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Abstract

Characterizing dust attenuation is crucial for revealing the intrinsic physical properties of galaxies. We present an
analysis of dust attenuation in 18 spectroscopically confirmed star-forming main-sequence galaxies at z =4.4—5.7
observed with JWST/NIRSpec IFU and NIRCam, selected from the ALPINE and CRISTAL ALMA large
programs. We fit the emission-line fluxes from NIRSpec and the broadband photometry from NIRCam with
PROSPECTOR, using both spatially integrated emission and ~0.6 kpc pixel-by-pixel measurements. We derive the
stellar-to-nebular dust attenuation ratio (f=E(B — V)sar/E(B — V)pep) from the SED fits and the Balmer
decrement with Ho and HB. Although individual galaxies show large scatter, the best-fit value is f = 0.51701,
slightly higher than that measured for local starburst galaxies. We find weak correlations of f with galaxy
properties, increasing with higher specific star formation rates, younger stellar ages, and more recent star
formation. For the range of E(B — V). = 0.009—0.15 mag for in our sample, assuming f= 1 (often adopted in
high-redshift studies) instead of f=0.51 leads to the underestimation of line luminosities and ionizing photon
production efficiency &, by ~3%—36% and ~4%—46%, respectively. Finally, total stellar masses estimated
from spatially integrated SED fits with delayed-7 star formation histories are systematically smaller than the sums
of pixel-by-pixel SED fits by a median of ~0.26 dex, likely because the integrated fits are biased toward luminous
young stellar populations.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Interstellar dust extinction (837); Galaxy
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evolution (594); Surveys (1671)

1. Introduction

Dust affects the spectral energy distribution (SED) and
emission-line intensities of galaxies by absorbing and
scattering ultraviolet (UV) and optical emission, primarily
produced by young stars, and re-emitting the energy at the far-
infrared (FIR) and submillimeter wavelengths. Accurate and
precise measurement and correction of dust attenuation®' are
essential for deriving a true picture of galaxy properties, such
as stellar mass and star formation rate (SFR; e.g., S. Salim &
D. Narayanan 2020). Such corrections to dust attenuation in
individual galaxies ultimately impact the global picture on
cosmic scales, including key measurements such as the cosmic
star formation rate density (CSFRD; P. Madau &
M. Dickinson 2014) and the sources and processes of cosmic
reionization.

The dust distribution in galaxies is often described using a
two-component model (e.g., S. Charlot & S. M. Fall 2000),
consisting of dust in the diffuse interstellar medium (ISM) and
in birth clouds associated with star-forming regions (e.g.,
L. Sommovigo et al. 2020). The birth clouds have a finite
lifetime of ~10-30 Myr (e.g., L. Blitz & F. H. Shu 1980;
M. Chevance et al. 2020). Emission lines from H II regions and
stellar continuum from young stars are produced on shorter
timescales (~6Myr), and thus are attenuated by both
components. In contrast, the stellar continuum from stars that
live longer than the birth clouds is only attenuated by the
diffuse dust. This two-component model has successfully
explained the higher attenuation observed in nebular lines, as

51 In this paper, we use the term attenuation to describe the effective impact of
dust on the integrated light from a galaxy, including both dust properties and
the geometry of stars and dust. This differs from extinction, which refers to
dust absorption and scattering along a single line of sight and is determined
solely by dust grain properties (e.g., S. Salim & D. Narayanan 2020).

Original content from this work may be used under the terms
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inferred from the Ha/Hg ratio, compared to that of the stellar
continuum, derived from the UV /optical spectral slope in local
galaxies (e.g., M. N. Fanelli et al. 1988; D. Calzetti et al.
1994, 2000; A. Battisti et al. 2016). D. Calzetti et al. (2000)
quantified this difference as f=EB — V)gar/EB — V)peo =
0.44 +0.03 for local starburst galaxies,52 and similarly,
K. Kreckel et al. (2013) found that, in star-forming regions
within local galaxies, the relationship follows f=0.470 £
0.006. However, the validity of these relationships at high
redshift remains an open question. Several works argue that
the f factor depends on the star formation activity of galaxies,
such as SFR and specific SFR (sSFR), as it reflects the fraction
of diffuse dust components relative to short-lived dense birth
clouds (e.g., D. Kashino et al. 2013; S. H. Price et al. 2014;
N. A. Reddy et al. 2015, 2020; Y. Koyama et al. 2019).
Additionally, the clumpiness of galaxies, which influences the
spatial distribution of stars and dust, may also affect the f
factor. Since these properties exhibit redshift dependence (e.g.,
A. L. Faisst et al. 2016; Z. Sattari et al. 2023), it is reasonable
to expect the f factor to evolve over cosmic time. Recent
studies (e.g., N. A. Reddy et al. 2020; B. Lorenz et al. 2023)
further suggest that the relation between stellar and nebular
attenuation at high redshift may differ from that observed in
local galaxies: while in local galaxies, the UV continuum often
includes a substantial contribution from older stellar popula-
tions affected mainly by diffuse dust, in young high-z galaxies
with high sSFRs, the UV is still dominated by OB
associations. In this case, the difference between nebular and
stellar reddening may arise primarily from variations in dust
column densities along different sightlines to OB associations,
with nebular emission tracing the youngest and dustier regions
and the UV continuum arising from slightly older and less
obscured ones.

52 This value is derived using two different dust attenuation curves: the
D. Calzetti et al. (2000) curve for stellar attenuation and the Milky Way
extinction curve (E. L. Fitzpatrick 1999) for nebular attenuation. If the
D. Calzetti et al. (2000) curve is used to measure both attenuation, this value
becomes f = 0.58 (C. C. Steidel et al. 2014).
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In studies of high-redshift galaxies, it is often the case that
only one of either Ha or Hj3 is available, making it difficult to
measure the Balmer decrement. In such cases, nebular
attenuation is often estimated by dividing the stellar reddening
derived from the UV slope or SED fitting by the f factor (e.g.,
J. Matthee et al. 2017). Thus, the intrinsic nebular line
luminosity depends on the assumed f factor, which in turn
affects key derived quantities such as the line luminosity
function, line-based SFR, and ionizing photon production
efficiency &, (e.g., A. L. Faisst et al. 2019; S. Saito et al.
2020). Accurately constraining the f factor using a
representative sample of high-redshift galaxies is therefore
critical for ensuring robust derivations and reliable interpreta-
tions of these astrophysical properties.

At 72 0.5, the Ha line shifts into a less accessible near-
infrared window, making Balmer decrement measurements
more challenging. However, even prior to the advent of the
James Webb Space Telescope (JWST), it was possible to
measure the Balmer decrement up to z<2.5, leading to
various conclusions. Some studies suggest that the differential
reddening ratio f is close to unity in z~2 galaxies (e.g.,
D. K. Erb et al. 2006; M. Pannella et al. 2015; 1. Shivaei et al.
2015; A. Puglisi et al. 2016), while others support consistency
with local starbursts as found in the D. Calzetti et al. (2000)
work (e.g., N. M. Forster Schreiber et al. 2009; T. Yoshikawa
et al. 2010; C. Mancini et al. 2011; S. Wuyts et al. 2011;
S. H. Price et al. 2014; L. Rodriguez-Muifioz et al. 2022).
Numerous works report intermediate values between the
aforementioned measurements (e.g., D. Kashino et al. 2013;
S. Wayts et al. 2013; M. Pannella et al. 2015; F. Valentino
et al. 2015; R. L. Theios et al. 2019). For z > 2.5, however,
such Balmer decrement observations remained entirely
unexplored before JWST, leaving the f factor unconstrained
in this redshift regime.

