg s−1

cm−2. This corresponds to a minimum Hα luminosity of
( )/ =Llog erg s 52.7610 H

1 . The derived star formation rates
(SFRs) from SED Etting span 0.0065–20.1 M⊙ yr

−1, and
stellar masses span ( )/ =

*
M Mlog 8.0110 –9.93 (95% ranges).

We also detect 39 galaxies with both Hα and Hβ (for Balmer
decrement), 32 galaxies with both [O III] and [O II] (for O32),
and 12 with only [O II]. We also verify that the sample is
broadly representative of the star-forming population. Based
on SFR and stellar mass measurements from spectral energy
distribution (SED) Etting, most galaxies lie within ±1 dex of
the star-forming main sequence at similar redshifts (e.g.,
P. Popesso et al. 2023), indicating that our sample spans a
typical range of star formation activity. A small fraction of
sources fall below the main sequence, possibly reIecting the
presence of quiescent galaxy candidates with suppressed star
formation rates.

In this work, we desired to exclude AGNs to the greatest
extent possible. We therefore eliminated all those fulElling the
selection criteria in the comprehensive study of J. Lyu et al.
(2022, 2024), i.e., identiEed through: (1) SED Etting with
JWST/SMILES and JADES photometry; (2) high ratios of
X-ray to radio output; (3) high X-ray luminosities; (4) Chandra
and/or Hubble Space Telescope (HST) variability; (5) pre-
JWST optical or near-infrared spectroscopy; (6) radio loud-
ness; and (7) Iat spectrum radio spectra. These selections are
comprehensive; they include equally thoroughly the unobs-
cured AGN as well as the obscured ones.

3. Methods

3.1. Spectral Energy Distribution Fitting and UV Luminosity

To derive the physical properties of the galaxies, we use the
Prospector software (B. D. Johnson et al. 2021) combined
with the Parrot artiEcial neural network (ANN) emulator7

for acceleration (E. P. Mathews et al. 2023) to Et the spectral
energy distribution (SED) based on the multiband Kron-
convolved photometry from JADES (D. J. Eisenstein et al.
2023a; M. J. Rieke et al. 2023b; C. C. Williams et al. 2023;
A. J. Bunker et al. 2024). The photometric bands utilized
include a combination of HST and JWST Elters: the HST ACS
bands (F435W, F606W, F775W, F814W, and F850LP); HST
WFC3/IR bands (F105W, F125W, F140W, and F160W); and
the JWST NIRCam bands (F090W, F115W, F150W, F182M,
F200W, F210M, F277W, F335M, F356W, F410M, F430M,
F444W, F460M, F480M). We do not include MIRI bands in
the SED Etting, as most galaxy properties for our z ∼ 1–3
sample can be well constrained using HST and NIRCam
photometry alone. We veriEed that including MIRI photo-
metry does not signiEcantly change the inferred parameters.
Moreover, including MIRI would require convolution with a
larger PSF, which we avoid for consistency. MIRI data were,
however, used for AGN identiEcation in J. Lyu et al. (2024),
and any sources with notable AGN contribution have been
removed from the sample.
We adopt the assumptions and methodology outlined in

E. P. Mathews et al. (2023). SpeciEcally, the physical model is
based on the Prospector-α model (J. Leja et al. 2019), which
includes 14 parameters that quantify a galaxy’s mass, stellar
and gas-phase metallicity, star formation history (SFH), dust
properties, etc. ModiEcations to the Educial Prospector-α
model extend the lower limit on the cumulative stellar mass
formed down to 106M⊙ for low-mass solutions at low redshift.
Additionally, because the training data’s photometric coverage
includes the rest-frame mid-IR, the model allows three
parameters governing the thermal dust emission (based on
B. T. Draine & A. Li 2007) to vary: the polycyclic aromatic
hydrocarbon (PAH) mass fraction (QPAH), the minimum
radiation Eeld strength for dust emission (Umin), and the
fraction of starlight exposed to radiation Eelds. Furthermore,
each galaxy is Etted with its spectroscopic redshift. This
approach results in an 18-parameter physical model, where
these parameters are used as inputs to the ANN emulators. For
our Etting, we use the “stitched model” (see E. P. Mathews
et al. 2023 for details) with the redshift of each galaxy
modeled as a truncated normal distribution centered at the
spectroscopic redshift. We use a nonparametric star formation

Figure 2. Overdensity and redshift distribution of galaxies used in this work
(red data points and histograms). Spectra for galaxies at z < 3.1 have the
coverage of the Hα line in our sample, while galaxies at high redshifts have [O
III] covered. We also plot the overdensity and redshift distributions for JADES
galaxies within the SMILES footprint in gray.

7
https://github.com/elijahmathews/MathewsEtAl2023
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history (SFH) described by J. Leja et al. (2019), modeled as
seven SFR bins controlled by the continuity prior. Utilizing the
ANN emulator greatly speeds up the Etting procedure, while
introducing no apparent bias compared with traditional SPS
codes with typical differences only of order 25%–40% for
stellar mass, stellar metallicity, SFR, and stellar age
(E. P. Mathews et al. 2023). The Etting accuracy is also
conErmed by comparisons with our tests following the
Prospector setup described in Z. Ji et al. (2024), and the
inferred physical properties (e.g., stellar mass, SFR) only differ
by <0.15 dex. We also veriEed that the best-Et SEDs are
broadly consistent with those from J. Lyu et al. (2024) in the
rest-UV part. An example of the best-Et SED is shown in
Figure 1(b).
Once we acquire the SED for each galaxy, we measure the

UV luminosity (LUV) by averaging the Iux over 1450–1550 Å
in the rest frame on the intrinsic (without dust attenuation)

SED. We adopt the uncertainty from the nearest photometric
data points. Additionally, we add a nominal ±30% error to
account for uncertainties and potential biases in the SED Etting
procedure. Finally, we visually inspect the Etting results and
remove LUV values with failed SED Ettings that signiEcantly
deviate from the rest-UV photometry. There are four such
cases in the Enal sample of 79 galaxies; for these, we replace
the LUV values from SED Etting with those manually measured
from the photometry.

3.2. ξion Measurements

Once we have measured LUV, we can compute ξion as

( )/= n L , 1
ion ion UV

where nion is the production rate of ionizing photons. Hα

serves as a good proxy for nion (see, e.g., D. E. Osterbrock &

G. J. Ferland 2006), with

( ) ( )= ×n L7.28 10 H , 2ion
11

where nion is in units of photons per second and L(Hα) is in erg

per second. Throughout this work, we assume no ionizing

photon escape fraction, i.e., fesc = 0. A nonzero fesc would

introduce a factor of (1 − fesc) in the inferred nion, resulting in

an underestimation of the intrinsic ξion. Additionally, we

assume case B recombination with a temperature of 104 K

(following, e.g., A. J. Pahl et al. 2025; C. Simmonds et al.

2024a).
On the slit-loss-corrected spectra (see Section 2), we further

corrected the Iux for dust attenuation. To ensure consistency
with the LUV measurements, we derived the attenuation curve
by computing the ratio between the intrinsic SED and the best-
Et observed SED from our SED Etting procedure. Addition-
ally, we veriEed that using an alternative method, such as the
Balmer decrement, does not signiEcantly affect our conclu-
sions (see Appendix B).
We then Et the corrected spectra using the GELATO

software8 (R. E. Hviding 2022). GELATO provides compre-
hensive support for both stellar population synthesis (SSP)

continuum modeling and emission line Etting. The emission
lines in GELATO are modeled as Gaussians, with parameters
for redshift, Iux, and dispersion. The continuum is constructed
using the Extended MILES stellar library (E-MILES) SSP
models,9 assuming a Chabrier initial mass function (Chabrier
IMF; G. Chabrier 2003) and spanning a range of representative
metallicities and ages (R. E. Hviding et al. 2022).
We Et major emission lines, including Hα, Hβ, Hγ, [O I],

[O II], [O III], [S II], and [N II]. The redshift prior is given the
spectroscopic redshift measured in Section 2. For line Iuxes,
we impose constraints only on doublets with known intrinsic
ratios (e.g., [O III] λ4960/λ5008 = 1/3). We allow an
additional broad component for Hα or [O III] when the line
width exceeds 500 km s−1, and also allow for shifted
“outIow” components for [O III]. Although GELATO per-
forms simultaneous continuum and line Etting, it does not
return continuum parameters in its output Eles, preventing a
direct comparison to SED Etting from Prospector. We assess
the quality of Ets based on the reported Iux errors and visual
inspection, and remove 15 galaxies from our analysis due to
poor Ets likely caused by contamination or low signal-to-noise