The advent of JWST/NIRSpec has revolutionized these
measurements by enabling the detection of Ha and HG up to
z~7 and z~ 9.5, respectively. This breakthrough allows for
direct measurements of the f factor at redshifts previously
inaccessible. In this study, we address these challenges by
investigating the f factors of star-forming main-sequence (MS)
galaxies at 4.4 <z<5.7 using JWST/NIRCam and NIR-
Spec data.

This paper is organized as follows. Section 2 describes the
observational data and its reduction. In Section 3, we present
the SED modeling methods and Balmer decrement measure-
ments. Section 4 presents the obtained f factors, explores the
correlation between f and galaxy properties, and discusses the
potential impact on key emission-line-derived quantities, such
as the line luminosity function, Ha-based SFRD, and &,.
Finally, a summary is provided in Section 5. Throughout the
paper, we adopt a cosmology with Q,=0.3, Q,=0.7,
Hy=70kms ' Mpc ™', and the Chabrier initial mass function
(G. Chabrier 2003). All magnitudes in this paper are expressed
in the AB system (J. B. Oke 1974).

2. Observations and Data Reduction
2.1. JWST/NIRSpec IFU

We analyze the JWST/NIRSpec IFU observation data from
the Cycle-2 GO program (GO-3045, PI: A. Faisst)—the
ALPINE-CRISTAL JWST survey. This program observed a
total of 18 spectroscopically confirmed star-forming MS
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galaxies at z=4.4-5.7 with JWST/NIRSpec IFU during
2024 April-May. The sample selection was based on galaxies
previously studied in ALMA large programs, including
ALPINE (e.g., M. Béthermin et al. 2020; O. Le Fevre et al.
2020; A. L. Faisst et al. 2022) and CRISTAL (e.g., J. Li et al.
2024; 1. Mitsuhashi et al. 2024; R. Herrera-Camus et al. 2025;
R. Tkeda et al. 2025), within the COSMOS field. Our sample
spans stellar masses of log(M, /M) ~ 9.0-11.0 and SFRs of
~10-200 M., yr ', and is biased toward the massive end of the
ALPINE parent population, due to selection requirements for
high signal-to-noise ratio (SNR) spectroscopy. It is therefore
complementary to other JWST surveys that tend to focus on
lower-mass galaxies (e.g., M. Curti et al. 2023; K. Nakajima
et al. 2023; T. Morishita et al. 2024; A. Sarkar et al. 2025).
Nevertheless, the sample still lies about 2 orders of magnitude
below the knee of the stellar mass function at z~5
(I. Davidzon et al. 2017). For details on the sample selection,
we refer the reader to A. L. Faisst et al. (2026).

All targets were observed using the NIRSpec disperser-filter
combinations G235M/F170LP (1.7 pm < A < 3.2 um, R ~ 1000)
and G395M/F290LP (2.9 um < A < 5.3 um, R ~ 1000), with the
exception of DC-842313, which was exclusively observed with
G235M/F170LP. Deeper G395H/F290LP observations for DC-
842313 were carried out in a separate program (GO-4265, Pls
J. Gonzélez-Lépez & M. Aravena; see also M. Solimano et al.
2025) during the same cycle, and are incorporated into our
analysis. For the GO-3045 program, a two-point sparse cycling
dither pattern was used, with each exposure consisting of ~30-60
groups per integration and 1-3 integrations, leading to total on-
source exposure times between ~500 and 7000 s per target. The
GO-4265 program employed a nine-point small cycling dither
pattern, using ~18 groups per integration and nine integrations,
resulting in an on-source exposure time of 11,948s. For more
information on the ALPINE-CRISTAL IFU Survey, we refer the
reader to A. L. Faisst et al. (2026).

We reduce the data using the standard JWST pipeline
(version 1.16.0) with the Calibration References Data System
context jwst1298.pmap, generally following the procedure of
J. R. Rigby et al. (2025) with some additional modifications.
After Stage 1, we apply further corrections to reduce vertical
pattern noise and snowball artifacts. Before Stage 3, we
inspect all exposures and manually mask leakage from
intermittently open MSA shutters. After the pipeline
processing, we further refine the data by modeling and
subtracting stripe patterns in continuum maps, rescaling error
estimates to account for underestimated uncertainties, and
correcting astrometry by aligning the IFU data to NIRCam
imaging. A full description of the IFU data reduction is given
in S. Fujimoto et al. (2025).

2.2. JWST/NIRCam Imaging

Most of the IFU targets (17/18) have JWST/NIRCam
imaging data from the COSMOS-Web program (PID: 1727,
PI: J. Kartaltepe; e.g., C. M. Casey et al. 2023), observed with
F115W, F150W, F277W, and F444W filters. Among the 17
targets with NIRCam data, four (DC-630594, DC-742174,
VC-5100994794, and VC-5101244930) were also observed
through the PRIMER program (PID: 1837, PI: J. Dunlop; e.g.,
C. T. Donnan et al. 2024), providing additional imaging in the
FO90W, F200W, F356W, and F410M filters. The combined
images are drizzled onto a common grid with a pixel size of
0.03. Full descriptions of the NIRCam data reduction are given
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in M. Franco et al. (2025). For additional details on the
NIRCam data for our sample, see also A. L. Faisst et al.
(2026).

For the remaining target (DC-417567), which lacks
NIRCam coverage, we generated pseudo-NIRCam images by
convolving the NIRSpec IFU data with the NIRCam filter
transmission curves. The G235M/F170LP and G395M/
F290LP data were used to create pseudo-NIRCam F277W
and F444W images, respectively. An analysis of our sample
shows that these pseudo-images are consistent with actual
NIRCam observations to within <15% (S. Fujimoto et al.
2025). In addition to these pseudo-images, this target is also
observed with HST ACS and WFC3, including the F160W
filter, as part of the CANDELS survey (N. A. Grogin et al.
2011; A. M. Koekemoer et al. 2011). For this work, we used
the F814W and F160W images, with the reduction and PSF
models provided by J. Li et al. (2024).

2.3. ALMA

Our entire sample was observed as part of the ALPINE
ALMA Large Program during Cycle 5 (ID: 2017.1.00428.L;
PI: O. Le Fevre; O. Le Fevre et al. 2020), targeting the [C IT]sg
line and the underlying continuum at an angular resolution of
~1”. Most of these galaxies (17/18) were subsequently
followed up in the CRISTAL ALMA Large Program during
Cycle 8 (ID: 2021.1.00280.L; PI: R. Herrera-Camus;
R. Herrera-Camus et al. 2025) with higher angular resolution,
again targeting the [C1I];sg line. The remaining galaxy (DC-
873756 or CRISTAL-24) was also observed at a comparably
high resolution in a separate ALMA project (T. Devereaux
et al. 2024).

The data were calibrated and flagged in the standard manner
using the Common Astronomy Software Applications (CASA)
package (CASA Team et al. 2022). We subsequently
combined visibility data from both compact and extended
array configurations and performed imaging using CASA/
tclean with natural weighting. Since this study focuses
solely on the dust continuum, we selected only channels free
from [C1I];sg emission to create the dust continuum image.
The final beam sizes range from ~0.08 to 0'45, with a median
resolution of 0.26. Details of the survey design, data reduction,
and data products of CRISTAL are presented in
R. Herrera-Camus et al. (2025).

Note that ALMA photometry is not included in the SED
fitting presented in this paper. The potential impact of
including ALMA photometry is briefly discussed in
Appendix C.