Table 1
Galaxy Spectra Used in This Work and Measured Properties

ID R.A. Decl. z ( )+log 1 M1500 ( )/log H REW ([ ] )/log O III REW O32 ( [ ])/log Hz ergion,H
1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

114544 53.18335 −27.79602 4.949 −0.03 +
18.82 0.28

0.39
…

+
3.36 1.62

0.30 +
6.26 1.44

1.44
…

1205 53.14898 −27.78199 1.907 0.10 +
22.61 0.28

0.39
…

+
1.55 0.02

0.02 +
0.49 0.03

0.03
…

1001 53.19236 −27.79791 1.221 0.31 +
19.65 0.28

0.39 +
2.42 0.01

0.01 +
1.96 0.01

0.01
…

+
24.90 0.12

0.16

1095 53.18117 −27.79099 2.740 −0.00 +
20.83 0.28

0.39 +
0.76 0.12

0.09
… …

+
23.76 0.24

0.25

1108 53.19022 −27.78993 2.481 0.05 +
21.21 0.28

0.39 +
2.35 0.01

0.01 +
2.02 0.01

0.01 +
1.21 0.03

0.03 +
25.12 0.12

0.16

1118 53.17389 −27.78857 1.674 0.23 +
20.73 0.28

0.39 +
2.24 0.01

0.01 +
2.00 0.01

0.01
…

+
24.91 0.12

0.16

1146 53.19760 −27.78647 1.098 0.25 +
22.78 0.28

0.39 +
1.85 0.01

0.01 +
0.85 0.07

0.06
…

+
24.44 0.12

0.16

1152 53.19224 −27.78608 2.454 0.07 +
22.47 0.28

0.39 +
2.30 0.01

0.01 +
2.06 0.01

0.01 +
1.09 0.03

0.03 +
24.79 0.12

0.16

1155 53.17659 −27.78552 1.317 0.10 +
22.36 0.28

0.39 +
1.42 0.01

0.01
… …

+
24.47 0.13

0.17

1177 53.18605 −27.78408 2.394 −0.33 +
20.55 0.28

0.39 +
2.37 0.01

0.01 +
2.06 0.01

0.01 +
1.18 0.03

0.03 +
25.27 0.12

0.16

Note. Columns: (1) ID of the galaxy in SMILES program; (2) and (3) coordinates in J2000; (4) photometric redshift; (5) logarithm of the galaxy density contrast,

( ) ( )/+ = n nlog 1 log g g , where ng is the local galaxy number density and 〈ng〉 is the mean number density; (6) absolute UV magnitude at 1500 Å after corrected

for dust attenuation; (7) logarithm of the rest equivalent width of the Hα emission line; (8) logarithm of the rest equivalent width of the [O III] emission line; (9)

oxygen line ratio,
[ ]

[ ]
=O32

O III 5007

O II 3727, 3729
; (10) ionizing photon production efEciency derived from the Hα emission line.

(This table is available in its entirety in machine-readable form in the online article.)

8
https://github.com/TheSkyentist/GELATO

9
http://research.iac.es/proyecto/miles/
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ratio. We also veriEed that GELATO produces consistent line
Iuxes compared to those from pPXF (M. Cappellari 2012) Ets.
A complete emission line catalog will be presented in Y. Zhu
et al. (2025, in preparation).

3.3. Galaxy Overdensity Measurements

To compute galaxy overdensities within the SMILES
footprint, we utilize the JADES photometric catalog
(D. J. Eisenstein et al. 2023b; M. J. Rieke et al. 2023b). We
begin by Eltering the catalog to select galaxies with
0.1 < z < 7 and apparent magnitudes corresponding to 1
μm in the rest frame m1 μm < 29. We use photometric redshift
values from K. N. Hainline et al. (2024) based on the EAZY
photo-z algorithm (G. B. Brammer et al. 2008), as well as their
16th and 84th percentiles, z16 and z84, respectively. The
SMILES target galaxies are identiEed by matching their IDs to
the JADES catalog. We then calculate the spatial distribution
of galaxies within a rotated coordinate system, centered on the
SMILES MSA Eeld, and apply a bounding box to deEne the
region of interest. To avoid edge effects in our density
estimation, we mirror galaxies within the bounding box to
artiEcially extend the data set.
For each target galaxy, we compute the galaxy overdensity

by slicing the data into comoving distance bins of 25Mpc.
Within each bin, we employ a two-dimensional Gaussian
kernel density estimation (KDE) to estimate the projected
galaxy density in R.A.–Decl. The bandwidth of the KDE is
optimized using cross-validation. The overdensity
1 + δ = ng/〈ng〉 is then deEned as the ratio of the KDE
value at a galaxy’s location (i.e., the local projected density) to
the mean KDE value across the full spatial extent of the
SMILES Eeld in that redshift slice. Additionally, we weight
each galaxy’s contribution to the density estimation by its
redshift uncertainty, calculated from the Gaussian distribution
of z16 and z84. The Enal overdensity value for each SMILES
target galaxy is derived by averaging the densities across all

comoving distance bins in which it appears, using the

maximum-weighted density estimate. While the KDE provides

a relative measure of local density, we do not assign formal

uncertainties to individual overdensity values, consistent with

similar studies (e.g., N. Chartab et al. 2020; J. M. Helton et al.

2024). In Appendix A, we also tested that using the

overdensity measurements based on CANDELS data

(N. Chartab et al. 2020) does not change our conclusions.
Figure 2 displays the distribution of overdensity and redshift

of galaxies studied in this work. The majority of galaxies have

z < 3.7 and are used for direct ξion measurements. Overall,

the overdensity distribution is roughly symmetric about
( )+ =log 1 0.1. We adopt this threshold to divide the

sample into low- and high-density regions in Section 4,

although it is not physically motivated. This threshold reIects

the density distribution in the SMILES Eeld and the selection

toward relatively massive galaxies, which tend to live in

massive halos and slightly overdense regions. There is no

strong correlation between ( )+log 1 and z in our sample,

which assures that the trend between ξion and ( )+log 1

(Section 4) is not caused, or at least dominated by, redshift

evolution found in, e.g., A. J. Pahl et al. (2025). We note that

our results are based on a relatively small Eeld (∼34 arcmin2)
and limited dynamic range in overdensity. Therefore, future

observations over wider areas and a broader range of

environments are essential to conErm and strengthen the

observed trends.

4. Results and Discussion

4.1. Trend between ξion and Galaxy Overdensity

Figure 3(a) displays our main result, the trend between

ξion and galaxy overdensity for 67 galaxies at 1.0 < z < 3.1.

We perform least-squares linear Etting using the scipy
package based on 1000 bootstrap resamplings of the data

Figure 3. (a) Trend between ionizing photon production efEciency and galaxy overdensity. Black and gray symbols plot results before and after the dust attenuation
correction, respectively. The red line plots the best linear Et between log ion,H and ( )+log 1 , with the shaded region showing the 68% range of the slope. The

linear relation is statistically signiEcant with a p-value of 0.01 (see text for details). The gray line and shaded region plot the Etting for results without dust

attenuation correction for reference ( ( [ ]) ( )/ = + +
+ +log Hz erg 0.51 log 1 25.52ion

1
0.35
0.35

0.07
0.07). (b) Cumulative distribution function of log ion,H for galaxies in

high-density ( )+ >log 1 0.1 and low-density ( )+ <log 1 0.1 regions, respectively. The results suggest that galaxies in high-density regions produce ionizing
photons more efEciently (with a p-value of 0.01 based on Mann–Whitney U test).
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points. We End a strong positive trend:

( [ ]) ( )

( )

/ = + +
+ +log Hz erg 0.94 log 1 24.89 .