2.4. PSF Matching and Pixel Alignment

Before performing SED fitting, we match the point spread
functions (PSFs) of all observations to that of the F444W filter
(~0.16), to eliminate potential artificial color gradients
introduced by differences in spatial resolution. We model the
JWST PSF for both NIRCam and NIRSpec data using the
WebbPSF package (M. D. Perrin et al. 2014) and apply PSF
matching using the kernel derived from the photutils/
create matching kernel astropy function. For kernel
construction, we use the SplitCosineBellWindow
window function with parameters a=0.4 and §=0.3 to
smoothly taper the kernel edges and suppress ringing artifacts.
All observations are then reprojected to match the World
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Coordinate System and pixel grid of the NIRSpec IFU/
G395M data cube, which has the largest pixel scale (0.1),
using the reproject/reproject exact astropy
function.

2.5. Noise Map/Cube

For NIRCam images, we apply Photutils/Back-
ground2D astropy function to the processed images
(Section 2.4), to obtain a map of the rms background variation.
For NIRSpec IFU data, we first rescale the error cube provided
by the pipeline to match the observed rms levels for each
wavelength channel (see S. Fujimoto et al. 2025 for details).
We then apply the same processing steps as in Section 2.4 to
generate the final error cube. When extracting photometry and
line fluxes, the errors are computed as the square root of the
sum of the corresponding noise map/cube.

3. Analysis
3.1. Aperture for Photometry and Spectroscopy

For the pixel-by-pixel SED fitting described in the following
section, we define a common pixel mask for both the NIRCam
imaging and NIRSpec IFU data by selecting pixels with
detections greater than 3o in at least two NIRCam filters. The
spatially integrated photometry and line fluxes are then
calculated as the sum over these selected pixels. If the
identified pixel groups are clearly separated and their
associated objects have similar redshifts based on IFU data,
we treat them as a galaxy pair and perform integrated
photometry separately for each component. Such galaxy pairs
are distinguished by adding suffixes “a” or “b” to their source
IDs, as listed in Table 2.

To account for diffuse extended emission that may not be
captured by the selected pixels, we use the Photutils/
detect sources function on the NIRCam F444W image
to create Kron apertures with a Kron factor of 2.5 and a
minimum radius of 3 pixels. The photometric measurements
within these F444W-based Kron apertures are used to correct
for additional flux from extended emission. Furthermore, we
calculate the fraction of the PSF enclosed within the Kron
aperture and apply a correction for the flux outside the aperture
to obtain a more complete total flux estimate.

3.2. Spatially Integrated/Resolved Line Flux Measurement

The NIRSpec IFU data cover major optical emission lines,
including [O 1113727 3730, HB, [O Ml060,5008, Hev, [N Mgsas 6585
and [S I]e716,6731 for all galaxies in our sample, spanning a
redshift range of z=4.4-5.7. To construct spatially resolved
intensity maps, we first focus on the Ha line, which is partially
blended with the [NII] doublet. While per-pixel Gaussian
fitting is often employed to deblend emission lines, it becomes
unreliable in low-SNR regions and may bias the total flux. To
address this, we perform a Gaussian fit to the spatially
integrated spectrum within the aperture defined in Section 3.1,
modeling Ha and [N I]gs45 6585 With three Gaussians plus an
underlying continuum. The [N II]gs4g flux is fixed to 1/2.96 of
[N1I]gss5 flux (M. E. Galavis et al. 1997), and all lines are
constrained to share the same redshift and full width at half
maximum (FWHM; in velocity units). We define an emission
line as detected when at least three spectral channels within +5
channels of the line center have SNR > 3. Only lines meeting
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Figure 1. An example of the spatially integrated spectrum and velocity-integrated emission-line maps for VC-5110377875 at z = 4.55. (Top) Spectra around H,
[O ]4960,5008, and Ha + [N 1I], with best-fit Gaussian models overlaid in red and blue. Shaded regions indicate the three-channel windows centered on the line
peaks, which are used to construct temporary emission maps. (Bottom) Emission maps obtained by summing the continuum-subtracted cube over those shaded
channels and rescaled to match the total line flux from the Gaussian fit. The red line is the photometric aperture.

this criterion are fitted. We then generate a temporary Ha map
by subtracting the continuum (median of nearby line-free
channels) and summing over three spectral channels
(~350 km sfl) centered on Ha peak channel, where [N II]
contamination is negligible. This map is rescaled using the
ratio of the total Ha flux of the best-fit Gaussian to the flux
summed over the same three channels of the Gaussian model,
yielding the final Hov intensity map. We confirm that Ha is
robustly detected in all galaxies (i.e., satisfying the above
criterion). Note that this method assumes uniform line profiles
across spatial pixels.

The same approach is applied to other emission lines. For
[O 1I4960,5008, We fit both lines simultaneously, fixing their
flux ratio to 1:2.98 (P. J. Storey & C. J. Zeippen 2000), with
redshift and FWHM fixed to the Ha values. For emission lines
not detected in the integrated spectrum, we instead sum the
continuum-subtracted flux over a wavelength window equal to
the FWHM derived from the Ha Gaussian fit. Spatially
integrated line fluxes are finally computed by summing the
pixel values within the photometric aperture.

Figure 1 shows an example of the spatially integrated
spectrum fitting and the resulting velocity-integrated emis-
sion map.

3.3. Balmer Decrement

The nebular reddening is calculated from the Balmer
decrement assuming the average Milky Way (MW)
extinction curve (J. A. Cardelli et al. 1989): E(B — V)uep =

S log(H”/ Hp ), where ky, and kyg are the reddening
ki — ko Ry

curve values at the wavelengths of Ha and HQ, respectively.
The constant R, denotes the intrinsic (unreddened) Balmer
decrement. We adopt the standard Case B recombination,
which, at an electron temperature of 7,= 10*K and an
electron density of 3 Ry=2.86

n,= 10%cm™ , gives
(D. E. Osterbrock & G. J. Ferland 2006). A more detailed
assessment of the 7, and n, for the ALPINE sample is
presented in A. L. Faisst et al. (2026). We note that the derived

nebular reddening E(B — V), does not significantly vary
under different assumptions for the attenuation/extinction-
curve shape, as the shapes of various curves, such as those for
the Small Magellanic Cloud, Large Magellanic Cloud
(K. D. Gordon et al. 2003), and Calzetti, are very similar in
the wavelength range of Ha and HB. For VC-5100541407, the
derived Ay e is negative due to an observed Ha/HQ ratio
below the theoretical value (see Table 2). However, the result
is consistent with Ay ., = 0 to within 1o uncertainty.

3.4. SED Fitting

We use the SED-fitting code PROSPECTOR (J. Leja et al.
2017; B. D. Johnson et al. 2021) to simultaneously fit the
photometric and spectroscopic data of NIRCam and NIRSpec.
We utilize the FSPS stellar population synthesis models
(C. Conroy et al. 2009; C. Conroy & J. E. Gunn 2010;
B. Johnson et al. 2024) with the MILES spectral library
(P. Sanchez-Blazquez et al. 2006) and MIST isochrones
(J. Choi et al. 2016; A. Dotter 2016). In our spectroscopic data,
the continuum was only faintly detected, making full spectrum
fitting impractical. Instead, we use the LineSpecModel
class in PROSPECTOR, incorporating the fluxes of bright
emission lines (Ha, HB, [O1II]5008, and [N II]gsg5). The line
fluxes are incorporated as independent constraints in the fit, in
the same way as the photometric fluxes, i.e., they enter the
likelihood function as additional “photometric points” with
their associated uncertainties. Including observed line fluxes
alongside the photometric data is essential for disentangling
the contributions from the stellar continuum and line emission,
as well as for providing stronger constraints on the SFH. To
account for calibration uncertainties between NIRCam and
NIRSpec fluxes, the linespec scaling parameter is
treated as a free parameter with a Gaussian prior centered at
1 with a standard deviation of 10%.