3

ion
1

0.46
0.46

0.08
0.08

We performed a Wald test implemented in scipy.stats.
linregress (P. Virtanen et al. 2020) with t-distribution and

found p = 0.01. This p-value of <0.05 indicates that the

positive trend is statistically signiEcant (∼2σ level). We note
that substantial scatter exists, and a few galaxies lie

signiEcantly above or below this trend. We have checked

their spectral Etting and found no issues. These outliers may

reIect galaxies with varying dust attenuation, bursty star

formation, or recent stochastic variations in star formation

history. Still, we caution that this result should be interpreted

as an environmental trend rather than a strict linear correlation.
If we divide the sample into high-density and low-density

subsamples, with ( )+ >log 1 0.1 and ( )+ <log 1 0.1
(the median value in logarithmic space, corresponding to
1.25 times the mean density in linear space), we observe a
difference in the distribution of ξion. Figure 3(b) shows the
cumulative distribution function (CDF) of ξion for the two
cases. We see that the high-density curve is shifted to the right
compared to the low-density subsample. A Mann–Whitney U
test returns a p-value of 0.01, which suggests that the
difference in distributions is statistically signiEcant. We chose
the Mann–Whitney U test instead of the Kolmogorov–Smirnov
(K-S) test because the K-S test is more sensitive to differences
in the middle of the distribution rather than the tails. Still, the
K-S test yields a p-value of 0.04, and is consistent with the
Mann–Whitney U test. Furthermore, we End a mean ratio of
2.43 (median ratio of 1.58) between ξion in high-density versus
low-density environments.
These results imply that galaxies in high-density regions

tend to produce ionizing photons more efEciently. A burstier
star formation history in overdense environments may
contribute to this trend. By construction, our measurement of
ξion compares the Hα luminosity, which traces star formation
over the past ∼10Myr, to the UV continuum luminosity,
which reIects star formation averaged over longer timescales
of ∼100Myr. Therefore, galaxies with recent starbursts
relative to their long-term average will exhibit elevated ξion
values. Such bursts may be more frequent in dense environ-
ments, where environmental effects such as galaxy–galaxy
interactions, mergers, or inIows of cold gas can trigger
enhanced star formation activity (e.g., D. Elbaz et al. 2007;
Y. Koyama et al. 2013).
Consistent with this picture, observations at cosmic noon

have revealed that galaxies in overdensities tend to show
enhanced Hα luminosities compared to the Eeld, as seen in the
environmental dependence of the Hα luminosity function
(D. Sobral et al. 2011). Additionally, red and dusty Hα
emitters have been identiEed in grouplike environments (e.g.,
T. Garn et al. 2010), potentially indicating rejuvenated star
formation in massive galaxies residing in dense regions. These
combined effects could result in a systematically higher
ionizing photon output per unit UV luminosity.
However, we caution that our current Eeld of view is

relatively small, which limits our ability to account for cosmic
variance. In addition, the slit-loss correction for multiobject
spectroscopy remains nontrivial, and there is no consensus on
the optimal method for MSA spectra. Dust attenuation

corrections for high-redshift galaxies also introduce uncertain-
ties. Nevertheless, we emphasize that even when omitting dust
correction and using LUV directly from the photometry instead
of the best-Et SEDs, the observed trend between ξion and
overdensity remains. We also tested that removing the slit-loss
correction, or applying a simpliEed linear correction, does not
qualitatively change the result.

4.2. Correlations with Other Emission Line Properties

In this subsection, we explore several commonly studied
emission line properties related to the ionization properties of
galaxies as discussed in the literature. The results are displayed
in Figure 4. To better contextualize our comparisons with
previous studies, we summarize the sample selection and
methodology of each work. C. Simmonds et al. (2024b)

analyzed z ∼ 4–9 galaxies in JADES using deep photometry
and SED Etting. ξion was derived from modeled Hα
luminosities and rest-UV continuum, spanning −21 < MUV <
−16. A. J. Pahl et al. (2025) studied 1.06 < z < 6.71 galaxies
in CEERS and JADES with NIRSpec, deriving ξion both from
direct Hα measurements and from empirical correlations with
[O III] REW, over −22 < MUV < −17. M. Tang et al. (2019)

used MMT/MMIRS to analyze bright galaxies at 1.3 <
z < 2.4, selected from ground-based observations, focusing on
extreme emission line sources. G. Prieto-Lyon et al. (2023)

examined 370 galaxies at z ∼ 3–7 from the GLASS
and UNCOVER JWST surveys, spanning −23 <
MUV < −15.5 (median MUV ≈ −18), and derived ξion using
deep HST and JWST/NIRCam photometry through SED
modeling.
While differences in sample selection and methodology

exist, our ξion derivation—based on spectroscopic Hα
luminosities and rest-UV photometry—is most comparable
to the direct approaches used in A. J. Pahl et al. (2025).
Figure 4(a) shows the correlation between ξion and [O III]

rest-frame equivalent width (REW). As previously found in
other studies (e.g., M. Tang et al. 2019; K. Boyett et al. 2024;
A. J. Pahl et al. 2025), [O III] REW can be tightly correlated
with ξion. We perform a linear Et to the sample with log([O III]
REW/Å) > 1 and End a slope of 0.23 ± 0.12. However, we
note that our data points lie above the literature relations.
Possible reasons for this discrepancy include differences in
sample selection (see, e.g., I. H. Laseter et al. 2024) or
variations in slit-loss and dust correction treatments.
Figure 4(b) plots ξion as a function of MUV. Our results

suggest a mild trend in which UV-faint galaxies (i.e., those
with larger MUV) tend to exhibit higher ξion. This is broadly
consistent with Endings from several recent studies. For
instance, M. Castellano et al. (2023), M. Llerena et al. (2024),
and P. Rinaldi et al. (2024) all report higher ξion in UV-faint
galaxies, particularly at z > 4. Similarly, C. Simmonds et al.
(2024b) End a comparable trend in JADES galaxies. In
contrast, A. J. Pahl et al. (2025) report a weak trend in the
opposite direction, where UV-brighter galaxies show slightly
higher ξion, while G. Prieto-Lyon et al. (2023) also End UV-
faint galaxies to be more ionizing efEcient. Meanwhile,
I. Shivaei et al. (2018) and R. J. Bouwens et al. (2016) End
no strong correlation, although their samples are mostly
limited to UV-bright systems (MUV ≳ −20). These differences
across studies underscore the need for larger and more
uniformly selected samples to better establish the underlying
trends between ξion and UV luminosity.
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In Figure 4(c), we plot ξion as a function of redshift, along
with values derived from [O III] REW, based on the correlation
acquired in Figure 4(a). Our results are consistent with those of
A. J. Pahl et al. (2025) and conErm the mild redshift evolution
found in their work. In Figure 4(c), we plot ξion as a function of
redshift, along with values derived from [O III] REW, based on
the correlation acquired in Figure 4(a). Our results are
consistent with those of A. J. Pahl et al. (2025) and conErm
the mild redshift evolution found in their work. This mild
upward trend in ξion with redshift is also consistent with
Endings from I. Shivaei et al. (2018), M. Castellano et al.
(2023), and M. Llerena et al. (2024). Together, these studies
support the interpretation that galaxies at higher redshifts tend
to be more efEcient producers of ionizing photons, possibly
due to lower metallicities and more intense star formation
activity (e.g., I. H. Laseter et al. 2024).
Figure 4(d) shows the correlation between ξion and Hα

REW. We End a strong positive correlation, with our data
points being broadly consistent with the results of M. Tang
et al. (2019). Such a positive correlation has also been
identiEed across a wide redshift range in other studies (e.g.,
G. Prieto-Lyon et al. 2023; P. Rinaldi et al. 2024), suggesting
that the relation does not strongly depend on redshift
evolution. This trend is also physically expected: both ξion
and Hα REW are sensitive to the age of the stellar population,
with younger stellar populations producing higher values of
both quantities, as shown in BPASS-based models (e.g.,

Prieto-Jiménez et al. 2025, in preparation). Additionally, ξion
depends on the presence of massive stars (O and B types),

which are affected by the IMF and stochasticity in their

formation; extreme values of ξion (>25.5) may only be reached

in bursts with enhanced massive star formation (e.g.,

E. R. Stanway et al. 2016).
Finally, we examine O32, a potential tracer of the escape

fraction of ionizing photons (e.g., J. Chisholm et al. 2018;

N. Choustikov et al. 2024), in Figures 4(e) and (f). We do not

observe a strong correlation between O32 and galaxy over-

density in our data, as shown in Figure 4 (e). However,

Figure 4(f) reveals a mild anticorrelation between O32 and

MUV. These Endings suggest that while O32 may not be

strongly inIuenced by the local environment, it does exhibit a

dependence on UV luminosity, consistent with other studies

(e.g., A. J. Pahl et al. 2025). We note that O32 may also be

affected by other interstellar medium (ISM) conditions beyond

fesc. Recent works suggest that more accurate (albeit indirect)