Throughout the SED fitting, the redshift is fixed to the
spectroscopic redshift determined from the observed He line.
We adopt both parametric and nonparametric SFH models to
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Figure 2. An example of spatially integrated SED fit for the same galaxy shown in Figure 1. (Top left) NIRCam images used for the SED fit, shown at their original
resolution prior to PSF matching. The red lines show the mask to obtain photometry (see Section 3.1). The scale bar at the lower left corner corresponds to 072.
(Bottom left) Best-fit SED, including observed photometry (red filled circles), model photometry (black open squares), and the model spectrum (orange line). Shaded
curves represent the filter transmissions. Orange squares show the wave-range coverages of the NIRSpec spectroscopy. The bottom part of the plot indicates the
residual between the observed and modeled photometry, normalized by the flux uncertainties. (Right) Ratios of the observed line fluxes to the best-fit model

predictions. The red vertical line marks the perfect match.

fit the spatially integrated emission. The parametric SFH
follows a delayed-7 model (SFR(¢?) o t exp(—t/T)), where the
stellar age (f,5c) ranges from 1 Myr to the cosmic age at the
source redshift, and the timescale of the star formation (7)
varies between 100 Myr and 1000 Gyr (nearly constant SFH).
The nonparametric SFH adopts a continuity prior with six time
bins. Following S. Tacchella et al. (2022), the first bin is fixed
at 0—10 Myr to capture variation in the recent SFH of galaxies,
while the other bins are spaced equally in logarithmic time
between 10 Myr and a lookback time that corresponds to
z=20. For pixel-by-pixel (spatially resolved) SED fitting,
only the parametric delayed-r SFH model is used. This is
primarily because the SNR of emission in individual pixels is
significantly lower than in the integrated case, making it
difficult to robustly constrain nonparametric SFHs. Further-
more, each pixel spans ~0.1 (corresponding to ~0.6 kpc at
z~5), which is relatively small compared to the galaxy scale.
Within such localized regions, it is plausible that the
underlying stellar populations share a broadly similar SFH.
We adopt a single-component dust attenuation model based
on the D. Calzetti et al. (2000) curve, applying a power-law
modification to the slope (6) as a free parameter (flat prior
between —1< §<0.4), while excluding the UV bump.
Although a two-component dust attenuation model is more
realistic, deriving E(B — V )., from the fit is more challenging
since the E(B — V). 1S a nontrivial combination of the
attenuations experienced by both young and old stars. As
discussed in detail by M. Boquien et al. (2022) (see their
Figure 10), the relative fractions and attenuations of these two
populations affect the shape of the attenuation curve. Allowing
0 to vary mimics the effect of different relative contributions
from young and old stellar populations in two-component

models. Therefore, we employ a single-component dust model
with ¢ free to derive E(B — V )stur OF Ay star-

The nebular emission (emission lines and continuum) is
self-consistently modeled. We have two free parameters: the
gas-phase metallicity (Z,,,) and the ionization parameter (U).
We assume a flat prior in log-space for the metallicity
(—2.0 < log(Zgas/Z>) < 0.5) and ionization parameter
(—4 < log(U) < —1). We do not match the gas-phase
metallicity Zy, to the stellar metallicity Zg,,. To account for
systematic uncertainties in the underlying stellar population
models, we always enforce a 5% uncertainty floor on our flux
measurements. The parameters and priors used in the SED
fitting are summarized in Table 1. Figure 2 shows an example
of spatially integrated SED fit for VC-5110377875 at z =4.55,
highlighting the spatial region used for photometry and how
the best-fit model reproduces the observed photometry and
emission-line fluxes. Figure 3 shows an example of the
spatially resolved maps of galaxy properties derived from
pixel-by-pixel SED fitting for the same galaxy. The integrated
SED fitting results for the other galaxies in the sample are
presented in Appendix B. A comparison of our SED fitting
results with those from previous studies is presented in
Appendix D.

4. Result and Discussion
4.1. Integrated and Resolved Physical Properties

We first discuss the physical properties derived from SED
fitting for both spatially integrated and resolved (pixel-by-
pixel) emission. While SED fitting was performed for all
galaxies in our sample, several objects are known to host AGN
or show evidence for complex kinematics (e.g., outflows),
which result in poor SED fits. To ensure a clean analysis, we
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Figure 3. Spatially resolved maps of the same galaxy shown in Figure 2. Each panel shows a physical property derived from pixel-by-pixel SED fitting: stellar mass
(M), SFR, mass-weighted stellar age, reduced Xz of the SED fit, stellar reddening E(B — V )4, nebular reddening E(B — V)1, and the differential reddening ratio
f=EB — V)gu/EB — V)nep. The scale bar in the lower left corner corresponds to 0'2.

exclude five such galaxies from the subsequent discussion:
DC-417567a and DC-417567b (lack of NIRCam imaging),
DC-536534 (identified as a robust broad-line AGN by W. Ren
et al. 2025), DC-873321a (reported to host an obscured AGN
by M. Solimano et al. 2025), and DC-873756 (exhibiting
complex velocity structures suggestive of outflows; W. Ren
et al. 2025). The following analysis is therefore based on the
remaining 15 galaxies.

The exceptional sensitivity and resolution of JWST data
have enabled spatially resolved studies of unlensed galaxies
beyond cosmic noon (e.g., J. Li et al. 2024; N. E. P. Lines
et al. 2025). Spatially resolving galaxies is crucial not only for
understanding their local characteristics but also for improving
the accuracy of global physical property estimates, such as
total stellar mass derived from SED fitting. One of the key
challenges in estimating Mg, from spatially integrated
(unresolved) emission is the so-called “outshining” effect
(e.g., R. Sorba & M. Sawicki 2015; C. Giménez-Arteaga et al.
2023). Essentially, young massive stars have significantly
lower stellar mass-to-light ratios (My,,/L) compared to older
stars. Despite their lower mass contribution, young stars are
orders of magnitude more luminous than solar-type stars and
dominate the UV /optical SED of a galaxy. When the emission
from an entire galaxy is integrated, the brighter contributions
from young stars disproportionately influence the SED fit,
often leading to an underestimation of the stellar mass
contributed by the older, fainter population (e.g., M. Sawicki
& H. K. C. Yee 1998; C. Papovich et al. 2001; C. Maraston
et al. 2010; C. Giménez-Arteaga et al. 2024). This effect could
be particularly significant in high-z galaxies, where the ratio of
light from young, star-forming regions relative to the
underlying stellar mass is high and broadband photometry is
limited to the rest-frame UV /optical range (~0.3-1.0dex at
z>4; e.g., C. Giménez-Arteaga et al. 2023; C. Papovich et al.
2023; D. Narayanan et al. 2024). To mitigate the potential bias,
one can either conduct spatially resolved observations (e.g.,
R. Sorba & M. Sawicki 2015, 2018; N. E. P. Lines et al. 2025),
or for unresolved data, adopt SFHs that account for
contributions from recent starbursts, such as nonparametric
SFHs (e.g., C. Maraston et al. 2010; J. Pforr et al. 2012; J. Leja
et al. 2019a, 2019b; A. C. Carnall et al. 2024), which enable
more flexible modeling of the contributions from diverse
stellar populations. However, we note that S. Wuyts et al.
(2012) investigated massive star-forming galaxies at z=0.5

—2.5 and showed that spatially resolved and integrated
estimates of M, generally agree well, while resolved SED
modeling tends to yield older stellar ages compared to those
inferred from integrated light. This suggests that discrepancies
in total stellar mass estimates are not a universal effect but
rather depend on the presence of nonuniform SFHs, the
coexistence of regions with distinct colors within a galaxy, and
the wavelength coverage of the observations. For example, the
lack of rest-frame near-infrared coverage, which is crucial for
probing the light from older stellar populations, can exacerbate
the outshining effect, in particular at high redshift, where
observations are typically limited to rest-frame UV-to-optical
wavelengths.

Figure 4 compares the total stellar mass (M), SFR averaged
over the last 100 Myr (SFRgomy), mass-weighted stellar age,
and stellar attenuation (Ay) derived from SED fitting using
spatially integrated emission with the results from pixel-by-
pixel SED fitting for our sample. For M, and SFR;oomy:, the
pixel-by-pixel values are summed to obtain the total, and the
uncertainties are computed by quadrature summation. The
stellar age is the stellar-mass-weighted average of the pixel-by-
pixel values, with the uncertainty given by the weighted
standard deviation. The Ay value based on the pixel-by-pixel
measurements is computed by taking the ratio of the total V-
band flux before and after attenuation, summed over all pixels.

For the spatially integrated SED fitting, we considered two
approaches: one using the same parametric delayed-7 SFH as
the pixel-by-pixel fits, and the other employing a nonpara-
metric SFH with a continuity prior.

Figures 4(a) and (c) show a systematic trend where spatially
integrated SED fitting using the parametric delayed-r SFH
yields lower stellar masses (median offset of —0.26 dex) and
younger ages (median offset of —0.57 dex) compared to the
pixel-by-pixel approach. This discrepancy is likely a
consequence of the outshining effect, as the delayed-7 model
may not fully capture localized starbursts, leading to an
incomplete representation of the overall SFH of the galaxy. In
contrast, when using the nonparametric SFH for spatially
integrated SED fitting, the results are consistent with the pixel-
by-pixel ones in terms of stellar mass (median offset of
+0.03 dex), but yield systematically older ages (median offset
of 4+0.27 dex). A possible explanation for this discrepancy is
that the nonparametric SFH may not sufficiently constrain the
SFH, leading to results that are prior-dominated. The
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Figure 4. Comparison of (a) total stellar mass, (b) SFR averaged over the last 10 Myr, (c) mass-weighted stellar age, and (d) V-band attenuation for the stellar
continuum derived from spatially integrated SED fitting and pixel-by-pixel SED fitting. For spatially integrated SED fitting, results are shown for two SFH models:
the nonparametric SFH (red points) and the parametric delayed-r SFH (blue points). Symbols marked with a cross indicate galaxies that appear morphologically
smooth (i.e., not clumpy or interacting) based on visual inspection. The thick dashed line represents the 1:1 relation, while the thin dashed lines indicate 0.5 and

+1 dex offsets in (a)—(c) and £0.2 and £0.4 mag offsets in (d).

nonparametric SFHs are intentionally designed to include an
early buildup of stellar mass and can be biased toward a more
extended SFH and higher stellar masses (e.g., J. Leja et al.
2019a, 2019b; A. C. Carnall et al. 2024). In contrast, as
expected, the SFR;gvy, estimates (Figure 4(b)) show no
significant systematic offset between spatially integrated and
pixel-by-pixel approaches in either SFH case (40.09 dex for
the delayed-7 SFH and —0.11 dex for the nonparametric SFH).
This behavior is expected because SFR;gmyr, which is
sensitive to the young and bright stellar populations, is
consistently recovered by both the integrated and resolved
SED modeling. Using SFRgomy, instead yields similarly small
offsets (—0.04 dex for delayed-7 and —0.12 dex for nonpara-
metric SFH).

For the stellar attenuation (Figure 4(d)), the uncertainties are
large, but the pixel-by-pixel estimates are systematically
higher than the integrated ones, regardless of the adopted
SFH (median offset of —0.16 dex for the delayed-7 SFH and
—0.26 dex for the nonparametric SFH). This systematic trend
may reflect the patchy dust distribution within galaxies:
integrated fits tend to be dominated by sightlines with lower
attenuation, while pixel-based estimates capture the

contribution of more obscured regions, leading to a larger
effective Ay. It is also worth noting that the parametric SFH
adopted in the pixel-by-pixel SED fitting may be overly
simplistic for actively star-forming regions. A more flexible
representation of recent star formation variations could provide
a better characterization of starburst/quenching (L. Ciesla
et al. 2017).

Finally, we also investigated whether the outshining effect
depends on galaxy morphology. As discussed above, out-
shining is expected to be particularly pronounced when
galaxies host clumpy recent star formation or discontinuous
activity triggered by interactions, situations in which a single
SFH model cannot adequately reproduce the integrated SED.
To test this, we visually inspected the NIRCam images and
separated the sample into galaxies that appear morphologically
smooth and those showing clumpy or interacting features.
However, the stellar mass offset for the smooth subsample
(—0.16 dex) is similar to that of the full sample, indicating no
significant dependence on morphology. The morphological
classification (smooth or not) for each galaxy is indicated in
the individual SED fitting figures in Appendix B. All derived
galaxy properties are summarized in Table 2.
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Figure 5. Comparison of the stellar continuum and nebular line reddening for
our sample. The red markers with black edges represent spatially integrated
measurements, while the faint red circles and faint red triangles indicate pixel-
by-pixel measurements (723 pixels). The circles correspond to reliable
measurements, whereas the triangles indicate lower limits where HfS is
undetected. The blue squares are binned averages of the pixel-by-pixel
measurements. The gray dotted line shows the 1:1 relation. The red solid line
and shaded region indicate the best-fit linear relation obtained from the
spatially integrated points together with the binned averages, and its associated
uncertainty.

4.2. Stellar versus Nebular Reddening

Figure 5 shows the relation between E(B — V)., derived
from the SED fitting, and E(B — V) ep, measured from the
Balmer decrement. The figure includes both spatially
integrated measurements obtained assuming the parametric
SFH model (red points with black edges) and pixel-by-pixel
results (faint red points; 723 pixels from the whole sample).
For the pixel-by-pixel analysis, pixels where both Hoa and Hf3
are undetected (S/N < 3) are excluded. Additionally, blue
squares indicate the binned averages of the pixel-by-pixel
measurements. Despite a large scatter, we find a positive
correlation between stellar and nebular reddening: the Pearson
correlation coefficient, computed by combining the spatially
integrated and binned pixel-by-pixel results, is r = 0.70 with a
p-value of 3.0 x 10~*. Fitting a linear relation to the
combined data yields a best-fit ratio of f=E(B — V)sar/
EB — V)per = 0.517004. This value is slightly higher than the
canonical ratio reported for local starburst galaxies
(f=0.44 £ 0.03; D. Calzetti et al. 2000). Notably, using the
nonparametric SFH model for the spatially integrated SED
fitting yields a consistent result of £ = 0.481003. However, due
to the large scatter, this linear relation should be used with
caution and is not necessarily applicable outside the range
covered by the data. We note that the above result is not
significantly affected by uncertainties in the assumed intrinsic
Balmer decrement Ry. While Ry = 2.86 is typically adopted for
Case B recombination, A. L. Faisst et al. (2026) report higher
electron temperatures for our sample, which would lower R,
below 2.86. However, such variations change E(B — V), by
at most ~0.05 mag, corresponding to a shift in f of <10% on
median. Furthermore, Case B itself may not strictly hold in
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some galaxies, as suggested by VC-5100541407b, which
yields E(B — V)nep < 0 (albeit consistent with zero within 10).
Even adopting an extreme value of Ry =2.62 as reported by
C. Scarlata et al. (2024), the inferred f would decrease by
only ~10%.