predictions of the escape fraction can be achieved by

combining multiple galaxy properties beyond just O32 (e.g.,

N. Choustikov et al. 2024). Previous studies have investigated

the correlation between ξion and O32: L. Shen et al. (2025) and

M. Llerena et al. (2024) found a positive correlation, while

I. Shivaei et al. (2018) reported a weaker or less signiEcant

relation. Nevertheless, fesc may still be linked to the

environment, as suggested by observations of ionized bubbles

Figure 4. Other galaxy properties explored in this work. (a) The correlation between log ion,H and log([O III] REW). The red line shows the best-Et linear

regression with a slope of 0.23 ± 0.12 for log([O III] REW)> 1, and the dashed line shows the extrapolation. The shaded regions represent the results from
A. J. Pahl et al. (2025) and M. Tang et al. (2019). (b) The correlation between log ion,H and MUV. Shaded regions indicate the results from G. Prieto-Lyon et al.

(2023) and A. J. Pahl et al. (2025). (c) The evolution of log ion with redshift. Black data points show log ion derived from the Hα luminosity, and red data points
mark those derived from [O III] REW. Blue error bars show the composite results from A. J. Pahl et al. (2025). (d) The correlation between log ion,H and log(Hα

REW). Shaded regions correspond to results from M. Tang et al. (2019) and G. Prieto-Lyon et al. (2023). (e) The relation between O32 and galaxy overdensity,
( )+log 1 , and no signiEcant correlation is identiEed. (f) The slight anticorrelation between O32 and MUV.
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in high-density regions (e.g., A. Saxena et al. 2024; J. Witstok
et al. 2024).
Since there is no strong correlation between O32 and galaxy

overdensity, and our sample does not exhibit a strong
dependence of MUV on overdensity (see Figure C2), the only
signiEcant correlation that remains is between ξion and
overdensity. Therefore, in our sample, the total ionizing
photon production rate, N , is likely to be positively correlated
with overdensity, at least in a Erst-order estimation.10 This
implies that galaxies in overdense regions may contribute more
efEciently to the reionization process. However, overdense
regions may also have higher gas densities and shorter mean
free paths for ionizing photons, which complicates the overall
effect on the IGM. As a result, while galaxies in overdensities
may produce ionizing photons more efEciently, the net impact
on reionization remains uncertain and requires further invest-
igation on the escape fraction and the mean free path of
ionizing photons.

5. Summary

In this work, we investigated the ionizing photon production
efEciency (ξion) and its relation to galaxy overdensity, along
with other emission line properties, using a sample of 79
galaxies from the SMILES survey. We found a positive trend
between ξion and galaxy overdensity for 67 galaxies with Hα
detections at 1.0 < z < 3.1. The slope of this trend, +

0.94 0.46

0.46,
has a p-value of 0.01, indicating that it is statistically
signiEcant. The result suggests that galaxies in high-density
regions produce ionizing photons more efEciently than those in
lower-density environments, possibly consistent with the
observed burstier star formation histories in overdense
environments.
When dividing the sample into high-density and low-density

subsamples, we observed a statistically signiEcant difference
in the distributions of ξion, with a mean ratio of 2.43 between
the two regions. Additionally, we explored correlations
between ξion and other emission line properties. We conErmed
a positive correlation with [O III] REW, although our data
points were systematically higher than those found in the
literature (e.g., M. Tang et al. 2019; A. J. Pahl et al. 2025). A
mild redshift evolution of ξion was also observed, consistent
with A. J. Pahl et al. (2025). Furthermore, we examined O32, a
potential tracer of the escape fraction of ionizing photons, and
found no signiEcant correlation between O32 and galaxy
overdensity, but a mild anticorrelation with MUV was evident.
Given the absence of strong correlations between O32 and
overdensity, and between MUV and overdensity, the positive
trend between ξion and overdensity implies that the total
ionizing photon production rate (N ) is likely higher in
overdense regions. We also note that our analysis assumes
zero escape fraction ( fesc = 0), meaning all ionizing photons
contribute to nebular emission. If fesc is nonzero, the inferred
ξion would be underestimated. While fesc may depend on
galaxy properties, any dependence on large-scale environ-
ments like overdensity remains uncertain.
Our results represent the Erst measurement of the trend

between ξion and galaxy overdensity, highlighting the potential
role of overdense regions in driving reionization. In addition,

they are consistent with the picture that the star-forming
properties in overdensities may differ systematically from
those for Eeld galaxies (see, e.g., M. Hayashi et al. 2011;
Y. Harikane et al. 2019). If our log ion– ( )+log 1 trend still
holds at z ∼ 6, then our discovery can naturally explain the
higher transmitted Iux observed in the Lyα forest near
overdensities traced by [O III] emitters during the epoch of
reionization (e.g., X. Jin et al. 2024). Nevertheless, future
observations with a larger survey Eeld are needed to address
the issue of cosmic variance. Additionally, future modeling
work may help address uncertainties from slit-loss corrections
and dust attenuation for MSA observations of high-z galaxies.
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Appendix A
Results Based on Overdensity Measurements from

Literature

To test the robustness of our overdensity measurement

methods, we apply a different magnitude cut of mF150W < 26

to mimic the threshold used in N. Chartab et al. (2020) for

CANDELS data (mF160W < 26). The results are shown in

Figure A1. The density contrast values from N. Chartab et al.

(2020) have been rescaled to match our values for display

purposes. We End broad consistency between the two measure-

ments, although some scatter is present. Additionally, when

using the CANDELS measurements (Figure A2), we End that

the positive trend between ξion and ( )+log 1 is still present,

with a slope of +
0.55 0.31

0.31, which is consistent with our main result

within the 1σ level. Therefore, our density measurements and the

( )+log 1ion trend measurements are robust.

Figure A1. Comparison between overdensities measured in N. Chartab et al. (2020) and this work. A magnitude cut of mF150W < 26 is applied to JADES data, and
the density contrast values have been rescaled to match the scale of our measurements.

Figure A2. Similar to Figure 3(a), but using rescaled overdensity measurements based on CANDELS (blue data points) from N. Chartab et al. (2020). Our main
results (black data points and the red shaded region) are included as a reference baseline.
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Appendix B
Results Based on Balmer Decrement

The Balmer decrement corrected Hα luminosity was

obtained using the Milky Way (MW) extinction law,

speciEcally the Cardelli–Clayton–Mathis (CCM) law with

RV = 3.1 (J. A. Cardelli et al. 1989). Figure B1 shows

the results, which also yield a positive trend =log ion

( )+ +
+ +1.49 log 1 25.240.68

0.68
0.12
0.12. We note that only 39

spectra are used to Et the relation here because not all spectra

cover both the Hα and Hβ lines with detections.

Figure B1. trend between log ion,H and ( )+log 1 using Hα luminosities corrected by the Balmer decrement. The red line corresponds to the Et using our primary

dust correction method, while the orange line represents the results using the Balmer decrement correction. Shaded regions indicate the 68% conEdence intervals.
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Appendix C
Potential Selection Effects

To evaluate possible selection effects, we test whether the

observed ξion–overdensity trend could be driven by stellar

mass, sSFR, or UV luminosity. Figure C1(a) shows a mild

negative correlation between ξion and stellar mass (p = 0.14),

consistent with the trend reported in M. Llerena et al. (2024),

noting that their shaded Et does not reIect the full scatter.

Figure C1(b) reveals a positive correlation between ξion and

sSFR (p = 0.03), in agreement with previous work. However,

as shown in Figures C1(c) and (d), we do not observe

signiEcant correlations between overdensity and either stellar

mass (p = 0.27) or sSFR (p = 0.82) for galaxies in our sample.

In addition, we End no dependence of MUV on overdensity

(Figure C2). These results suggest that the observed

ξion–overdensity trend is not likely driven by systematic

variations in these physical properties across different

environments.

Figure C1. Tests for potential selection effects. (a) ξion as a function of stellar mass. We observe a mild negative trend (p = 0.14), consistent with M. Llerena et al.
(2024). (b) ξion vs. speciEc star formation rate (sSFR), showing a positive trend (p = 0.03), also consistent with the literature. (c) Stellar mass vs. galaxy overdensity,
and (d) sSFR vs. galaxy overdensity. No signiEcant correlations are found in (c) and (d), suggesting that the observed ξion–overdensity trend is unlikely to be driven
by variations in mass or sSFR. Note that the shaded regions in (a) and (b) from M. Llerena et al. (2024) show Etted trends but do not fully cover the scatter in
their data.
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