We further investigate correlations between the f factor and
galaxy parameters in Figure 6. In the two-component dust
model (dense birth clouds and diffuse ISM), the f factor mainly
depends on the HII-region volume-filling factor and the
density contrast between the two components (Equation (A1)).
These structural properties are expected to correlate with
physical quantities such as stellar mass and SFR, motivating
the examination of f factor as a function of galaxy parameters.
The examined parameters include (a) total stellar mass, (b)
SFR averaged over last 10 Myr, (c) surface SFR oMy, density,
(d) sSFRiomyr = SFRIOMyr/MSmr, (e) mass-weighted stellar
age, (f) a burstiness proxy defined as SFR omyr/SFR00myr (8)
the axis ratio measured in the F444W image, and (h) FIR
continuum flux. For the axis ratio, we consider only visually
isolated sources in the F444W images and derive the median
value along with the 16th and 84th percentile uncertainties
from 1000 Monte Carlo fits. For the FIR continuum flux, we
examine positions within the ALMA maps that exhibit
significant peak flux densities above 4o0. Since the angular
resolution of the ALMA data is coarser than that of the JWST
observations for several sources, we did not perform PSF
matching between the two datasets. Instead, for each peak
satisfying this threshold, we extracted the ALMA continuum
flux and compared it with the average f factor measured within
the surrounding 2 x 2 pixel region. The associated uncertain-
ties are estimated as the standard deviation among these
measurements. When multiple >40 peaks are present in a
single source, all such regions are included.

The corresponding Pearson correlation coefficients (and p-
values) are (a) —0.29 (p = 0.20), (b) —0.05 (p = 0.85), (c) 0.19
(p=0.44), (d) 044 (p=0.045), (e) —0.47 (»p=0.033), ()
038 (p= 0.078), (g2 —0.04 (»p=0.89), and (h) —0.27
(p =0.15), respectively. Among these, the strongest correla-
tions in our sample are those with sSSFR gy, stellar age, and
the burstiness proxy SFR;omyr/SFR 0omyr, though they remain
statistically marginal given the limited sample size and scatter.
These correlations are consistent with a picture in which
systems experiencing more recent, bursty star formation (and
hence a larger fractional contribution from H II regions) tend to
exhibit higher f. In such systems, both nebular emission lines
and stellar continuum are attenuated by a combination of
diffuse dust and dense birth clouds, potentially leading to
elevated f factor values. Similar trends are observed in z ~ 1.5
star-forming galaxies, e.g., in the work of S. H. Price et al.
(2014), and the physical picture is well-illustrated in their
Figure 5.

In contrast, we find no significant trend between f and stellar
mass or surface SFR density. Likewise, no significant
correlation is observed with the axis ratio. At low redshift
(Zmedian = 0.07), V. Wild et al. (2011) reported that galaxies
with lower axis ratios (i.e., more edge-on) tend to exhibit
elevated f factors. This is interpreted as increased attenuation
of the stellar continuum by diffuse dust along longer sightlines,
while the attenuation of nebular emission from compact H1I
regions remains relatively unaffected. If this picture holds, the
absence of such a correlation in our sample could imply that
diffuse dust distribution is not disk-like but rather irregular,
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Figure 6. Plots of the derived dust reddening ratio as a function of various galaxy properties: (a) stellar mass, (b) SFR averaged over 10 Myr, (c) surface SFR density
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blue squares show binned averages of the pixel-by-pixel data. Axis ratio measurements are plotted only for sources that appear morphologically smooth. Pearson
correlation coefficients (r) and p-values are calculated by combining the spatially integrated data points and the binned pixel-by-pixel results, and are shown in each

panel.

reducing inclination effects. However, recent studies suggest
that the physical picture at high redshift may differ from the
classical two-component model. N. A. Reddy et al. (2020) and
B. Lorenz et al. (2023) argue that, in young, high-z galaxies,
both nebular lines and the UV continuum arise from young OB
associations but along different sightlines: the nebular
emission originates from the youngest, most embedded stars
behind dustier columns, while the UV continuum is dominated
by slightly older and less obscured stars. In this framework, the
f factor reflects variations in dust covering fraction across
sightlines rather than global disk geometry, and the lack of
correlation with axis ratio in our sample can be understood in
this context.

Figure 6(h) shows that, at the positions of ALMA dust
continuum peaks, the measured f factors span the full range
from O to 1 with no clear correlation with continuum flux. This
may suggest that the bulk cold dust emission does not directly
correspond to the additional attenuation affecting emission
lines, which is likely caused by thick dust associated with star-
forming regions. A clearer relation might emerge when
probing finer physical scales or when comparing f with total
dust mass rather than continuum peak flux.

4.3. The Impact of the Variation in Reddening Ratio

As discussed in the Introduction, nebular attenuation is often
inferred indirectly in high-redshift galaxies where emission-
line spectroscopy is unavailable or limited. A common
approach is to estimate nebular reddening from stellar
attenuation via an assumed differential reddening ratio f. This
assumption directly affects intrinsic line luminosities and
derived quantities, such as the line luminosity function (e.g.,
S. Saito et al. 2020; A. Covelo-Paz et al. 2025), the Ha-based
SFR (e.g., A. L. Faisst et al. 2022), and the ionizing photon
production efficiency &, (e.g., R. J. Bouwens et al. 2016;
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J. Matthee et al. 2017). Here, we quantify how these quantities
vary when adopting two different f factors: our best-fit value of
f=0.51, which is slightly higher than the commonly used
benchmark of f=0.44 derived for local starburst galaxies
(D. Calzetti et al. 2000), and the higher value of f= 1, which is
often assumed for high-z studies when the Balmer decrement
is not available (e.g., Y. Asada & K. Ohta 2024).

The intrinsic Ho line luminosity (F") is corrected for dust
attenuation based on the observed line luminosity (Fin’"),
with the correction depending on the assumed f-value as
follows:

FIJII:;I FHugcorr . 10().4AH<1
E(B—V)star
04— Ck(Ha)
= Funeor. 10 f .

Based on the E(B— V)g, values of 0.009-0.15mag
(median 0.10 mag) derived from our sample, and adopting k
(Ha) from the D. Calzetti et al. (2000) attenuation curve with
Ry =4.05, assuming f=1 leads to an underestimate of the
intrinsic line luminosity by 0.01-0.19 dex (median 0.13 dex),
corresponding to 3%—-36% (median 25%). Consequently, this
would lead to the line luminosity function and the CSFRD
being systematically skewed toward lower values by the same
amount.

The ionizing photon production efficiency &, is the amount
of ionizing photons that are produced per unit UV luminosity
and is defined as follows:

intr

uncorr
gimr Ly Ly; 10044us
ion intr uncorr 04A0y °
CH‘[)‘LI}I{; CHﬁLUv 10 uv
k(HpB)
_ guncorr . 100-4E(3*V)sm( 7k(UV))
—  Sion .
Here, Ly and L{y' are the intrinsic luminosities of H3 and

uncorr

the UV continuum, respectively, while Ly5*" and Ly are
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their observed values. cyg is the emission coefficient (e.g.,
J. Matthee et al. 2023). Under the same assumptions as above,
assuming f= 1 leads to an underestimation of the intrinsic &,
by 0.05-0.25dex (median 0.13 dex), corresponding to a
reduction of 13%—-78% (median 34%).

5. Summary

We analyzed 18 spectroscopically confirmed star-forming
galaxies at z=4.4-5.7 using JWST/NIRSpec IFU and
NIRCam data from the ALPINE-CRISTAL JWST Survey.
By combining emission-line fluxes with photometric data, we
performed both pixel-by-pixel and spatially integrated SED
fitting with PROSPECTOR, deriving the physical properties of
the galaxies and evaluating their dust attenuation character-
istics. Our main findings are as follows:

1. We investigated the impact of the outshining effect by
comparing spatially integrated and pixel-by-pixel SED
fitting. For spatially integrated fits using a parametric
SFH, we found systematically lower stellar masses
(median offset of —0.26 dex) and younger stellar ages
(—0.57 dex) compared to pixel-based results, likely
because integrated photometry is biased toward the light
from a few bright young stars. In contrast, integrated fits
using a nonparametric SFH yielded older ages
(+0.27 dex), likely reflecting the model’s tendency to
favor more extended SFH in the absence of strong
constraints. In terms of SFR, the integrated and pixel-
based values showed good agreement, as expected given
that both are dominated by recent star formation. For
stellar attenuation, the pixel-by-pixel estimates are
systematically higher than the integrated ones, regardless
of the adopted SFH, which may reflect the patchy dust
distribution within galaxies. These results underscore the
importance of spatially resolved analyses and flexible
SFH modeling in robustly recovering galaxy physical
properties at high redshift.

2. From the relationship between stellar and nebular dust
attenuation, we derived a best-fit reddening ratio of
f=E®B — V)gu/EB — V) = 0517003, slightly
higher than the value of f=0.44 reported for local
starburst galaxies by D. Calzetti et al. (2000). This result
provides a critical benchmark for dust attenuation
correction in massive galaxies at z > 4.

3. We explored how the f factor varies with global galaxy
properties. While the observed trends are modest, we find
positive correlations with sSFR and with a burstiness
proxy SFRIOMyr/ SFRoomyr, and a negative correlation
with stellar age, consistent with a larger fractional
contribution from H II regions in recently bursty systems,
where both nebular lines and the stellar continuum are
subject to attenuation by a combination of diffuse ISM
and dense birth clouds.

4. We quantified how the assumed f factor affects key
emission-line-derived quantities, such as the line
luminosity function, line-based SFR, and ionizing photon
production efficiency &;,,. Assuming f= 1 instead of our
derived value of f=0.51 would lead to an under-
estimation of the intrinsic line luminosity by
0.01-0.19dex (median 0.13dex; 3%-36%) and the
ionizing photon production efficiency &, by
0.05-0.25 dex (median 0.13 dex; 13%—78%).
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Our findings emphasize the importance of accurately
measuring f for robust dust attenuation corrections, in
particular for high-redshift studies.
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Appendix A
A Simple Model for the Relation between f and Galaxy
Properties

We outline a simple two-component (diffuse ISM and dense
H 11 birth clouds) model to build intuition for how the f factor
relates to galaxy properties. Consider a galaxy whose diffuse
ISM (diffuse dust) has mean gas density n, within which dense
HTI regions of gas density n; are randomly distributed. Let r,
denote the line-of-sight path length through the diffuse
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component, and r; the cumulative line-of-sight path length
spent inside the birth clouds along the same sightline.
Assuming spatially uniform dust properties, the effective
optical depths for the stellar continuum (7.n,) and for nebular
emission (7T,.p) can be written as

Teont = 1 Ocont Tes  Tneb = Mj Oneb Ti + 1 Opep (e — ri),

where o denotes the dust extinction cross section per particle.
Taking the ratio gives

Thet _ &[ | +(1)5n ]
TCOHt UCOHt ré
with én = (n; — n)/n being the density contrast between the

birth clouds and the diffuse ISM. We adopt the same curves as
in the main text: that of D. Calzetti et al. (2000) for the stellar
continuum, and an MW extinction curve (J. A. Cardelli et al.
1989) for nebular lines. Using ky=A,/E(B—V) and
A, =1.086 T, we write

Cal Cal

1 _ kcont Tneb _ kcont Oneb ri

- = = 14+|—=1|6n]|.
Ko koey' O r

f neb Tcont neb O cont e

Here, kS% is the attenuation-curve value for the stellar
continuum under the Calzetti attenuation law, and k" is the
extinction-curve value for nebular lines under the MW
extinction law. As the cross-section ratio is written as the
ratio of extinction-curve values (extinction laws assume a

foreground-screen geometry), we can write

1 kcalt 7 r
L _ Xcon 1 “lénl=125]1 —~|én|. Al
7 kci“nf“[ +(re) "] [ +(”e)n] o

Here, we take the continuum at 1500 A. This equation shows
that the f factor depends on how much of the line of sight
passes through star-forming regions and on the density contrast
between the birth clouds and the diffuse ISM. The f factor
depends on physical properties such as the SFR, gas density,
and size, through the quantities r;/r, and én.

As a fiducial example, we insert MW values into
Equation (Al). Assuming the HII regions are randomly
distributed in the disk, the line-of-sight path-length fraction
equals the HII volume-filling factor, so we set
ri/re~5 % 1072 (for the MW; E. M. Berkhuijsen 1998). For
the density contrast, we take a diffuse-ISM number density of
~lem ™ and a GMC mean density of ~100cm > (e.g.,
K. M. Ferriere 2001), which implies én ~ 100. Substituting
these values into Equation (Al) yields f~0.5. Although
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highly simplified, especially in assuming that the stellar
continuum does not pass through dense star-forming regions,
this estimate is of the correct order of magnitude and captures
the essential dependence.

Appendix B
SED Fitting

Table 1 shows the parameters and their priors used in the
PROSPECTOR SED model. Table 2 shows the obtained physical
parameters, including Ho-based spectroscopic redshift, total
stellar mass, SFR averaged over last 100 Myr, dust attenuation
for stellar continuum, and dust attenuation for nebular lines.
Figures 7-9 present the results of the SED fitting for the
individual galaxies in our sample, in the same format as
Figure 2.

Table 1
Summary of Parameters and Priors Used in the SED Model

Parameter Prior Functions

SFH (parametric)

log(M, /M)
log(7/Gyr™
lOg(tage/Gyr)
log(Z,/Z)

Uniform(5, 12)
Uniform(—1, 1.5)
Uniform(—2, #(2)%)
Uniform(—2.0, 0.2)

SFH (nonparametric)

log(M,/M:)
Number of bins
log r°
log(Z,/Z)

Uniform(8, 12)
6
StudentT(0, 0.3)
Uniform(—2.0, 0.2)

Dust Attenuation

Attenuation curve

A V, star

1)

D. Calzetti et al. (2000)

Uniform(0, 4.0)
Uniform(—1.0, 0.4)

Nebular Emission

log(zgas/zi-i)
lOg Uneb

Uniform(—2, 0.5)
Uniform(—4, —1)

Notes. Uniform(x, y) indicates a uniform distribution from x to y, while
StudentT(ys, o) indicates a Student’s ¢-distribution with mean of  and size of

.

% 1(z) is the cosmic age at redshift z.

r; is the ratio of the SFR in temporal bin i to that in the adjacent bin. There

are five such parameters that describe the SFH.
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Table 2
Derived Physical Parameters
log(My/M.,) SFR/M., yr~' Avistar Ay
ID R.A. Decl. ZHa Para Nonpara Sum Para Nonpara Sum Para Nonpara Mean Y
1 2 3) (4) 5) (6) @) ®) ()} (10) an (12) 13) (14)
DC-417567a/C-10at 10:02:04.08  01:55:44.15  5.666  8.87°0%  9.8970%  8.95°088 776518 33.621893 9.26*178 0.14309% 047755 0535010 042408
DC-417567b/C-10at 10:02:04.14  01:55:44.50 5671  8.76%07 9.381018 8.837018 6.017333 516330 6.9873 %8 0.761037  0.6370%  0.78%03 0.709%
DC-494763/C-19 10:00:05.10  02:03:1220  5.233 907316 945341 9.58t38§{ 13.3573%7 15.02513% 17.87°08 0237048 045701 0.30%004 o 0.70:0%
DC-519281/C-09a 09:59:00.89  02:05:27.65 5575  8.80%019 8.8570:4¢ 9.290:44 657710 6.68+:2 15607182 0.48+018  0.237098 0.46t8_8§ 0.77+5:%8
DC-536534/C-03+ 09:59:53.25  02:07:05.41  5.689  9.26%019 9.5159% 9.7970:%8 18.697470 2471733} 60.077572 12348937 0.7980%  1.7275% 0.881)9
DC-630594/C-11a 10:00:32.59  02:15:28.46  4.440  9.1575% 9.63+0:9% 9.33+0.93 15.9553% 7.815345 15.6979 0441318 0257507 035738 0.60%0%)
DC-683613/C-05 10:00:09.42  02:20:13.90 5536 9.8870% 9967507 9.99*9% 32,6072 26.2174%¢ 2766518 0197010 0354 027800 0.7870%
DC-709575/C-14 09:59:47.07  02:22:32.95 4412 8960 }8 9.o4t8_}j‘ 9.12+0:%¢ 9.55+14% 6.481:95 8.8810:62 0.28+012  0.197542 0.24t8_83 0.845%
DC-742174/C-17 10:00:39.12  02:25:3220  5.636 89801 9167900  8.97750] 6.867022 597798 6.64708 0115098 0.09%093 036359 059975
DC-842313a/C-01a 10:00:54.49  02:34:36.03  4.544  9.79*00%  10.5873% 10519098 643271547 114497382 12238718 1997922 2.05109 1797058 2.7873%
DC-842313b/C-01a 10:00:54.53  02:34:34.62 4552 9371013 9.84+0:04 9.59+0:%4 13.46*13 15.02133¢ 14784483 0.03%39%  0.097398  0.2575% 0.451058
DC-848185/C-02 10:00:21.51  02:35:1091 5294  9.66701  10.04700%%  9.9370% 502273938 23311332 7074759 041008 017100 0.62700:  0.85°0%
DC-873321a/C-07at 10:00:04.06  02:37:35.87  5.154  9.00%01%  9.60%0%  9.58%0%% 1047133 14294353 2967739 051403 037431 050133 0.8874%
DC-873321b/C-07b 10:00:03.97  02:37:36.36  5.154 8907929 9467933 9.32+0%8 8.7353% 7.0773% 13.867032 0277008 0337093 0.5579%¢ s 0.67+048
DC-873756/C-24+ 10:00:02.71  02:37:40.14  4.544 1011703 1061703 1046709  83.11*%% 57.233322 89.8510%°  1.28%03  1.45754¢ 1.75t3_83 178178
VC-5100541407a/C-06a  10:01:00.91  01:48:33.67  4.563  9.697/4 979130 10.0170%  17.8913%} 12.0612%2 14.2472% 0.327318 020702 0.6870% 042739
VC-5100541407b/C-06b  10:01:00.99  01:48:35.00  4.562  9.77%; 82 9.59+0: %Z) 9.80+88§ 4,427 9; 11.05733 4.8779% 0015007 014507 0165007 0957033
VC-5100822662a/C-04a  09:58:57.90  02:04:51.41 4520 899793 9707019 932+010  10.48+198? 9.67+13} 12427008 0247083 018%00 024358 054507
VC-5100822662b/C-04b  09:58:57.94  02:04:53.00  4.521  9.44*0% 9.57731% 9.500% 3.69103% 2.324493 2.861034 0.127504 01673 025799 0.9472%
VC-5100994794/C-13a 10:00:41.17  02:17:1429 4580  8.9970%  9.547010 940709  10.82733 775518 1490708 02804 016100 0355093 048705
VC-5101218326/C-25 10:01:12.51  02:18:52.69  4.573 1097105 1097138 11107530 559111838 158.4472]38 60.5172%3 023758 030598 0.631092 119452
VC-5101244930/C-15 10:00:47.66  02:18:02.09  4.581  8.871008 9.137929 9311004 7.987148 7.44%121 12.6370% 0.08%097 004739 011733 o.ostg_%;‘
VC-5110377875 10:01:32.34  02:24:3032  4.550  9.687070 9977015 9.947007 45847880 26537108 35541230 036797 03225015 043550 07749

Note. (1) Galaxy ID, with the CRISTAL ID shown after the slash. The suffixes “a” and “b” indicate components of a galaxy system, such as merger pairs. (2)—(4) R.A., decl., and Ha-based spectroscopic redshift of the
target. (5)—(6) Stellar mass estimated by SED fitting using spatially integrated emission with a parametric and a nonparametric SFH. (7) Sum of stellar masses estimated by pixel-by-pixel SED fitting. (8)-(9) SFR
estimated by spatially integrated SED fitting (all SFRs are averaged over the last 100 Myr) with a parametric and a nonparametric SFH. (10) Sum of SFRs estimated by pixel-by-pixel SED fitting. (11)—(12) V-band
attenuation of stellar continuum measured with the SED fitting with a parametric and a nonparametric SFH. (13) Mean of V-band attenuation of stellar continuum estimated by pixel-by-pixel SED fitting. (14) V-band
attenuation of nebular lines measured with the Balmer decrement. ¥ Galaxies marked with 1 are excluded from the final analysis. The reasons for exclusion are detailed in Section 4.1.
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Figure 7. Same as Figure 2, but for all galaxies in our sample. Objects labeled with “single” below their IDs are those visually classified as smooth sources (i.e.,
neither interacting nor clumpy). These correspond to the galaxies marked with crosses in Figure 4.
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Figure 8. Same as Figure 7, but continued.
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Figure 9. Same as Figure 7, but continued.

Appendix C
Integrated SED Fits with and without ALMA

In our analysis, ALMA photometry was not included in the
fiducial integrated SED fitting. The commonly adopted
energy-balance approach assumes that stellar and dust
emission are cospatial, i.e., that the UV /optical light absorbed
by dust is fully re-emitted in the IR. However, this assumption
can break down, especially in high-redshift galaxies where the
UV and FIR emission are often spatially decoupled (e.g.,
V. I. Kokorev et al. 2021). In our case, only a single ALMA
band is available, meaning that the fit would rely entirely on
the energy-balance assumption and would therefore not be
robust. For this reason, we excluded ALMA from our fiducial
fits. Nevertheless, we verified that including ALMA photo-
metry typically yields f values broadly consistent within about
10%, and thus it does not affect our main conclusions. A
detailed discussion on whether or not to include ALMA data is
beyond the scope of this paper and will be presented in a
separate paper.

Appendix D
Comparison with Previous SED Fit Results

We compare our pixel-by-pixel SED fitting results with the
stellar masses reported by J. Li et al. (2024), who employed
the MAGPHYS code (E. da Cunha et al. 2015) including
ALMA, HST, and JWST broadband photometry. We find that
our stellar masses are systematically smaller, with a median
offset of ~0.4dex. While the comparison is not straightfor-
ward, owing to multiple differences such as pixel selection,
aperture definition, SED model, and the set of input data, one
possible contributor is that our fits explicitly include spectro-
scopic line fluxes in addition to broadband photometry. This
allows us to disentangle line contributions from the underlying
stellar continuum, which cannot be achieved with photometry
alone. Indeed, F.-T. Yuan et al. (2019) demonstrated that
including line fluxes reduces systematic discrepancies in stellar
mass estimates (their average offset is 0.11 dex). Nevertheless,
we stress that this effect alone is unlikely to account for the full
offset, and other factors may also play a role.
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